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Tumor cell-intrinsic circular RNA
circFNDC3B attenuates CD8+ T cells
infiltration in non-small cell lung cancer
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Tumor-infiltrating CD8+ T cells are critical for anti-tumor immunity and positively associated with
patient survival. However, the mechanisms governing CD8+ T cell infiltration remain incompletely
elucidated, particularly those involving circular RNAs (circRNAs). In this study, we characterized
circRNA expression profiles in four paired normal and tumor tissues of non-small-cell lung cancer
(NSCLC) and identified that circFNDC3B, a circular transcript derived from exons 2 and 3 of the
fibronectin type III domain containing 3B (FNDC3B) gene, as significantly upregulated in NSCLC
tissues. Mechanistic investigations revealed that circFNDC3B directly binds to transcription factor II-I
(TFII-I), forming anRNA-protein complex that competitively disrupts the interaction betweenTFII-I and
STAT1. This sequestration abrogates the transcriptional activation of CXCL10 and CXCL11, two
critical chemokines governing CD8+ T cell chemoattraction. Consequently, reduced CXCL10/11
expression significantly impairs CD8+ T cell infiltration into the tumormicroenvironment. Consistently,
the murine ortholog circFndc3b expression exhibits an inverse correlation with CD8+ T cell infiltration
in tumors. Our study uncovers a crucial circRNA-mediated regulatory axis wherein circFNDC3B
impedes anti-tumor immunity by suppressing chemokine-dependent CD8+ T cell recruitment,
positioning circFNDC3Bas a potential therapeutic target to enhanceCD8+ T cell-mediated anti-tumor
responses in NSCLC.

Lung cancer remains themost prevalent cancer and leading cause of cancer-
related mortality worldwide1. Non-small-cell lung cancer (NSCLC)
accounts for ~85%of lung cancer cases, with lung adenocarcinoma (LUAD)
and lung squamous cell carcinoma (LUSC) being the primary subtypes1.
Despite therapeutic advancements, the prognosis for NSCLC remains dis-
mal, with a 5-year survival rate of only 26% for localized disease and a stark
decline to 8% in metastatic cases2,3. Immunotherapy has emerged as a
pivotal treatment option since the US Food and Drug Administration
approved the first immune checkpoint inhibitor in 20154,5. However, its
efficacy remains limited, with only 27–46% of patients with advanced
NSCLC responding to therapy6. Furthermore, among those who initially
respond, 65% experience disease progression within 4 years7. These lim-
itations underscore the imperative to identify novel therapeutic targets
capable of potentiating sustained anti-tumor immunity.

CD8+ T cells serve as crucial immune effectors capable of recognizing
and eliminating tumor cells within the tumor microenvironment (TME)8,9.
Extensive clinical studies have demonstrated a strong positive correlation
betweenCD8+Tcell infiltration and favorable patient outcomes10.However,
the absence of CD8+ T cells creates an “immune-excluded” TME and
hampers the effectiveness of immune checkpoint blockade therapies10,11.
This immunological barrier is orchestrated by a complex network of
immunosuppressive mechanisms, including dysregulated tumor-intrinsic
signaling pathways, aberrant chemokine gradients, and stromal-mediated
physical barriers12–14. These findings underscore an urgent need to elucidate
the molecular mechanisms governing CD8⁺ T cell exclusion and to identify
actionable targets for reprogramming immunosuppressiveniches in tumors.

CircRNAs, a conserved class of endogenous ncRNAs, are generated
through back-splicing mechanisms that produce covalently closed RNA
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loops resistant to exonuclease degradation15. These molecules exhibit mul-
tifaceted regulatory roles in gene expression through diverse mechanisms,
including transcriptional modulation, miRNA sponging, RNA-binding
protein interactions, and even polypeptide translation16,17. Nuclear-localized
circRNAs can directly engage with transcription factors to regulate gene
expression, either by facilitating the formation of transcriptional complexes
or competitively disrupting existing protein-protein interactions18–20.
Accumulating evidence indicates the crucial roles of circRNAs in shaping
anti-tumor immunity through their regulation of CD8+ T cell
recruitment21–23. For example, elevated circIGF2BP3 expression is inversely
associatedwithCD8+Tcell infiltration and impairs anti-tumor immunity24.
CircMGA promotes CD8+ T cells infiltration in bladder cancer through
upregulation of the chemokine CCL5 by interacting with HNRNPL23.
Additionally, circFAT1andcircMEThavebeen found to inhibitCD8+Tcell
infiltration in head and neck squamous cell carcinoma and hepatocellular
carcinoma, respectively25,26. Despite these advances, the functional land-
scape of circRNAs in modulating CD8+ T cell in NSCLC remains poorly
defined, representing a critical knowledge gap in our understanding of
immune evasion.

In this study, we investigated the circRNA expression profile in paired
tumor and adjacent normal lung tissues from NSCLC patients. We found
that circFNDC3B, derived from exons 2 and 3 of the fibronectin type III
domain containing 3B (FNDC3B) gene, as significantly upregulated in
NSCLC tumor tissues. Mechanistically, we demonstrated that TFII-I
functions as a transcriptional activator by interacting with STAT1 to tran-
scriptionally activateCXCL10 andCXCL11, thereby facilitatingCD8+Tcell
infiltration. Strikingly, elevated circFNDC3B competitively binds to TFII- I,
disrupting its interaction with STAT1 and consequently inhibiting the
transcriptional activation of CXCL10 and CXCL11. This mechanism
establishes an immune-excluded TME by impairing CD8+ T cell infiltra-
tion, ultimately promoting tumor progression. Collectively, our findings
propose circFNDC3B as a potential therapeutic target to enhance CD8+ T
cell infiltration and improve anti-tumor immunity in NSCLC.

Results
CircRNAs landscape in NSCLC tissues
To delineate the circRNA expression landscape in NSCLC, we performed
circRNA sequencing on rRNA-depleted total RNA from four pairs of
NSCLC tumors and adjacent normal tissues. CircRNAs were identified
across various genomic regions (Fig. 1A). In total, 9912 distinct circRNAs
were detected, with 9696 containing at least four back-splice junction reads
(Fig. 1B). Most circRNAs originated from protein-coding exons, while a
smaller fractionmapped to intergenic regions and introns (Fig. S1A). Exonic
circRNAs exhibited a median length of ~300 nucleotides, with the majority
under 1000 nucleotides (Fig. S1B). Additionally, we found that a single gene
could generatemultiple circRNAs (Fig. S1C), and82.3%of exonic circRNAs
were composed of 2–4 exons (Fig. S1D). Compared to the circBase
database27, 3340 novel circRNAs and 6572 known circRNAswere identified
(Fig. S1E). Furthermore, differential expression analysis revealed that 793
circRNAs were significantly dysregulated in NSCLC tissues, of which 678
were downregulated and 115 upregulated (Figs. 1C and S1F, and Supple-
mentary Data 1 and 2). These findings indicate that circRNAs, as a large
RNA family, may contribute to NSCLC progression.

Characterization and expression of circFNDC3B in NSCLC
Among the dysregulated circRNAs, circFNDC3B—derived from exons 2
and 3 of the FNDC3B gene—was the most significantly upregulated in
NSCLC tissue compared to adjacent normal lung tissue (log2 fold
change = 1.6181, p = 0.0000000111; Figs. 1C and S1F, and Supplementary
Data 2). This upregulation was further validated in a larger NSCLC cohort
(Fig. 1D). To investigate the specific cellular localization of circFNDC3B
within the TME, we conducted in situ hybridization analysis coupled with
RT-qPCR quantification in tumor specimens. The results indicated that
circFNDC3B was primarily localized in EPCAM+ tumor cells and CD45−

non-immune cells (Fig. S2A, B). Elevated circFNDC3B expression was also

detected in NSCLC cell lines (A549, H1299, H226, and SPC-A1) compared
to humanbronchial epithelial cells (HBE) (Fig. S2C). Kaplan-Meier survival
analysis further demonstrated that high circFNDC3B expression was
associated with worse overall survival (OS) in NSCLC patients (Fig. 1E).

The circular structure of circFNDC3B was confirmed by specifically
amplification using divergent primers followed by Sanger sequencing of the
head-to-tail junction (Fig. 1F). PCR analysis using genomic DNA (gDNA)
and complementary DNA (cDNA) templates demonstrated that
circFNDC3B could only be amplified from cDNA, not gDNA, corrobor-
ating its back-splicing origin (Figs. 1G and S2D). In addition, circFNDC3B
displayed increased stability than linear FNDC3B transcripts when treated
with RNase R exonuclease or actinomycinD, further confirming its circular
structure (Figs. 1H, I and S2E). Cytoplasmic/nuclear fractionation andFISH
analysis showed that circFNDC3B was predominantly localized in the
nucleus of NSCLC cells (Figs. 1J, K and S2F). Collectively, these findings
establish circFNDC3B as a bona fide circRNA, markedly upregulated in
NSCLC cells, suggesting its potential functional role in tumor biology.

CircFNDC3B has no direct effects on NSCLC cell behaviors
To elucidate the biological function of circFNDC3B, we evaluated its effects
on NSCLC cell phenotypes in vitro and in vivo. Overexpression of
circFNDC3B produced a 215 bp circRNA (consistent with its expected
length) that localized predominantly to the nucleus without altering
FNDC3B mRNA (mFNDC3B) levels (Fig. S3A–C). Three shRNAs target-
ing the splicing site of circFNDC3B were designed, of which sh-
circFNDC3B#2 specifically silenced circFNDC3B without affecting
mFNDC3B(Fig. S3D). Surprisingly,modulationof circFNDC3Bexpression
had no significant impact on NSCLC cell invasion, apoptosis, cell cycle, or
proliferation in vitro (Fig. S3E–K). Consistent findings were observed in an
NSCLC xenograft model in NOD-SCID mice, where circFNDC3B
expression did not influence tumor growth (Fig. S3L, M).

CircFNDC3B impairs CD8+ T cell infiltration via CXCL10/
11 suppression
Given the lack of circFNDC3B effects on tumor cell-intrinsic behaviors and
the immunodeficient nature of NOD-SCID mice, we hypothesized that
circFNDC3B may regulate tumor progression by modulating the immune
microenvironment, especiallyCD8+Tcells—the primarymediators of anti-
tumor immunity. To test this, activated CD8+ T cells from healthy donors
were adoptively transferred into tumor-bearing NOD-SCID mice. Inter-
estingly, circFNDC3B overexpression significantly accelerated tumor
growth inNOD-SCIDmice injected with CD8+T cells (Fig. 2A), indicating
that circFNDC3B may promote NSCLC progression by regulating CD8+

T cells rather than exerting direct effects on tumor cells.
To systematically investigate the immunoregulatory function of

circFNDC3B, we performed transcriptomic profiling in circFNDC3B-
overexpressing NSCLC cells. RNA sequencing revealed that circFNDC3B-
overexpressing induced significant transcriptional changes in both A549
(255 downregulated and 156 upregulated genes) and H226 cells (161
downregulated and 101 upregulated genes) compared to corresponding
control cells (log2 fold change < 1, p < 0.05; Fig. 2B–D and Supplementary
Data 3 and 4). Comparative analysis identified a core set of 17 consistently
downregulated and 3 upregulated genes across both cell lines (Fig. 2C, D).
Notably, we found that CXCL10 and CXCL11, two key chemokines
essential for CD8+ T cells recruitment28, were simultaneously down-
regulated after circFNDC3B overexpression (Fig. 2E). Given the well-
established roles of CXCL10 and CXCL11 in promoting CD8+ T cell
infiltration and anti-tumor immunity, their coordinated downregulation by
circFNDC3B provides a plausible molecular explanation for the accelerated
tumor progression.

Since various cell types can secrete CXCL10 and CXCL11, we
explored their expression in different cell populations in NSCLC samples
using the online tool TISCH2 and revealed that macrophages exhibited a
higher gene signature than other cells (Fig. 2F). We then isolated 1 × 106

CD45− cells, CD45+ cells, and CD14+ macrophages from tumor tissues
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and cultured for 48 h. Enzyme-linked immunosorbent assay (ELISA)
results indicated that CD14+ macrophages possessed the highest per-cell
chemokine secretion capacity, CD45− cells showed substantial produc-
tion, and other CD45+ cells contributed minimally (Fig. 2G). However,
the proportion of CD14+macrophages was significantly smaller than that
of CD45− cells in the TME (Fig. 2H). These findings collectively

demonstrated that while macrophages exhibited superior chemokine-
producing capacity on a per-cell basis, the numerical dominance of tumor
cells within the TME establishes them as the principal source of CXCL10
andCXCL11. This cellular hierarchy suggests that circFNDC3B-mediated
transcriptional repression in tumor cells can substantially alter the che-
mokine milieu of the TME.
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We further validated the transcriptomic findings using RT-qPCR and
ELISA in both A549 and H226 cells. These experiments confirmed that
circFNDC3B overexpression significantly reduced both the mRNA
expression and protein secretion of CXCL10 and CXCL11, whereas
circFNDC3B knockdown led to opposite effects (Fig. 2I, J). Functional
transwell assays demonstrated that circFNDC3B impaired the chemotactic
capacity of NSCLC cell-conditioned media toward CD8⁺ T cells, an effect
reversed by circFNDC3B knockdown (Fig. 2K). Collectively, these results
establish a mechanistic link between tumor cell-intrinsic circFNDC3B
expression and impaired CD8+ T cells infiltration through transcriptional
suppression ofCXCL10 andCXCL11, highlighting a novel immune evasion
pathway in NSCLC pathogenesis.

CircFNDC3B interacts with TFII-I in NSCLC cells
Having established circFNDC3B’s role in chemokine regulation, we sought
to elucidate the underlingmechanism. To determine whether circFNDC3B
functions through the canonical miRNA sponge mechanism, we first
investigate its miRNA-binding capacity. RNA Immunoprecipitation (RIP)
assays revealed no interaction between circFNDC3B and AGO2, excluding
a canonical sponge function (Fig. 3A). To further explore the biological
function of circFNDC3B in NSCLC cells, we performed RNA pull-down
assays using biotin-labeled probes targeting the back-splicing junction of
circFNDC3B to identify potential interacting proteins. A specific band was
observed on silver-stained sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Fig. 3B). Mass spectrometry analysis
identified TFII-I, but not AGO2, as a binding partner of circFNDC3B
(Figs. 3C and S4A, B, and Supplementary Data 5). This interaction was
further validated by pull-down assay, which selectively captured TFII-I
(Fig. 3D). Additionally, RIP assays using purified TFII-I protein confirmed
the specific interaction of circFNDC3B and TFII-I (Figs. 3E and S4C).
Immunofluorescence staining and RNA fluorescent in situ hybridization
(FISH) assays further demonstrated the colocalization of circFNDC3B and
TFII-I in NSCLC cells (Fig. 3F). To delineate the structural basis of the
interaction between circFNDC3B and TFII-I, we conducted deletion
mapping of TFII-I domains (Fig. 3G). Our results revealed that amino acids
102–399 of TFII-I were critical for circFNDC3B binding, whereas deletion
of other domains had minimal impact on their interaction (Fig. 3H, I).
Interestingly,wenoted thatTFII-I expressionwasdownregulated inNSCLC
tissues and correlated with better survival outcomes (Fig. S4D, E). These
findings suggest that TFII-I, particularly its 102–399 amino acids domain,
forms a nuclear protein-RNA complex with circFNDC3B in NSCLC cells,
potentially playing functional roles in tumor progression.

CircFNDC3B disrupts TFII-I/STAT1 complex formation
Previous study has shown that TFII-I physically interacts with STAT1 to
form a functional protein complex in murine fibroblasts29, which was
independently confirmed by co-immunoprecipitation (Co-IP) assays in
human NSCLC cells (Fig. 4A). However, while TFII-I overexpression did
not alter the total expression of STAT1, it significantly enhanced STAT1
phosphorylation (Fig. 4B). Analyses of publicly available chromatin

immunoprecipitation (ChIP) sequencing data revealed abundant STAT1
binding peaks on theCXCL10 andCXCL11 promoters (Fig. S5A, B). In line
with these results, ChIP-qPCR confirmed that STAT1 specifically occupied
CXCL10 and CXCL11 promoter regions (Fig. 4C, D). Strikingly, we
observed a strong co-binding localization of TFII-I and STAT1 onCXCL10
and CXCL11 promoters (Fig. S5C, D). To further elucidate the regulatory
role of TFII-I and STAT1 onCXCL10 andCXCL11 transcriptional activity,
we conducted dual-luciferase reporter experiments. Overexpression of
TFII-I significantly increased the luciferase activityofCXCL10andCXCL11
promoters, whereas STAT1 knockdown abrogated this effect
(Figs. 4E and S5E, F). Consistently, TFII-I overexpression increased
CXCL10 and CXCL11 mRNA levels, while STAT1 silencing counteracted
this effect (Fig. S5G). Together, these findings suggest that TFII-I/STAT1
complex functions as a transcriptional activator, facilitating CXCL10 and
CXCL11 expression.

Given that circFNDC3B forms a stable RNA-protein complex with
TFII-I, we investigated whether circFNDC3B/TFII-I complex might affect
the stability of TFII-I/STAT1 complex. Strikingly, circFNDC3B over-
expression weakened the interaction between TFII-I and STAT1 (Fig. 4F).
Although circFNDC3B overexpression did not alter the total STAT1 levels,
it significantly reduced STAT1 phosphorylation, which could be partially
rescued by TFII-I overexpression (Fig. 4G). We then examined whether
circFNDC3B modulates CXCL10 and CXCL11 expression by interfering
with the TFII-I/STAT1 complex. The circFNDC3B-induced decrease in
CXCL10 and CXCL11 transcriptional activity was reversed by TFII-I
overexpression (Figs. 4H and S5H). In addition, STAT1 overexpression
restored CXCL10 and CXCL11 expression, counteracting the inhibitory
effects of circFNDC3B (Figs. 4I and S5I). Taken together, our findings
illustrate that circFNDC3B competes with STAT1 for TFII-I binding,
thereby suppressing the transcriptional activity of CXCL10 and CXCL11.
This reveals a novel regulatory mechanism by which circFNDC3B mod-
ulates immune-related gene expression in NSCLC.

CircFNDC3B restricts CD8+ T cell recruitment by disrupting TFII-
I/STAT1-dependent chemokine expression
Previous studies have established that CXCL10 and CXCL11 promote the
recruitment ofCD8+Tcells into theTME30. Basedon theTumor-Immune
Estimation Resource (TIMER) database31 (https://cistrome.shinyapps.io/
timer/), we found a strong correlation between CD8+ T cell infiltration
and CXCL10/CXCL11 expression in both LUAD and LUSC (Fig. 5A).
Notably, NSCLC tissues with low circFNDC3B expression exhibit sig-
nificantly higher CD8+ T cell infiltration compared to those with high
circFNDC3Bexpression (Fig. 5B,C). To further validate thesefindings,we
performed in vitro chemotaxis assays, demonstrating that circFNDC3B
overexpression weakened CD8+ T cell migration toward the supernatant
ofA549 cells. This impaired chemotaxis was restored upon the addition of
rhCXCL10 and rhCXCL11 (Fig. 5D). Conversely, circFNDC3B knock-
down enhanced CD8+ T cell migration, an effect that was abolished by
neutralizing antibodies against CXCL10 and CXCL11 (Fig. 5E). Addi-
tionally, the overexpression of either TFII-I or STAT1 reversed the

Fig. 1 | Identification and distribution of circFNDC3B. A The outside circle
represents gDNA, while the inside circle displays the back-spliced junction reads of
circRNAs for each sample. Different sample was represented by different color.
B The number of back-spliced reads and detected circRNAs was quantified in four
paired normal and tumor tissues of NSCLC patients. C A heatmap illustrates the
differentially expressed circRNAs between the four paired normal and tumor tissues
in NSCLC. The columns represent individual tissue samples, while rows correspond
to distinct circRNAs.D The expression levels of circFNDC3B were measured in 100
paired normal and tumor tissues in NSCLC. Data are displayed as mean ± SD.
(Student’s t-test, ***P < 0.001). E NSCLC patients were grouped into circFNDC3B
low expression cohort (n = 50) and high expression cohort (n = 50) based on the
median expression level. Kaplan-Meier survival curves were used to compare overall
survival between the two groups (Log-rank test). F Sequencing analysis confirmed
the head-to-tail back-splicing junction of circFNDC3B.GConvergent and divergent

primers were used to amplify circFNDC3B and GAPDH from cDNA and gDNA in
A549 cells.HThe relative RNA levels of GAPDH, circFNDC3B, and linear FNDC3B
(mFNDC3B)were assessed inA549 andH226 cells, treatedwith orwithout RNase R.
Data were displayed as mean ± SD. (Student’s t-test, n = 3, ***P < 0.001,
****P < 0.0001). I The stability of circFNDC3B and mFNDC3B was assessed in
A549 cells at different time points following Actinomycin D treatment (n = 3). JRT-
qPCR analysis was performed to determine the subcellular distribution of
circFNDC3B in the nucleus and cytoplasm of A549 andH226 cells. U1 andGAPDH
served as nucleus and cytoplasmic marker, respectively (Student’s t-test, n = 3,
**P < 0.01, ****P < 0.0001). K RNA FISH for circFNDC3B in A549 cells. The
positive controls for nucleus and cytoplasm were represented with U6 and 18S,
respectively. CircFNDC3B, U6, and 18S probes were labeled with Cy3. Nuclei were
stained with DAPI.
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inhibitory effects of circFNDC3B on CD8+ T cell chemotaxis (Fig. 5F, G).
Mechanistically, we have demonstrated that tumor cell-intrinsic
circFNDC3B functions as a molecular disruptor of the TFII-I/STAT1
transcriptional complex, thereby downregulating CXCL10 and CXCL11
expression and creating an immunosuppressive TME through impaired
CD8+ T cell recruitment in NSCLC.

IFN-γ promotes CXCL10 and CXCL11 expression
Activated CD8+ T cells serve as the primary source of secreted IFN-γ32. The
biological functions of IFN-γ are mediated through its receptor IFNGR1
(IFNGR), which activates the STAT1 signaling pathway to promote anti-
tumor immunity32,33. Consistent with previous reports30, we confirmed
that IFN-γ upregulated CXCL10 and CXCL11 expression in NSCLC
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(Fig. S6A, B). Dual-luciferase reporter assays further revealed that IFN-γ
enhanced the transcriptional activity of CXCL10 and CXCL11 promoters, an
effect reversed by STAT1 knockdown (Fig. S6C). Notably, IFN-γ reversed
circFNDC3B-mediated suppression of CXCL10 and CXCL11 expression
(Fig. S6D). Moreover, circFNDC3B knockdown increased CXCL10 and
CXCL11 expression, an effect that was further potentiated by IFN-γ treat-
ment (Fig. S6E). Together, these results suggest that NSCLC cells with low
circFNDC3B expression secrete higher levels of CXCL10 and CXCL11,
facilitating CD8+ T cell infiltration. Furthermore, IFN-γ secreted by CD8+

T cells promotes CXCL10 and CXCL11 secretion from tumor cells, forming
a positive feedback loop that amplifies the anti-tumor immune response.
Conversely, high circFNDC3B expression disrupts this loop, thereby limiting
CD8+ T cell infiltration and contributes to immune evasion in NSCLC.

CircFndc3b promotes tumor progression by inhibiting CD8+ T
cell infiltration in vivo
Interestingly, human circFNDC3B and its murine homolog circFndc3b
exhibit a high degree of sequence conservation (Fig. S7A), suggesting that
circFndc3b may exert similar biological functions in mice. FISH assays
demonstrated that circFndc3b is predominantly localized in the nucleus of
LLC cells (Fig. 6A). RNA pull-down assays using biotin-labeled probes
targeting the back-splicing site of circFndc3b, coupled with RIP analysis,
validated the specific interactionbetweencircFndc3bandTFII-I inLLCcells
(Fig. 6B, C). Further mechanistic studies confirmed that TFII-I over-
expression did not alter total STAT1 expression but notably increased
STAT1 phosphorylation (Fig. S7B). Consistent with our findings inNSCLC
cells, TFII-I forms a protein-protein complex with STAT1 in LLC cells
(Fig. 6D). Importantly, circFndc3b overexpression disrupt the interaction
between TFIII and STAT1, indicating that the circFndc3b/TFII-I complex
competitively inhibits TFII-I and STAT1binding (Fig. S7C). This inhibitory
effect was reversed by TFII-I overexpression, which restored STAT1
phosphorylation diminished by circFndc3b (Fig. S7D). Functionally,
circFndc3b overexpression led to a significant downregulation of CXCL10
and CXCL11 in LLC cells, further supporting its regulatory role in this
signaling axis (Fig. 6E).

To investigate the in vivo significance of circFndc3b, we established a
subcutaneous tumormodel by implanting LLC cells with stable circFndc3b
overexpression or knockdown intoC57BL/6mice.Compared to the control
mice, those implanted with circFndc3b-overexpressing LLC cells exhibited
accelerated tumor growth, while mice implanted with circFndc3b-
knockdown cells showed significantly reduced tumor volume (Fig. 6F).
Consistent with these observations, flow cytometry and immunohis-
tochemistry (IHC) staining revealed that circFndc3b overexpression
decreasedCD8+T cell infiltrationwithin tumor tissues, whereas circFndc3b
knockdown enhanced their accumulation (Fig. 6G, H). We then evaluated
the functional capacity of tumor-infiltrating CD8+ T cells. Surprisingly,
neither circFndc3b overexpression nor knockdown altered the proportion
of IFN-γ+CD8+ T cells compared to control tumors (Fig. 6I). However, the
proportion of IFN-γ+ CD8+ T cells was significantly higher in circFndc3b-
knockdown tumors than in circFndc3b-overexpressing tumors, whichmay

be attributed to the lower tumor burden in the knockdown group (Fig. 6I).
To further investigate whether circFndc3b directly affects CD8+ T cell
function, we conducted in vitro co-culture experiments. The results
exhibited that neither circFndc3b overexpression nor knockdown altered
the proportion of IFN-γ+ CD8+ T cells (Fig. S7E). Considering recent
clinical trial evidence supporting the efficacy of immunotherapy in NSCLC
patients34, we explored whether circFndc3b influence the therapeutic
response to anti-PD-1 treatment. Notably, circFndc3b overexpression
diminished the tumor-suppressive effect of anti-PD-1 therapy (Fig. 6J).
Collectively, these findings reveal that circFndc3b promotes tumor pro-
gression by inhibiting CD8+ T cell infiltration into the TME and may
compromise the efficacy of immunotherapy.

Discussion
Limited infiltration of CD8+ T cells within tumors has been associated with
an immunosuppressive TME, ultimately dampening anti-tumor immunity
and contributing to poor clinical outcomes9,35. Understanding how tumors
hinderCD8+Tcell infiltration is crucial for identifyingpotential therapeutic
targets to enhance anti-tumor efficacy. In this study, we identified tumor
cell-intrinsic circFNDC3B as a key negative regulator of CD8+ T cell infil-
tration in NSCLC.Mechanistically, circFNDC3B competes with STAT1 for
TFII-I binding by forming a circFNDC3B/TFII-I complex, thereby dis-
rupting theTFII-I/STAT1 interaction.This interference suppresses STAT1-
mediated transcription of chemokines CXCL10 and CXCL11, which are
pivotal in facilitating CD8+ T cell recruitment and migration30. Conse-
quently, diminished CXCL10 and CXCL11 expression impairs CD8+ T cell
infiltration, leading to reduced IFN-γ secretion within the TME. This fur-
ther restricts STAT1 activation in tumor cells, creating a self-reinforcing
negative feedback loop that weakens CXCL10 and CXCL11 expression and
ultimately blunts anti-tumor immunity (Fig. S8). Importantly, we also
confirmed the existence of a murine ortholog of circFNDC3B, termed
circFndc3b, inmouse LLCcells. Similar to human circFNDC3B, circFndc3b
expression was inversely correlated with CD8+ T cell infiltration and
impaired anti-tumor efficacy.Our study elucidates themechanismbywhich
tumor cell-intrinsic circFNDC3B orchestrates the immunosuppressive
TME in NSCLC. Moreover, we identify circFNDC3B as a promising ther-
apeutic target to enhance anti-tumor immunity, offering new avenues for
immunotherapeutic intervention.

Emerging evidence has established that circRNAs are not merely
byproducts of aberrant splicing but instead possess distinct and diverse
biological functions15. To explore the landscape of circRNAs in NSCLC, we
conducted circRNA profiling on paired tumor and adjacent normal lung
tissues. Our study, therefore, provides a comprehensive transcriptomic
portrait of circRNAs inNSCLC, expanding the current understandingof the
complexity and regulatory potential of circRNAs in NSCLC biology. Fur-
thermore, we demonstrated that circFNDC3Bwas significantly upregulated
in NSCLC tissues and was associated with poor patient prognosis. This
finding is consistentwithprevious studies reporting themultifaceted roles of
circFNDC3Binvariousmalignancies andnon-nonneoplastic diseases17,36–38.
Importantly, our findings establish circFNDC3B as both a promising

Fig. 2 | CircFNDC3B impairs CD8+ T cell infiltration via CXCL10/11 suppres-
sion. A Tumor volume of subcutaneous xenograft in NOD-SCID mice. A549 cells
stably transfected with either vector control or circFNDC3B were injected sub-
cutaneously. Purified CD8+ T cells from healthy volunteers were intravenously injected
into the mice. Data were displayed as mean ± SD. (Student’s t-test, n = 6, ***P < 0.001).
B Volcano plots depicting differentially expressed genes in A549 and H226 cells
transfected with either vector control or circFNDC3B overexpression plasmid. Venn
diagrams demonstrate the number of overlapping downregulated (C) and upregulated
genes (D) between A549 and H226 cells. E Lollipop chart indicating the relative
expression of overlapping genes based on RNA-seq analysis. F The analysis of online
single-cell RNA sequencing databases TISCH2 showed that CXCL10 and CXCL11
are primarily expressed inmacrophages, followed by tumor cells in the TME of NSCLC.
G The basal expression levels of CXCL10 and CXCL11 in the culture supernatants
of A549, CD45− cells, CD45+ cells, and CD14+ macrophages. Collectively, a total of

1 × 106 CD45− cells, CD45+ cells, and CD14+ macrophages were sorted by flow
cytometry and cultured for 48 h. The culture supernatants were then applied for
the measurement of CXCL10 and CXCL11. (one-way ANOVA, n= 3, ** P < 0.01,
*** P < 0.001, **** P < 0.0001). H The proportion of CD45+ cells, CD45− cells, and
CD14+ cells were measured by flow cytometry (one-way ANOVA, n= 3, * P < 0.05,
*** P < 0.001). I Relative mRNA expression levels of CXCL10 and CXCL11 in A549
cells following circFNDC3B overexpression or knockdown, determined by RT-qPCR.
Data were displayed as mean ± SD. (Student’s t-test, n= 3, *** P < 0.001). J Secreted
CXCL10 and CXCL11 levels were quantified by ELISA. Data were displayed with
mean ± SD. (Student’s t-test, n= 3, ** P < 0.01, *** P < 0.001). K Chemotaxis of CD8+

T cells toward the supernatants of A549 cells with circFNDC3B overexpression or
knockdown was measured using Transwell assays. Data were displayed as mean ± SD.
(Student’s t-test, n= 3, ** P < 0.01).
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prognostic biomarker and therapeutic target inNSCLC. Future studies with
expanded patient cohorts are warranted to fully elucidate the clinical rele-
vance and biological significance of circFNDC3B in NSCLC.

Typically, circRNAs are generated in the nucleus but are primarily
localized to the cytoplasm39. Studies have indicated that theATP-dependent
RNA helicase DDX39A and DDX39B participate in the nuclear export of
circRNAs,with their involvementdependingon the lengthof the circRNA40.

Additionally, Ngo et al. identified a pathway specifically for the nuclear
export of circRNAs, which requires Ran-GTP, exportin-2, and IGF2BP141.
However, many circRNAs are retained in the nucleus and are thought to
play roles in transcriptional regulation42. For example, CircRHOT1 recruit
the histone acetyltransferase KAT5 (TIP60) to the NR2F6 protein in the
nucleus43, and CircSEP3 can strongly bind to its cognate DNA, forming an
RNA:DNA hybrid and finally leading to the formation of spliced SEP3
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mRNAwith exon skipping44. In our study, we found that circFNDC3Bwas
primarily localized in the nucleus, whichmay be related to its ability to bind
proteins and regulate transcriptional activity. However, the precise mole-
cular determinants (e.g., sequence motifs or structural features) governing
circFNDC3B nuclear retention remain uncharacterized. Addressing this
gap could inform strategies to modulate its subcellular localization for
therapeutic purposes.

In some contexts, circFNDC3B (also known as circ0001361) has been
reported to function as a miRNA sponge39. For instance, in bladder cancer,
circFNDC3B sequesters miR-491-5p, thereby promoting metastasis and
invasion through upregulation of MMP945. However, our data suggest that

both anti-AGO2 RIP assays and mass spectrometry analysis following
circFNDC3B pulldown failed to detect any interaction between
circFNDC3B and AGO2, indicating that circFNDC3B does not engage the
miRNA-mediated silencing complex. Moreover, in our NSCLC model, we
observed no evidence supporting a role for circFNDC3B in regulating
invasion in vitro. Instead, our findings reveal that circFNDC3B exerts its
biological functions by directly binding to TFII-I, supporting the emerging
concept that circRNAs can regulate gene expression through RNA-protein
interactions independent ofmiRNA sponging15. Interestingly, circFNDC3B
has also been reported to interact with FUS to regulate VEGF expression,
thereby promoting lymphangiogenesis andmetastasis in oral squamous cell

Fig. 3 | CircFNDC3B interacts with TFIII in NSCLC cells. A RIP assay with anti-
AGO2 or IgG antibodies. U6 and CDR1as were used as negative and positive con-
trols, respectively. Data were displayed with mean ± SD. (Student’s t-test, n = 3, ns,
not significant, ***P < 0.001). B Biotin-labeled antisense or sense circFNDC3B
probes were applied for RNA-protein pull-down assay using A549 cell lysates. The
silver staining was used to distinguish the proteins interacting with circFNDC3B.
The primary differential band precipitated in A549 lysates was indicated by red
arrow. C The TFII-I peptides pulled down by sense circFNDC3B probes were
demonstrated byMS.DThe interactions between circFNDC3B andTFII-I or AGO2
were detected by RNA pull-down assay and western blot assay in A549 and H226
cells. The loading control was represented with GAPDH. E Purified TFII-I protein
was preincubated with lysis of A549 and H226 cells. RIP experiments were

performedwith IgG andTFII-I antibodies. Utilized the antibodies against TFII-I, the
precipitates were subjected to western blot assay. The relative levels of TFII-I-
enriched or Input-enriched and IgG-enriched circFNDC3Bwere determined by RT-
qPCR. Data were displayed as mean ± SD. (Student’s t-test, n = 3, **P < 0.01,
***P < 0.001). F Colocalization of circFNDC3B (red) and TFII-I (green) in A549
andH226 cells was detected by confocalmicroscopy.Nuclei were stainedwithDAPI.
G Schematic diagram displayed full-length and truncated TFII-I protein.H, I Flag-
tagged domain truncated or full-length TFII-I RIP assays in A549 cells. Using anti-
Flag antibody, the precipitate was subjected to western blot assay (H). Relative
enrichment of endogenous circFNDC3B was analyzed by RT-qPCR (I). Data were
displayed as mean ± SD. (Student’s t-test, n = 3, ns, not significant, **P < 0.01).

Fig. 4 | CircFNDC3B disrupts TFII-I/STAT1 complex formation. A Co-IP
experiments using anti-TFII-I or IgG antibody detected the interaction between
TFII-I and STAT1 in A549 cells.BWestern blot assay using the indicated antibodies
in A549 orH226 cells stably transfected with vector control or TFII-I overexpression
plasmid. The enrichment of CXCL10 (C) andCXCL11 (D) promoter fragmentswith
anti-STAT1 or IgG antibody by ChIP-qPCR in A549 cells. Data were displayed with
mean ± SD. (Student’s t-test, n = 3, ***P < 0.001). E CXCL10 or CXCL11 promoter
luciferase activities were determined after knockdown of STAT1 or overexpression
of TFII-I in A549 cells. Data were displayed as mean ± SD. (Student’s t-test, n = 3,
**P < 0.01, ****P < 0.0001). F Co-IP experiments about the interaction between

TFII-I and STAT1 using anti-TFII-I antibody after overexpression of circFNDC3B
or TFII-I in A549 cells.GWestern blot assay using the indicated antibodies in A549
cells stably transfected with or without circFNDC3B and TFII-I overexpression
plasmids. H CXCL10 or CXCL11 promoter luciferase activities were analyzed in
A549 cells stably transfected with or without circFNDC3B and TFII-I over-
expression plasmids. Data were displayed as mean ± SD. (Student’s t-test, n = 3,
**P < 0.01, ***P < 0.001). ICXCL10 or CXCL11 promoter luciferase activities were
analyzed in A549 cells which were stably transfected with or without circFNDC3B
and STAT1 overexpression plasmids. Data were displayed as mean ± SD. (Student’s
t-test, n = 3, **P < 0.01, ***P < 0.001).
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carcinoma38,46. However, in ourNSCLCmodel, circFNDC3B does not form
a stable interaction with FUS, suggesting that the functional roles of
circFNDC3B may be context-dependent and influenced by tissue or cell-
type specificity. This functional plasticity highlights the need for systematic
characterization of circRNA interactomes across cancer types to identify
conserved versus context-specific mechanisms.

The core structure of TFII-I consists of a nuclear localization signal
(NLS), a basic region (BR) DNA-binding domain, and multiple protein-
protein interaction domains, including a leucine zipper (LZ) and six helix-
loop-helix (HLH)-like domains, also known as I-repeats (R1–R6)47,48. This
structural composition suggests that TFII-I can engage in both protein-
protein and protein-DNA interactions. Specifically, the NLS and BR are
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located between the R1 and R2 domains. The peptide region spanning
amino acids 102–399 lies within this interval and is responsible for med-
iating bothDNAand protein interactions. In contrast, the regions spanning
amino acids 400–681 and 682–972, corresponding to R3–R4 and R5–R6,
respectively, are primarily involved in protein-protein interaction but lack
DNA-binding capacity. In our study, we demonstrated that the peptide
region spanning amino acids 102–399 of TFII-I is indispensable for its
interaction with circFNDC3B, although TFII-I lacks a canonical RNA-
binding domain. However, the precise molecular mechanism underlying
this interaction remains unclear. Further structural studies are need to
elucidate the molecular basis of the circFNDC3B-TFII-I interaction.

Our findings provide novel insights into the functional domains of
TFII-I and their potential involvement in RNA-binding activity. TFII-I is
recognized as an atypical transcription factor due to its modular structure
and functional versatility. Its HLH-like domains enable dynamic protein-
protein interactions, allowing TFII-I to act as both a basal transcription
factor and a context-dependent transcriptional repressor or activator
through the recruitment of co-repressors or co-activators48. In addition,
genome-wide association analysis have revealed the dual regulatory role of
TFII-I, showing no clear correlation between its genomic binding sites and
gene expression patterns49,50. Consistent with previous reports29, we con-
firmed that TFII-I directly binds to STAT1 in NSCLC, where it collaborats
to promote the formation of gene-specific transcriptional activator com-
plexes that drive CXCL10 and CXCL11 transcription. Notably, our study
identified circFNDC3B as a critical regulatory partner that competitively
disrupts the TFII-I/STAT1 interaction, thereby inhibiting downstream
chemokine transcription and impairing CD8+ T cell infiltration. These
results highlight a previously unrecognized layer of transcriptional regula-
tion mediated by circFNDC3B and TFII-I. However, the paradoxical
observation that TFII-I exhibits tumor-suppressive prognostic value despite
its pro-transcriptional role in CXCL10/11 regulation warrants further
investigation into its context-dependent functions during NSCLC pro-
gression. Further studies are needed to investigate the genome-wide target
genes ofTFII-I inNSCLCand todelineate themolecular signalingpathways
governing its dynamic interactions with transcriptional partners.

Tumor-infiltrating CD8+ T cells are central mediators of anti-tumor
immunity and serve as critical determinants of immunotherapy efficacy and
patient survival51. In this study, we identified the circFNDC3B/TFII-I
complex as a key regulator that impedes CD8+ T cell infiltration by inhi-
biting STAT1 activation in NSCLC, emphasizing the importance of cir-
cRNAs in modulating tumor-immune microenvironment. This findings
aligns with growing evidence that circRNAs can influence immune cell
infiltration and regulate immune responses within the TME22,26. Through
in vivo functional studies, we demonstrated that circFNDC3B not only
inhibited CD8+ T cell infiltration but also accelerated tumor progression.
Notably, we observed that circFNDC3B overexpression significantly atte-
nuated the tumor-suppressive effects of anti-PD-1 therapy. However, it is
important to acknowledge that our assessment of anti-PD-1 efficacy was
primarily based on tumor growth measurements under a single treatment
protocol,without comprehensive characterizationof the immune landscape
before and after therapy. Specifically, we lacked longitudinal profiling of T
cell infiltration, T cell exhaustion markers, and regulatory T cell dynamics,

which limits our ability to draw definitive conclusions about the causal role
of circFNDC3B in modulating anti-PD-1 responsiveness. To address these
limitations, future studies should incorporate combinatorial treatment
strategies involving circFNDC3B inhibition alongside PD-1 blockade,
complemented by high-dimensional immune profiling to capture spatial
and temporal changes in immune cell populations. Additionally, single-cell
transcriptomic analyses could offer mechanistic insights into how
circFNDC3Breshapes tumor–immune interactions atmolecular resolution.
Crucially, the clinical relevance of these findings warrants further validation
in patient-derived organoid models or humanized mouse systems.

Nevertheless, our study still has several limitations that warrant con-
sideration. First, the initial circRNAscreeningwas conducted in a small cohort
(n= 4paired samples), whichmay limit the generalizability of circFNDC3Bas
a broadly applicable biomarker across NSCLC subtypes. Future studies
involving larger, well-annotated patient cohorts stratified by histological
subtypes and molecular characteristics are needed to validate its clinical
relevance. Second, the translational relevance of our findings is limited by the
use of immunodeficient NOD-SCID mice for in vivo validation. Although
adoptive transfer of CD8⁺ T cells partially recapitulates key aspects of the
humanTME, the absence of functional innate immune components—such as
natural killer (NK) cells and macrophages—may fail to fully capture the
complexity of tumor-immune interactions. Lastly, althoughwe demonstrated
that circFNDC3B suppresses the expression of CXCL10 and CXCL11, the
functional requirementof their receptor,CXCR3,onCD8⁺Tcells hasnot been
directly tested. Genetic ablation or pharmacological inhibition of CXCR3
would provide critical mechanistic evidence linking circFNDC3B-driven
chemokine suppression to impaired T cell recruitment.

Conclusion
In summary, our study reveals a previously unrecognized, tumor cell-
intrinsic mechanism by which circFNDC3B drives immunosuppression in
NSCLC. Specifically, we demonstrate that circFNDC3B disrupts the TFII-I/
STAT1 transcriptional complex, thereby inhibiting CXCL10/11-mediated
CD8⁺Tcell recruitment. Thesefindings broaden the functional landscape of
circRNAs in cancer biology, highlighting their ability to directly modulate
transcriptional regulation through RNA–protein interactions, beyond the
conventional paradigm of miRNA sponging. Importantly, we identify
circFNDC3Bas a therapeutic target,whose inhibitionmayenhance the anti-
tumor-immune efficacy.

Methods
Tissues and cell lines
Tumor tissues (T) andpairedadjacentnormal tissues (N)were collected from
NSCLC patients undergoing surgery at the Department of Thoracic Surgery,
Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, between July 2014 and December 2018. Written informed
consentwas obtained fromall participants and the studywas approvedby the
Institutional Review Board of the Tongji Medical College of Huazhong
University of Science and Technology. All ethical regulations relevant to
human research participants were followed. All NSCLC tissues were snap-
frozen in liquid nitrogen and stored at -80°C until used. Histopathological
confirmation of all samples was performed using hematoxylin and eosin

Fig. 5 | CircFNDC3B attenuates CD8+ T cells infiltration through TFII-I
/STAT1/CXCL10-CXCL11 axis. A The correlation of CXCL10 or CXCL11
expression with tumor purity or CD8+ T cells infiltration (Tumor-immune esti-
mation resource, TIMER) (https://cistrome.shinyapps.io/timer/). B IF staining of
CD8 (green) in sections of NSCLC tissues with high or low circFNDC3B expression.
Nuclei were stained with DAPI. C The proportion of CD8+ T cells in sections of
NSCLC samples with low (n = 50) or high (n = 50) circFNDC3B expression. Patients
were divided into groups by the median circFNDC3B expression. The proportion of
CD8+T cells were analyzed by ImageJ following the standard protocols and tutorials
provided by the software. Data were displayed as mean ± SD. (Student’s t-test,
***P < 0.001).D The chemotaxis of CD8+ T cells towards the supernatants of A549
cells stably overexpressing circFNDC3B or control vector with or without

rhCXCL10 and rhCXCL11 treatment. Data were displayed as mean ± SD, (one-way
ANOVA, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). E The che-
motaxis of CD8+ T cells towards the supernatants of A549 cells after circFNDC3B
knockdown with or without anti-CXCL10 and anti-CXCL11 treatment. Data were
displayed as mean ± SD. (one-way ANOVA, n = 3, **P < 0.01). F The chemotaxis of
CD8+ T cells towards the supernatants of A549 cells preferentially transfected with
either circFNDC3B or TFII-I overexpression plasmids. Data were displayed as
mean ± SD. (one-way ANOVA, n = 3, **P < 0.01, ***P < 0.001).G The chemotaxis
of CD8+ T cells towards the supernatants of A549 cells preferentially transfected
with either circFNDC3B or STAT1 overexpression plasmids. Data were displayed as
mean ± SD. (one-way ANOVA, n = 3, **P < 0.01, ***P < 0.001).
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Fig. 6 | CircFndc3b promotes tumor progression by inhibiting CD8+ T cell
infiltration in vivo. A RNA FISH for circFndc3b in LLC cells. The positive controls
for nucleus and cytoplasm were represented with U6 and 18S, respectively.
CircFndc3b, U6, and 18S probes were labeled by Cy3. Nuclei were stained with
DAPI. B The RNA-protein pull-down experiments with biotin-labeled sense or
antisense circFndc3b probes in LLC cell lysates. The loading control was provided
with GAPDH. C RIP assays with anti-TFII-I and anti-IgG antibodies were per-
formed in LLC cell lysates. The precipitates were subjected to Western blot assay.
The relative levels of TFII-I enriched and IgG-enriched circFndc3bwere determined
by RT-qPCR. Data were displayed as mean ± SD. (Student’s t-test, n = 3, **P < 0.01,
***P < 0.001). D Co-IP experiments using anti-TFII-I and IgG antibodies detected
the interaction between TFII-I and STAT1 in LLC cells. E The relative mRNA levels
of CXCL10 and CXCL11 in LLC cells overexpressing circFndc3b were determined
by RT-qPCR. Data were displayed as mean ± SD. (Student’s t-test, n = 3, **P < 0.01,

***P < 0.001). F The tumor volumes were measured following subcutaneous
injection of LLC cells with stable circFndc3b overexpression, knockdown, or vector
control into C57BL/6 mice. Data were displayed as mean ± SD. (one-way ANOVA,
n = 5, ** P < 0.01, *** P < 0.001). G The frequency of CD3+ CD8+ T cells in LLC
tumors with either circFndc3b overexpression or knockdown was analyzed using
flow cytometry. Data were displayed as mean ± SD. (one-way ANOVA, n = 5,
*** P < 0.001). H IHC staining for CD8+ T cells in sections from LLC tumors with
either circFndc3b overexpression or knockdown. I The proportion of IFN-γ+ CD8+

T cells was analyzed using flow cytometry. (one-way ANOVA, n = 5, ns: no sig-
nificance). J The growth curves of the subcutaneous LLC tumor in C57BL/6 mice.
Isotype or anti-PD-1 was administered intraperitoneally at the indicated time
(arrows, Day 6, Day 10, Day 14, and Day 18). Data were displayed as mean ± SD.
(Student’s t-test, n = 6, ***P < 0.001).
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(H&E)-stained sections.Clinical characteristics of the cohort are summarized
in Table S1. All patients were followed up regularly, and OS time was
determined from the date of surgery to the date of death or last follow-up.

The humanNSCLC cell lines A549 (RRID: CVCL_0023), NCI-H1299
(RRID: CVCL_0060), NCI-H226 (RRID: CVCL_1544), and SPC-A1
(RRID: CVCL_6955); human bronchial epithelial cell line HBE1 (RRID:
CVCL_0287), and murine Lewis lung cancer cell line LL/2 (LLC; RRID:
CVCL_4358) were purchased from the American Type Culture Collection
(Manassas, USA). H1299, H226, SPC-A1, and HBE cells were cultured in
Roswell Park Memorial Institute 1640 (RPMI-1640; ThermoFisher, Wal-
tham, USA) medium supplemented with 10% fetal bovine serum (FBS;
ThermoFisher, Waltham, USA). A549 cells were cultured in Ham’s F-12K
(Kaighn’s; ThermoFisher, Waltham, USA) medium supplemented with
10% FBS (ThermoFisher), and LLC cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, ThermoFisher, Waltham, USA) sup-
plemented with 10% FBS (ThermoFisher). All cells were incubated at 37 °C
with 5% CO2 and authenticated within the past 3 years. All experiments
were performed with mycoplasma-free cells.

Identification and annotation of human NSCLC circRNAs
Total RNA was extracted from four paired NSCLC and adjacent normal
lung tissues using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Ribosomal RNA (rRNA) was
depleted using the RiboZero rRNA Removal Kit (Illumina, San Diego,
USA), followedby linearRNAdigestionwithRNaseR (Illumina, SanDiego,
USA). Enriched circRNAswere fragmented, reverse-transcribed into cDNA
with randomprimer and sequencedon the IlluminaNovaSeq6000platform
(Illumina, USA). CircRNAs were identified using find_circ52 and CIRI253.
Differential expression analysis between tumor and normal tissues was
performed with DESeq (version 1.10.1), and adjusted P-values were cal-
culated using the Benjamini-Hochberg method. Raw RNA-seq data are
available in the SRA database (accession code: PRJNA863919).

RNA preparation, RNase R treatment, and RT-qPCR
Total RNA from tissues or cells was isolated using the RNeasy Mini Kit
(Qiagen). Nuclear and cytoplasmic fractionswere separatedwith the PARIS
Kit (ThermoFisher, Waltham, USA). For RNase R treatment, 1 μg total
RNA was incubated with or without 3 U of RNase R (Illumina, San Diego,
USA) at 37 °C for 15min. Reverse transcription was performed using Pri-
meScript RTMaster Mix (Takara, Dalian, China), followed by quantitative
PCR (qPCR) with SYBR Premix Ex Taq II (Takara, Dalian, China).
Divergent primers targeting circRNA junction sites were used for circRNA
quantification. gDNA was extracted using a Genomic DNA Isolation Kit
(Sangon Biotech, Shanghai, China). The cDNA and gDNA PCR products
were visualized using 2% agarose gel electrophoresis. Amplification and
cycle thresholds (Ct) analysis were performed on a StepOne Plus Real-Time
PCR system (Applied Biosystems, USA). Primers sequences are demon-
strated in Supplementary Data 6.

Actinomycin D treatment and RNA stability assay
Cells were seeded in six-well plates for the actinomycin D (Sigma-Aldrich,
St. Louis, USA) experiments. Once they reached 60% confluency after 24 h,
the cells were treated with 5 μg/mL of actinomycin D or dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, USA) and collected at indicated time
points. The RNA turnover rate and half-life were estimated according to a
previously published method54.

FISH
Cy3-labeled circFNDC3B and circFndc3b probes (Supplementary Data 6)
were synthesized by TSINGKE (Wuhan, China). FISH was performed as
previously described with minor modifications55. Briefly, cancer cells were
fixed, permeabilized, and thenhybridizedwith the probes at 37 °Covernight
in the dark. The coverslips werewashed thrice with 2× saline-sodium citrate
(SSC; Solarbio, Beijing, China) for 10min before being sealed with parafilm
containing 4′,6-diamidino-2-phenylindole (DAPI; Roche Diagnostic,

Mannheim,Germany). Imageswere capturedwitha confocal laser scanning
microscope (LSM 780, Germany).

FISH and Immunocytofluorescence
Fresh tumor samples were fixed in 4% paraformaldehyde for 24 h, dehy-
drated, and embedded in paraffin. Then, sections were cut, deparaffinized,
and rehydrated. After antigen retrieval, the sections were permeabilizing
with 0.1% Triton X-100, incubated with phosphate-buffered saline (PBS)
containing 5% bovine serum albumin (BSA) to block non-specific binding,
and then hybridized with the probes at 37 °C overnight in a dark. The
sections were washed three times with 2× SSC (Solarbio, Beijing, China) for
10min for 3 times on the other day. Next, the sections were incubated with
primary antibodies overnight at 4 °C and corresponding secondary anti-
bodies for 1 h at room temperature. Finally, the sections were washed with
PBS before they were sealed with parafilm containing DAPI (Roche Diag-
nostic). Images were captured using a confocal laser scanner (LSM 780,
Germany).

CCK-8 assay
Cell viability was accessed using the Cell Counting Kit-8 (CCK-8; Dojindo,
Kumamoto, Japan) following the manufacturer’s instructions. Absorbance
at 450 nm was measured with Synergy 4 microplate reader (BioTek,
Winooski, USA).

Transwell Matrigel invasion assay
Invasion assay were performed using Matrigel-precoated Transwell
chambers following the manufacturer’s protocol (BD Science, Bedford,
USA).Homogeneous single-cell suspensions (1 × 105 cells/well) were added
to the upper chambers and incubated for 24 h. The invasion rates were
quantified by counting the invaded cells at least three random fields per
chamber.

Apoptosis assay
Cell apoptosis was detected using the FITCAnnexinVApoptosisDetection
Kit I (BD Science, Bedford, USA) according to the manufacturer’s
instructions. The data were analyzed using the FCS Express 5 software (De
Novo Software, Los Angeles, USA).

Cell cycle assay
Cells were fixed in 75% ice-cold ethanol overnight at 4 °C. After washing
with PBS, the fixed cells were stainedwith propidium iodide (PI) buffer (BD
Science, Bedford, USA). The cell cycle was examined using flow cytometer,
and the data were analyzed using ModFit LT 5.0 software.

RNA-seq
Total RNA fromcircFNDC3B-overexpressing and controlA549/H226 cells
was isolated using RNeasyMini Kit (Qiagen). The library preparations were
conducted using theNEBNext®Ultra™RNALibrary Prep Kit for Illumina®
(New England Biolabs, Ipswich, USA). Gene expression profiles were
determined by Illumina high-throughput RNA sequencing at Novogene
(Beijing, China). Significantly differentially expressed transcripts were
defined as p < 0.05 and log2(fold change) ≥ 1.

ELISA
CXCL10 and CXCL11 levels in cell culture supernatants were determined
using commercially available ELISA kits (Biolegend, San Diego, USA and
Raybiotech, Norcross, USA) following the manufacturer’s instructions.

RNA pull-down assays
Biotin-labeled oligonucleotide probes targeting the circRNA junction site
(sense) and control antisense probes (Supplementary Data 6) were syn-
thesized by TSINGKE. For RNApull-down assay, 1 × 107 cells were washed
with ice-cold PBS, and lysed in 500 μL of Co-IP buffer (20mM Tris-HCL
[pH 7.5], 150mM NaCl, 1mM EDTA, 0.5% NP-40) containing protease
inhibitors cocktail and RNase inhibitors. Lysates were then incubated with
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3 μg biotin-labeled circFNDC3B (sense) or control (antisense) probes for
2 h at room temperature. Next, 50 μL washed streptavidin C1 magnetic
beads (Invitrogen,Waltham,USA)were added to eachbinding reaction and
incubated at room temperature for 1 h. After washing with the Co-IP buffer
forfive times, the bead-boundproteinswere eluted formass spectrometry or
western blot analysis.

Silver staining and mass spectrometry analysis
Silver staining was performed using the PAGE Gel Silver Staining Kit
(Solarbio, Beijing, China) based on the manufacturer’s protocol. Mass
spectrometry analysis was performed by Novogene, with protein identifi-
cation and quantification using Proteome Discoverer software (ver-
sion 1.4; USA).

Western blot and Co-IP
For western blotting, cells were lysed in RIPA buffer containing protease
inhibitors (Beyotime, Nangtong, China). Proteins were size-separated by
SDS-PAGE gels and transferred to polyvinylidene difluoride membranes.
After blocking with 5% non-fat milk, the membranes were incubated with
the primary antibodies at 4 °C overnight and then horseradish peroxidase
(HRP)-conjugated secondary antibodies at room temperature for 1 h. Sig-
nals were detected using a High-Sensitive ECL Chemiluminescence
Detection Kit (Vazyme, Nanjing, China).

For Co-IP assay, cells were lysed in Co-IP buffer containing protease
inhibitor cocktail on ice for 40min. Cell lysates were incubated with the
corresponding antibodies adsorbed toproteinA/GAgarose (ThermoFisher,
Waltham, USA) for 4 h at 4 °C. Then, the cell lysates were washed thrice
with Co-IP buffer and eluted at 95 °C for 10min.

Primary antibodies against the following proteins were used: TFII-I
(Santa Cruz Biotechnology, Santa Cruz, USA, 1:500), AGO2 (ThermoFisher,
Waltham, USA, 1:500), STAT1 (Abcam, Cambridge, UK, 1:1000), pSTAT1
(Abcam,Cambridge,UK, 1:1000), Flag tag (Abcam,Cambridge,UK, 1:1000),
GAPDH(Proteintech,Chicago,USA, 1:50000) andhistone-H3 (Proteintech,
Chicago,USA, 1:1000). The followingHRP-conjugated secondary antibodies
were used: goat anti-mouse (Proteintech, Chicago, USA, 1:2000), goat anti-
rabbit (Proteintech, Chicago, USA, 1:2000), mouse anti-rabbit IgG heavy
chain specific (Proteintech,Chicago,USA,1:5000) andmouseanti-rabbit IgG
light chain specific (Proteintech, Chicago, USA, 1:4000).

RIP
RIP experimentwas conducted using theMagnaRIPRNA-Binding Protein
Immunoprecipitation Kit (Millipore, Bedford, USA) according to the
manufacturer’s instructions. Cell lysates were incubated with Dynabeads
coated with antibodies against AGO2 (ThermoFisher, Waltham, USA,
8 μg), TFII-I (Santa Cruz Biotechnology, 1 μg), Flag tag (Abcam, 1 μg) or
Mouse IgG (Santa Cruz Biotechnology, Dallas, USA, 1 μg) antibody at 4 °C
overnight. The co-precipitated RNAswere purified using RNeasyMinElute
Cleanup Kit (Qiagen, Hilden, Germany) and detected by RT-qPCR.

Immunocytofluorescence
Cells were grown on coverslips and fixed with 4% paraformaldehyde. After
permeabilizing with 0.1% Triton X-100, the cells were washed with PBS,
blocked with 5% BSA, and incubated with TFII-I antibody (Santa Cruz
Biotechnology, 1:500) overnight. Subsequently, the cells were washed with
PBS and incubatedwith a fluorophore-labeled secondary antibody (Abcam,
1:500). Finally, the cells were sealed with parafilm containing DAPI.
Fluorescence images were captured using a confocal laser scanner, and the
data were analyzed using ImageJ software.

Vector construction and transfection
To establish circFNDC3B, circFndc3b, TFII-I, and STAT1 overexpression
plasmids, circFNDC3B, circFndc3b, TFII-I, and STAT1 cDNA were syn-
thesized by TSINGKE (Wuhan, China) and then cloned into pcDNA3.1(+)
CircRNAMini Vector (Addgene, Watertown, USA) and p3×FLAG-CMV-
10 vector (Sigma-Aldrich, St. Louis, USA), respectively. The truncations of

TFII-I were constructed as regions spanning amino acids 102–399
(3×Flag_102–399), 400–681 (3×Flag_400–681), 682–972 (3×Flag_682–972),
102–681 (3×Flag_102–681), and 400–972 (3×Flag_400–972). TFII-I trun-
cations were FLAG-tagged in p3×FLAG-CMV-10 vector. Oligonucleotides
encoding short hairpin RNAs (shRNAs, Supplementary Data 6) specific for
circFNDC3B, circFndc3b, and STAT1 were cloned into pLKO.1-puro
plasmid (Sigma-Aldrich, St. Louis, USA).

Cells were transfected with the vectors using Lipofectamine 2000 (Life
Technologies, Carlsbad,USA) according to themanufacturer’s instructions.
Stable cell lines were screened by administering neomycin or puromycin
(Invitrogen, Carlsbad, USA). Scramble shRNAs and empty vectors were
used as controls.

CHIP and qPCR (ChIP-qPCR) assays
ChIP assays were performed using the EZ-Magna ChIP A/G Chromatin
Immunoprecipitation Kit (Sigma-Aldrich, St. Louis, USA). First, the DNA
fragments were resuspended in PBS and incubated with anti-STAT1
(Abcam, 5 μg) or rabbit IgG (Abcam, 5 μg) antibodies at 4 °Covernight. The
precipitated DNA-chromatin complexes were analyzed by qPCR, and data
were demonstrated as fold enrichment normalized to IgG. The primer
sequences used for ChIP-qPCR are listed in Supplementary Data 6.

Dual-luciferase reporter assay
A549 cells were co-transfected with reporter constructs for CXCL10 or
CXCL11 promoter (−1000 to 300 bp) in pGL3-Basic vector, with the
Renilla luciferase reporter vectors pRL-TK as the internal control. After
24 h, firefly and Renilla luciferase activities were quantified using Dual-
Luciferase®Reporter Assay System (Promega,Madison, USA) according to
the manufacturer’s protocol.

CD8+ T cells isolation
Peripheral bloodmononuclear cells fromhealthy donorswere isolated using
Ficoll-Hypaque gradient centrifugation. Purified CD8+ T cells were isolated
using the Human CD8+ T cells Isolation Kit (Miltenyi Biotec, Teterow,
Germany) according to themanufacturer’s protocol. The CD8+T cells were
>90% pure, as confirmed by flow cytometry. Purified CD8+ T cells were
cultured in RPMI-1640medium supplementedwith 10%FBS. Themedium
contained recombinant human IL-2 (Abcam, Cambridge, UK, 10 ng/mL),
soluble anti-humanCD28mAbs (Biolegend, SanDiego,USA, 1 μg/mL), and
plate-bound anti-humanCD3mAbs (Biolegend, SanDiego,USA, 1 μg/mL).
The cells were then cultured for three consecutive days for the subsequent
experiments.

Tumor dissociation and cell sorting
Fresh humanNSCLC tumor tissues were cut into small pieces and digested
with DNase I (Sigma-Aldrich, St. Louis, USA, 50 μg/mL) and collagenase
type IV (ThermoFisher, Waltham, USA, 200U/mL) at 37 °C for 60min.
Then, the single-cell suspensions were resuspended in PBS and incubated
with surface antibodies anti-humanCD45 (Biolegend, SanDiego,USA) and
anti-human CD14 (Biolegend, San Diego, USA) in the dark for 30min.
Subsequently, the prepared cells were sorted using fluorescence-activated
cell sorting (FACS) by BD FACSAria II Cell Sorter.

Chemotaxis assay
Pre-activated CD8+ T cells were resuspended in RPMI-1640 medium
supplementedwith 0.5%FBS and placed in the upper chamber of Transwell
tissue culture inserts (5.0 μm pore diameter; Corning, New York, USA).
Supernatant from A549 cells was added to the lower chamber. RPMI-1640
medium alone was used as the negative control. When indicated, anti-
CXCL11 (R&DSystems,Minneapolis, USA, 1 μg/mL), anti-CXCL10 (R&D
Systems, Minneapolis, USA, 1 μg/mL), recombinant human (rh)-CXCL11
(R&D Systems, Minneapolis, USA, 50 ng/mL), or rhCXCL10 (R&D Sys-
tems, Minneapolis, USA, 50 ng/mL) were added to the lower chamber.
Then, the chambers were incubated at 37 °C with 5% CO2 for 4 h. Trans-
migrated cells in the lower chamber were collected and stained with
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anti-human CD8 mAbs (Biolegend, San Diego, USA). After staining, pre-
cision count beads (Biolegend, San Diego, USA) were added, and the
numbers of transmigrated CD8+ T cells were determined using flow cyto-
metry (FACS Canto II; BD Science, USA). The chemotactic index was
calculated as the ratio of the number of CD8+ T cells that migrated to
correspondingwells divided by the number ofCD8+T cells thatmigrated to
the wells containing RPMI-1640 medium alone.

In vivo tumorigenesis assays
The NOD-SCID mice or C57BL/6 female mice (4 weeks old) were
obtained from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). Themice were housed under specific pathogen-free
conditions (25 °C, 12/12-h light/dark cycle) and fed a chow diet in Tongji
Medical College Animal Care Facility. All animal experiments were
approved by the Animal Care and Utilization Committee of Tongji
Medical College, Huazhong University of Science and Technology
(number 2021 IECS 2974). We have complied with all relevant ethical
regulations for animal use.

In the NOD-SCID mouse experiments, circFNDC3B overexpression
and control A549 cells (2 × 106 cells) were subcutaneously injected into the
right and left flanks of the same NOD-SCID mice, respectively (n = 6). For
some experiments, the mice were injected weekly with purified human
CD8+ T cells (1 × 107 per mouse) via the tail vein (n = 6) beginning 1 week
before inoculation with tumor cells. After 4 weeks, the mice were eutha-
natized, and the tumorsweredissected. The volumes of thedissected tumors
were measured using calipers and calculated using the formula: a2 × b × 0.5
(a is the smallest diameter and b is the diameter perpendicular to a).

In the C57BL/6 mouse experiments, circFndc3b overexpression or
knockdown LLC cells (5 × 105 cells) were subcutaneously injected into the
right flank of mice (n = 5 for each group). After 4 weeks, the mice were
euthanatized, and the tumors were dissected. The volumes of the dissected
tumors were determined as mentioned above.

In the anti-PD-1 antibody treatment experiments, circFndc3b over-
expressionandcontrolLLCcells (5 × 105 cells)were subcutaneously injected
into the right flank of C57BL/6mice (n = 6/group) on day 0. Then, themice
were injected with anti-mouse PD-1mAbs (Biolegend, San Diego, USA) or
isotype control (Biolegend, San Diego, USA) via tail vein (100 μg/dose)
every 4 days for 4 times, beginning on day 6. The tumors were assessedwith
calipers every 3 days. Tumor volumes were measured as mentioned above.
When the tumors reached a maximum of 2000mm3, the mice were
euthanized.

CD8+ T cell infiltrating analysis
Tumors were digested with DNase I (Sigma-Aldrich, 50 μg/mL) and col-
lagenase type IV (ThermoFisher, 200U/mL) at 37 °C for 20min. In order to
obtain a single-cell suspension, the cells were filtered (70 μm) to remove
clumps and then diluted in medium. Then, the cells were surface-stained
with anti-mouse CD45mAbs (Biolegend, SanDiego, USA), anti-mouse CD3
mAbs (Biolegend, San Diego, USA), anti-mouse CD8mAbs (Biolegend, San
Diego, USA), and anti-mouse IFN-γmAbs (Biolegend, San Diego, USA) for
flow cytometry analysis. The data was analyzed using FlowJo_v10.8.1.

IHC staining
Mouse tumorswerefixed in4%paraformaldehyde for 24 h, dehydrated, and
embedded in paraffin. Sections were then cut, deparaffinized, and rehy-
drated. After antigen retrieval, the sections were incubated with PBS con-
taining 5% BSA to block non-specific binding. Next, the sections were
incubated with the primary antibody at 4 °C overnight and then the sec-
ondary antibody at room temperature for 1 h. After washing with PBS, the
sections were treated with streptavidin-peroxidase solution for 30min and
then with diaminobenzidine for 5min at room temperature.

Co-culture assay
Splenic cell suspensions were prepared by grinding mouse spleens using a
40mmnylon cell strainer. After separationwith lymphoprep, immune cells

were collected andcultured inRPMI-1640mediumsupplementedwith 10%
FBS and activated by anti-CD3 (2mg/mL) and anti-CD28 (5mg/mL)
antibodies for 48 h. Subsequently, 1 × 106 LLC cells (circFndc3b over-
expression or knockdown) were co-cultured with the activated immune
cells for an additional 48 h, after which flow cytometry was employed to
analyze IFN-γ+ CD8+ T cells.

Statistics and reproducibility
All statistical analyses were performed using SPSS Statistics (version 26.0)
and GraphPad Prism (version 8.0.2). Continuous variables are presented as
mean ± standard deviation (SD). Data were compared using two-tailed
Student’s t-test between two groups and one-way analysis of variance
(ANOVA) betweenmultiple groups. OSwas estimated using Kaplan-Meier
curves with log-rank tests. The sample sizes and experiment replicates were
determined and conducted independently as described in the correspond-
ing “Methods” sections. P-value < 0.05 was considered statistically sig-
nificant for all analyses and significance levels are presented as *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author upon reasonable request. Numerical source
data for graphs are available in Supplementary Data 7. Uncropped blots are
provided inFig. S9, and theflowcytometry gating strategy is provided inFig.
S10. Raw RNA-seq data are available in the SRA database (accession code:
PRJNA863919).
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