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Abstract

The effectiveness of targeted therapies in prolonging survival for gastric cancer patients remains limited, largely due to off-
target effects and tumor immune evasion. Circular RNAs (circRNAs) are abundant in tumor tissues and serve as potential
biomarkers and therapeutic targets. The role of hsa circ 0136666 in promoting gastric cancer cell proliferation was examined
using Western blot, qRT-PCR, fluorescence in situ hybridization (FISH), and flow cytometry. Tumor immune evasion was
investigated in tumor-bearing mice through tissue immunofluorescence, enzyme-linked immunosorbent assay (ELISA), and
flow cytometric analysis. Expression differences of circRNAs in clinical samples were assessed using tissue microarray FISH.
The impact of siRNA on enhancing anti-PD-L1 therapy and modulating the tumor immune microenvironment was evaluated in
a coadministration model. Hsa circ_ 0136666 was highly expressed in gastric cancer tissues and cell lines. Functionally, it
promoted tumor proliferation and shaped the tumor microenvironment, facilitating immune escape in a CD8+ T cell-dependent
manner. Mechanistically, hsa circ_0136666 acted as a sponge for miR-375-3p, thereby upregulating PRKDC, modulating
immune checkpoint proteins, and promoting PD-L1 phosphorylation to prevent its degradation. This process induced PD-L1
aggregation and suppressed immune activity, impairing anti-tumor immune responses. Therapeutically, LNP-siRNA targeting
hsa_circ 0136666 enhanced the efficacy of anti-PD-L1 treatment and reduced immune evasion. These findings identify
hsa_circ_0136666 as an oncogenic circRNA in gastric cancer that drives PD-L1 phosphorylation through the miR-375/PRKDC
axis, promoting immune escape. This study uncovers a novel pathogenic mechanism, highlights hsa circ_ 0136666 as a potential
immunotherapeutic target, and provides a rationale for improving anti-PD-L1 therapy in gastric cancer.
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Introduction therapeutic strategies are limited by patient health status,
tumor drug resistance, and treatment-related side effects,
failing to achieve the desired outcomes [4].

Consequently, the identification of reliable early

Gastric cancer (GC) represents a major public health
challenge worldwide, with high incidence and mortality

rates in many regions. The disease accounts for more than
700,000 deaths annually, ranking it as the third leading
cause of cancer-related mortality globally [1]. Clinical
symptoms typically appear only at advanced stages,
complicating early diagnosis [2, 3]. Moreover, current
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diagnostic biomarkers and the development of effective
therapeutic approaches for GC remain urgent priorities.

Circular RNAs (circRNAs) are highly conserved non-
coding RNAs characterized by covalently closed-loop
structures [5, 6]. Functionally, circRNAs can act as
miRNA sponges, transcriptional regulators, or interact
with RNA-binding proteins, and some can even encode
functional peptides [7]. Accumulating evidence has
linked circRNAs to a range of diseases, including
diabetes, neurological disorders, cardiovascular diseases,
and cancers [8, 9]. In particular, circRNAs are
increasingly recognized as important regulators in gastric
carcinogenesis [10, 11], where they modulate gene
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expression by competitively binding to miRNA response
elements and sequestering microRNAs (miRNAs) [12].
MiRNAs are another class of abundant non-coding
RNAs that bind target mRNAs, leading to their
degradation and regulating diverse biological processes
[13]. Previous studies, including our own, have shown
that miR-375 is downregulated in gastric cancer and
functions as a tumor suppressor [14, 15].

In this study, we focused on circPRKDC due to the
critical role of PRKDC, the catalytic subunit of DNA-
dependent protein kinase (DNA-PK), in DNA double-
strand break repair and recombination [16]. PRKDC also
acts as a protein kinase, phosphorylating multiple
substrates to regulate their activity [17]. Immune
checkpoint proteins, such as PD-LI1, are subject to
post-translational ~modifications—including
phosphorylation, palmitoylation, and ubiquitination—
which influence tumor progression [18-22].

We demonstrate that hsa circ 0136666 is highly
expressed in gastric cancer and functions as a molecular
sponge for miR-375. By sequestering miR-375,
hsa circ 0136666 upregulates PRKDC expression,
which in turn phosphorylates and stabilizes PD-L1,
thereby promoting gastric cancer progression and
facilitating immune evasion.

various

Materials and Methods

Human tissue specimens

A total of 50 clinicopathological tissue samples were
analyzed, including 21 cases of gastric cancer recurrence
and metastasis (7 cases with primary tumor/adjacent
tumor/metastasis, 5 cases with primary tumor/adjacent
tumor, 5 cases with primary tumor/metastasis, and 4
cases of metastasis) and 5 cases of normal gastric
mucosa. The study protocol was approved by the Ethics
Committees of Shandong University, Taizhou Hospital,
and Shanghai Outdo Biotech Company.

Cell culture and transfection

GES-1, MKN-45, and MFC cell lines were maintained in
RPMI-1640 medium, whereas HEK-293T cells were
grown in DMEM (KeyGEN, China). AGS cells were
cultured in AGS-specific medium (Procell, CM-0022).
All media were supplemented with 10% fetal bovine
serum (FBS; LONSERA, Shanghai, China), and cells
were incubated at 37 °C with 5% CO.. All lines were
sourced from the Cell Bank of the Chinese Academy of
Sciences and used for experiments within 20 passages.

Transfection of siRNAs, miRNA mimics, or plasmid
constructs was carried out using jetPRIME® (Polyplus-
transfection, New York, USA) in accordance with the
manufacturer’s instructions.

Transcription inhibition assay (actinomycin D treatment)
To assess RNA stability, cells were treated with 2 pg/mL
actinomycin D (APExBIO, USA) or DMSO as a control
for 2,4, 8, and 12 hours. Levels of hsa_circ_ 0136666 and
linear PRKDC transcripts were quantified via QRT-PCR
at each time point.

RNase R treatment

One microgram of total RNA was incubated with or
without RNase R (1 U/pg; Geenseed, Guangzhou, China)
at 37 °C for 10 minutes. The treated RNA was reverse-
transcribed into cDNA and analyzed by QRT-PCR to
compare the resistance of circular versus linear
transcripts.

RNA fluorescence in situ hybridization (FISH)

To visualize the localization of RNAs, Cy3-labeled
probes targeting miR-375 and FITC-labeled probes for
hsa_circ 0136666 and PRKDC mRNA were applied.
Hybridization was performed on MKN-45 cells fixed in
4% paraformaldehyde. Cells were denatured at 73 °C for
5 minutes and incubated with probes overnight at 37 °C
in darkness using the RNA-FISH kit (GenePharma).
Fluorescence images were captured with a confocal laser
scanning microscope and analyzed using CaseViewer
software.

RNA extraction and quantitative PCR

Total RNA was isolated from cells and tissue samples
using TRIzol (TransGen Biotech, Beijing, China). cDNA
synthesis for mRNAs and circRNAs was performed with
HiScript III RT SuperMix (Vazyme, R323-01), and
quantitative PCR was conducted with ChamQ Universal
SYBR qPCR Master Mix (Vazyme, Q711-02). For
miRNAs, reverse transcription used M-MLV (H-)
Reverse Transcriptase (Vazyme, R021-01). Expression
levels were normalized to GAPDH  (for
mRNA/circRNA) or U6 snRNA (for miRNA) using the
2-AACt method.

CD8" T cell co-culture

CDS8*" T cells were isolated from mouse spleens using
MojoSort™ Mouse CD8" T Cell Isolation Kit
(BioLegend, 480007) and activated with anti-
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CD3¢/CD28 antibodies (BioLegend, 100339/102115) for
3 days in RPMI-1640 containing IL-2 (10 ng/mL).
Lentivirally transfected tumor cells were seeded
overnight before coculture with activated T cells at ratios
ranging from 1:1 to 1:20. After 48 hours, non-adherent T
cells were removed by PBS washing, and the remaining
viable tumor cells were quantified using crystal violet
staining and OD595 measurements.

Luciferase reporter assays

HEK-293T cells were co-transfected with either wild-
type or mutant hsa circ 0136666, miR-375 mimics or
negative control, and wild-type or mutant PRKDC
3'UTR luciferase constructs (pMIR-Report). After 48
hours, luciferase activity was measured using the Duo-
Lite Luciferase Assay System (Vazyme) on a microplate
reader at 560 nm (Firefly) and 480 nm (Renilla).

RNA-binding protein immunoprecipitation (RIP)

RIP assays were performed using Protein A/G Agarose
Resin (Bimake, USA). MKN-45 cells were harvested 48
hours post-transfection with relevant constructs and lysed
in NP-40 buffer (Beyotime, China). Lysates were
incubated with AGO?2 antibody-conjugated beads for 3
hours at 4 °C. RNAs bound to AGO2 were extracted and
analyzed by QRT-PCR to confirm interactions.

Cell viability assay (CCK-8)

Cell proliferation was measured using the Cell Counting
Kit-8 (CCK-8, Target Mol, USA). MKN-45 and AGS
cells were transfected with either hsa circ 0136666
plasmids or corresponding siRNAs using jetPRIME.
Cells were seeded at 2,000 cells per well in 96-well plates
with 100 pL of culture medium and incubated for 24 h at
37°C with 5% CO:. Subsequently, 10 pL of CCK-8
solution was added to each well, and plates were
incubated for an additional 1h. Absorbance at 450 nm
was measured using a microplate reader to determine cell
viability.

Western blotting and co-immunoprecipitation

Proteins were extracted using RIPA buffer (EpiZyme,
Shanghai, China) and quantified with the BCA Protein
Assay Kit (YEASEN, China). SDS-PAGE gels were
prepared using the PAGE Gel Fast Preparation Kit
(EpiZyme, Shanghai, China). Proteins were transferred
to membranes and incubated with primary antibodies
overnight at 4 °C. For co-immunoprecipitation, protein
lysates were incubated with specific antibodies and

Protein A/G beads, followed by detection using standard
western blotting procedures.

Enzyme-linked immunosorbent assay (ELISA)

Tumor from mice weighed and
homogenized in saline at a ratio of 1 mg tissue to 9 uL
buffer under ice-cold conditions. Levels of IL-6, TGF-
B1, and IFN-y were quantified using mouse-specific
ELISA kits (Multiscience)
manufacturer’s instructions.

tissues were

according to the
Standard curves were
generated using linear

quantification.

regression for accurate

SIRNA preparation and lipid nanoparticle
encapsulation

siRNAs targeting hsa_circ_0136666 were synthesized by
Biomics and encapsulated in lipid nanoparticles. Lipid
components (ionizable lipid: DSPC: cholesterol: PEG-
lipid) were dissolved in ethanol at molar ratios of
50:10:38.5:1.5. The lipid mixture was mixed with a
10 mM citrate buffer (pH 4.0) containing siRNA at a
volume ratio of 1:3 using a NanoAssembler system
(Suzhou Wenhao Microfluidic Technology, China).

(LNP)

Formulations were concentrated by ultrafiltration using
Amicon Ultra-15 units.

Animal models and treatment protocols

C57BL/c or BALB/c nude mice were subcutaneously
injected with tumor cells. Treatments commenced when
tumor volumes reached approximately 100 mm?. Anti-
mouse PD-L1 monoclonal antibody was administered
intraperitoneally at 2 mg/kg every three days. LNP-
encapsulated siRNA was delivered intratumorally at a
dose of 40 ug per mouse in <100 uL per injection. For
combination treatments, dosing was staggered with PD-
L1 inhibitors, following the general protocol for
subcutaneous xenograft models.

Flow cytometry of tumor-infiltrating cells

Tumors were excised from euthanized mice, cut into
small fragments, and digested with 0.25% trypsin for 10—
20 minutes. Single-cell suspensions were filtered through
300-mesh nylon meshes and adjusted to 5 x 10° cells/mL.
Cells were stained with fluorescently labeled antibodies
for 20 minutes at room temperature following standard
protocols and analyzed using a BD FACS Celesta
cytometer. Data were processed with FlowJo software
(V10).
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Statistical analysis

All experiments were performed at least three times
independently unless stated otherwise. Data are
presented as mean + SD. Statistical comparisons were
conducted using unpaired Student’s t-test with SigmaPlot
12.0. Significance was denoted as *P < 0.05, **P <0.01,
*Exp < 0.001, ****P < 0.0001. Graphs were generated
using GraphPad Prism (v8.3.0) or FlowJo (V10).

Results and Discussion

Hsa_circ_0136666 interacts with miR-375 and promotes
gastric cancer growth

Our prior research established that miR-375 suppresses
gastric cancer progression. Overexpression of miR-375
was found to induce abnormal expression of various long
non-coding RNAs, including circRNAs, suggesting the
presence of upstream regulators of endogenous miR-375.
To identify circRNAs that could act as miR-375 sponges,
we analyzed differentially expressed circRNAs in the
Gene Expression Omnibus (GEO) dataset GSE147698.
A total of 1,466 circRNAs were differentially expressed
(P<0.05, FC>1.2), of which 1,262 were upregulated
(Figure 1a).

We further screened these candidates for potential miR-
375 binding sites using the ENCORI database
(rnasysu.com/encori/index.php). Both circPRKDC and
PRKDC contained predicted miR-375 binding sites;
however, hsa circ_ 0136666 was the only circPRKDC
isoform predicted to bind miR-375. This isoform, located
at chr8:48,715,866-48,730,122, arises from the
circularization of exon 68 to exon 70 of the PRKDC gene,
forming a 477-nt circular RNA via back-splicing (Figure
1b). Divergent primers were designed to amplify the
back-splice junction, and Sanger sequencing of PCR
products confirmed the presence of hsa circ 0136666 in
gastric cancer cells (Figure 1c¢).
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Figure 1. Hsa_circ_ 0136666 interacts with miR-375
and contributes to gastric cancer progression.

(a) Hsa_circ 0136666 is enriched among differentially
expressed genes in gene expression profiling. (b)
Diagram illustrating the biogenesis of
hsa circ_0136666. (c) Divergent primers amplified the
back-splice junction, confirmed by Sanger sequencing.
(d) Resistance of hsa circ_ 0136666 to RNase R
digestion compared with linear PRKDC (n=3). (e)
RNA stability under Actinomycin D treatment showing
slower decay of hsa_circ_0136666 relative to linear
PRKDC (n=3). (f) Amplification using oligo dT versus
random primers confirmed the lack of poly(A) tail in
hsa circ 0136666 (n=3). (g) FITC-labeled probes
revealed widespread distribution of hsa_circ_0136666
in gastric cancer tissues. (h) Quantification of
hsa_circ_0136666 expression across normal, carcinoma
in situ, paracancerous, and metastatic tissues. Data are
presented as mean = SD; Student’s t-test was used
(*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001).

To confirm its circular structure, RNase R treatment was
performed, which preferentially degraded linear PRKDC
RNA while leaving hsa circ 0136666 largely intact
(Figure 1d). Likewise, under Actinomycin D treatment,

hsa circ 0136666  exhibited prolonged stability
compared with its linear counterpart (Figure 1le).
Amplification with oligo dT primers failed to detect
hsa_circ_0136666, confirming its non-polyadenylated
circular nature (Figure 1f). Collectively, these results
indicate that hsa circ 0136666 forms a highly stable
circular RNA.

FISH analysis demonstrated that hsa circ 0136666 is
expressed broadly across gastric cancer tissues, with
highest levels in carcinoma in situ, followed by
paracancerous and metastatic tissues, whereas normal
gastric tissue exhibited minimal expression (Figures 1g—
1h). TCGA analysis revealed that higher miR-375 levels
were associated with improved patient survival, while
elevated PRKDC expression correlated with poorer
outcomes.

These findings suggest that hsa circ 0136666 is a stable
circRNA highly expressed in gastric cancer and likely
plays a key regulatory role in tumor progression.

Hsa_circ_0136666 promotes tumor proliferation and
immune evasion

Hsa circ 0136666 expression was consistently elevated
across gastric cancer tissues and cell lines, whereas the
normal gastric epithelial cell line GES-1 showed minimal
expression (Figure 2a), indicating tumor-specific
overexpression and suggesting a potential role in cancer
proliferation and immune escape.
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Figure 2. Hsa_circ_ 0136666 drives tumor proliferation
and immune evasion.

(a) Expression levels of hsa_circ_0136666 across
various gastric cancer cell lines compared to the normal
gastric epithelial cell line GES-1. (b—c) Overexpression

or knockdown of EIF4A3 significantly altered
hsa_circ_0136666 abundance. (d—g) Cell proliferation
assays demonstrated that overexpression of
hsa_circ_0136666 enhanced proliferation in MKN-45
and AGS cells, whereas knockdown suppressed growth.

(h—i) EIF4A3 overexpression promoted, while its
knockdown inhibited, MKN-45 cell proliferation. (j—k)

Co-culture with CD8+ T cells revealed increased

survival of hsa circ_0136666-overexpressing tumor

cells, reversed by knockdown (n = 6). (I-m) Western
blot analysis of immune checkpoint proteins and PI3K
pathway components in MKN-45 and AGS cells. Data
are mean += SD (n =3 unless specified); Student’s t-test:

*P <0.05, *¥*P <0.01, ***P <0.001, ****P <(0.0001.

EIF4A3, a core component of the exon junction complex
essential for pre-mRNA splicing, has been reported to
regulate circRNA biogenesis [23]. Analysis using the
Circular RNA Interactome indicated four EIF4A3
binding sites flanking the hsa circ 0136666 pre-mRNA.
Consistent with this, qRT-PCR experiments showed that
EIF4A3 overexpression increased hsa circ 0136666
levels, EIF4A3 knockdown reduced its
expression in gastric cancer cells (Figures 2b—c).

Functional assays demonstrated that hsa circ_ 0136666
promotes gastric cancer cell proliferation. CCK-8 assays
confirmed that its overexpression enhanced growth in
MKN-45 and AGS cells (Figures 2d and 2e), while
siRNA-mediated knockdown inhibited proliferation
(Figures 2f and 2g). Similarly, EIF4A3 overexpression
accelerated cell growth, whereas its knockdown impeded

whereas

proliferation (Figures 2h and 2i), indicating that
EIF4A3-dependent biogenesis of hsa circ 0136666
contributes to tumor growth.

Gene Ontology (GO) analysis of genes negatively
correlated with miR-375 in GSE147698 revealed
enrichment in signal transduction, immune response, and
inflammatory processes, and KEGG pathway analysis
highlighted the T cell receptor signaling pathway. Given
that PRKDC mutations have been associated with
enhanced immunotherapy responses [24], we explored
immune regulation by hsa circ 0136666. Co-culture
experiments with activated CD8+ T cells showed that
overexpression of hsa circ 0136666 increased tumor
cell survival, whereas knockdown restored susceptibility
to T cell-mediated killing (Figures 2j and 2Kk),
suggesting that hsa_circ_ 0136666 confers resistance to
anti-tumor immunity.

Because immune checkpoint blockade is a cornerstone of
cancer immunotherapy, we assessed checkpoint-related
proteins. Hsa circ_0136666 overexpression markedly
increased PD-L1 levels and other immune checkpoint
proteins, while siRNA knockdown reduced PD-L1
expression (Figures 21 and 2m). Notably,
hsa_circ 0136666 did not significantly alter mRNA
levels of these genes, indicating post-transcriptional

regulation.
Collectively, these findings demonstrate that
hsa _circ 0136666 promotes gastric cancer cell

proliferation while enabling immune evasion, with its
biogenesis controlled by EIF4A3.

Hsa_circ_0136666 promotes immune evasion in gastric
cancer

To investigate the role of hsa_circ_0136666 in antitumor
immunity, murine gastric cancer cells were used to
establish a homologous tumor transplantation model.
C57BL/6  mice inoculated with MFC cells
overexpressing hsa_circ_ 0136666 exhibited accelerated
tumor growth (Figure 3a) and increased tumor weight
(Figures 3b and 3c). Similar results were observed in a
BALB/c nude mouse model, confirming that
hsa circ 0136666 enhances tumor progression in vivo.
Given the critical role of the tumor immune
microenvironment (TME) in regulating antitumor
responses, we next examined whether hsa_circ_ 0136666
influences immune cell infiltration. Flow cytometry
analysis revealed that overexpression of
hsa_circ_ 0136666 significantly reduced the overall
number of tumor-infiltrating T cells, while promoting
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polarization of tumor-associated macrophages toward the
immunosuppressive M2 phenotype (Figures 3d and 3e).
Additionally, the populations of myeloid-derived
suppressor cells (MDSCs) and regulatory T cells (Tregs)
were increased in  tumors
hsa_circ_0136666 (Figures 3f and 3g).
The stable overexpression of hsa circ_ 0136666 in the
MEFC cell model was confirmed (Figure 3h), validating
the experimental system. Collectively, these findings
indicate that hsa circ 0136666 not only accelerates
tumor growth but also reshapes the TME toward an
immunosuppressive state, thereby facilitating immune
escape and supporting malignant progression.
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Figure 3. Hsa_circ_0136666 promotes immune escape

in gastric cancer.
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(a) Tumor growth curves of mice injected with Lv5
MFC cells overexpressing hsa_circ_0136666. (b)
Representative images of excised tumors. (c)
Comparison of tumor weights. (d—g) Flow cytometry
analysis showing differences in tumor-infiltrating T
lymphocytes, tumor-associated macrophages, MDSCs,
and regulatory T cells. Data are presented as mean + SD
(n=6); Student’s t-test: *P <0.05, ***P <0.001. (h)
Confirmation of stable hsa circ 0136666
overexpression in MFC cells (***P < 0.001).

Cytokines are crucial modulators of the tumor immune
microenvironment. For instance, TGF-f restricts T cell
infiltration, suppressing antitumor immunity [25]. PD-1
blockade induces IFN-y-mediated YAP aggregation in
tumor cells, forming transcriptional hubs that enhance
immunosuppressive gene expression and adaptive
resistance [26]. Similarly, the IL-6/STAT3 pathway
promotes expansion of immunosuppressive cells and
alters T cell subset balance, with IL-6 inhibition shown
to enhance anti-PD-L1 therapy [27, 20]. In tumors
overexpressing hsa_circ_0136666, IFN-y and IL-6 levels
were elevated, whereas TGF- remained unchanged.
Conversely, knockdown of hsa circ 0136666 reduced
these pro-tumorigenic factors. Immunohistochemistry of
tumor sections confirmed enhanced local malignancy and
elevated PD-L1 expression. These data indicate that
hsa _circ_ 0136666 accelerates tumor growth and
contributes to formation of an immunosuppressive
microenvironment in vivo.

Hsa_circ_0136666 functions as a miR-375 sponge to
promote gastric cancer progression

Previous studies demonstrated that miR-375 suppresses
gastric carcinogenesis, including H. pylori-induced
inflammation, by modulating immune cell differentiation
and cytokine levels. In line with this, hsa_circ_ 0136666
expression was negatively correlated with miR-375
levels in gastric cancer (Figure 4a). Bioinformatic
analysis using starBase v2.0
(http://starbase.sysu.edu.cn/starbase2) predicted
potential binding sites between hsa circ 0136666 and
miR-375 (Figure 4b).

RNA immunoprecipitation (RIP) assays confirmed this
interaction, showing that anti-AGO2 antibody could pull
down miR-375 bound to wild-type hsa circ 0136666
(Figure 4c). Dual-luciferase reporter assays further
validated the direct binding, as mutating the predicted
binding site abolished the interaction (Figure 4d). These

findings indicate that hsa circ 0136666 acts as a
molecular sponge for miR-375, thereby influencing
downstream signaling pathways involved in gastric
cancer progression.
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Figure 5. Hsa_circ_0136666 modulates immune
responses via the miR-375/PRKDC axis.

(a) Microarray analysis of miR-375-overexpressing
cells showing 1,777 upregulated and 262 downregulated
genes. (b) Predicted complementary binding sites
between miR-375 and the PRKDC 3'UTR. (c) RIP
assay confirming the interaction between miR-375 and
PRKDC mRNA (n=3). (d) Dual-luciferase reporter
assay validating binding, lost upon mutation (n=16). (e)
RNA FISH showing cytoplasmic colocalization of
PRKDC mRNA and miR-375. (f) Western blot of
immune checkpoint and PI3K pathway proteins in
MKN-45 cells following miR-375 overexpression. (g—h)
Representative images and tumor growth curves in NU-
7441-treated tumor-bearing mice (n = 6). (i—j)
Distribution and quantification of tumor-infiltrating T
cells under NU-7441 treatment (n = 6). Data are
mean = SD; Student’s t-test: *P <0.05, **P <0.01,
*¥**P <0.001, ¥****P <(0.0001.

FISH analysis revealed that PRKDC mRNA is
predominantly cytoplasmic and shows near-complete
overlap with miR-375 (Figure 5e). MiR-375, as part of
the RISC complex, binds the 3'UTR of PRKDC to inhibit
its translation. PRKDC encodes DNA-PKcs, the catalytic
subunit of DNA-dependent protein kinase, which forms
a Ku70/Ku80 heterodimer critical for DNA double-
strand break repair and recombination. Overexpression
of miR-375 in MKN-45 and AGS cells reduced PRKDC
protein levels, whereas inhibition of miR-375 increased
DNA-PK  expression (Figure 5f). DNA-PK
autophosphorylation reflects its enzymatic activity, and
overexpression of hsa circ_0136666 was associated with
increased p-DNA-PK, although this did not reach
statistical significance. Notably, DNA-PK modulation
had minimal impact on Akt/p-Akt levels, suggesting that
hsa_circ_0136666 promotes oncogenesis independently
of the Akt/mTOR pathway.

Pharmacological inhibition of DNA-PK using NU-7441
effectively suppressed tumor growth in vivo (Figures 5g
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and 5h) and enhanced T cell infiltration (Figures S5i and
5j), indicating that blocking DNA-PK reactivates
antitumor immunity. These findings support a model in
which hsa circ 0136666 sponges miR-375 to relieve
PRKDC repression, allowing DNA-PK to drive tumor
progression and facilitate immune evasion.

DNA-PK mediates PD-L1 stabilization via T20/T22
phosphorylation

Prior experiments indicated a close association between
PRKDC and PD-L1. We hypothesized that DNA-PK
might directly phosphorylate PD-L1, enhancing its
protein stability and promoting immune escape.
Endogenous co-immunoprecipitation confirmed
reciprocal binding between PD-L1 and DNA-PK in
tumor cells (Figure 6a). In HEK-293T cells
overexpressing hsa circ 0136666 or miR-375 mimics,
DNA-PK pull-downs showed increased PD-L1
interaction, consistent with upregulated DNA-PK levels
(Figures 6b and 6c). Immunofluorescence further
demonstrated cytoplasmic colocalization of DNA-PK
and PD-L1 (Figure 6d), supporting a direct regulatory
mechanism.
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Figure 6. DNA-PK mediates PD-L1 stabilization
through dual-site T20/T22 phosphorylation.

(a) Endogenous co-immunoprecipitation confirming
DNA-PK binding to PD-L1. (b—c) Exogenous co-
immunoprecipitation in HEK-293T cells showing DNA-
PK interaction with PD-L1 in the presence of
hsa_circ_0136666 or miR-375. (d) Immunofluorescence

confirming cytoplasmic colocalization of DNA-PK and

PD-L1. (e) Rescue experiments using phos-tag SDS-
PAGE to detect phosphorylated PD-L1. (f)

Concentration-dependent reduction of PD-L1 protein by

the DNA-PK inhibitor NU-7441. (g—h) Phosphorylation
analysis after single and multiple PD-L1 phosphosite
mutations. (i—j) Assessment of PD-L1 phosphorylation
after dual-site mutation (T20A/T22A) under MG-132
treatment. (k—1) CHX chase experiments verifying PD-

L1 protein stability and quantification. (m) TCGA

analysis showing correlation between CD274 (PD-L1)

and PRKDC expression. Data are mean + SD; Student’s

t-test: **P <0.01, ****P <0.0001.

Given that DNA-PK is a member of the PI3K kinase
family, we investigated whether it directly
phosphorylates PD-L1. Rescue experiments revealed that
hsa_circ_ 0136666 overexpression increased PD-L1
phosphorylation, which was partially reversed by miR-
375 (Figure 6e). Inhibition of DNA-PK activity with
NU-7441 reduced PD-L1 protein levels in a dose-
dependent manner (Figure 6f).

Mass spectrometry analysis following DNA-PK
immunoprecipitation in HEK-293T cells identified seven
potential PD-L1 phosphorylation sites. Phos-tag SDS-
PAGE of site-directed mutants revealed that T20 and T22
are critical phosphorylation sites: dual mutation
(T20A/T22A) markedly decreased PD-L1
phosphorylation compared with single-site mutants
(Figures 6g-6j). CHX chase experiments demonstrated
that the T20/T22 double mutant exhibited reduced
protein stability and accelerated degradation within 6
hours compared with wild-type PD-L1 (Figures 6k and
6l). Clinical data from gastric adenocarcinoma samples
confirmed a strong positive correlation between PRKDC
and PD-L1 expression (Figure 6m).

Taken together, these findings indicate that DNA-PK
directly interacts with and phosphorylates PD-L1 at T20
and T22, enhancing PD-L1 protein stability, promoting
its accumulation, and contributing to immune evasion in
gastric cancer.

Hsa_circ_ 0136666 as a therapeutic target: siRNA
enhances anti-PD-L1 efficacy

To evaluate the potential of hsa circ 0136666 as a
therapeutic target, a subcutaneous tumor model was
established in C57BL/6 mice (Figure 7a). Mice bearing
derived from MFC cells overexpressing
hsa circ 0136666 were randomly assigned to four

tumors
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treatment groups and received intratumoral injections of
nanoliposome-encapsulated siRNA (LNP-siRNA; 40 pg
per mouse in 100 pL), achieving approximately 50%
knockdown efficiency at the cellular level (Figure 7b).
In parallel, anti-mouse PD-L1 monoclonal antibody (2
mg/kg) was administered via intraperitoneal injection.
Both treatments were repeated every three days.

Tumor growth was markedly suppressed in the LNP-
siRNA group compared with control (saline or LNP-
siNC). Notably, the combination of LNP-siRNA and
anti-PD-L1 therapy further reduced tumor volume
relative to anti-PD-L1  monotherapy, with the
combination group exhibiting the smallest tumor size and
weight among all groups (Figures 7¢-—7f). Tumor
inhibition rates were approximately 50-60% compared
with controls. Body weights remained stable across all
groups, indicating minimal systemic toxicity (Figure
7d).

These results suggest that intratumoral delivery of LNP-
siRNA effectively targets hsa circ 0136666, avoiding
nuclease-mediated degradation in circulation, and that its
combination with anti-PD-L1 therapy synergistically
enhances antitumor efficacy.
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Figure 7. LNP-siRNA targeting hsa_circ_0136666
enhances anti-PD-L1 efficacy and remodels the tumor
immune microenvironment.

(a) Schematic of dosing regimen: 14 days post-tumor
inoculation, mice received intratumoral injections of
LNP-siRNA (2 mg/kg) and intraperitoneal injections of
anti-PD-L1 antibody (2 mg/kg) on alternating days,
repeated every three days for five cycles. (b) qRT-PCR
analysis showing siRNA knockdown efficiency (n = 3).
(c) Representative tumor images. (d) Body weight
curves (n=6). (¢) Tumor growth curves (n=6). (f)
Tumor weight comparisons (n = 6). (g) Distribution and
quantification of immunosuppressive cells in tumor
tissues (n=6). Data are mean = SD; **P < (.01,
*¥**P <0.001, ****P <(0.0001.

LNP-siRNA treatment partially inhibited tumor growth,
though not as effectively as anti-PD-L1 monotherapy.
Importantly, LNP-siRNA significantly modulated the
tumor microenvironment by reducing
immunosuppressive cell populations. MDSCs were
markedly decreased in tumors treated with LNP-siRNA,
with the lowest levels observed in the combination group
(LNP-siRNA + anti-PD-L1). Similarly, regulatory T
cells were reduced in all LNP-siRNA-treated groups,

while tumor-associated macrophages showed no
significant changes (Figure 7g).

Immunofluorescence analysis of tumor-infiltrating
CD8+ T cells revealed that the combination treatment
group exhibited the highest CD8+ T cell density,
accompanied by increased granzyme B expression and
the lowest PD-L1 levels. Both LNP-siRNA and anti-PD-
L1 monotherapy reduced PD-L1 expression compared
with controls.

Overall, these findings demonstrate that LNP-siRNA
targeting hsa circ_ 0136666 enhances the antitumor
efficacy of anti-PD-L1 therapy, suppresses recruitment
of immunosuppressive cells, and is well tolerated in vivo,
supporting its potential as a safe therapeutic agent.
CircRNAs have emerged as a significant class of
noncoding RNAs that contribute to cancer initiation and
progression through multiple mechanisms, including
miRNA sponging, transcriptional regulation, and
interactions with RNA-binding proteins. Recent studies
also indicate that some circRNAs can encode short
peptides that regulate tumorigenesis. In the case of
hsa_circ_ 0136666, we did not investigate peptide
translation because bioinformatic analysis revealed the
absence of an internal ribosome entry site (IRES) and a
canonical ATG start codon. These features strongly
suggest that hsa circ 0136666 lacks the capacity to
produce a functional micropeptide.

CircRNAs have emerged as a significant class of
noncoding RNAs that contribute to cancer initiation and
progression through multiple mechanisms, including
miRNA sponging, transcriptional regulation, and
interactions with RNA-binding proteins. Recent studies
also indicate that some circRNAs can encode short
peptides that regulate tumorigenesis. In the case of
hsa circ_ 0136666, we did not investigate peptide
translation because bioinformatic analysis revealed the
absence of an internal ribosome entry site (IRES) and a
canonical ATG start codon. These features strongly
suggest that hsa circ 0136666 lacks the capacity to
produce a functional micropeptide.
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Figure 8. Schematic of the hsa_circ_0136666 signaling pathway in gastric cancer progression.

Hsa circ_0136666 acts as a miR-375 sponge, leading to
upregulation of PRKDC and increased DNA-PK protein
levels. DNA-PK phosphorylates PD-L1, enhancing its
stability and causing aberrant clustering on the cell
membrane, ultimately promoting tumor immune escape.

Small nucleic acid drugs and RNA interference (RNAi)
therapeutics

Small nucleic acid drugs, including siRNAs, miRNAs,
and antisense oligonucleotides, represent a novel
therapeutic class distinct from conventional small
molecules or antibodies. Their mechanism relies on
sequence-specific gene silencing to inhibit target protein
expression, offering potential treatment strategies for
diseases driven by elevated gene expression, such as viral
infections, cancers, and inflammatory disorders [28—32].
Notably, RNAi technology earned the Nobel Prize in
Physiology or Medicine in 2006 for its transformative
impact on biomedical research.

Efficient delivery of nucleic acid therapeutics remains a
challenge. Naked siRNA exhibits poor in vivo stability
due to rapid degradation by nucleases and rapid renal
clearance, while its size and negative charge impede
cellular uptake. Lipid nanoparticles (LNPs) provide a
biocompatible delivery platform that protects siRNA,
facilitates cellular uptake, and enhances therapeutic
efficacy, representing a promising approach for cancer-
targeted therapies, including gastric cancer.

Study limitations

Several limitations should be acknowledged. First,
although we focused on hsa circ 0136666 due to its
regulatory relationship with the parental gene PRKDC,
other differentially expressed circRNAs were not
investigated. Second, we did not explore potential
functions of hsa circ 0136666 beyond miRNA
sponging, such as interactions with RNA-binding
proteins, and thus cannot attribute its full effect on tumor
proliferation and immune escape solely to miR-375
sequestration. Third, the antitumor effect of LNP-siRNA
monotherapy was modest, and the combination with anti-
PD-L1 therapy only partially enhanced tumor inhibition.
As both interventions converge on the PD-L1 axis,
broader efficacy may require combination with
additional therapeutic agents or humanized mouse
models to fully validate clinical potential.
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