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Background: Bladder cancer is a common tumor of the urinary system. Interleukin-25 is highly expressed in a variety of tumors
and leads to poor prognosis. However, the expression and biological role of interleukin-25 in bladder cancer remain unclear.
Methods: This study analyzed the differential expression of interleukin-25 (IL-25) and its receptor, interleukin-17 receptor B
(IL-17RB), in tumor and adjacent tissues from bladder cancer patients by bioinformatics databases and immunohistochemistry.
The impact of IL-25 on bladder cancer cell proliferation and migration was assessed in vitro. Moreover, we used wild-type and
IL-25 knockout mice implanted with bladder cancer cells to investigate tumor growth in vivo. Gene set enrichment analysis
(GSEA) was employed to elucidate the underlying mechanisms. We further explored the function of interleukin-25 in bladder
cancer by cell viability assay and western blot. Angiogenesis was also compared between the wild-type and IL-25 knockout mice.
Results: Immunohistochemistry indicated a significantly higher expression of IL-25 in bladder cancer tissues, which correlated
with several prognostic markers. Analysis of The Cancer Genome Atlas (TCGA) database revealed that IL-17RB was highly
expressed in bladder cancer, and may be related to overall survival of patients. In vitro, IL-25 enhanced the proliferation and
migration of bladder cancer cells. IL-25 knockout markedly reduced tumor growth in a murine subcutaneous bladder cancer
model. Mechanistic investigations revealed that IL-25 enhanced bladder cancer cell proliferation by activating the AKT (protein
kinase B), mammalian target of rapamycin (mTOR) signaling pathway (AKT/mTOR signaling pathway). Additionally, angio-
genesis was suppressed in IL-25 knockout mice bearing bladder tumors.

Conclusion: Our findings suggest that IL-25 promotes bladder cancer cell proliferation by activating the AKT/mTOR signaling
pathway and IL-25 knockout inhibits angiogenesis in bladder cancer. These findings suggest that IL-25 is a potential prognostic
marker and therapeutic target in bladder cancer management.
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Introduction Interleukin-25 (IL-25), also known as interleukin-
17E, is a member of the IL-17 cytokine family, closely re-
lated to inflammatory processes [8]. IL-25 is recognized
as a type 2 immune mediator, stimulating Th2 cells to re-
lease cytokines such as IL-4, IL-5, and IL-13, exacerbat-
ing allergic inflammation upon interacting with its receptor,
IL-17RB [9]. The role of IL-25 extends beyond modulat-
ing inflammatory responses. It has been implicated in sup-
pressing Th1 and Th17 cell differentiation, thus exhibiting
anti-inflammatory effects in conditions such as inflamma-
tory bowel disease, type 1 diabetes, and rheumatoid arthri-
tis [10—13]. Furthermore, IL-25 promotes cell proliferation

Bladder cancer (BCa) ranks as the fourth most preva-
lent cancer among men globally and accounts for approx-
imately 90% of all urothelial cancers [1,2]. Based on
the degree of invasion, BCa is classified into two main
types: muscle-invasive bladder cancer (MIBC) and non-
muscle-invasive bladder cancer (NMIBC). Approximately
70% of patients are diagnosed with NMIBC, while 25%—
30% present with either muscle-invasion or metastasis at
the time of initial diagnosis [3,4]. NMIBC is notably het-
erogeneous and associated with a high risk of recurrence,

with a 5-year recurrence rate of 31%—78% and about 10%—
20% of cases progressing to MIBC [5,6]. Given that metas-
tasis and recurrence are significant contributors to mortality
in BCa patients [7], understanding the underlying mecha-
nisms that drive BCa progression is crucial for identifying
novel therapeutic targets and enhancing patient outcomes.

[14,15] and inhibits apoptosis in non-immune cells [16].
Additionally, IL-25 contributes to tissue repair and regen-
eration as a barrier cytokine [17,18].

In oncology, IL-25 is notably overexpressed in vari-
ous malignancies, including cholangiocarcinoma [19], hep-
atoblastoma [20], and mucosal melanoma [21], where it
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is associated with metastasis and adverse prognosis [19].
Previous investigations have revealed that IL-25 expres-
sion is significantly upregulated in liver cancer, contribut-
ing to disease progression and metastasis by inducing M2
macrophage polarization and facilitating secretion of the
chemokine (C-X-C motif) ligand 10 (CXCL10) [22]. Ad-
ditionally, IL-25 activates the Hedgehog signaling path-
way and promotes glioma-associated oncogene homologue
1 (GLI1) accumulation by inhibiting AMP-activated pro-
tein kinase (AMPK) phosphorylation, thereby maintain-
ing tumor stemness in colon cancer [23]. In contrast, Be-
natar et al. [24] have reported an antitumor role of IL-25,
which involves inducing Th2 cells to produce IL-5, leading
to eosinophilic infiltration and potentially inhibiting tumor
growth.

Despite these findings, literature on the association
between IL-25 and bladder cancer remains limited. Only
one study has investigated this relationship, revealing a de-
crease in IL-25 and IL-17RB expression alongside reduced
neutrophil infiltration in bladder cancer tissues compared to
cystitis tissues, as determined through immunohistochemi-
cal analysis [25].

These diverse roles underscore the complex contribu-
tion of IL-25 in cancer pathogenesis and progression. Blad-
der cancer is a common urinary tract tumor and its patho-
genesis and development mechanisms still need to be fur-
ther explored. This study aimed to elucidate the pivotal
role of IL-25 in the pathogenesis and progression of bladder
cancer. This investigation intended to clarify the underly-
ing mechanisms by which IL-25 influences bladder cancer,
thereby establishing a scientific foundation for targeting IL-
25 as a novel therapeutic approach for bladder cancer.

Materials and Methods

Datasets from TCGA and Bioinformatics Analysis

Gene expression profiles and corresponding clinical
information for BCa were retrieved from the The Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.
gov/) using the R package “TCGAbiolinks”. The dataset
comprised 415 BCa and 19 adjacent tissues samples, with
RNA-seq (fragments per kilobase of transcript per million
fragments mapped, FPKM) data available for 19,752 genes.
Following data retrieval, probe-to-gene symbol conversion
was performed according to the annotation file, and all ex-
pression profiles were normalized by transforming them
into logs (FPKM+1) for subsequent analysis.

For the expression analysis of IL-17RB, all down-
loaded data, consisting of 414 tumor samples and 19 ad-
jacent tumor samples, were utilized. For IL-25 expression
analysis, 151 tumor samples and 7 paracancer samples were
selected for analysis after removing null values and identi-
fying one outlier. Survival analysis was conducted using
the online analysis tool gene expression profiling interac-
tive analysis 2 (GEPIA2) (http://gepia2.cancer-pku.cn/#sur
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vival). The group cutoff is set as the quartile, and the high
expression group accounts for 25% and the low expression
group accounts for 75%.

Human Bladder Cancer Clinical Sample Collection

A total of 49 bladder cancer tumor specimens and cor-
responding para-cancer tissue samples were procured be-
tween May 2017 and September 2018 from the First Affil-
iated Hospital of Sun Yat-sen University. Following resec-
tion, the tissue specimens were divided: one part was fixed
by immersion in 4% paraformaldehyde (G1101, Servicebio,
Wauhan, China), while the other part was immediately stored
at —80 °C for long-term preservation. All patients provided
informed consent, and the study protocol was approved by
the Ethics Committee of the First Affiliated Hospital of Sun
Yat-sen University (IRB no. [2019] 342).

Inclusion criteria comprised patients with confirmed
pathological diagnosis of bladder malignancy without any
preoperative chemotherapy, radiotherapy, or other tumor-
related interventions. Clinicopathological data, including
gender, age, pathological grade, and TNM (T, Topogra-
phy; N, Lymph Node; M, Metastasis) stage, were recorded
for each patient. Regular follow-up assessments were con-
ducted to monitor recurrence, distant metastasis, and over-
all survival. Detailed patient information is presented in
Supplementary Table 1.

Immunohistochemistry Assay

All tissue specimens were fixed in 4% paraformalde-
hyde and subsequently paraffin-sectioned by Wuhan
Service-bio Co., Ltd. Immunohistochemical staining of
the sections was performed following the outlined proto-
col. Briefly, sections were deparaffinized in an oven for
30 minutes and then hydrated in gradient ethanol. Af-
ter completion, the sections were immersed in 0.01 M cit-
rate buffer (pH 6.0, X861541-10EA, macklin, Shanghai,
China) for antigen retrieval by the high-pressure method.
The sections were then immersed in 3% HsO5 (H2O02-500
mL, LIRCON, Guangzhou, China) to quench endogenous
peroxidase. The sections were placed in cassette, circled
along the edge of the sample with an immunohistochemical
(IHC) pen, and blocked with goat serum drops for 1 hour.
After removing the blocking solution, primary antibodies
were applied and incubated overnight at 4 °C: IL-25 (1:200;
NB100-56541, Novus Biologicals, Littleton, CO, USA)
and CD31(1:200; GB11063-2, Servicebio, Wuhan, China).

The following day, primary antibodies were re-
moved, and HRP-labeled secondary antibody (1:200,
G1213/G1214, Servicebio, Wuhan, China) was applied and
incubated for 1 hour at room temperature. Subsequently,
cells were stained using a DAB kit (G1212-200T, Service-
bio, Wuhan, China) and counterstained with hematoxylin.
Following completion of staining, slides were sealed with
neutral resin, and sections were allowed to dry overnight.
Finally, images were captured using a slide scanner (Axio
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Scan. Z1, ZEISS, Oberkochen, BW, Germany) or Olym-
pus BX63 (Olympus, Tokyo, Japan). The degree of IHC
staining was assessed in a single-blind manner by a physi-
cian and determined by the staining index (SI). SI was cal-
culated as the product of the tumor cell proportion grade
and staining intensity score [26]. Microvessel density was
quantified through CD31 immunohistochemical staining.

Cell Culture

Human bladder cancer cell lines T24, BIU87, and
5637 were generously provided by Guoquan Gao’s Labo-
ratory, Sun Yat-sen University School of Medicine. MB49
cells were derived from bladder transitional cell carci-
noma induced by carcinogens in C57BL/6 male mice and
were procured from Guangzhou Suyan Biotechnology Co.,
Ltd., Guangzhou, China. Cells were authenticated by
STR analysis and routinely confirmed free of mycoplasma
contamination. T24, BIU87, and 5637 cells were cul-
tured in RPMI1640 medium (GIBCO) supplemented with
10% inactivated Fetal Bovine Serum (FBS, 10099141C,
GIBCO, Qunxian Technology, Guangzhou, China) and
1% penicillin-streptomycin (15140-122, GIBCO, Meilun
Biotechnology, Guangzhou, China). Cells were maintained
in an incubator at 37 °C with 5% COs.

MB49 cells were cultured in Dulbecco’s modification
of Eagle’s medium (DMEM, C11995500BT, GIBCO, Ji-
ayan Biotechnology, Guangzhou, China) containing 4.5 g/L
glucose, supplemented with 10% inactivated FBS and 1%
penicillin-streptomycin. Similar incubator conditions were
set for MB49 cells. Following a 12-hour starvation pe-
riod, cell culture medium was supplemented with recom-
binant human IL-25 (10096-HO1H, Sinobiological, Beijing,
China) or recombinant mouse IL-25 (50138-M07H, Sinobi-
ological, Beijing, China) in a dose-dependent manner. Ad-
ditionally, siRNA molecules (Generay, Shanghai, China)
were transfected into MB49 cells to knockdown IL-25 us-
ing Lipofectamine™3000 transfection reagent (L3000015,
ThermoFisher, Waltham, MA, USA). The sequences of
siRNA are provided in Supplementary Table 2.

Enzyme-Linked Immunosorbent Assays (ELISA)

The IL-25 levels in cell culture supernatants
were quantified using the Human IL-17E ELISA Kit
(EHC180.96, Neobioscience, Haobo Biotechnology,
Guangzhou, China). Three human bladder cancer cell
lines, T24, BIU87 and 5637, were seeded in 12-well cell
culture plates at a density of approximately 5 x 10° cells
per well with triplicate wells. Cells were cultured in a
serum-free medium at 37 °C with 5% CO» for 24 hours.

Subsequently, 300 uL of cell culture supernatant was
collected from each well for ELISA analysis. All proce-
dures were performed following the manufacturer’s stan-
dard protocol for the kit.
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Colony Formation Assay

After digestion into a single-cell suspension, bladder
cancer cells were seeded at densities of 500 or 1000 cells
per well in a 6-well cell culture plate. After a 12-hour star-
vation period, the cell culture medium was supplemented
with recombinant human IL-25 (10096-HO1H, Sinobi-
ological, Beijing, China) or recombinant mouse IL-25
(50138-M07H, Sinobiological, Beijing, China) in a dose-
dependent manner. Additionally, siRNA molecules (Gen-
eray, Shanghai, China) were transfected into MB49 cells to
knockdown IL-25 using Lipofectamine™3000 transfection
reagent (L3000015, ThermoFisher, Waltham, MA, USA)
before digestion and seeding. Cells were cultured in a com-
plete culture medium for approximately 1 week at 37 °C
with 5% COs, and the culture was terminated upon the
formation of more than 50 monoclonal colonies. Subse-
quently, cells were fixed with 4% paraformaldehyde for
10 minutes and stained with 0.1% crystal violet solution
(G1014-50ML, Servicebio, Wuhan, China). Finally, the
culture plates were scanned using an image scanner, and the
number of cell colonies formed was quantified using Image
J 1.8.0 (National Institutes of Health, Bethesda, MD, USA).

Cell Viability Assay

Cell viability was assessed using the Cell Count-
ing Kit-8 (CCK-8, CK04, Dojindo, Zuoke Biotechnology,
Guangzhou, China). The experimental protocols were as
follows: Bladder cancer cells were seeded in 96-well plates
at densities ranging from 3000 to 5000 cells per well. After
a 12-hour starvation period, MB49 cells were treated with
either 50 ng/mL of IL-25 or 0.5 uM of mTOR inhibitor
AZDB8055 (SC0042-10 mM, Beyotime, Shanghai, China)
for 48 hours. Subsequently, 10 pL of CCK-8 solution was
added to each well, and after incubation for 2 hours, the ab-
sorbance at 450 nm was measured as the OD value using a
Sunrise microplate reader (Sunrise, TECAN, Maannedorf,
Switzerland).

Transwell Migration Assay

A Transwell chamber with a 24-well plate format (CN-
3422, Corning, Kerong Biology, Guangzhou, China) fea-
turing an 8.0 um pore size membrane was used for the
migration assay. Firstly, 600 pL. DMEM medium sup-
plemented with 20% FBS was added to the lower cham-
ber. Subsequently, bladder cancer cells were detached into
single-cell suspension using trypsin, approximately 1 x 10°
cellsin 100 pL of serum-free medium were seeded into each
well of the upper chamber. Following a 24-hour incuba-
tion period, cells on the outer side of the chamber mem-
brane were gently removed with a cotton swab. The mi-
grated cells on the inner side of the membrane were fixed
with 4% paraformaldehyde for 10 minutes and stained with
0.1% crystal violet solution. Finally, the transwell cham-
bers were observed and imaged under an inverted fluores-
cence microscope (Leica DMI4000B, Wetzlar, Germany).
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Experimental Animals

Female wild-type C57/BL6 mice (6 weeks old, weigh-
ing 16—-18 g) were procured from Guangdong Medical Lab-
oratory Animal Center, with Animal Production license
number SCXK (Guangdong) 2018-0002. IL-25 knockout
(IL-25K0) mice with a C57BL/6J genetic background were
obtained from the Model Animal Research Center of Nan-
jing University. All mice were housed at the Laboratory
Animal Center of Sun Yat-sen Medical College, and the ex-
perimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Sun Yat-
sen University (Approval No. SYSU-IACUC-MED-2023-
B082).

Construction of Subcutaneous Transplantation
Tumor Model of Bladder Cancer

For bladder cancer transplanted tumor model, 2 x
105 MB49 cells were suspended in 100 pL of serum-free
DMEM medium and injected subcutaneously under the
right axilla of the mice. After a week, the tumor volume
was monitored by measuring the length (a) and width (b)
of the tumor with a vernier caliper and calculated using the
formula V = (a? x b)/2, where “b” represents the longest
axis and “a” is the perpendicular axis to b.

On day 25 post-injection, mice were euthanized via
cervical dislocation. Tumor tissues and adjacent normal
bladder tissues were collected. Tumor tissues were pho-
tographed and weighed, and a portion was fixed in 4%
paraformaldehyde for paraffin sectioning, while the re-
mainder was stored at —80 °C for further analysis.

Real-Time PCR Analysis

RNA extraction from tissues or cells was conducted
using TRIZOL reagent (#15596026, Invitrogen, Carlsbad,
CA, USA), and RNA concentration was determined using
a nanodrop 2000. Reverse transcription was performed
using SweScript All-in-One-First-Strand cDNA Synthesis
SuperMix (G3337-100, Servicebio, Wuhan, China). Sub-
sequently, the system was prepared with SYBR Green
qPCR Master Mix (G3326-15, Servicebio, Wuhan, China),
and real-time PCR analysis was performed using either
the CFX96 (BioRad, Hercules, CA, USA) or the LightCy-
cler480II (Roche, Basel, Switzerland). The PCR primer se-
quences used for PCR amplification are listed in Supple-
mentary Table 3.

Western Blotting

Cells were lysed by adding SDS buffer to the plates,
supplemented with 1 mM phenylmethane sulfonyl fluo-
ride (ST506, Beyotime, Shanghai, China), 1 x phosphatase
inhibitor (HY-K0021, MCE, Shanghai China), and 1x
protease inhibitor cocktail (HY-K0010, MCE, Shanghai,
China) to prevent protein degradation. The entire procedure
was performed on ice. Total protein (30 pg) was loaded
onto a polyacrylamide gel for western blotting after protein
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concentration was determined using a BCA kit (KGP902,
KeyGen, Nanjing, China). Proteins were transferred onto
0.45 mm or 0.22 mm PVDF membranes (IPVH00010-
N1 and ISEQO00010-N1, Millipore, Tangsui Technology,
Guangzhou, China) via electrotransfer, followed by block-
ing with 7% nonfat milk in TBST (G2150, Servicebio,
Wuhan, China) for 1 hour.

The membranes were then incubated with the follow-
ing primary antibodies: IL-25 (1:1000; SRP05297, Saier-
bio, Tianjin, China); pan-AKT1/2/3 Ab (1:1000; AF6261,
Aftbiotech, Guangzhou, China), Phospho-pan-AKT1/2/3
(Serd473) (1:1000; AF0016, Affbiotech, Guangzhou,
China); ribosomaiprotein S6 kinase 1 (S6K1, 1:1000;
GB111133, Servicebio, Wuhan, China), CD31 (1:1000;
GB11063-2, Servicebio, Wuhan, China), heat shock protein
90 (HSP90, 1:2000; GB12284, Servicebio, Wuhan, China);
Cyclin D1 (1:1000; WLO01435a, Wanleibio, Shenyang,
China), proliferating cell nuclear antigen (PCNA, 1:1000;
WL03213, Wanleibio, Shenyang, China); Phospho-P70
S6K (Thr389, 1:1000; AF5899, Beyotime, Shanghai,
China). Following overnight incubation at 4 °C, mem-
branes were probed with HRP-conjugated anti-rabbit IgG
(1:2000, G1213, Servicebio, Wuhan, China) or anti-mouse
IgG (1:2000, G1214, Servicebio, Wuhan, China), then de-
veloped using ECL substrate (Merck Millipore, Billerica,
MA, USA) and visualized using the Tanon 4600 SF (Tanon,
Shanghai, China).

Statistical Analysis

All data were presented as mean =+ standard deviation
(SD) or mean = SEM (standard error of mean). Graph-
Pad Prism8.0 (GraphPad, La Jolla, CA, USA) was used to
plot graphs and statistical analyses. 7-test was used to com-
pare data between two groups, while analysis of variance
(ANOVA) and Dunnett’s test were used to compare more
than two groups. For all presented data, significance was
denoted as ns (no significance), *p < 0.05, **p < 0.01,
***p < 0.001, where p < 0.05 was considered statistically
significant.

Results

Elevated IL-25 and IL-17RB Were Associated with
Tumor Progression in BCa

To explore the pivotal role of IL-25 and its receptor IL-
17RB in BCa, we analyzed transcriptome expression pro-
files from the TCGA database. Our analysis revealed a sig-
nificant upregulation of IL-17RB expression in BCa tumor
tissues compared to adjacent tissues (Fig. | A). Moreover,
survival analysis demonstrated that BCa patients exhibit-
ing high IL-17RB expression had improved overall sur-
vival (OS) in the early stages but worse disease-free sur-
vival (DFS) in the advanced stages (Fig. 1B), suggesting a
dynamic role of IL-17RB in BCa progression.
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Transcriptome analysis did not reveal a significant dif-
ference in IL-25 expression between BCa tissues and adja-
cent counterparts (Fig. 1A). However, immunohistochemi-
cal analysis of clinical samples illustrated a notably elevated
protein expression level of IL-25 in BCa tissues compared
to adjacent tissues (Fig. 1C). Combined with the patholog-
ical information, we found that the expression of IL-25 in
patients with muscle invasion and metastasis was respec-
tively higher than non-muscle invasion and non-metastasis,
with stage III patients exhibiting higher expression levels
than stage I (Fig. 1D). Although patients with high IL-25 ex-
pression exhibited lower survival rates, the difference was
not statistically significant (p = 0.09, Fig. 1D). In summary,
these findings suggest that elevated expressions of IL-25
and its receptor IL-17RB are associated with accelerated
progression of BCa.

1L-25 Promotes the Proliferation and Migration of
BCa in Vitro and in Vivo

To further investigate the role of IL-25 in BCa pro-
gression, we performed in vitro cell experiments and in
vivo BCa transplantation tumor experiments in mice. Our
analysis revealed significantly higher IL-17RB expres-
sion in BCa cell line BIU87 compared to T24 and 5637
(Fig. 2A). However, no differences were observed in the
expression and secretion of IL-25 among these cell lines
(Fig. 2A,B). Recombinant human IL-25 was used to treat
BIU87 in a concentration-dependent manner, and the re-
sults showed that IL-25 promoted its proliferation and mi-
gration (Fig. 2C,D). Similar results were observed in mouse
bladder cancer MB49 cells (Fig. 2E,G). Additionally, the
proliferation of MB49 cells with IL-25 knockdown by
siRNA was inhibited (Fig. 2F).

To assess the impact of IL-25 on BCa, we established
BCa transplant models in IL-25 knockout (IL-25KO) mice
and wild-type (WT) mice through subcutaneous injection
of MB49 cells. Notably, tumors in IL-25KO mice exhibited
reduced size and weight compared to WT (Fig. 2H,I). These
findings suggest that IL-25 promotes the proliferation and
migration of bladder cancer.

Potential Influence of IL-25 and IL-17RB on
Nucleotide-Binding Oligomerization Domain
(NOD)-Like Receptor Signaling Pathways in BCa

A preliminary bioinformatic analysis was performed
to further investigate the potential mechanism through
which IL-25 influences BCa progression. BCa transcrip-
tome data from the TCGA database were uploaded to
the Sangerbox website and categorized using the quartile
method into high (75%) and low (25%) IL-17RB expres-
sion groups. The gene set enrichment analysis (GSEA) en-
richment analysis revealed that the low IL-17RB expres-
sion group significantly impacted the NOD-like receptor
signaling pathway (NOD: nucleotide-binding oligomeriza-
tion domain) (Supplementary Fig. 1A). Patients in this
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group exhibited upregulated expression of core genes as-
sociated with this signaling pathway (Supplementary Fig.
1B). Further experimental investigations were conducted
on tumor tissues from mice and a cell line. The results in-
dicated the downregulation of genes in the NOD-like re-
ceptor signaling pathway in IL-25KO mice, although these
changes were not statistically significant (Supplementary
Fig. 1C). Nucleotide-binding oligomerization domain pro-
tein 2 (NOD?2), a key component of NOD-like receptors,
was significantly reduced in the IL-25KO group compared
to the WT group (Supplementary Fig. 1C). Conversely,
the expression level of NOD2 in MB49 cells treated with 50
ng/mL IL-25 was significantly higher than untreated group
(Supplementary Fig. 1D). Similarly, there was no signifi-
cant difference of other genes compared with the untreated
group (Supplementary Fig. 1D). These experimental find-
ings suggest that IL-25 exerts a minor modulatory effect on
the NOD-like signaling pathway. These bioinformatics re-
sults indicate a negative correlation between IL-17RB ex-
pression and the expression of core genes in this pathway.
Given the variability in the effects of IL-25 and its receptor
IL-17RB and the lack of consistent significant impact on
NOD-like receptor signaling pathway, further exploration
into this mechanism has been suspended.

1L-25 Promotes BCa Cell Proliferation by Activating
the AKT/mTOR Signaling Pathway

Previous studies have underscored the pivotal role
of the AKT (protein kinase B), mammalian target of ra-
pamycin (mTOR) signaling pathway (AKT/mTOR) sig-
naling pathway in tumor development. To explore
whether IL-25 promotes BCa progression by activating the
AKT/mTOR signaling pathway, we examined the relative
viability of MB49 cells treated with IL-25 and AZD8055,
an ATP-competitive mTOR inhibitor. Results from the
CCK-8 assay revealed that MB49 cells treated with IL-
25 exhibited a significantly higher relative survival rate
compared to untreated cells. Interestingly, no significant
difference was observed between the AZD8055 treatment
group and the IL-25 and AZD8055 co-treatment group
(Fig. 3A). These findings suggest that the facilitative effect
of IL-25 on proliferation diminishes upon inhibition of the
AKT/mTOR signaling pathway (Fig. 3A). Furthermore, the
knockdown of IL-25 using siRNA inhibited the prolifera-
tion of MB49 cells, as shown in Fig. 3B. Western blot anal-
ysis revealed that IL-25 treatment enhanced the phospho-
rylation levels of AKT and S6K (activated by mTORC1),
and the expression level of cell proliferation-related pro-
tein was up-regulated, including proliferating nuclear anti-
gen (PCNA) and Cyclin D1 (Fig. 3C). The AKT/mTOR
signaling pathway was significantly inhibited and the ex-
pressions of PCNA and Cyclin D1 were decreased upon
the addition of the mTOR inhibitor (Fig. 3C). Addition-
ally, Fig. 3D exhibits decreased AKT and S6K phospho-
rylation in MB49 cells following IL-25 knockdown, ac-
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Fig. 1. Expression patterns of interleukin (IL)-25 and interleukin-17 receptor B (IL-17RB) in Bladder cancer (BCa) patients
and their clinical correlation. (A) Expression levels of IL-17RB and IL-25 in BCa (left) and adjacent tissues (right) from The Cancer
Genome Atlas (TCGA) database. (B) Overall survival (OS) and disease-free survival (DFS) in BCa patients based on IL-17RB expression
levels using GEPIA2. Patients were grouped into high (red, 25%) and low (blue, 75%) IL-17RB expression groups. Log-rank p-value
< 0.05 was considered statistically significant. (C) Representative images of IL-25 IHC staining in a clinical sample of human BCa and
adjacent tissues (400 x magnification). Scale bar: 50 pm. Immunohistochemical scoring was calculated by multiplying staining intensity
by staining frequency. (D) Correlation of IL-25 expression with muscle invasion, survival, metastasis, recurrence, and different clinical
stages of bladder cancer. High IL-25 expression was considered as an IHC-Score >6. Data are presented as the mean + SEM, ns (no
significance), * p < 0.05, **p < 0.01, ****p < 0.0001. GEPIA2, gene expression profiling interactive analysis 2; SEM, standard error

of mean; IHC, immunohistochemical.
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(D) Transwell cell migration analysis of BIU87 cells. Representative images (left, 100 magnification) and statistical plots (right). Scale
bar: 200 pm. (E) Plate clone formation analysis of MB49 cells treated with recombinant mouse IL-25 (mIL-25) in a dose-dependent
manner. (F) Plate clone formation analysis of MB49 cells following IL-25 silencing. (G) Transwell cell migration analysis of MB49 cells
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Dunnett’s multiple comparisons test. (H) Subcutaneous tumor volume growth curve of bladder cancer in wild-type (WT) (n = 6) and
IL-25 knockout (IL-25K0O) (n = 6) mice. (I) Tumor weight of WT and IL-25KO mice. Data are presented as the mean + SD. * p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significance. SD, standard deviation.
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companied with reduced PCNA and Cyclin D1 expression.
These changes correspond inversely to those observed upon
IL-25 treatment. Collectively, these findings indicate that
IL-25 may promote BCa proliferation through activation of
the AKT/mTOR pathway.

Angiogenesis Inhibition in Bladder Cancer of
1L-25K0 Mice

Tumor angiogenesis is critical in tumor proliferation.
Upon examination of tumor tissue from mice, we observed
anotable difference in blood vessel abundance between WT
and IL-25KO mice. Fluorescence quantitative PCR and
immunohistochemical staining were performed to investi-
gate angiogenic differences. Our results revealed the down-
regulation of vascular endothlial growth factor (VEGFA,
VEGFB), and placental growth factor (PGF) in IL-25KO
mice compared to WT mice (Fig. 4A). Immunohistochem-
ical staining of CD31 further confirmed a significant de-
crease in microvessel density in BCa tissues of IL-25KO
mice relative to WT mice (Fig. 4B). Collectively, these
findings indicate a suppression of angiogenesis in BCa tis-
sue of IL-25KO mice.

Discussion

This study confirmed that IL-25 contributes to the ini-
tiation and progression of bladder cancer. Through bioin-
formatic analyses and immunohistochemical assessments
of human clinical samples, we observed that IL-25 and its
receptor IL-17RB are overexpressed in bladder cancer tis-
sues, consistent with their expression profiles across vari-
ous cancers. Clinical follow-up revealed that aberrant ex-
pression of IL-25 is associated with key indicators of blad-
der cancer progression, such as stage, metastasis, muscle
invasion, and recurrence. However, due to incomplete
follow-up data, the relationship between IL-25, IL-17RB
expression, and patient survival remains unclear. Survival
analysis indicated that while the overall survival rate was
slightly higher or unchanged, the disease -free survival rate
was lower in patients with high IL-17RB expression at ad-
vanced stages (50 or 100 months). This observation sug-
gests that high expression of IL-17RB might influence blad-
der cancer progression.

This study had limitations in testing clinical samples
related to bladder cancer. Notably, normal bladder tissue
samples were not examined, which could provide a base-
line for comparison. Additionally, existing literature, such
as the study by Liu et al. [25], suggests that [L-25 and IL-
17RB expressions are higher in cystitis than in bladder can-
cer. We plan to include these tissue types in our subsequent
research to further elucidate the role of IL-25 in bladder can-
cer pathogenesis.

In vitro experiments demonstrated that IL-25 treat-
ment enhances proliferation and migration in bladder can-
cer cell lines, corroborating findings from previous cell
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studies. Animal model results further supported these find-
ings, with IL-25KO mice exhibiting slower tumor growth
and reduced tumor volumes. Collectively, these results
strengthen the evidence for the role of IL-25 in promot-
ing the onset and progression of bladder cancer, underscor-
ing the need for continued investigation into its biological
mechanisms and potential as a therapeutic target.

We initially explored the specific mechanisms un-
derlying bladder cancer progression through bioinformat-
ics analysis. GSEA enrichment analysis suggested that
IL-17RB is likely associated with the NOD-like receptor
signaling pathway. NOD-like receptors, primarily NOD1
and NOD2 [27], are known to activate the nuclear fac-
tor kappa-B (NF-xB), mitogen-activated protein kinase
(MAPK) signaling pathways, and the inflammasome path-
way [28], which includes NOD-like receptor thermal pro-
tein domain associated protein 3 (NLRP3). These pathways
can lead to the activation of caspase-1, which in turn ma-
tures pro-inflammatory cytokines such as IL-13 and 1L-18
(https://www.kegg.jp/entry/map04621). Previous research
by Duan ef al. [29] demonstrated that NOD?2 induces IL-25
expression in the lung.

Our experimental data suggest that IL-25 promotes
NOD? expression in bladder cancer. The NOD-like recep-
tor signaling pathway is closely associated with inflamma-
tory responses, and IL-25 and its receptor IL-17RB have
also been reported to play an important role in inflamma-
tion. We hypothesized that IL-25 promotes bladder can-
cer progression by inducing inflammation through NOD-
like receptor signaling. However, our investigation did
not support this hypothesis for several reasons. Firstly,
after IL-25 knockout or IL-25 treatment, we observed no
significant changes in the expression levels of other key
genes in this pathway, except NOD2, including the crit-
ical inflammatory molecule NF-xB. Secondly, bioinfor-
matic analysis indicated upregulated NOD2 expression in
the low IL-17RB expression group, whereas experimen-
tal data showed increased NOD2 expression following IL-
25 treatment, suggesting inconsistent effects of IL-17RB
and IL-25 on NOD?2 expression. Thirdly, RIP2 (phosphati-
dylinositol-4,5-bisphosphate), a serine-threonine and tyro-
sine kinase downstream of NOD1 and NOD2, plays a sig-
nificant role in these pathways. RIP2KO mice have larger
bladder cancer tumors and higher incidence and metastasis
rates [30]. However, in our study, the expression of Ripk2
in the bladder cancer of IL-25KO mice was downregulated,
but the tumor volume was smaller. Therefore, we gave up
studying this signaling pathway in depth.

Numerous studies have demonstrated that the
activation of the phosphatidylinositide 3-kinases
(PI3K)/AKT/mTOR pathway is closely related to the
onset and progression of cancer [31-33]. This pathway
is critical in fundamental cellular processes such as
metabolism, growth, proliferation, apoptosis, and angio-
genesis. Ligands such as insulin or insulin-like growth
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Fig. 3. IL-25 activates the AKT/mTOR signaling pathway to promote bladder cancer cell proliferation. (A) Cell viability of MB49
cells treated with IL-25 (50 ng/mL) or AZD8055 (0.5 pM) was measured using the Cell Counting Kit-8 (CCK-8) assay. *p < 0.05 versus
the MB49 (control) group, ns versus the group treated with AZD8055 (0.5 uM). (B) CCK-8 assay detected the cell viability in MB49
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Fig. 4. Inhibition of angiogenesis in bladder cancer of IL-25 knockout mice. (A) mRNA expression levels of angiogenesis-related

cytokines in bladder cancer tissues of WT and IL-25KO mice. (B) CD31 immunohistochemical staining and microvessel density statistics

of bladder cancer tissues from WT and IL-25KO mice. The blue arrow points to the vascular position of WT mice, and the red arrow

points to the vascular position of IL-25KO mice. Two to four fields of view were randomly selected for each section for imaging, and

the number of microvessels was counted. The average value was used for statistical analysis. Data are presented as the mean + SEM.

*p < 0.05.

factors activate this pathway, involving receptor tyrosine
kinases (RTKs) or G protein-coupled receptors (GPCRs).
By reactivating downstream PI3K, AKT is fully activated
through two phosphorylation processes, among which
mTORC?2 phosphorylates Ser473 of AKT [34]. Activated
AKT ultimately leads to the activation of mTORCI
through phosphorylation of its downstream molecules
[35,36]. mTORCI further phosphorylates ribosomal pro-
tein S6 (rpS6) through S6K activation, enhancing protein
translation [37,38]. The phosphorylation status of S6K is
commonly used to assess mMTORCI activity [39,40].

AKT, having more than 100 downstream substrates
[41], regulates the cell cycle by inhibiting glycogen syn-
thase kinase 3 (GSK3) and preventing the degradation of /3-

catenin, thus inducing the expression of Cyclin D1 [42]. In
this study, we investigated whether IL-25 influences blad-
der cancer progression through the AKT/mTOR signaling
pathway. Our results indicated that IL-25 could activate
mTOR and AKT pathways, promoting cell proliferation
and enhancing the expression of proliferating cell nuclear
antigen (PCNA) and Cyclin DI.

In tumor tissues, blood vessels provide oxygen and nu-
trition for tumor cells, and the rapid proliferation of tumor
cells will form an anoxic microenvironment, which will
stimulate the generation of hypoxia-inducing factors and
induce angiogenesis [43,44]. The PI3K/AKT/mTOR sig-
naling cascade activation upregulates the mRNA transcrip-
tion and protein translation of Hypoxia-inducible factor 1«
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(HIF-1«) [45]. Binding of HIF-1« to vascular endothelial
growth factor (VEGF) enhances transcription and promotes
angiogenesis [46]. Through a comprehensive literature re-
view, we identified a strong association between IL-25 and
angiogenesis in tumor tissues [47]. IL-25 has been reported
to enhance VEGF/VEGFR expression in endothelial cells
through PI3K/AKT and MAPK pathways, thereby promot-
ing angiogenesis [48].

Consistent with previous findings, our study demon-
strated that VEGF expression was downregulated in the IL-
25KO group, and the number of microvessels in the IL-
25KO mice was less than that in the WT group. In sum-
mary, our findings suggest that IL-25 promotes the pro-
gression of bladder cancer by activating the AKT/mTOR-
regulated signaling pathway, leading to increased prolifera-
tion and enhanced angiogenesis. This study provides valu-
able evidence supporting IL-25 as a potential therapeutic
target for bladder cancer management.

The treatment of bladder cancer adopts different treat-
ment methods according to the degree of invasion. The
primary treatment of NMIBC is transurethral resection
of bladder tumor, supplemented with intravesical instil-
lation of chemotherapy or immunotherapy agents to pre-
vent recurrence and tumor progression [49,50]. Bacil-
lus calmette-guerin (BCG) immunotherapy is a conserva-
tive approach to inhibit NMIBC progression [51]. In case
of MIBC, patients typically undergo radical cystectomy
and pelvic lymph node dissection, followed by combined
neoadjuvant chemotherapy [52]. Aurelie Kamoun et al.
[53] classified MIBC into six molecular subtypes: luminal
papillary (24%), luminal non-specified (8%), luminal un-
stable (15%), stroma-rich (15%), basal/squamous (35%),
and neuroendocrine-like (3%). The association between
IL-25 and these molecular subtypes needs further inves-
tigation. In 2021, XKHO001, the first monoclonal anti-
body targeting IL-25, developed by Dong Chen from the
Chinese Academy of Sciences, received FDA approval
for clinical trials in treating asthma (NCT05128409 and
NCTO05991661). Therefore, in addition to further determin-
ing the role of IL-25 in different molecular subtypes, we
aim to use this drug to validate its therapeutic efficacy in
bladder cancer. These efforts are anticipated to establish a
foundation for using IL-25 as a biomarker to classify and di-
agnose bladder cancer, potentially enhancing targeted treat-
ment strategies.

Conclusion

Our findings revealed that elevated expressions of IL-
25 and its receptor IL-17RB are associated with acceler-
ated progression of BCa. IL-25 can promote the prolif-
eration and migration of human and mouse bladder can-
cer cells. IL-25 promoted cell proliferation by activating
AKT/mTOR signaling pathway. IL-25 knockdown inhibits
angiogenesis. This study elucidated the role and mecha-

5615

nism of IL-25 in promoting the progression of bladder can-
cer, and provided a new target and theoretical basis for the
treatment of bladder cancer.
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