Li et al. Journal of Translational Medicine ~ (2024) 22:704 Journal of Translational
https://doi.org/10.1186/512967-024-05498-9 Medicine

CircRHBDD1 promotes immune escape @
via IGF2BP2/PD-L1 signaling and acts as
a nanotherapeutic target in gastric cancer

Yanna Li'", Zhixiong Wang', Peng Gao'", Danping Cao'", Runyu Dong', Menglin Zhu', Yao Fei', Xueliang Zuo'**
and Juan Cai*"

Abstract

Background Circular RNAs (circRNAs) have been implicated in the development and progression of gastric
cancer (GC). However, it remains unclear whether dysregulated circRNA affects immune escape and the efficacy of
immunotherapy in GC. Our aim is to investigate the molecular mechanism of circRNA affecting GC immunotherapy
and identify effective molecular therapeutic targets.

Methods The differential expression profile of circRNAs was established through circRNA sequencing, comparing
three paired GC tissues with their adjacent non-cancerous gastric tissues. The expression level of circRHBDD1 in GC
tissues was then assessed using quantitative reverse transcription polymerase chain reaction (QRT-PCR). The biological
characteristics of circRHBDD1 were verified through a series of experiments, including agarose gel electrophoresis
assays, RNase R treatment, and actinomycin D experiments. The prognostic value of circRHBDD1 in GC was evaluated
by conducting both univariate and multivariate survival analyses. Furthermore, loss- and gain-of-function approaches
were utilized to investigate the impact of circRHBDD1 on GC immune escape. RNA-sequencing, immunoprecipitation,
flow cytometry, and methylated RNA immunoprecipitation (meRIP) analysis were performed to elucidate the
underlying molecular mechanisms.

Results We discovered that circRHBDD1 exhibited remarkably high expression levels in GC tissues and cell lines.
Notably, the high expression of circRHBDD1 was significantly correlated with poor overall survival and disease-

free survival among GC patients. Both in vitro and in vivo experiments revealed that circRHBDD1 upregulated the
expression of PD-L1 and impeded the infiltration of CD8* T cells. Further, we found that circRHBDD1 binds to IGF2BP2,
disrupting the interaction between E3 ligase TRIM25 and IGF2BP2, and ultimately inhibiting IGF2BP2 ubiquitination
and degradation. Intriguingly, IGF2BP2 enhances PD-L1 mRNA stability through m®A modification. Additionally,

we developed Poly (lactide-co-glycolic acid) (PLGA)-Polyethylene glycol (PEG)-based nanoparticles loaded with
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circRHBDD1 siRNA. In vivo experiments validated that the combination of PLGA-PEG(si-circRHBDD1) and anti-PD-1
offers a safe and efficacious nano-drug regimen for cancer immunotherapy.

Conclusion Our results demonstrated that circRHBDD1 promoted GC immune escape by upregulating the
expression of PD-L1 and reprogramming T cell-mediated immune response. Inhibition of circRHBDD1 expression
could potentially enhance the response of GC patients to immunotherapy, thus improving treatment outcomes.
Additionally, the development of a nanodrug delivery system provides a feasible approach for future clinical

applications.

Keywords Gastric cancer, Immune escape, PD-L1, Ubiquitination, N6-methyladenosine, CircRNAs, Nanotherapy

Introduction

According to the latest GLOBOCAN report, gastric can-
cer (GQ) is the fifth most common cancer and the fourth
leading cause of cancer-related death globally [1]. Patho-
logically, more than 95% of GC is adenocarcinoma [2].
The mortality rate of male patients with GC is twice than
that of female patients [3]. The incidence and mortality
of GC patients in the world have decreased, but the inci-
dence in East Asian countries is still very high, account-
ing for more than 70% of the global cases [4]. Japan has
the highest prevalence of gastrointestinal cancer, while
Mongolia has the highest mortality rate [5]. Although the
treatment modalities for GC have made great progress,
more than half of the patients have reached the inter-
mediate and advanced stages when presenting clinical
manifestations [6]. Clinical efficacy of traditional thera-
pies such as systemic chemotherapy and radiotherapy
is limited, and the 5-year survival rate for patients with
advanced GC is only 20-30% [7]. In the past few years,
the GC combined immunotherapy has undergone rapid
development, providing different immunotherapy or tar-
geted therapy for patients with GC at advanced stages.
For example, anti-PD-1 and anti-HER2 agents have
achieved surprising therapeutic effects in GC [8]. There-
fore, it is of great value to explore the molecular mecha-
nism underlying GC progression and determine effective
molecular therapeutic targets.

Circular RNAs (circRNAs), a class of non-coding RNAs
generated by back-splicing of pre-mRNAs, have a cova-
lently closed-loop structure, which makes them more sta-
ble than linear RNAs [9]. The growth of RNA sequencing
and bioinformatics has made it possible to determine the
widespread distribution of circRNAs in various cell types
and tissues. and biological fluids [10]. CircRNAs play a
role in physiological and pathological processes, espe-
cially in tumor occurrence and progression [11]. They
function through multiple mechanisms, including inter-
acting with microRNAs and proteins [12, 13]. For exam-
ple, circRHOT1 aggravates hepatocellular carcinoma
progression by recruiting histone acetyltransferase KAT5
(TIP60) to NR2F6, while circ-Foxo3 promotes the occur-
rence of breast cancer by acting as a protein scaffold and
binging to E3 ubiquitin-protein ligase MDM2 and p53

[14]. Nonetheless, circRNAs’ function in controlling anti-
tumor immunity in GC remains unclear.

Numerous investigations have revealed that circRNAs
are crucial for tumor immunity. CircUBAP2 could regu-
late the expression of CXCR4 and ZEB1, inhibit antigen
presentation and promote immune escape by regulating
the infiltration and function of immune cells in pancre-
atic cancer [15]. CircRNAs can promote tumor immune
escape and tumor proliferation [16]. Blocking of PD-1/
PD-L1 signaling has brought new hope for GC patients
[17]. However, many patients are resistant to immune
checkpoint inhibitors, and the mechanisms include the
lack of suitable tumor antigens, dysfunction of Major
Histocompatibility Complex on the surface of tumors,
abnormal IFN-y signaling pathway, and immunosup-
pressive tumor microenvironment [18]. It is essential to
study the molecular regulatory mechanism of PD-L1 to
improve the efficacy of anti-PD-1/PD-L1 therapy in GC.

Nanoparticles (NPs) offer several advantages in cancer
therapy, including enhanced permeability and retention
effect, targeted delivery, and reduced systemic toxic-
ity [19, 20]. In addition, NPs prevent the degradation of
siRNAs, prolong the drug circulation time and passive
targeting capability [21]. PLGA NPs have been serve as
carriers for drug delivery [22]. PLGA-NPs, which exhibit
excellent biocompatibility and biodegradability, have
been approved by the Food and Drug Administration
(FDA) for clinical application. For example, PD-1-MM@
PLGA/RAPA, a novel nanoplatform, can cross the blood-
brain barrier offering a new approach for the treatment
of glioblastoma [23]. PLGA-PEG NPs have been used
for controlled drug release and are promising for cancer
treatment [24, 25]. NPs may also facilitate T cell activa-
tion and improve anti-tumor efficacy with minimal toxic-
ity [26].

In this study, we found circRHBDD1 by RNA sequenc-
ing and it was derived from a back-splicing event between
exons 6 and 8 of RHBDD1. CircRHBDD1 was markedly
overexpressing in GC. CircRHBDD1 can upregulate the
expression of PD-L1 in GC and inhibit the infiltration of
CD8" T cells. In vivo experiments showed that circRH-
BDD1 has no influence on tumor growth in immunode-
ficient mice. However, overexpression of circRHBDD1
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in C57BL/6 mouse model could promote tumor growth.
Mechanistically, circRHBDD1 could bind with IGF2BP2
and impeding the interaction between TRIM25 and
IGF2BP2, thus inhibiting the ubiquitination of IGF2BP2.
IGF2BP2 can promote the stability of PD-L1 mRNA via
m®A modification. Moreover, targeting circRHBDD1
facilitated the efficacy of anti-PD-1 treatment in GC. This
study revealed that circRHBDD1 could promote immune
escape of GC through the IGF2BP2/PD-L1 axis and be a
nanotherapeutic candidate.

Methods

Patients and tissue samples

All GC tissues and adjacent nontumorous tissues were
collected from patients who underwent gastrectomy in
the Department of Gastrointestinal Surgery at the First
Affiliated Hospital of Wannan Medical College. The
patients did not receive any anti-tumor therapy before
surgery and were diagnosed with GC by histopatho-
logical assessment. Tissue samples were immediately
snap-frozen in liquid nitrogen and stored at -80 °C until
further use. The study was approved by the Ethics Com-
mittee of the First Affiliated Hospital of Wannan Medical
College (Approval Number: 2021-45). Informed consent
was obtained from all patients prior to sample collection.

PD-L1 and PD-1 binding assay

The measurements for the PD-L1 and PD-1 binding test
were made using the previously mentioned protocols.
[27]. Cells were seeded into confocal dish at a density
of 3x10* cells/dish. After 24 h, cells were fixed with 4%
paraformaldehyde for 15 min, followed by treatment with
recombinant human PD-1 Fc protein (R&D Systems,
USA) for 1 h at room temperature. Subsequently, cells
were incubated with anti-human Alexa Fluor 488 dye
(Invitrogen, USA) for 1 h. Nuclei were stained with DAPI
for 5 min. Fluorescence intensity of Alexa Fluor 488
was measured using a Synergy Neo microplate reader
(BioTeK, VT, USA) and normalized to total protein con-
tent. Confocal laser-scanning microscopy (Carl Zeiss)
was used to visualize the cells.

Co-IP (Co-immunoprecipitation) assay

For Co-IP assays, cells were collected and washed three
times with PBS. Total protein was extracted using RIPA
lysis buffer supplemented with PMSE. The lysates were
incubated with primary antibodies anti-IGF2BP2(CST,
1:100) and anti-TRIM25 (abcam, 1:100) at room tem-
perature for 2 h. IgG of the same species as the endog-
enous antibody was used as a negative control. Followed
by overnight incubation with protein A/G PLUS-Agarose
beads (Santa Cruz Biotechnology) at 4 °C. Beads were
washed three times with PBS, resuspended in SDS-PAGE
loading buffer, and subjected to Western blot analysis.
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For sample loading, whole cell lysates were used as Input
group, the positive control group.

Preparation and characterization of PLGA-PEG(si-
circRHBDD1) NPs

PLGA-PEG(si-circRHBDD1) nanoparticles were pre-
pared using a double emulsion solvent diffusion method
[28]. Briefly, 1 mg of si-circRHBDD1 was dissolved in
4 ml of DEPC water and emulsified in 0.5 ml chloro-
form by sonication (30 s, 100 W) over an ice bath. This
primary emulsion was further emulsified in 4 ml of 2.5%
(w/v) PVA solution using sonication (2 min, 80 W) over
an ice bath to form a water-in-oil-in-water emulsion.
The organic solvent was evaporated by stirring at room
temperature for 3 h. The NPs were collected by centrifu-
gation at 10,000 rpm for 15 min and washed twice with
DEPC water. TEM (JEOL JEM-1230) was used to exam-
ine NP morphology. Size, zeta potential, and PDI were
measured using a Zetasizer Nano ZSE (Malvern Instru-
ments Ltd., UK).

The morphology and size of NPs were examined by
Transmission electron microscope (TEM). The size, zeta
potential and polydispersity index (PDI) were observed
by Dynamic light scattering (DLS) with a Nano Particle
Analyzer (Zetasizer Nano ZSE, Malvern Instruments
Ltd., UK).

Lysosome escape experiments

MKN-28 cells were seeded onto 15-mm confocal plates
at a density of 5x 10*cells per well. After 24 h, cells were
incubated with Coumarin-6 NPs (1.5 pg/mL) for 2 h.
Cells were then stained with LysoTracker Red (75 nM)
and DAPI (1 pg/mL) for 20 min. Following a final PBS
wash, fluorescence was visualized using a confocal laser-
scanning microscope (Carl Zeiss) with excitation/emis-
sion settings of 488/525 nm for Coumarin-6 and 561/610
nm for LysoTracker Red.

In vivo anti-tumor efficacy and toxicity evaluation of NPs
C57BL/6 mice (6—-8 weeks old, female) were used to
create tumor models by subcutaneous injection of GC
cells. When tumors reached~100 mm3 mice were
injected with PLGA-PEG(si-circRHBDD1) NPs or
PLGA-PEG(siRNA control) NPs (200 mg/kg) via tail
vein. Anti-PD-1 (100 pg per mouse) or control IgG iso-
type was administered intraperitoneally on days 3, 6, 9,
and 12. Tumor volume was measured with calipers and
calculated as V=L x W?/2. Tumors and major organs
(liver, kidney, lung, spleen, heart) were excised, weighed,
and fixed with 4% paraformaldehyde for H&E staining.
Dynamic fluorescence imaging was performed using an
in vivo imaging system (Biolight Biotechnology Co, Ltd.,
Guangzhou, China) 48 h post-injection of DiR-labeled
NPs.
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Statistical analysis

Statistical analyses were performed using GraphPad
Prism 8 (San Diego, CA, USA) and SPSS 26.0 (Chicago,
IL, USA). Protein fluorescence intensity was quantified
using Image] software (NIH, USA). Data are presented as
meantSD. One-way ANOVA was used for comparisons
among multiple groups, while the Student’s t-test was
used for two-group comparisons. Kaplan-Meier survival
curves were generated, and multivariate survival analy-
sis was conducted using the Cox proportional hazards
model. A p-value of <0.05 was considered statistically
significant.

Results

CircRHBDD1 was a highly expressed circRNA in GC and is
associated with poor prognosis

CircRNA sequencing of three pairs of GC tissues and
adjacent non-tumorous tissues revealed differentially
expressed circRNAs (Fig. 1A). qRT-PCR analysis con-
firmed that circRHBDD1 was significantly upregulated
in GC tissues compared to adjacent non-tumorous tis-
sues (Fig. 1B, p<0.001). FISH analysis corroborated the
overexpression of circRHBDD1 in GC tissues (Fig. 1C).
qRT-PCR confirmed that the expression of circRHBDD1
in gastric cancer cells was higher than that in normal
gastric mucosa cells. (Fig. 1D). Sanger sequencing veri-
fied the back-splicing junction of circRHBDD1 (Fig. 1E),
and electrophoresis showed its amplification in cDNA
but not gDNA (Fig. 1F). RNase R and Actinomycin D
assays demonstrated the stability of circRHBDD1 com-
pared to linear RHBDD1 mRNA (Fig. 1G, H). FISH and
RNA fractionation assays indicated that circRHBDD1
is predominantly localized in the cytoplasm (Fig. 11, J).
High circRHBDD1 expression was significantly asso-
ciated with poor differentiation (p=0.002) and larger
tumor size (p=0.015) (Table S1). Kaplan-Meier survival
analysis showed that high circRHBDD1 expression cor-
related with shorter overall survival (OS) and disease-free
survival (DFS) (Fig. 1K, L, p<0.0001). Cox regression
analysis identified high circRHBDD1 expression as an
independent prognostic factor for OS and DEFS (Fig. 1M,
N; Tables S2, S3). These findings suggested that circRH-
BDDI1 functioned as a highly expressed circRNA in GC,
and high expression of circRHBDD1 predicted poor
prognosis in GC patients.

CircRHBDD1 had no effects on the proliferation of GC in
vitro and in nude mouse models

To investigate the role of circRHBDD1 in GC cell prolif-
eration, we performed knockdown and overexpression
experiments. qRT-PCR confirmed efficient knockdown
by sh-circRHBDDI1-1 and sh-circRHBDD1-2 (Fig. S1A).
CCK-8, EdU, and colony formation assays showed no
significant effect of circRHBDD1 knockdown on GC
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cell proliferation (Fig. S1B-D). Similarly, circRHBDD1
overexpression did not affect proliferation (Fig. S2A-D).
In vivo, circRHBDD1-silenced HGC-27 cells and cir-
cRHBDD1-overexpressing MKN-28 cells were injected
into nude mice, but no significant differences in tumor
volume, weight, or survival were observed (Fig. S3A-C).
These results suggest that circRHBDD1 does not affect
GC cell proliferation directly, implying an immune-medi-
ated mechanism.

CircRHBDD1 upregulated the expression of PD-L1 in GC
cells

RNA sequencing and KEGG pathway analysis identi-
fied the PD-L1/PD-1 checkpoint pathway as significantly
affected by circRHBDD1 knockdown (Fig. 2A). qRT-PCR
and Western blot confirmed that circRHBDD1 knock-
down reduced PD-L1 expression, while overexpression
increased it (Fig. 2B, C; Fig. S4A, B). Flow cytometry
showed that circRHBDD1 knockdown decreased, and
overexpression increased, PD-L1 membrane expres-
sion (Fig. 2D; Fig. S4C). In addition, correlation analysis
suggested that the expression level of circRHBDD1 was
directly associated with PD-L1 expression level (Fig. 2E).
It is recognized that PD-L1 regulates T-cell tolerance by
interacting with its receptor PD-1 [29]. Immunofluo-
rescence indicated that circRHBDD1 affects the PD-1/
PD-L1 interaction on GC cells (Fig. 2F; Fig. S4D). These
results demonstrate that circRHBDD1 upregulates PD-L1
expression, contributing to immune escape in GC.

Knockdown of circRHBDD1 facilitated the infiltration and
killing ability of CD8* T cells

GO analysis revealed significant enrichment of immune
response-related genes (Fig. 3A). Given the significant
role of T cells in anti-tumor immunity [30], we con-
ducted a T cell-mediated tumor cell killing assay by co-
culturing transfected gastric cancer cells with isolated
and activated human PBMCs. Co-culture assays with
human PBMCs showed reduced GC cell numbers in the
circRHBDD1 knockdown group (Fig. 3B), and increased
in the overexpression group (Fig. S5A). Flow cytometry
indicated higher percentages and counts of CD8" T cells,
but not CD4* T cells, in the knockdown group (Fig. 3C).
Knockdown also increased IFN-y, TNF-a, and granzyme
B secretion by CD8" T cells, and decreased PD-1, TIM-
3, and LAG-3 expression (Fig. 3D, E). Overexpression of
circRHBDD1 had the opposite effect (Fig. S5B-D). These
findings suggest that circRHBDD1 knockdown enhances
CD8" T cell infiltration and activity, exerting an anti-
tumor effect.
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Fig. 1 CircRHBDD1 was a circRNA highly expressed in GC and predicted poor prognosis. A Volcano map of the discrepantly expressive circRNAs in GC.
B gRT-PCR was utilized to test CircRHBDD1 expression level in 45 pairs of GC tissues and adjacent tissues. C FISH was utilized to examined circRHBDD1
expression level in GC and adjacent tissues. Scale bar =50 um. D CircRHBDD1 expression level in four GC cell strains and normal gastric mucosa cell strains
was measured via gRT-PCR. E Sanger sequencing showed the reverse splicing locus of circRHBDD1. F Gelose Gel Electropho to verify the stability of cir-
cRHBDD1. G RNase R assay was used to analyze the consistency of circRHBDD1 and RHBDD1 in HGC-27 and MKN-45 cells. H After the HGC-27 and MKN-45
cells were managed with actinomycin D at specific time points, qRT-PCR was utilized to test the mRNA expression levels of circRHBDD1 and RHBDD. I The
localization of circRHBDD1 in HGC-27 and MKN-45 cells was tested by FISH. Scale bar =10 um. J The localization of circRHBDD1 was examined by nuclear
and cytoplasmic fractions assay. K The pertinence of expression levels between circRHBDD1 and OS (p <0.0001). L The pertinence of expression levels be-
tween circRHBDD1 and DFS (p <0.0001). M Multivariate analysis revealed that the independent risk factors for OS. N Multivariate analysis showed that the
independent risk factors affecting DFS. Data are presented with the means+SD of three independent experiments. **p <0.01; ***p < 0.001; ****p <0.0001

CircRHBDD1 interacted with IGF2BP2 and inhibited its

ubiquitination and degradation

AGO2-RIP assays suggested that circRHBDD1 does
not act as a miRNA sponge (Fig. 4A). Starbase (https://

starbase.sysu.edu.cn/) [3
vice.tartaglialab.com/page/catrapid_group)
employed to predict the RBPs which could combine with
circRHBDD1. RNA binding protein (RBP) prediction

(32]

1] and catRAPID (http://ser-

was
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Fig. 2 CircRHBDD1 upregulated the expression of PD-L1 in GC cells. A KEGG analysis indicated enriched pathways. B, C gRT-PCR and Western blotting
were carried out to detected the expression levels of PD-L1 mRNA and protein after circRHBDD1 knockdown in HGC-27 and MKN-45 cells. D Flow cy-
tometry was utilized to examined the surface PD-L1 expression of the cytomembrane after circRHBDD1 knockdown in HGC-27 and MKN-45 cells. E Cor-
relation analysis between circRHBDD1 and the expression level of PD-L1 in GC tissues (n=30). F Immunofluorescence assays to detect the combination
intensity between PD-L1 and PD-1 on HGC-27 and MKN-45 cells conducted by shRNA for circRHBDD1. Scale bar =50 um. Data are appeared with the
means +SD of three independent experiments. ***p < 0.001; ****p < 0.0001

and mass spectrometry identified IGF2BP2, NOP56,
and HNRNPL as potential binding partners (Fig. 4B,
C). Western blotting and RIP confirmed the interac-
tion between circRHBDD1 and IGF2BP2 (Fig. 4D, E).
RNA FISH showed colocalization in the cytoplasm
(Fig. 4F). CircRHBDD1 knockdown decreased, while

overexpression increased, IGF2BP2 protein levels with-
out affecting mRNA levels (Fig. 4G, H). Proteasome
inhibition assays indicated that circRHBDD1 inhibits
IGF2BP2 degradation via the ubiquitin-proteasome path-
way (Fig. 4I). Ubiquitination assays confirmed that cir-
cRHBDDI1 inhibits IGF2BP2 ubiquitination (Fig. 4]).
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Fig. 3 Knockdown of circRHBDD1 accelerated the infiltration and killing ability of CD8* T cells. A GO analysis showed the enriched pathways. B The
consequences of T cell-induced tumor cell cytotoxicity assays in circRHBDD1-silenced HGC-27 and MKN-45 cells. C The content and percentum of CD4* T
cells and CD8* T cells in CD45* cells were examined by flow cytometry after sh-circRHBDD1-1 and sh-circRHBDD1-2 infection. D The expressions of IFN-y,
TNF-a and granzyme B were measured by flow cytometry after circRHBDD1 knockdown. E The expressions of PD-1,TIM-3 and LAG-3 in CD8" T cells were
examined by flow cytometry in MKN-45 cells with circRHBDD1 knockdown. Data are presented with the means + SD of three independent experiments.

**p<0.01;***p<0.001; ****p <0.0001; ns not significant

CircRHBDD1 inhibited the ubiquitination of IGF2BP2 by

impeding the interaction of E3 ligase TRIM25 and IGF2BP2
Using the ubibrowser database (http://ubibrowser.ncpsb.
org.cn) [33], TRIM25 was identified as a potential E3
ligase for IGF2BP2 (Fig. 5A). TRIM25, an RNA-bind-
ing protein, belongs to the E3 ubiquitin ligases of the

TRIM family, which can catalyze the addition of ubiq-
uitin chains to its substrate for degradation [34]. Mass
spectrometry and immunofluorescence confirmed the
interaction between TRIM25 and IGF2BP2 (Fig. 5B, C).
Co-IP assays validated this interaction (Fig. 5D). TRIM25
knockdown decreased IGF2BP2 ubiquitination, while
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Fig.4 CircRHBDD1 interacted with IGF2BP2 and inhibited its ubiquitination and degradation. A The enrichment status of circRHBDD1 in the AGO2 IP was
detected using gRT-PCR through the RIP assay. B Venn diagram showing the intersection of starbase and catRAPID database prediction and mass spec-
trometry analysis. C IGF2BP2 protein bound to circRHBDD1, as determined by mass spectrometry. D Detection of proteins by Western blotting after RNA
pull-down. E RIP detections indicated the combination between IGF2BP2 and circRHBDD1. F FISH of circRHBDD1 and immunofluorescence detection of
IGF2BP2 in HGC-27 and MKN-45 cells. Scale bar =10 um. G gRT-PCR was utilized to detect the mRNA expression level of IGF2BP2 after knocking down or
overexpressing circRHBDD1. H Western blotting was utilized to analyze the expression level of IGF2BP2 protein after knocking down or overexpressing
circRHBDD1. I In circRHBDD1-silenced MKN-45 and MKN-28 cells, Western blotting revealed the protein levels of IGF2BP2 under treatment with MG-132
or chloroquine. J After treated with MG-132, western blotting was employed to assess the role of circRHBDD1 on the ubiquitination level of IGF2BP2 in

MKN-45 and MKN-28 cells. Data are presented with the means+SD of three independent experiments. ***p <0.001; ns not significant
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overexpression increased it (Fig. 5E). Proteasome inhi-
bition assays showed that circRHBDDI1 knockdown
enhanced, while overexpression reduced, the interaction
between TRIM25 and IGF2BP2 (Fig. 5F, G). These results
suggest that circRHBDD1 inhibits IGF2BP2 ubiquitina-
tion by disrupting the interaction with TRIM25.

IGF2BP2 enhanced the stability of PD-L1 mRNA via m®A
modification in GC

IGF2BP2, a recognized m®A reader, stabilizes PD-L1
mRNA [35]. Western blotting and flow cytometry

showed that IGF2BP2 knockdown reduced PD-L1 pro-
tein levels (Fig. 6A-D). m°A quantification indicated
decreased PD-L1 m°A levels upon IGF2BP2 knockdown
(Fig. 6E). Actinomycin D assays confirmed reduced
PD-L1 mRNA stability in IGF2BP2-silenced cells
(Fig. 6F). Correlation analysis showed a direct association
between IGF2BP2 and PD-L1 expression levels (Fig. 6G).
FISH analysis demonstrated that circRHBDD1 silencing
reduced IGF2BP2 and PD-L1 levels in GC cells (Fig. 6H).
Rescue experiments in MKN-28 cells overexpressing cir-
cRHBDD1 showed that IGF2BP2 knockdown restored
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Fig. 6 IGF2BP2 enhanced the stability of PD-L1 mRNA via m®A modification in GC. A qRT-PCR was utilized to test the knockdown level of IGF2BP2
in HGC-27 and MKN-45 cells. B Western blotting was utilized to test the knockdown level of IGF2BP2 in HGC-27 and MKN-45 cells and the effects of
IGF2BP2 knockdown on the protein expression level of PD-L1. C, D The expression level of PD-L1 was tested by flow cytometry. E gRT-PCR was utilized to
determine the effects of knocking down IGF2BP2 on the expression of PD-L1 m°A in HGC-27 and MKN-45 cells. F In HGC-27 and MKN-45 cells, IGF2BP2
was knocked down at indicated time points following treatment with actinomycin D. gRT-PCR was utilized to test the expression of PD-L1. G Pertinence
assessment between IGF2BP2 and PD-L1 expression in GC tissues (n=30). H FISH and immunofluorescence images revealing the expression levels of
circRHBDD1, IGF2BP2 and PD-L1 in circRHBDD1-sliencing GC cells. Scale bar =50 um. Data are presented with the means+SD of three independent

experiments. **p <0.01; ***p <0.001
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PD-L1 expression levels and T cell-mediated killing (Fig.
S6A-F). These findings indicate that circRHBDD1-medi-

ated immune escape operates through the IGF2BP2/
PD-L1 axis.

CircRHBDD1 promoted tumor growth in the models of
C57BL/6 mouse

To assess the role of circRHBDDI1 in tumor growth in
immunocompetent mice, we injected circRHBDDI1-
silenced or overexpressing GC cells into C57BL/6 mice.
Tumor volume and weight were significantly reduced in
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the knockdown group and increased in the overexpres-
sion group (Fig. 7A-C). FISH and immunofluorescence
confirmed that circRHBDD1 knockdown decreased,
while overexpression increased, the expression of cir-
cRHBDD1, IGF2BP2, and PD-L1 (Fig. 7D). Immunofluo-
rescence and flow cytometry indicated that circRHBDD1
knockdown promoted CD8* T cell infiltration, whereas
overexpression inhibited it (Fig. 7E-H). These results sug-
gest that circRHBDD1 promotes tumor growth by modu-
lating immune cell infiltration and activity.
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Fig. 7 CircRHBDD1 promoted tumor growth in C57BL/6 mouse models. A Injecting gastric cancer cells with knocked down or overexpressed circRH-
BDD1 into C57BL/6 mice, and the transplanted tumor was photographed and recorded 21 days later. B The volume of the transplanted tumors. C The
weight of the transplanted tumors. D FISH and immunofluorescence assays of circRHBDD1, IGF2BP2 and PD-L1. Scale bar =50 um. E Immunofluores-
cence analysis of CD8" T cells. Scale bar =50 um. F Flow cytometry assays of the percentage and number of CD8* T cells. G Presence of IFN-y, TNF-a and
granzyme B. H Presence of PD-1, TIM-3 and LAG-3 on the cover of CD8" T cells. Data are presented with the means+SD of three independent experi-

ments. **p<0.01; **p<0.001
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Characterization and treatment effects of PLGA-PEG(si-
circRHBDD1) NPs in C57BL/6 GC models
The systemic delivery leads to the defect of rapid drug
degradation, poor bioavailability and limited tumor site
enrichment [36]. In this research, we utilized the domi-
nance of a nano-delivery system to accurately deliver
drugs to the site of tumor. PLGA-PEG(si-circRHBDD1)
nanoparticles were prepared using a w/o/w emulsion
method (Fig. S7A). TEM images showed spherical,
uniformly dispersed NPs (Fig. 8A). DLS analysis indi-
cated a mean diameter of 145.5+2.8 nm, a zeta poten-
tial of -10.4+7.62 mV, and stability in various solutions
(Fig. S7B-F). In vitro release studies demonstrated con-
trolled release of si-circRHBDD1 from PLGA-PEG NPs
(Fig. S7G). Coumarin-6 NPs confirmed efficient cellu-
lar uptake and lysosomal escape (Fig. 8B, C). DiR-NPs
showed enhanced tumor targeting in vivo (Fig. 8D-G). In
C57BL/6 GC models, PLGA-PEG(si-circRHBDD1) com-
bined with anti-PD-1 exhibited significant tumor growth
inhibition (Fig. 8H-J) without systemic toxicity (Fig. 8K;
Fig. S7TH-K). These results indicate that PLGA-PEG(si-
circRHBDD1) NPs combined with anti-PD-1 signifi-
cantly inhibit tumor growth and are safe in vivo.
Together, our study suggested that circRHBDD1 inhib-
ited IGF2BP2 ubiquitination by competing with TRIM25,
and enhanced PD-L1 mRNA stability, thereby facilitated
immune evasion in GC (Fig. 9A). The combintion of
PLGA-PEG(si-circRHBDD1) and anti-PD-1 could be as a
new strategy for GC immunotherapy (Fig. 9B).

Discussion

CircRNAs, a type of non-protein coding RNA formed
by reverse splicing, are highly stable and widely exist in
eukaryotic cytoplasm [37]. Their differential expression
patterns between tumor and adjacent normal tissues
suggest their potential as tumor biomarkers and drug
targets [13]. With advances in high-throughput sequenc-
ing technology, many novel circRNAs have been identi-
fied in various cancers [38]. In this study, we identified
circRHBDD1, formed by reverse splicing between exons
6 and 8 of RHBDDI, as highly expressed in GC tissues.
High circRHBDD1 expression was associated with malig-
nant clinicopathological features and poor prognosis.
We uncovered that circRHBDD1 did not influence the
proliferation capacity of GC cells in immune-deficient
conditions. Our RNA sequencing analysis revealed that
knockdown of circRHBDD1 led to enrichment in the
PD-1/PD-L1 and immune response pathways. The inter-
action between PD-L1 and PD-1 induces T cell exhaus-
tion and promotes immune escape in cancer [39]. High
PD-L1 expression in tumor cells is often correlated
with the clinical response to anti-PD-1/PD-L1 therapy
[40]. Our findings demonstrated that circRHBDD1
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upregulates PD-L1 expression, thereby enhancing
immune evasion and progression of GC.

CD8" T cells play a crucial role in tumor immune eva-
sion, and their exhaustion is a major mechanism of this
process [41]. Our experiments showed that knockdown
of circRHBDD1 increased the percentage and number
of CD8" T cells in tumor tissues, along with elevated
expressions of cytokines IFN-y, TNF-a, and granzyme B,
and reduced levels of coinhibitory molecules PD-1, TIM-
3, and LAG-3. In vivo experiments further confirmed
that circRHBDD1 knockdown inhibited tumor growth in
immunocompetent C57BL/6 mice, but not in immune-
deficient mice. These results suggest that circRHBDD1
knockdown exerts an anti-tumor effect by enhancing
CD8* T cell infiltration and activity.

CircRNAs often function as competing endogenous
RNAs (ceRNAs), affecting the expression of downstream
target genes [42]. They also interact with proteins, influ-
encing their biogenesis, localization and degradation
[43]. Our study found that circRHBDDI1 competitively
binds IGF2BP2, disrupting the interaction between
TRIM25 and IGF2BP2, thereby inhibiting IGF2BP2 ubiq-
uitination and degradation. IGF2BP2, an m°A ‘reader’
protein, plays a critical role in mRNA stability and
tumor progression [44]. We demonstrated that IGF2BP2
enhances PD-L1 mRNA stability via m®A modification,
contributing to immune escape in GC. In NSCLC, cir-
cIGF2BP3 has been found to facilitate tumor immune
evasion by promoting the deubiquitination of PD-L1 [45].
circ-0000512 inhibited PD-L1 ubiquitination through
regulating the miR-622/CMTM6 axis, thus aggravating
TNBC progression and immune escape [46]. However,
there is limited understanding regarding the involvement
of circRNA in tumor immunity of GC. Our findings indi-
cated that circRHBDD1 facilitated GC immune evasion
by upregulating PD-L1 expression and suppressing CD8*
T cell infiltration. Therefore, our study revealed a novel
molecular mechanism of circRHBDD1 in promoting GC
immune escape via the IGF2BP2/PD-L1 axis.

Targeted siRNA delivery using nanoparticles is a
promising approach in cancer therapy [47]. Traditional
delivery methods such as liposomes and viral vectors
have limitations, including toxicity and poor sustained
release [48]. PLGA-PEG nanoparticles, approved by
the FDA, offer advantages such as non-toxicity, biode-
gradability, prolonged circulation time, and controlled
release [49]. Our study developed PLGA-PEG nanopar-
ticles for delivering si-circRHBDD1. The nanoparticles
exhibited controlled release, enhanced cellular uptake,
and strong tumor-targeting ability in vivo. Importantly,
PLGA-PEG(si-circRHBDD1) combined with anti-PD-1
significantly inhibited tumor growth in C57BL/6 models
without obvious toxic side effects, suggesting its feasibil-
ity and safety as a therapeutic strategy.
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In this study, our study identified circRHBDDI1 as a
key regulator of immune escape in GC by upregulat-
ing PD-L1 expression and interacting with IGF2BP2 to
stabilize PD-L1 mRNA. Knockdown of circRHBDD1

enhanced CD8* T cell infiltration and activity, exerting
an anti-tumor effect. Moreover, our data demonstrated
that the combination of PLGA-PEG(si-circRHBDD1)
and anti-PD-1 significantly impeded tumor growth in
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in GC

C57BL/6 mouse models. This robust evidence validates
that nanoparticle-mediated delivery of si-circRHBDD1
sensitizes GC cells to anti-PD-1 immunotherapy, sug-
gesting that the nanodrug has a great potential for the
clinical treatment of GC patients.

Importantly, PLGA-PEG NPs used in this study are
FDA-approved, safe and reliable in clinic. However, they
may have several limitations. One potential drawback is
the reliance on animal models, which may not fully repli-
cate human cancer biology. This issue could be addressed
through increasing emphasis on clinical trials in the
future. Additionally, the long-term effects and potential
off-target effects of the nanoparticle delivery system were
not extensively covered, so it also needs to improved
nanoparticle formulations. Furthermore, it is essential
to investigate the control of drug release rate within the
body and the biodegradation mechanism. Addressing the
prolonged duration required for clinical trials remains a
critical challenge. Overcoming these challenges will help

to bring new therapeutic options to patients. This work
offered valuable clues for combining PLGA-PEG(si-cir-
cRHBDD1) and anti-PD-1 for the potential clinical ther-
apy of GC. Moreover, this combined immunotherapy has
the potential of wider application in other cancer types.

Conclusions

In summary, our study identifies circRHBDD1 as a criti-
cal regulator of immune escape in gastric cancer. The
upregulation of circRHBDD1 correlates with poor patient
prognosis and promotes tumor immune evasion by
enhancing PD-L1 expression and reducing CD8" T cell
infiltration. Mechanistically, circRHBDD1 prevents the
degradation of IGF2BP2, which stabilizes PD-L1 mRNA
through m®A modification, thereby facilitating immune
escape. These findings highlight circRHBDD1 as a prom-
ising therapeutic target. The PLGA-PEG nanoparticle-
based delivery system of si-circRHBDD1 can be used as a
promising treatment to enhance the efficacy of anti-PD-1
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immunotherapy without prominent systemic side effects,
which needs to be further investigated in future clinical
applications.
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