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Bladder-cancer-derived exosomal
circRNA_0013936 promotes suppressive
immunity by up-regulating fatty acid
transporter protein 2 and down-requlating
receptor-interacting protein kinase 3 in PMN-
MDSCs

Xiaojun Shi'", Shiyu Pang'", Jiawei Zhou'", Guang Yan'", Ruxi Gao?, Haowei Wu?, Zhou Wang?, Yuging Wei?,
Xinyu Liu? and Wanlong Tan'""

Abstract

Background Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) is one of the causes of tumor
immune tolerance and failure of cancer immunotherapy. Here, we found that bladder cancer (BCa)-derived exosomal
circRNA_0013936 could enhance the immunosuppressive activity of PMN-MDSCs by regulating the expression of
fatty acid transporter protein 2 (FATP2) and receptor-interacting protein kinase 3 (RIPK3). However, the underlying
mechanism remains largely unknown.

Methods BCa-derived exosomes was isolated and used for a series of experiments. RNA sequencing was used to
identify the differentially expressed circRNAs. Western blotting, immunohistochemistry, immunofluorescence, gRT-
PCR, ELISA and Flow cytometry were performed to reveal the potential mechanism of circRNA_0013936 promoting
the immunosuppressive activity of PMN-MDSC.

Results CircRNA_0013936 enriched in BCa-derived exosomes could promote the expression of FATP2 and inhibit
the expression of RIPK3 in PMN-MDSCs. Mechanistically, circRNA_0013936 promoted the expression of FATP2

and inhibited the expression of RIPK3 expression via sponging miR-320a and miR-301b, which directly targeted

JAK2 and CREB1 respectively. Ultimately, circRNA_0013936 significantly inhibited the functions of CD8* T cells by
up-regulating FATP2 through the circRNA_0013936/miR-320a/JAK2 pathway, and down-regulating RIPK3 through the
circRNA_0013936/miR-301b/CREB1 pathway in PMN-MDSCs.
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Conclusions BCa-derived exosomal circRNA_0013936 promotes suppressive immunity by up-regulating FATP2
through the circRNA_0013936/miR-320a/JAK2 pathway and down-regulating RIPK3 through the circRNA_0013936/
miR-301b-3p/CREB1 pathway in PMN-MDSCs. These findings help to find new targets for clinical treatment of human

bladder cancer.
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Introduction

Bladder cancer is a common malignant tumor in the uri-
nary system, and patient with invasive bladder cancer has
a poor prognosis [1]. Tumor cells can evade the attack of
immune killing cells through various mechanisms, which
is one of the main reasons for the poor efficacy of tumor
immunotherapy [2]. Polymorphonuclear bone marrow-
derived suppressive cells (PMN-MDSCs) are pathological
activated immune cells with strong immunosuppressive
functions, which appear in many diseases [3]. PMN-
MDSCs infiltrating the tumor microenvironment are
one of the main culprits for tumor progression and poor
immunotherapy efficacy, and their presence is signifi-
cantly correlated with poor prognosis [4]. PMN-MDSCs
can induce immune tolerance through overexpression of
inducible nitric oxide synthase (iNOS), reactive oxygen
species (ROS) and arginase 1 (Arg-1) [5, 6]. According
to literature reports, the factors that induce the activa-
tion of MDSCs mainly include M-CSEF, IL-6, GM-CSE,
and VEGF [7]. Among various triggering factors, GM-
CSF is considered a key initiating factor for the activation
of PMN-MDSCs [8]. JAK protein family members and
transcription activating factor (STAT) are key signaling
molecules that promote the proliferation of MDSCs [9].
Although there has been some progress in the regulatory
mechanism of PMN-MDSC:s in recent years, the mecha-
nism of pathological activation of PMN-MDSCs is still
largely unknown, which limits the selective targeting of
these cells.

Receptor interacting protein kinase 3 (RIPK3) and fatty
acid transporter 2 (FATP2) are important molecules that
regulate the immunosuppressive functions of MDSCs [8,
10]. FATP2 (long-chain fatty acid transporter and ace-
tyl Coa synthase) is a key enzyme that promotes fatty
acid oxidation and lipid synthesis [11]. A previous study
confirmed that FATP2 enhanced the immunosuppres-
sive function of PMN-MDSCs by promoting the synthe-
sis of prostaglandin E2 (PGE2), and the over-expression
of FATP2 in PMN-MDSCs was controlled by GM-CSE,
through the activation of phospholated STAT5 tran-
scription factor [8]. . In addition, RIPK3 is also one of
the key molecules regulating tumor immunity [12, 13].
As reported by Yan et al., there is a RIPK3-PGE2 circuit
in PMN-MDSCs, which can greatly promote the synthe-
sis of PGE2 and enhance the immunosuppressive activ-
ity of PMN-MDSCs [10]. In this study, we found that
there were abundant immunosuppressive PMN-MDSCs

infiltrating in the tumor tissue of bladder cancer. In addi-
tion, the expression of FATP2 was up-regulated, while
the expression of RIPK3 was down-regulated in bladder
tumor tissue. Moreover, the infiltration of PMN-MDSCs
was positively correlated with the expression of FATP2
and negatively correlated with the expression of RIPK3.
However, the mechanism by which PMN-MDSCs simul-
taneously up-regulate FATP2 and down-regulate RIPK3
mediated suppressive immunity in the tumor microenvi-
ronment is still unclear.

Circular RNA (circRNA) is a group of endogenous non
coding RNA molecules that connect from head to tail
through reverse splicing to form a covalent closed loop
structure [14]. More and more studies have shown that
circRNA plays a crucial role in regulating tumor pro-
liferation and metastasis in various human malignant
tumors [15]. They may serve as microRNA (miRNA)
sponges [16], RNA binding protein sponges and pro-
tein scaffolds [17], transcription regulators [18], or pro-
tein translation templates [19]. Due to its high stability,
widespread expression, and tissue specificity, circRNA is
becoming a promising cancer biomarker and therapeu-
tic target. In our study, we found that a circRNA (hsa_
circ_0013936) enriched in bladder cancer (BCa)-derived
exosomes could regulate the expressions of FATP2 and
RIPK3 in PMN-MDSCs. However, the specific roles and
mechanism of hsa_circ_0013936 in immune regulation of
bladder cancer are largely unknown. Therefore, the pur-
pose of this study is to elucidate the potential molecular
mechanism that up-regulating the expression of FATP2
and down-regulating the expression of RIPK3 in PMN-
MDSCs. This study will provide new ideas for cancer
immunotherapy.

Materials and methods

Human samples

We collected tumor tissue samples from 18 patients (12
women and 6 men) with bladder cancer admitted to
South Hospital of Southern Medical University (Guang-
zhou, China). The patient’s age ranges from 42 to 70 years
old. This study was evaluated and approved by the Eth-
ics Committee of Southern Hospital. All patients signed
informed consent forms before inclusion.

Cell culture and transfection
Bladder cancer cell lines (T24, UMUCS3, BIU-87) were
purchased from the stem cell bank of the Chinese
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Academy of Sciences. All cell lines grew on RPMI-1640
medium containing 10% fetal bovine serum. Cells were
cultured using Mycoplasma OUT to prevent Myco-
plasma contamination. We identified all cell lines every
six months to ensure their quality. According to the
manufacturer’s instructions, cells were transfected with
designated nucleotides or plasmids using Lipofectamine
3000. SiRNAs targeting circ_0013936, miR-320a, miR-
301b-3p, JAK2, CREBI and negative control (NC) siRNA
were purchased from RiboBio Corporation (Guangzhou,
China).

Immunofluorescence

Tumor tissues were prepared into frozen sections and
incubated with rabbit anti-mouse CDI11b (eBiosci-
ence) and rat anti-mouse LOX-1 antibodies (eBiosci-
ence) for 1 h, and then added the second antibodies
(Alexa Fluid 647 labeled goat anti rabbit Abs and Alexa
Fluid 488 labeled goat anti rat Abs) (eBioscience) and
incubated for 30 min. After staining with Vectashield
DAPI, fluorescence microscopy was used to observe
CD11b*LOX-1"%cells in tumor tissues.

Immunohistochemistry

Tumor tissues were sequentially fixed, paraffin-embed-
ded, dewaxed, rehydrated, and antigen retrieval. The
samples were incubated with primary antibody (Epi-
tomics), and then incubated with secondary biotinylated
antibody. The anti-rat Ig SABC kit (spring) was used to
visualize the positively expressed protein. After staining
with hematoxylin, the expression of positive protein was
quantified under a microscope.

Western blot analysis

After the cells were lysed using RIPA lysis buffer, the
samples were sequentially subjected to protein extraction
and electrophoresis, transfer to membrane and block-
ing. Then the samples were incubated overnight with the
primary antibody at 4 C, and then incubated with the
second antibody coupled with horseradish peroxidase
at room temperature for 60 min. After incubation with
chemiluminescence, the membrane was finally visualized
using a Tanon 5200 system.

Isolation of PMN-MDSCs and CD8" T-cells, and proliferation
assay

PMN-MDSCs were separated by magnetic beads (Bio-
Legend), and CD8* T-cells were separated by CD8* T
Cell Enrichment Kit (BioLegend). Then, PMN-MDSCs
and carboxyfluorescein diacetate, succinimidyl ester
(CFDA-SE) labeled CD8*T cells were cocultured for 72 h.
To count the CD8*CFSE* and CD8*IFN-y* T-cell sub-
population, T-cells were first stained with FITC-labeled
anti-CD8 (Biolegend), and then stained with PE-labeled
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anti-IFN-y antibody (Biolegend). The CD8*CFSE* and
CDS8*IFN-y* T-cells were detected by flow cytometry
(Becton Dickinson).

Isolation and identification of BCa-derived exosomes
Extracellular vesicles were obtained from the culture
supernatant of BCa cells after four consecutive centrifu-
gations (300xg for 5 min, 1200xg for 20 min, 10,000xg
for 30 min and 110,000xg for 70 min). The concentration
and size of extracellular vesicles were evaluated through
nanoparticle tracking analysis (NTA). The morphology
of the extracellular vesicles was observed using a trans-
mission electron microscope (JEOL, Tokyo, Japan). The
expressions of exosomal markers were detected by West-
ern blotting. According to the manufacturer’s instruc-
tions, BCa-derived exosomes were labeled with PKH67
Green Fluorescent membrane linker dye (Sigma), and
then cocultured with PMN-MDSCs. After incubation at
37 °C for 2 h, the cells were observed using a fluorescence
microscope.

Double luciferase reporter gene assay

We designed and obtained Olgonucleide pairs contain-
ing the required target or mutant regions from GenePh-
arma (Shanghai, China). Double luciferase assay was
performed in a 96 well plate. After 8 h of cell attachment,
they were co transfected with a 50ng mimic or control.
48 h after transfection, cell lysates was harvested. Accord-
ing to the manufacturer’s protocol, the renilla luciferase
activity was measured by a dual luciferase reporter gene
assay kit.

Quantitative real-time PCR and genomic DNA extraction
The Arcturus PicoPure RNA isolation kit (Biosciences)
was used to extract total RNA. The reverse transcrip-
tion system (Toyobo) was used to synthesize cDNA.
SYBR Green PCR Master Mix (Applied Biosystems) was
used for Real-time PCR analysis. The relative expression
of target genes was calculated using the 2722t method.
Genomic DNA was extracted from cells by the Easy Pure
Genomic DNA kit (Transgen Biotech).

Nuclear-cytoplasmic fractionation

According to the manufacturer’s instructions, the cell
nucleus and cytoplasm were separated using cell nucleus
and cytoplasm extraction reagents (Termo Fisher Sci-
entific, USA). The data were calculated using 2724t
method. GAPDH was cytoplasmic control, and U6 was
nuclear control.

RNase R and actinomycin D treatment

Total RNA extracted from cells cultured and incubated
with or without Ribonuclease R (Epicentre Technolo-
gies). qRT-PCR was used to detect the expression of
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hsa_circ_0013936 and other RNA. BCa cells were treated
with actinomycin D or dimethyl sulfoxide (Sigma), and
then the stability of hsa_circ_0013936 was detected by
qRT-PCR.

Fluorescence in situ hybridization (FISH)

FISH assay was performed to detect the location of hsa_
circ_0013936. FISH reagent kit (RiboBio) was used to
check signals according to the manufacturer’s instruc-
tions. The experimental results were visualized in the
Nikon AISi laser scanning confocal microscope.

Biotinylated RNA pull-down assay

Biotin-labeled hsa_circ_0013936 probe synthesized by
RiboBio (Guangzhou, China) was mixed with strepta-
vidin magnetic beads (Beaver, China). Then the probes
complex was incubated with the BCa cell lysate, with the
oligonucleotide probe as the control. The pull-down assay
was performed using PierceTM Magnetic RNA-Protein
Pull-Down Kit (Termo Fisher Scientifc) according to the
manufacturer’s instructions. The hsa_circ_0013936 and
miRNAs were extracted by TRIzol (Invitrogen) and ana-
lyzed by RT-qPCR.

Liquid chromatography-mass-spectrometry (LC-MS) of
lipids

PMN-MDSCs were separated by magnetic beads (Bio-
Legend). The lipid and PGE2 concentrations in the cell
supernatant were detected to evaluate the lipid metabo-
lism ability of PMN-MDSCs. The Acquity UPLC system
(Waters) was used to separate extracted samples. The
concentrations of Lipids and PGE2 were detected using
scheduled multiple reaction monitoring (MRM). Analyst
1.6.2 software (Applied Biosystems) was used to analyzed
the LC-MS data.

ELISA

The supernatant of PMN-MDSCs was harvested and
coated onto the surface of a microplate well and incu-
bated overnight at 4 degrees Celsius to allow the mol-
ecules to adhere to the well. Sequentially undergoing
blocking, sample and standard addition, primary anti-
body incubation, secondary antibody incubation, sub-
strate addition, stop reaction, colorimetric detection
and data analysis, the concentrations of Arg-1, IL-10 and
iNOS in supernatant of PMN-MDSCs were detected
using ELISA.

Statistics

All statistical analyses were performed using SPSS ver-
sion 21 (SPSS, Chicago). ANOVA and Student’s t tests
were performed to analyze the differences in mean val-
ues between groups. The correlation between FATP2 and
RIPK3 expression and PMN-MDSCs infiltration were
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analyzed using a x2 test. P<0.05 was considered statisti-
cally significant.

Results

Expressions of FATP2 and RIPK3 in bladder tumor tissues
infiltrating PMN-MDSCs

Immunofluorescence was performed to detect PMN-
MDSCs infiltration in tumor tissue. The double positive
cells (CD11b*LOX-1*) were considered PMN-MDSCs.
Immunohistochemistry was performed to display the
FATP2 and RIPK3 expressions. Figure 1A shows the
presence of plentiful PMN-MDSCs in tumor tissues. As
shown in Fig. 1B and C, the expression of FATP2 is sig-
nificantly up-regulated, and the expression of RIPK3 is
significantly down-regulated in tumor tissues.The statis-
tical analysis results indicate that the infiltration of PMN-
MDSCs in bladder tumor tissue is positively correlated
with the expression of FATP2 and negatively correlated
with the expression of RIPK3 (Fig. 1D and E). The immu-
nohistochemical results of human bladder cancer showed
that the expressions of LOX-1 and FATP2 in human blad-
der tumor tissues were higher than that in paracancer-
ous tissue, and the expression of RIPK3 in tumor tissue
was lower than that in paracancerous tissue (Fig. 1F)
(Supplementary Fig. 1). Additionally, compared to stage
I/11 patients, stage III/IV patients have high expression
of FATP2 and low expression of RIPK3 in tumor tissues
(Fig. 1G).

BCa-derived exosomes up-regulated FATP2 and down-
regulated RIPK3 in PMN-MDSCs

Transmission electron microscopy shows that BCa-
derived exosomes have a complete and continuous
bilayer membrane, which is a typical morphological fea-
ture of exosomes (Fig. 2A). After co culturing with PMN-
MDSCs, BCa-derived exosomes labeled with fluorescent
PKH67 were internalized by PMN-MDSCs (Fig. 2B).
When PMN-MDSCs were co cultured with BCa-derived
exosomes, the expression of FATP2 was significantly up-
regulated and the expression of RIPK3 was significantly
down-regulated in PMN-MDSCs (Fig. 2C and D). LC-MS
analysis showed that BCa-derived exosomes promoted
the synthesis of lipid metabolic molecules (PGE2, TG,
AA) in PMN-MDSCs (Fig. 2E). In addition, ELISA anal-
ysis showed that BCa-derived exosomes promoted the
synthesis of immunosuppressive molecules (IL-10, iNOS,
Arg-1) in PMN-MDSCs (Fig. 2F).

Identifcation and characterization of circRNA_0013936 in
BCa-derived exosomes

High-throughput sequencing was performed to identify
differentially expressed circRNAs in BCa-derived exo-
somes. Figure 3A showed the differentially expressed cir-
cRNAs (>4-fold). Among them, up-regulated circRNAs
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Fig. 1 PMN-MDSCs infiltrating the tumor microenvironment with overexpression of FATP2 and low expression of RIPK3. (A) Detection of PMN-MDSCs
(CD11b*LOX-1%) (yellow) in bladder cancer tissues and controls (adjacent tissues) by immunofluorescence (bar =200 um). (B and €) Immunohistochemi-
cal detection of RIPK3 and FATP2 in bladder cancer tissues and adjacent tissues (bar =200 um). (D and E) Correlation analysis of expression of RIPK3 or
FATP2 and PMN-MDSCs infiltration in bladder tumor tissue. (F) Immunohistochemical detection of LOX-1, RIPK3 and FATP2 expression in human bladder
cancer tissues (n=18). (G) The expression of RIPK3 and FATP2 in bladder cancer patients with different clinical stages. (* P<0.05)

were more common than down-regulated circRNAs. We
screened the up-regulated circRNAs with an average nor-
mal control read count of more than 100 and then sorted
them by fold change. We selected ten most up-regulated
circRNAs, and the details were listed in Supplementary
Fig. 2A. The ten circRNAs were validated using qRT-
PCR in 18 pairs of bladder cancer tissues and matched
adjacent normal tissues (Supplementary Fig. 2B-K).
According to the RNA-sequencing and qRT-PCR results,
hsa_circ_0013936 was the up-regulated circRNA with the
greatest expression difference (Supplementary Fig. 2C).
Figure 3B showed the formation of circRNA_0013936.
As shown by qRT-PCR, the expressions of cir-
cRNA_0013936 in exosomes derived from three types of
BCa cells were significantly up-regulated compared with
that in normal urothelial cell-derived exosomes (Fig. 3C).
Further, we designed convergent primers and divergent
primers to amplify circRNA_0013936. Using cDNA and
gDNA (genomic DNA) from UMUC3 and T24 cell lines
as templates, circRNA_0013936 was only amplified by
divergent primers in cDNA, and no amplification prod-
uct was observed in gDNA (Fig. 3D). By using qRT-PCR,
we further confirmed that circRNA_0013936 was resis-
tant to RNase R, while circRNA_0013936 was signifi-
cantly reduced after RNase R treatment (Fig. 3E). FISH

analysis indicated circRNA_ 0013936 was mainly located
in the cytoplasm of bladder tumor cell (Fig. 3F).

CircRNA_ 0013936 up-regulated FATP2 and down-
regulated RIPK3 in PMN-MDSCs

To confirm that circRNA_0013936 could up-regulate the
expression of FATP2 and down-regulated the expression
of RIPK3 in PMN-MDSCs, PMN-MDSCs were trans-
fected with the circRNA_0013936 mimics. Western blot-
ting analysis showed that the circRNA_0013936 mimics
significantly up-regulated the expression of FATP2
and down-regulated the expression of RIPK3 in PMN-
MDSCs (Fig. 4A and B). ELISA analysis showed that
the circRNA_0013936 mimics promoted the synthesis
of immunosuppressive cytokines (Arg-1, IL-10, iNOS)
in PMN-MDSCs (Fig. 4C). LC-MS analysis showed that
circRNA_0013936 mimics increased the levels of lipid
metabolic molecules (AA, TG, PGE2) in PMN-MDSCs
(Fig. 4D).

CircRNA_ 0013936 functions as a sponge for miR-320a and
miR-301b-3p

To investigate whether circRNA_0013936 could sponge
miRNAs in PMN-MDSCs, we identified nine of the
most promising miRNAs with predicted score>90 by
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Fig. 2 BCa-derived exosomes up-regulated FATP2 and down-regulated RIPK3 in PMN-MDSCs. (A) Morphological characteristics of BCa-derived exosomes
revealed by transmission electron microscopy (bar =100 nm). (B) Immunofluorescence showed that the BCa-derived exosomes (green) were gradually
taken up by PMN-MDSCs. (C and D) Detection of the expression of RIPK3 and FATP2 in PMN-MDSCs using Western blotting. (E) Detection of Prostaglandin
E2 (PGE2), Arachidonic Acid (AA), and Triglycerides (TG) in PMN-MDSCs by LC/MS. (F) ELISA detected the levels of immunosuppressive molecules (IL-10,

INOS, Arg-1) in PMN-MDSCs. (*P < 0.05)

querying the CircInteractome database. We found three
candidate miRNAs after analyzing the effects of nine
candidate miRNAs on circRNA_0013936 luciferase
activity through luciferase reporter assay (Fig. 5A). We
designed a 3 ‘terminal-biotinylated circRNA probe to
identify miRNAs that could bind to circRNA_0013936.
As shown in Fig. 5B, the circRNA probe was used to
pull down circRNA_0013936 in PMN-MDSCs. RIP cir-
cRNA_0013936 pull-down experiment found specific
enrichment of circRNA_0013936, miR-320a, and miR-
301b-3p, indicating that miR-320a and miR-301b-3p
are the circRNA_0013936-associated miRNAs in PMN-
MDSCs (Fig. 5C). Figure 5D shows the basic expres-
sions of miR-320a and miR-301b-3p in PMN-MDSCs
vs. PMNs. To further confirm whether miR-320a and
miR-301b-3p could bind to circRNA_0013936, we con-
ducted double-luciferase report assay in 293T cells. The
results showed both miR-320a and miR-301b-3p mimic

significantly reduced the luciferase activity of the WT-
circRNA_0013936 (Fig. 5E-G). These results indicated
that circRNA_0013936 functions as a sponge for miR-
320a and miR-301b-3p.

JAK2 is the direct target of miR-320a, and CREB1 is the
direct target of miR-301b-3p

To further explore the underlying mechanism, we pre-
dicted the target genes of miR-320a and miR-301b-3p
in Targetscan, miRDB, DIANA-microT and Star-
base. Moreover, we analyzed the differential genes
expression in PMN-MDSCs (circ_0013936-sh vs.
circ_0013936-nc) by RNA-sequencing. Based on the
results of RNA-sequencing and the prediction of tar-
get genes, we found that downstream target genes of
miR-320a and miR-301b-3p have 9 genes and 7 genes,
respectively (Fig. 6A and G). Then, qRT-PCR was per-
formed to validate candidate genes. Among the genes
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expression by real-time PCR in T24 and UMUC3 cells treated with or without RNase R. (F) FISH confirmed circRNA_ 0013936 is mainly located in the

cytoplasm. (*P<0.05)

containing conserved binding sites of miR-320a, JAK2
was up-regulated in PMN-MDSC-lv-circ_0013936
and down-regulated in PMN-MDSC-sh-circ_0013936
(Fig. 6B). Among the genes containing conserved bind-
ing sites of miR-301b-3p, CREB1 was up-regulated in
PMN-MDSC-lv-circ_0013936 and down-regulated in
PMN-MDSC-sh-circ_0013936 (Fig. 6H). In addition,

dual luciferase reporter assay showed that miR-320a
mimics significantly reduced the activity of wild-type
of JAK2, but not the mutant of JAK2 (Fig. 6C-D), and
miR-301b-3p mimics significantly reduced the activity
of the wild-type of CREB1, but not the mutant of CREB1
(Fig. 6]-K). Furthermore, miR-320a/miR-301b-3p-over-
expressing and miR-320a/miR-301b-3p-silencing cells



Shi et al. Molecular Cancer (2024) 23:52

H

pgimi

Page 8 of 14

g

2
)
X
w
H’b
Rotatvo Intonsiy
2

-

o a— ra
& &
&
&
AA TG PGE2
4 5 20-
*
£3 £ 4 5 15
b1 b B
& a3 14
2 10
£ g, g
£ £ £
g 2 g
&1 81 [
o o o EEEEA
> o > ©
& o & &
5 @"5 5 N

Fig.4 CircRNA_0013936 up-regulated FATP2 and down-regulated RIPK3 in PMN-MDSCs. (A and B) Western blotting detection of the expression of FATP2
and RIPK3 in PMN-MDSCs transfected with the cirRNA_0013936 mimics. (C) LC-MS detection of AA, PGE2, and TG in PMN-MDSCs. (D) ELISA detection of
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were successfully constructed by transfecting with miR-
320a/miR-301b-3p mimics or miR-320a/miR-301b-3p
inhibitors. As shown in Fig. 6]-K and L-M, the expres-
sions of JAK2 and CREB1 were significantly up-regulated
or down-regulated at both mRNA and protein levels in
PMN-MDSCs transfected with miR-320a/miR-301b-3p
mimics or miR-320a/miR-301b-3p inhibitors.

CircRNA_0013936 up-regulated FATP2 through
circ_0013936/miR-320a/JAK2 pathway, and down-
regulated RIPK3 through circ_0013936/ miR-301b-3p/
CREB1 pathway

CircRNA_0013936 increased the expression of FATP2
by promoting the expression of JAK2 in PMN-MDSCs,
which was reversed by miR-320a mimics. While the
silencing of circRNA_ 0013936 inhibited the expres-
sion of FATP2 by reducing the expression of JAK2, and
miR-320a inhibitors could reverse the expression in
PMN-MDSCs (Fig. 7A-C). CircRNA_0013936 inhibited
the expression of RIPK3 by increasing the expression
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of CREB1 in PMN-MDSCs, which was reversed by inhibitors could reverse the expression in PMN-MDSCs
miR-301b-3p mimics. While the silencing of cir- (Fig. 7H-J). As shown by the results of qRT-PCR and
cRNA 0013936 promoted the expression of RIPK3 by  Western blotting analysis, silencing of JAK2 or CREB1
reducing the expression of CREBI1, and miR-301b-3p  significantly down-regulated FATP2 or up-regulated
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Fig. 7 CircRNA_0013936 up-regulated FATP2 and down-regulated RIPK3 through the miR-320a/JAK2 and miR-301b-3p/CREB1 pathway in PMN-MDSCs.
(A, B and C) The expressions of JAK2 and FATP2 in PMN-MDSCs after over-expressing or silencing circ_0013936 were detected by gRT-PCR and Western
blotting. (D, E and F) The FATP2 expression in PMN-MDSCs after over-expressing or silencing of JAK2 were detected by gRT-PCR and Western blotting. (G)
Detection of TG, AA, and PGE2 in PMN-MDSCs transfected with vector, Iv-circ_0013936, mimic-miR-320a or mimic-nc using LC-MS. (H, I and J) Detection
of CREB1 and RIPK3 expression in PMN-MDSCs after over-expressing or silencing circ_0013936 using Western blotting and gRT-PCR. (K, L and M) Detec-
tion of RIPK3 expression in PMN-MDSCs after silencing or over-expressing CREB1 using gRT-PCR and Western blotting. (N) Detection of immunosup-
pressive molecules (IL-10, INOS, Arg-1) in PMN-MDSCs transfected with vector, Iv-circ_0013936, mimic-miR-301b-3p or mimic-nc using ELISA. (*P < 0.05)

RIPK3 expressions in PMN-MDSCs, which was reversed
by over-expressing JAK2 or CREB1 (Fig. 7D-F and
K-M). CircRNA_0013936 promoted the production of
cytokines derived from PMN-MDSCs (Arg-1, IL-10,
iNOS, AA, TG, PGE2), which was reversed by miR-
320a or miR-301b-3p mimics. While the silencing of
circRNA_0013936 inhibited the production of cytokines
derived from PMN-MDSCs, which was reversed by miR-
320a or miR-301b-3p inhibitors (Fig. 7G and N). These
results indicated that circRNA_0013936 regulated the
expressions of FATP2 and RIPK3 by sponging miR-320a
and miR-301b-3p.

Exosomal circRNA_0013936 promotes suppressive
immunity by up-regulating FATP2 through the
circ_0013936/miR-320a/JAK2 pathway and down-
regulating RIPK3 through the circ_0013936/ miR-301b-3p/
CREB1 pathway in PMN-MDSCs

To investigate whether BCa-derived exosomal cir-
cRNA_0013936 regulates the expressions of FATP2 and
RIPK3 in PMN-MDSCs via miR-320a/JAK2 and miR-
301b-3p/CREB1 pathways, circRNA_0013936 knock-
out bladder cancer cells generated using CRISPR-Cas9
genome-editing system were kindly provided by Guanxin
Wang (Sun Yat-sen University, Guangzhou, China).
We then detected the expressions of FATP2 and RIPK3
in PMN-MDSCs co cultured with BCa-exosomes or
circRNA_0013936-KO-BCa-exosomes. As shown in
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Fig. 8A-B, BCa-derived exosomal circRNA_0013936
sponged miR-320a and then promoted the expression
of FATP2 by activating JAK2/pSTAT5 pathway, while
circRNA_0013936-KO-exosomes exhibited the oppo-
site effects. Simultaneously, BCa-derived exosomal
circRNA_0013936 sponged miR-301b-3p and then
inhibited the expression of RIPK3 by activating CREB1
pathway, while circRNA_0013936-KO-exosomes exhib-
ited the opposite effects (Fig. 8D, E). Ultimately, BCa-
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BCa-derived exosomal circRNA_0013936 affected the
functions of CD8" T cells through regulating FATP2 and
RIPK3 in PMN-MDSCs, CD8* T cells were co cultured
with PMN-MDSCs induced by BCa-derived exosomes or
circRNA_0013936-KO-BCa-exosomes. Flow cytometry
and CFSE analysis results showed that BCa-derived exo-
somes significantly inhibited the production of IFN-y and
the proliferation function of CD8* T cells by regulating
FATP2 and RIPK3 expressions, while circRNA_0013936-

derived exosomal circRNA_0013936 promoted the KO-BCa-exosomes exhibited the opposite effects
production of immunosuppressive cytokines derived (Fig. 8G—H).
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Fig. 8 Exosomal circRNA_0013936 promotes suppressive immunity by up-regulating FATP2 through miR-320a/JAK2 pathway and down-regulating
RIPK3 through miR-301b-3p/CREB1 pathway in PMN-MDSCs. (A and B) Detection of mRNA expression of JAK2, pSTAT5, and FATP2 in PMN-MDSCs co
cultured with BCa derived exosomes or circRNA_0013936-KO-BCa derived exosomes using gRT-PCR and Western blotting. (C) Detection of TG, AA, and
PGE2 in PMN-MDSCs using LC-MS. (D and E) Detection of mRNA expression of CREB1 and RIPK3 in PMN-MDSCs using gRT-PCR and Western blot. (F)
Detection of immunosuppressive molecules (IL-10, INOS, Arg-1) in PMN-MDSCs using ELISA. (G) Flow cytometry was performed to evaluate the effect of
PMN-MDSCs cocultured with BCa-derived exosomes or circRNA_0013936-KO-BCa-derived exosomes on the IFN-y production of CD8" T cells. (H) CFSE
analysis was performed to evaluate the effect of PMIN-MDSCs cocultured with BCa-derived exosomes or circRNA_0013936-KO-BCa-derived exosomes on

the proliferation function of CD8* T cells. (*P < 0.05)
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Discussion

The emergence of immunosuppressive cells in tumor tis-
sue is a key factor for tumor cells to evade immune kill-
ing and treatment failure [20, 21]. In order to improve
the efficacy of tumor immunotherapy, it is necessary to
weaken the activity of these immunosuppressive cells
[22, 23]. PMN-MDSC infiltrating the tumor microenvi-
ronment is an important immunosuppressive cell that
leads to tumor progression [24]. PMN-MDSCs inhibit
tumor immunity through various mechanisms, such as
promoting the synthesis of various immunosuppressive
cytokines [25-27], and inducing the maturation of Treg
cells [28]. Weakening the immunosuppressive function of
PMN-MDSC:s helps improve the efficacy of tumor immu-
notherapy [29]. Therefore, further exploring the potential
mechanism by which PMN-MDSCs exert immunosup-
pressive functions is of great significance.

In recent years, several studies have shown that FATP2
and RIPK3 play a crucial regulatory role in immune sup-
pression led by PMN-MDSCs [8, 10]. Both FATP2 and
RIPK3 enhance the inhibitory function of PMN-MDSCs
by promoting the synthesis of PGE2, which plays an
important role in the immunosuppressive function of
PMN-MDSCs [30, 31]. In the study, we also found high
infiltration of PMN-MDSCs in the tumor microenvi-
ronment, and the expression of FATP2 was significantly
up-regulated in the tumor microenvironment, while the
expression of RIPK3 was significantly down-regulated.
PMN-MDSCs infiltration significantly correlated with
FATP2 and RIPK3 expressions. After analyzing the clini-
cal samples of human bladder cancer, we found that the
expression of FATP2 in cancer stages III and IV was
higher than that in stages I and II,and the expression of
RIPK3 in cancer stages III and IV was lower than that in
stages I and II. Through further research, we found that
BCa-derived exosomes could up-regulate the expression
of FATP2 and down-regulate the expression of RIPK3
in PMN-MDSCs. At present, the molecular mechanism
underlying this phenomenon in the tumor tissue is still
unclear.

FATP2 is one of the key molecules regulating lipid
metabolism in PMN MDSCs [8]. Abnormal lipid metab-
olism is often present in the pathological activation of
PMN-MDSCs [32]. In the tumor microenvironment,
lipid accumulation was observed in PMN-MDSCs [33]
and dendritic cells (DC) [34], and MDSCs associated
with inhibitory immunity [35]. FATP2 has been reported
to promote the immunosuppressive activity of PMN-
MDSCs by enhancing the utilization of arachidonic acid
and the synthesis of PGE2 [8]. Currently, phospholated
STATS5 has been reported to be a key molecule regulating
the expression of FATP2 [8], but the mechanism of regu-
lating FATP2 is still not fully understood.
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RIPK3, a key factor that regulates programmed cell
necrosis, plays a crucial regulatory role in both inflam-
mation and tumor development [36]. The expression
of RIPK3 has been reported to be negatively correlated
with tumor staging and is an effective prognostic indi-
cator for various cancers [37]. As a study reported, the
RIPK3-PGE2 circuit was an important regulatory mecha-
nism for regulating the function of PMN-MDSCs [8].
PMN-MDSCs lacking RIPK3 exhibit stronger immuno-
suppressive activity [10]. Through NF-k B-COX2-PGE2
signaling pathway, RIPK3 promotes the immunosuppres-
sive activity of PMN-MDSC by promoting PGE2 syn-
thesis. PGE2 inhibits the expression of RIPK3 through
the cAMP/PKA signaling pathway, thereby promoting
the expressions of NF-kB/COX-2 and Arg-1, ultimately
forming the RIPK3-PGE2 circuit. Tumor cells activate
the RIPK3-PGE2 circuit, which significantly promote the
synthesis of PGE2 in PMN-MDSCs, ultimately enhancing
the immunosuppressive function of PMN-MDSCs. Elu-
cidating the underlying molecular mechanism can help
overcome PMN-MDSCs mediated inhibitory immunity
and may provide effective therapeutic targets for tumor
immunotherapy.

Currently, there are no studies reporting the mecha-
nism by which BCa-derived exosomes regulate the
expressionss of RIPK3 and FATP2 in PMN-MDSCs. Cir-
cRNA has the characteristics of widespread expression
and strong regulatory effects, making it a functional bio-
marker and therapeutic target for various diseases [38].
However, although there have been many studies on cir-
cRNAs in tumor regulation, their roles in the progression
of BCa still need further clarification. Here, we report for
the first time a new circRNA, named circRNA_0013936,
highly expressed in BCa-derived exosomes. In addition,
a series of experiments showed that circRNA_0013936
promoted the expressions of RIPK3 and FATP2 in PMN-
MDSCs, while silencing the circRNA_0013936 has the
opposite effect. CcircRNA contains many potential
miRNA responsive elements, indicating that circRNA
can act as a miRNA sponge and exert its regulatory
role through the circRNA-miRNA-mRNA axis [39].
In this study, we found that circRNA_0013936 was
highly expressed in BCa cells, especially in the cyto-
plasm of tumor cells. Therefore, we speculated that cir-
cRNA_0013936 might also regulate the function of
PMN-MDSCs through miRNA sponge.

Through bioinformatics analysis, miRNA pull-
down assay, and luciferase assay, we found that
circRNA_0013936 could sponge miR-320a and miR-
301b-3p. MiRNA has been extensively demonstrated
to play an important regulatory role in the occurrence
and development of tumor cells by reducing the inhibi-
tory effect of its target genes [40]. In this study, based
on mRNA expression profiles, bioinformatics analysis,
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and analysis of dual luciferase reporter genes, JAK2 may
serve as the direct target for miR-320a, and CREB1 may
serve as the direct target for miR-301b-3p. Molecular
functional experiments showed that circRNA_0013936
sponged miR-320a and miR-301b-3p in PMN-MDSCs,
thereby reducing the inhibitory effects of miR-320a
on JAK2 and miR-301b-3p on CREBI, and ultimately
regulating the expressions of FATP2 and RIPK3 in
PMN-MDSCs.

In summary, we found that BCa-derived exosomal
circRNA_0013936 up-regulated FATP2 by sponging
miR-320a through circRNA_0013936/miR-320a/JAK2
pathway and down-regulated RIPK3 by sponging miR-
301b-3p  through  circRNA_0013936/miR-301b-3p/
CREBI1 pathway, and ultimately promoted the synthesis
of immunosuppressive molecules, which severely inhib-
ited the functions of CD8*T cells and the secretion of
IFN-y by CD8*T cells. Our research results indicate that
circRNA_0013936 is expected to become an effective
therapeutic target for BCa. These findings provide a the-
oretical basis and new ideas for the clinical treatment of
bladder cancer.

Abbreviations
PMN-MDSCs ~ multinucleated myeloid-derived suppressor cells
BCa bladder cancer

RIPK3 receptor-interacting protein kinase 3
FATP2 fatty acid transporter protein 2

PGE2 prostaglandin E2

Arg-1 arginase 1

ROS reactive oxygen species

iNOS inducible nitric oxide synthase
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