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SYNPO2 promotes the development of BLCA by upregulating
the infiltration of resting mast cells and increasing
the resistance to immunotherapy
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Abstract. Synaptopodin 2 (SYNPO2) plays a pivotal role in
regulating tumor growth, development and progression in
bladder urothelial Carcinoma (BLCA). However, the precise
biological functions and mechanisms of SYNPO2 in BLCA
remain unclear. Based on TCGA database-derived BLCA
RNA sequencing data, survival analysis and prognosis anal-
ysis indicate that elevated SYNPO2 expression was associated
with poor survival outcomes. Notably, exogenous SYNPO?2
expression significantly promoted tumor invasion and migra-
tion by upregulating vimentin expression in BLCA cell lines.
Enrichment analysis revealed the involvement of SYNPO2
in humoral immune responses and the PI3K/AKT signaling
pathway. Moreover, increased SYNPO?2 levels increased the
sensitivity of BLCA to PI3K/AKT pathway-targeted drugs
while being resistant to conventional chemotherapy. In in vivo
BLCA mouse models, SYNPO2 overexpression increased
pulmonary metastasis of 5637 cells. High SYNPO?2 expres-
sion led to increased infiltration of innate immune cells,
particularly mast cells, in both nude mouse model and clinical
BLCA samples. Furthermore, tumor immune dysfunction and
exclusion score showed that patients with BLCA patients and
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high SYNPO2 expression exhibited worse clinical outcomes
when treated with immune checkpoint inhibitors. Notably, in
the IMvigor 210 cohort, SYNPO?2 expression was significantly
associated with the population of resting mast cells in BLCA
tissue following PD1/PDL1 targeted therapy. In conclusion,
SYNPO2 may be a promising prognostic factor in BLCA by
modulating mast cell infiltration and exacerbating resistance
to immune therapy and conventional chemotherapy.

Introduction

Bladder cancer is a significant global health issue, responsible
for ~500,000 new cases and 200,000 deaths worldwide, with
>80,000 new cases and 17,000 deaths occurring in the United
States each year (1). According to clinical staging, bladder
urothelial carcinoma (BLCA) is divided into two primary
groups, including non-muscle-invasive urothelial carcinoma
(NMIBC) and MIBC (2) . NMIBC, which constitutes ~70%
of BLCA cases, is typically treated with transurethral bladder
tumor resection and bladder perfusion to prevent recurrence (3).
Bacillus Calmette-Guérin instillation can significantly inhibit
development of NMIBC (4). A total of 20-30% of patients
with MIBC undergo total cystectomy and neoadjuvant chemo-
therapy. Although neoadjuvant chemotherapy regimens such
as Methotrexate/Vinblastine/Doxorubicin/Cisplatin (M-VAP),
Capecitabine/Cisplatin and MVP have improved MIBC
survival rates, their overall response rate remains at 50% (5).
In advanced BLCA cases, cancer immunotherapy, such as
immune checkpoint blockade, has shown promise in enhancing
patient survival (6). However, due to limited molecular targets,
certain patients experience unfavorable long-term outcomes.
Therefore, comprehensive understanding of the molecular
mechanisms and the development of novel diagnostic markers
are crucial for guiding clinical BLCA management and therapy.

Synaptopodin-2 (SYNPO?2), also known as Fesslin or
myopodin, is localized on chromosome 4q26, contains seven
exons and was first discovered in 1999 (7,8). Initially, SYNPO2
was recognized as a structural protein that serves a key role in
promoting actin protein polymerization and the formation of
actin bundles, facilitating creation of an F-actin network (9).
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However, studies have linked abnormal SYNPO2 expression
to tumorigenesis and cancer progression: For example, De
Ganck et al (10) showed that elevated SYNPO2 expression can
stimulate the proliferation and migration of prostate cancer cells.
Other investigations have suggested that SYNPO2 increases
the progression of prostate cancer by regulating the formation
of actin fibers and assembly of plate-like pseudopods (11,12).
On the other hand, in triple-negative breast cancer, increased
SYNPO2 expression is associated with enhanced tumor inva-
sion and metastasis via its regulation of Yes-associated protein
homolog 1 (YAPI) nuclear translocation (13). Yet whether
SYNPO?2 is a tumor suppressor or oncogene remains contro-
versial. Roperto (14) reported that in bladder cancer infected
with Bovineparvovirus (BPV), SYNPO2 upregulates molecular
chaperone-mediated mitophagy, promoting cancer cell survival
by binding to BAG family molecular chaperone regulator
3 (BAG?3), a key autophagy protein. However, other studies
have suggested that SYNPO2 may exert tumor-suppressive
effects by binding to the 14-3-3 protein via importin-mediated
mechanisms (9,15). These findings underscore the need for
further investigation into the biological functions and molecular
mechanisms of SYNPO2 in cancer, particularly in BLCA,
where clarity is lacking.

The present study aims to investigate the relationship
between high SYNPO2 expression and the occurrence and
progression of BLCA, analyze the regulatory role of SYNPO2
in signaling pathways, and assess its impact on tumor immune
infiltration.

Materials and methods

Prognostic factor selection and correlation analysis.
Clinical information and RNA sequencing data of BLCA
were downloaded from The Cancer Genome Atlas (cancer.
gov/ccg/research/genome-sequencing/tcga, TCGA) using GDC
Data Transfer Tool Version 1.6.1(docs.gdc.cancer.gov/Data_
Transfer_Tool/Users_Guide/Getting_Started/#downloading-the-
gdc-data-transfer-tool). Differential gene expression analysis was
conducted using the DESeq2 R package Version. 1.40.2 (website:
https://bioconductor.org/packages/release/bioc/html/DESeq2.
html) with count data. Subsequently, next-generation sequencing
data were converted into transcripts per kilobase million format
for further analysis. Prognostic factors in BLCA were identi-
fied by univariate Cox regression analysis, considering factors
with hazard ratio >1 and a significance level of P<0.05 as poor
prognostic indicators. Independent risk factors were confirmed
via multivariate Cox regression analysis. The correlation between
SYNPO?2 expression and clinical characteristics, such as TNM
stage, subtype, histological grade and therapy, was evaluated
using Kruskal-Wallis or Wilcoxon rank sum test. All statistical
analyses were performed using the stats R package Version 3.4.3.
(rdocumentation.org/packages/stats).

Survival analysis. All samples were categorized into low and
high SYNPO2 group, based on the median SYNPO?2 expres-
sion (TPM=1.703). Survival analysis was performed using
Log-rank test with the survival R package Version 2.42-3
(rdocumentation.org/packages/survival). Kaplan-Meier plots
were generated using the survminer R package Version 0.4.2
(rdocumentation.org/packages/survminer).

Immunohistochemistry (IHC). A total of 45 clinical BLCA
samples was obtained from NingBo Medical Centre Lihuili
Hospital Pathology Department (Ningbo, China). The samples
were initially fixed with 4% formaldehyde, embedded in
paraffin for 3 days at room temperature and cut into 4-um
thick sections before deparaffinization, antigen retrieval and
endogenous enzymatic activity inactivation. The sections were
placed in deparaffinization solution I, II for 10 min, and III for
10 min. Subsequently, immerse the sections in absolute ethanol
I for 5 min, absolute ethanol II for 5 min, and absolute ethanol
III for 5 min. Finally, rinse the sections with distilled water. The
sections were placed in 0.01 M citrate buffer (pH 0.6; (92°C),
start the timer and maintain this temperature for 40 min. In
order to inhibit endogenous peroxidase enzymes, the sections
were placed in 3% hydrogen peroxide solution and incubated at
room temperature in the dark for 25 min. To block non-specific
binding, 10% goat serum (cat. no. C0265, Beyotime) was
added for 15 min at room temperature. Tissue was incubated
overnight at 4°C with specific primary antibodies, including
anti-human SYNPO2 (1:150, cat. no. 25453-1-AP), Ki67
(1:200, cat. no. 27309-1-AP), C-C chemokine receptor type 3
CCR3 (1:200, cat. no. 22351-1-AP) and Tryptase alpha/beta-1
(TPSABI (1:200, cat. no. 13343-1-AP; all Proteintech Group,
Inc.). After washing with PBS buffer three times, sections
were incubated with secondary antibody HRP-conjugated
Goat Anti-Rabbit IgG (1:200, cat. no. SA00001-2, Proteintech
Group, Inc.) for 2 h at 37°C. DAB staining was performed and
stopped with water. Hematoxylin was used to stain the nuclei
for about 3 min at 37°C, washing with tap water, hematoxylin
differentiation solution for a few seconds, rinse with tap water,
hematoxylin return to blue solution, and rinse. Images were
obtained using a light Leica microscope at 200x magnifica-
tion. Tissue staining density was assessed using Image J
software Version. 1.53s (National Institutes of Health) and
protein expression was analyzed by the H-score as follows:
H-score=Y (mtxi), where i represents the intensity score (1 for
weak, 2 for moderate and 3 for strong staining) and x denotes
the corresponding percentage of tissue area showing each
intensity.

Toluidine blue staining. Following dewaxing, place the tissue
sections into Toluidine Blue staining solution (cat. no. G1032,
Servicebio) at room temperature for 10-20 min. Dehydrate the
sections using different concentrations of ethanol (usually 70,
95, 100%), immersing them in each concentration to ensure
thorough dehydration. Clear the sections in clean xylene (cat.
n0.X112051, Aladdin) for 10 min, and then seal them with
neutral mounting medium (cat.no. WG10004160, Servicebio).
Images were collected using a light Leica microscope at 100x
magnification and numbers of mast cells were calculated.

Construction of stable SYNPO2-overexpressing cell lines.
Human bladder cancer cell lines T24 and 5637 were cultured
in RPMI-1640 medium (cat. no. PM150110; Procell) supple-
mented with 10% FBS (cat. no. 164210, Procell) until the
cell confluence reached 70% at 37°C with 5% CO,. Cell
lines overexpressing SYNPO2 were generated using lenti-
viral vectors carrying 2.5 ug SYNPO2 cDNA or a control
using Lipofectamine™ 3000 reagent (cat. no. L3000001,
Invitrogen) at 37°C for 12 h. The control plasmid was a total
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of 2.5 ug pLVX-CMV-IRES-mCherry (cat. no. HH-LV-093,
Hedgehogbio). Then, We performed flow cytometry to sort
cells expressing mCherry three days post-transfection and
identified SYNPO2 overexpression using western blotting.

Reverse transcription-quantitative (RT-gPCR). Total RNA
was extracted from 5637 and T24 cell lines with SYNPO2
overexpression using RNase mini-Kit (cat. no. 74104, Qiagen
GmbH) according to the manufacturer's instructions and 1 ug
total RNA was reverse-transcribed using HiScript II 1st Strand
cDNA Synthesis kit (cat. no. R211-01,Vazyme) according to
the manufacturer's protocol. gPCR was conducted with the
SYBR Green qPCR Master Mix (cat. no. QKD-201, Toyobo
Life Science) using the following thermocycling conditions:
Initial denaturation at 95°C for 5 min, followed by 40 cycles
of 95°C for 5 sec and 55°C for 15 sec. Gene expression was
normalized to the reference gene GAPDH and differences
in target gene expression were calculated using the AACq
method (16). Primer sequences were as follows: SYNPO2
forward, 5-"AGAAGCAGCCCTTACAAGTTG-3 and reverse,
5-AGCCTCACTTATTCCACTGGAT-3; GAPDH forward,
5-GGAGCGAGATCCCTCCAAAAT-3 and reverse, 5-GGC
TGTTGTCATACTTCTCATGG-3; MYC forward, 5-GGC
TCCTGGCAAAAGGTCA-3 and reverse, 5'-CTGCGTAGT
TGTGCTGATGT-3; CDK4 forward, 5-ATGGCTACCTCT
CGATATGAGC-3 and reverse, 5-CATTGGGGACTCTCA
CACTCT-3; CDKG6 forward, 5-GCTGACCAGCAGTACGAA
TG-3 and reverse, 5-GCACACATCAAACAACCTGACC-3'
TP53 forward, 5'-CAGCACATGACGGAGGTTGT-3' and
reverse primer, 5S-TCATCCAAATACTCCACACGC-3; KRAS
forward, 5-ACAGAGAGTGGAGGATGCTTT-3 and reverse,
5-TTTCACACAGCCAGGAGTCTT-3; P27 forward, 5-AAC
GTGCGAGTGTCTAACGG-3 and reverse, 5-CCCTCTAGG
GGTTTGTGATTCT-3 and Cyclin DI CCNDI1 forward,
5-TCTACACCGACAACTCCATCCG-3 and reverse, 5-TCT
GGCATTTTGGAGAGGAAGTG-3'

Western blotting. Following digestion with 0.25% trypsin (cat.
no. T1320, Solarbio), the cells were collected by centrifugation
at 500 g for 10 min. Protein lysate was extracted using RIPA
buffer (cat. no. R0010, Solarbio) supplemented with protease
inhibitor cocktail (cat. no. HY-K0010, MCE). Total protein
concentration was determined using the BCA method (cat.
no. PO012, Beyotime). After separation by SDS-PAGE on a
10% gel, a total of 20 ug proteins in each lane were transferred
onto PVDF membranes using a transfer buffer containing 20%
methanol. PVDF membranes were blocked with 10% skimmed
milk at 4°C for 1 h and incubated with primary antibodies in
5% non-fat milk at 4°C overnight. The primary antibodies were
as follows: Anti-human GAPDH (1:3,000, cat. no. 60004-1-Ig,
Proteintech Group, Inc.), E-cadherin(1:1,000, cat. no. 610405,
BD Transduction Laboratories™; BD Biosciences) and vimentin
(1:1,000, cat. no. AF7013, Affinity Biosciences). Following
primary antibody incubation at 4°C overnight, membranes were
treated with HRP-conjugated anti-mouse (cat. no. SAO0001-1)
or anti-Rabbit IgG (both 1:5,000, cat. no. SA00001-2, both
Proteintech Group, Inc.) for 2 h at room temperature. ECL kit
(cat.no. RPN2235, Amersham) was used to visualize the protein
bands. Blotted bands were detected using the GE Detecting
System and analyzed using Image J software Version. 1.53s.
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Wound healing assay. 5637 and T24 cells were seeded in
6-well plates with 3% FBS at 37°C. A wound scratch experi-
ment was continued when the cell confluence reached ~90%.
Wound scratch assay was conducted at 37°C using the light
Leica Live Cell Imaging System (Essen Bioscience) at 10x
magnification at 0 and 24 h after the scratch.

Transwell assay. A total of 10° cells were seeded into the
upper chamber of RPMI-1640 medium without serum. Prior
to seeding, T24 cells (cat. no. CL-0227, Procell) and 5637 cells
(cat. no. CL-0002, Procell) were serum-starved for 4 h at 37°C
in RPMI-1640 medium (cat. no. PM150110, Procell). These
cells were then plated into 8 ym inserts coated with Matrigel
Matrix (1:200, cat. no. 356234, Corning, Inc.) and cultured in
RPMI-1640 medium (cat. no. PM150110, Procell) without fetal
bovine serum. The Matrigel Matrix coating process involved
melting Matrigel Matrix at 4°C overnight. RPMI-1640 medium
(cat.no.PM150110, Procell) containing 10% fetal bovine serum
(cat. no. 164210, Procell) was added to the lower chamber. The
induction process continued for 24 h at 37°C with 5% CO,,
allowing the cells to migrate from the upper chamber through
the membrane to the outside. The upper chamber was stained
with crystal violet at room temperature for 1 h, following the
manufacturer's instructions (cat. no. C0121, Beyotime Institute
of Biotechnology). Images were captured using a Leica light
microscope at 100x magnification.

Animal model. The cell lines 5637 and T24 are prominent
models in the study of bladder cancer. 5637 is notable for
its robust tumorigenicity, rendering it suitable for in vivo
animal experimentation. A stable 5637 cell line expressing
Luciferase was established by transfection with 2.5 ug of
pLenti-CMV-Puro-LUC (pLV-Luc) plasmid (cat. no. 17477,
Addgene) using Lipofectamine™ 3000 reagent (cat.
no. 3000001, Invitrogen) at 37°C for 12 h, and selected by
lug/ml puromycin (cat. no. P8230, Solarbio) for two weeks. The
lentivirus packaging plasmids were used in the following ratio
for each 10 mm" dish: pLVX-CMV-SYNPO2-IRES-mCherry
(cat. no. HH-LV-093, Hedgehogbio):psPAX2 (cat.
no. HH-LV-012, Hedgehogbio):pMD2.G (cat. no. HH-LV-013,
Hedgehogbio)=5(10 ug):3(6 ug):1(2 ug). These plasmids
were transfected into the 293-cell line at 37°C for 12 h (cat.
no. CL-0001, Procell) using Lipofectamine™ 3000 reagent
(catalog no. L3000001, Invitrogen). Three days following
transfection, lentiviral particles were harvested by centrifuga-
tion at 50,000 g for 2 h at 4°C. The collected lentiviral particles
were then resuspended in 100 ul of PBS and stored at -80°C.
Then, 10 ul of 2nd lentivirus carrying SYNPO2 was employed
to infect 5637 cell line expressing Luciferase. This led to the
generation of another stable cell line co-expressing SYNPO2
and Luciferase, achieved through flow cytometry sorting. For
in vivo experiments, 6x10° 5637 cells co-expressing pLV-Luc
and pLVX-CMV-SYNPO2-IRES-mcherry were injected into
the tail veins of 6-week-old BALB/c nude mice (Charles river),
with a total of 11 female mice weighing 18-22 g. The labora-
tory mice are housed under controlled conditions, including a
temperature range of 20-24°C, humidity levels between 40 and
60%, a 12-h light/dark cycle, and continuous access to food
and water to ensure their well-being during research. Tumor
growth was monitored every 6 weeks by bioluminescence
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imaging using an IVIS Spectrum device (PerkinElmer, Inc.)
after intraperitoneal injection of 30 mg D-luciferin. Tumors
did not exceed a volume of 2,000 mm? and diameter of 20 mm.

Immunofluorescence. Mice were euthanized by CO, displace-
ment at a controlled rate of 30% container volume/min. This
method ensures a gradual and controlled administration of
CO,, leading to a rapid loss of consciousness and minimal
distress to minimize animal suffering. Fresh lung tissue was
promptly collected and fixed in 4% paraformaldehyde at 4°C
overnight. After fixation, the tissue was washed three times
with PBS buffer and soaked overnight at 4°C in a solution
containing 20% sucrose and 0.05% NaNj;. The samples were
directly affixed to sample stages coated with optimal cutting
temperature compound and frozen in an ice cutter at -80°C.
Subsequently, frozen tissue was sectioned into 4-uym sections
and mounted onto slides. Tissue sections were incubated with
the primary antibody [mast cell chymase (CMA) 1; 1:200, cat.
no. DF12290, Affinity Biosciences] at 4°C overnight. They
were then incubated with the secondary FITC-conjugated
anti-Rabbit IgG (1:400, cat. no. SAO0003-2, Proteintech Group,
Inc.) at 37°C for 1 h. DAPI staining was used to visualize the
distribution of cell nuclei for 15 min at 37°C. Images were
acquired using a Leica SP8 confocal microscope (magnifica-
tion of 200x, and ImageJ Version. 1.53s (National Institutes
of Health) was utilized to quantify the number of infiltrating
mast cells.

ELISA. 800 ul Blood was extracted from BALB/c nude mice.
Serum was obtained through centrifugation at 500 x g, 4°C, for
10 min. Serum concentrations of mast cell-secreted cytokines
were determined using TGF-f and IL-6 ELISA kits according
to their manufacturer's instructions (cat. nos. 70-EK981-48
and 70-EK206HS-48, respectively; both Hangzhou Lianke
Biotechnology Co., Ltd.).

Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Set Enrichment Analysis
(GSEA). A gene expression ranking matrix was generated
using the DEseq2 package (17). GO, KEGG and GSEA
enrichment analysis were performed using the R package
ClusterProfiler Version. 4.4.4 (18). The top 10 signaling path-
ways from each enrichment analysis were visualized using the
R package ggplot2 Version 3.4.3 (cran.r-project.org/web/pack-
ages/ggplot2/index.html). P.adj <0.05 and false discovery rate
<0.25 were considered to indicate significant enrichment.

Evaluation of the sensitivity of chemotherapeutic agents.
Drug sensitivity of patients was predicted using half-maximal
inhibitory concentration (ICs,) and RNA-sequence data was
obtained from TCGA. IC,, was calculated using the R package
pRRophetic with ridge regression (19).

Assessment of correlation between SYNPO?2 expression
and immune infiltration. The significance and percentage of
immune cells infiltrating the tumor were estimated by the xCell
method based on a single-sample GSEA (ssGSEA) model (20).
Expression of immune checkpoint genes in both high and low
SYNPO?2 groups was evaluated and correlation between the
expression of each gene and SYNPO2 was assessed using

Pearson correlation analysis Tumor Immune Dysfunction and
Exclusion (TIDE) model (21) was used to assess the effects of
immune therapy in each group.

Evaluation of the effect of SYNPO2 expression on the
response to PDL-1-targeted immune therapy. A total of 348
samples, including RNA-seq data and clinical information,
was acquired from the IMvigor 210 dataset (22). CIBERSORT
analysis was used to assess the association between SYNPO2
expression and human immune cell populations using IOBR
R package Version 3 (github.com/IOBR/IOBR). In addition,
the distribution of SYNPO2 expression in three immune infil-
trating subtypes, including desert, excluded and inflamed, was
detected.

Statistical analysis. Statistical analysis was performed using
R version 3.6.1 software (Website: https://cran.utstat.utoronto.
ca/bin/windows/base/old/3.6.1/). The data are presented as
mean =+ standard error of the mean (SEM). Paired Student and
Welch t and Wilcoxon's rank-sum test were applied to compare
two groups, while the Kruskal-Wallis test with multiple
hypothesis testing (Dunn's post hoc test) was performed to
compare multiple groups. Each experiment was repeated
three times. P<0.05 was considered to indicate a statistically
significant difference.

Results

High SYNPO?2 expression is a poor prognostic factor in
BLCA. Univariate and multivariate Cox proportional hazards
analysis (Table I) revealed high SYNPO2 expression as an
independent risk factor associated with poor prognosis in
patients with BLCA. Survival analysis further supported these
findings, indicating an association between elevated SYNPO2
levels and shorter overall and progression-free survival
and increased mortality (Fig. 1A-C). SYNPO2 expression
was correlated with BLCA progression, including clinical
pathological, T and N stage (Fig. 1D-F). Notably, SYNPO2
expression was significantly lower in papillary compared with
non-papillary bladder cancer (Fig. 1G), while higher SYNPO2
levels were detected in bladder cancer cases with lympho-
vascular invasion than those without (Fig. 1H). In addition,
in 45 clinical cancer samples from patients with BLCA, THC
revealed a positive correlation between SYNPO2 expression
and oncogene Ki67 (Fig. 1I and J). In a prognosis model for
BLCA, SYNPO2 expression was inversely associated with the
1- and 3-year survival rates. Higher total scores in this model
signified an increased mortality risk (Fig. 1K). Overall, these
results underscore the role of SYNPO?2 as a risk factor associ-
ated with BLCA development.

SYNPO?2 overexpression promotes the invasion and migra-
tion of BLCA cell lines. RT-qPCR was used to detect mRNA
levels of proliferation-associated genes, including MYC (23),
KRAS (24), TP53 (25), P27 (26), CDK4, CDK6 (27)
CCND1 (28) and SYNPO2. SYNPO2 overexpression
increased the levels of oncogene C-MYC in both 5637 (n=3)
and T24 (n=3) cell lines (Fig. 2A and B). Transwell invasion
assay demonstrated that SYNPO2 overexpression significantly
increased the invasive capacity of BLCA 5637 (n=3) and T24
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Table I. Univariate and multivariate Cox proportional hazards analysis between SYNPO2 expression and overall survival for

patients with Bladder Urothelial Carcinoma (BLCA).

Univariate analysis Multivariate analysis

Hazard ratio Hazard ratio

Characteristic n (95% CI) P-value (95% CI) P-value
T stage [T1&2 (n=124) vs. T3&4 (n=255)] 379 2.199 (1.515-3.193) <0.001* 0.914 (0.203-4.123) 0.907
N stage [NO&1 (n=285) vs. N2&3 (n=84)] 369 2.273 (1.640-3.150) <0.001* 2.050 (0.908-4.632) 0.084
M stage [MO (n=202) vs. M1 (n=11)] 213 3.136 (1.503-6.544) 0.002* 0.696 (0.180-2.695) 0.600
Pathological stage [I&II (n=134) vs. HI&IV (n=277)] 411 2.310 (1.596-3.342) <0.001* 1.872(0.334-10.492) 0.476
Radiation therapy [no (n=366) vs. yes (n=21)] 387 0.965 (0.475-1.964) 0.923

Sex [female (n=109) vs. male (n=304)] 413 0.849 (0.616-1.169) 0.316

Ethnicity [Asian&Black or African American (n=67) vs. 396 1.145(0.731-1.794) 0.554

White (n=329)]

Weight [<80 (n=204) vs. >80 kg (n=166)] 370 0.968 (0.709-1.323)  0.840

Height [<170 cm (n=158) vs.>170 cm (n=200)] 364 1.100 (0.798-1.518) 0.561

BMI [<25 (n=152) vs.>25 (n=211)] 363 0.978 (0.706-1.353)  0.892

Histological grade [high (n=389) vs. low (n=21)] 410 0.337 (0.083-1.360) 0.126

Smoking status [no (n=109) vs. yes (n=291)] 400 1.305(0.922-1.847) 0.133

Primary therapy outcome 357 0.226 (0.162-0.315) <0.001* 0.455(0.218-0.949) 0.036"
[PD&SD (n=101) vs. PR&CR (n=256)] 413 1.421(1.063-1901) 0.018* 1.428(0.727-2.803) 0.301
Age [<70 (n=233) vs.>70 years (n=180)] 408 0.690 (0.488-0.976) 0.036* 1.635(0.737-3.628) 0.226
Subtype [non-papillary (n=275) vs. papillary (n=133)]

Lymphovascular invasion 282 2.294(1.580-3.328) <0.001* 1.677(0.732-3.843) 0.222
[no (n=130) vs. yes (n=152)] 413 1.609 (1.195-2.168) 0.002* 2.238 (1.093-4.582) 0.028*

SYNPO?2 expression [low (n=207) vs. high (n=206)]

*P<0.05. BMI, body mass index; PD, progressive disease; SD, Stable disease; PR, Partial response; CR, Complete response; SYNPO2,

Synaptopodin-2. Bold text represents P<0.05.

cell lines (n=3; Fig. 2C and D). Additionally, scratch assay
revealed that SYNPO2 overexpression increased wound
healing in BLCA cell lines (n=3, Fig. 2E and F).

In cancer cells with high metastatic potential, expres-
sion of vimentin protein is typically upregulated, while
E-cadherin protein is inhibited (29). Western blotting showed
increased vimentin levels in the 5637 cell line with SYNPO2
overexpression (Fig. 2G and H). To validate the metastasis
and invasion-promoting effects of SYNPO2, a BLCA lung
metastasis model was established in nude mice (n=11) via.
intravenous tail injection (Fig. 2I). While the association
between SYNPO?2 overexpression and survival of this model
was not significant, SYNPO2 increased the risk of death
(HR=2.354, 95% CI:0.4726-11.73; Fig. 2J). In vivo imaging
analysis revealed that the area of BLCA metastasis in the
SYNPO?2 overexpression group was ~2-fold larger than that
in the control group at 6 weeks and ~4-fold larger at 12 weeks
(Fig. 2K).

SYNPO?2 regulates innate immune-associated and PISK/AKT
signaling pathways. To uncover the molecular mechanisms of
by SYNPO?2 in cancer development, BLCA next-generation
sequencing data was obtained from TCGA database. Utilizing
DESeq?2 analysis, differentially expressed genes (DEGs;
[logFCI>2, P<0.05) between SYNPO2 expression groups

were obtained, comprising 2,422 upregulated and 513 down-
regulated genes. The top 10 genes are shown (Fig. 3A). GO)
analysis revealed that abnormal SYNPO2 expression led to
dysfunction in the innate immune system across biological
processes including ‘complement activation’, ‘formation of
immunoglobulin complexes’ and ‘antigen-binding process’,
cell components and molecular functions (Fig. 3B-D). KEGG
pathway analysis highlighted the top 10 enriched pathways,
including ‘neuroactive ligand-receptor interaction’, ‘PI3K-Akt
signaling pathway’, ‘cytokine-cytokine receptor interaction’,
‘MAPK signaling pathway’, ‘calcium signaling pathway’,
‘cAMP signaling pathway’, ‘regulation of actin cytoskel-
eton’, ‘focal adhesion’, ‘protein digestion and absorption’
and ‘vascular smooth muscle contraction’ (Fig. 3E). GSEA
also showed the enrichment of the ‘PI3K-AKT signaling
pathway’ (Fig. 3F). Overall, these findings suggested that
SYNPO2 expression modulated innate immune-related and
the PI3K/AKT signaling pathway.

SYNPO2 expression increases the sensitivity of
PI3K/AKT-targeted drugs. Given that survival in patients with
BLCA at the advanced stage depends on drug response (30),
drug sensitivity of BLCA in different SYNPO2 expression
groups was evaluated based on RNA-sequencing data from
TCGA database. ICy, prediction indicated that SYNPO2
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Figure 1. High SYNPO2 expression is a poor prognostic factor in BLCA. (A) Overall survival in patients with BLCA with low (n=206) and high (n=205)
SYNPO?2 expression. (B) Disease-specific survival in patients with BLCA in low (n=200) and high (n=179) SYNPO2 expression groups. (C) Progression-free
interval for patients based on SYNPO2 expression (low, n=206; high, n=206). (D) Distribution of SYNPO2 expression in BLCA samples from patients
at different stages. Stage I and stage II (n=133), stage III (n=142), stage IV (n=135). Stage I and II vs. stage III, P.adj=0.0125, stage I and II vs, stage IV
P.adj=7.47x1005. (E) Distribution of SYNPO2 expression in patients with BLCA at different T stages. T1 and T2 (n=123) vs. T3 and T4 (n=255), P=0.0014.
(F) SYNPO2 expression in patients with BLCA at different N stages. NO (n=238) vs. N1, N2 and N3 (n=130), P=0.0012. (G) SYNPO?2 expression in BLCA
samples of non-papillary (n=273) and papillary (n=134) subtypes. P=0.0008. (H) SYNPO2 expression in patients with BLCA with (n=129) or without (n=152)
lymphovascular invasion. P=0.0238. (I) Representative immunohistochemistry of Ki67 and SYNPO?2 staining in BLCA tissue with low and high SYNPO2
expression. (J) Spearman correlation analysis of Ki67 and SYNPO2 expression (n=45). (K) Nomogram based on multivariate Cox regression analysis for 1

and 3-year survival probability. SYNPO2, synaptopodin-2; BLCA, Bladder Urothelial Carcinoma; TPM, Transcript per million. *, ™ and ™" indicate P<0.05,
P<0. 01, P<0.001, respectively.
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Figure 2. SYNPO?2 overexpression increases invasion of BLCA in vivo and in vitro. (A) mRNA levels in NC and SYNPO2-overexpressing 5637 cells was
detected by reverse transcription-quantitative PCR. MYC, P=0.0019; TP53, P=0.0023; CDK4, P=0.0221; CDK6, P=0.0022 and SYNPO2, P<0.0001 between
NC and SY group. (B) mRNA levels in T24 cells. MYC, P=0.0343 and SYNPO2, P<0.0001 between NC and SY group. (C) Transwell invasion assay of BLCA
cell lines with SYNPO2 overexpression. (D) Number of invaded 5637 (P=0.006) and T24 cells (P=0.0101). (E) Representative (F) wound healing assay in 5637
or T24 cells at 0 and 24 h. (G) Western blotting analysis for (H) SYNPO2, E-cadherin, vimentin and GAPDH protein. Vimentin, P=0.025. (I) Bioluminescence
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expression increased resistance to conventional chemothera-
peutic drugs, including docetaxel, paclitaxel, doxorubicin and
gemcitabine (Fig. 4A-D).

The PI3K/AKT signaling pathway plays a vital role in
tumorigenesis and is one of the important therapeutic targets
in the treatment of several types of cancer (31). Various
molecules in this pathway, such as c-met, AKT1/2/3, PI3K,
mTOR and VEGFR, are involved, and drugs targeting them,
including crizotinib, MK-2206, AZD8055, rapamycin and
sorafenib, have been employed in clinical therapy (32-35).
Therefore, sensitivity of these PI3K-AKT targeted drugs was
assessed. ICs, of these drugs in BLCA with high SYNPO2
expression was significantly decreased compared with the low
SYNPO2 group (Fig. 4E-I).

SYNPO?2 expression facilitates mast cell infiltration in BLCA.
Given the potential impact of SYNPO2 expression on immune
function (36,37), ssGSEA was used to estimate tumor immune
infiltration levels. Several innate immune cell types, including
mast (r=0.636) and natural killer (NK) cells (r=0.509) and
eosinophils (r=0.489), exhibited significant correlations with
SYNPO2 expression (Fig. 5A). To validate the role of SYNPO2

in increasing mast cell infiltration in BLCA tissues, mast cell
degranulation and protein expression in BLCA tissue was
measured using IHC and toluidine blue staining. Toluidine blue
staining revealed a significantly higher number of mast cells in
BLCA tissues with high SYNPO?2 expression (Fig. 5B and C).
Additionally, TPSABI staining, a mast cell marker, showed
a positive association between SYNPO2 expression and
TPSABI levels (r=0.708; Fig. 5B and D). Moreover, the levels
of the mast cell surface receptor CCR3 (r=0.623) also strongly
correlated with SYNPO2 expression (Fig. 5B and E).

In the in vivo model, SYNPO?2 overexpression increased
lung metastasis of BLCA, as evidenced by a significant increase
in mast cells expressing CM A1 in the immunofluorescence
assay (Fig. 5G and I). Furthermore, mast cell-secreted immune
suppressive cytokines, including TGF-p1 and IL-6, were
significantly higher in the SYNPO2 overexpression group
compared with the control (Fig. SF and H).

SYNPO?2 increases immunotherapy resistance by upregulating
infiltration of resting mast cells. To assess the association
between SYNPO2 and immunotherapy, expression levels of
eight immune checkpoint-associated genes (38), including
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Figure 3. Abnormal SYNPO2 expression regulates multiple signaling pathways. (A) DEGs in BLCA samples with high and low SYNPO2 expression (n=206).
Top 10 enriched Gene Ontology terms for (B) biological process, (C) cellular component and (D) molecular function. (E) Top 10 signaling pathways enriched
by Kyoto Encyclopedia of Genes and Genomes. (F) Top 10 Gene Set Enrichment Analysis pathways. SYNPO2, synaptopodin-2; DEG, Differential Expression

Genes; BLCA, Bladder Urothelial Carcinoma.

programmed cell death protein 1 (PDCD1), Lymphocyte acti-
vation gene 3 protein, CD274, hepatitis A virus cellular receptor
2 (HAVCR2), cytotoxic T-lymphocyte protein 4 (CTLA4),
programmed cell death 1 ligand 2 (PDCDILD2), T-cell immu-
noreceptor with Ig and ITIM domains (TIGIT) and sialic
acid-binding Ig-like lectin 15 (SIGLEC15), were evaluated
using RNA-seq data from TCGA database. Except for CD274
and SIGLECI1S5, expression of immune checkpoint genes was
correlated with SYNPO2 levels (Fig. 6A). Additionally, to
predict the response to ICIs, TIDE score was calculated. In the
high SYNPO2 expression group, TIDE score was significantly
higher compared with the low SYNPO2 expression group,
indicating that SYNPO?2 expression increased resistance to
ICIs (Fig. 6B).

ICIs are developed based on the concept of reactivating
preexisting anti-tumor T cell responses suppressed due to
inherent immunological resistance in BLCA (39). To validate
the current hypothesis that SYNPO2 expression affects the
efficacy of immune therapy in BLCA we evaluated immune
microenvironment subtypes and infiltration in a cohort of
348 BLCA patients who were treated with atezolizumab, a
PD-L1 inhibitor. This analysis was based on the data from the
IMvigor 210 study, which included RNA-sequencing data and
clinical information. Among the three subtypes of immune
infiltration, the excluded subtype exhibited higher SYNPO2
expression compared with the desert subtype (P=0.0023;
Fig. 6C). According to analysis of immune cell infiltration,
SYNPO2 expression was positively correlated with infiltration
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Figure 4. Drug sensitivity in bladder Urothelial Carcinoma (BLCA) with different SYNPO2 expression. ICs, of (A) docetaxel, P=0.019 (B) paclitaxel, P=0.01
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P<0.0001, respectively.

of mast cells at rest (R=0.146), monocytes (R=0.209) and
resting CD4 memory T cells (r=0.284), while it was negatively
correlated with activated mast cell infiltration (R=-0.212;
Fig. 6D-G). Therefore, SYNPO2 may increase resistance to

immunotherapy by upregulating the infiltration of resting mast
cells.

Discussion

In numerous cancer types, SYNPO?2 exhibits different effects.
For example, in triple-negative breast cancer (TNBC) and
colorectal cancer, SYNPO2 is reported to act as a tumor
suppressor by reducing TNBC metastasis and inhibiting

proliferation and migration in colorectal cancer by regulating
specific molecular pathways (40,41). However, in prostate
cancer, SYNPO2 overexpression is associated with enhanced
cell migration, potentially due to its involvement in stress fiber
assembly (10,15). The present findings align with previous
studies, suggesting that SYNPO2 is an independent predictor
of poor clinical outcome and is positively linked to increased
metastasis in cancer (37,42). Notably, drug resistance poses a
challenge in the treatment of patients with advanced BLCA. A
study reported that TEA domain family member 4 promotes
BLCA invasion by activating epithelial-mesenchymal transi-
tion via the PI3K/AKT pathway (43,44). Here, high SYNPO2
expression correlated with resistance to conventional
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chemotherapy agents such as paclitaxel, cisplatin and doxoru-
bicin and increased sensitivity to PI3K/AKT-targeted drugs,
suggesting that patients with high SYNPO2 expression may
benefit more from targeted therapies such as rapamycin,
MK-2206 and AZD8055 (Fig. 7).

Immune cell infiltration serves a crucial role in tumor
progression by shaping the BLCA microenvironment. Innate
immune cells participate in immune suppression, inhibiting
adaptive immune responses in the early stages of tumor
development (45). For example, mast cells stimulate IL-17
secretion from myeloid-derived suppressor cells, leading to
IL-9 release from regulatory T (Treg) cells, thereby promoting
tumor growth in the microenvironment (46). The present study
observed significant correlations between SYNPO2 expression

and infiltration of various innate immune cells, including mast
cells, eosinophils, NK cells, immature dendritic Cells (iDC),
B cells, macrophages, plasmacytoid dendritic cell (pDC), follic-
ular helper T cell (TFH), DC, neutrophils and memory T cell
(Tem) and T cells. GO analysis revealed that SYNPO2 was
involved in multiple classical pathways associated with innate
immune regulation, such as complement activation, formation
of immunoglobulin complexes and antigen-binding process.
Therefore, SYNPO?2 can induce the infiltration of suppressive
innate immune cells, thereby increasing BLCA development
and progression via the regulation of immune-associated
signaling pathways.

Mast cells are innate immune cells commonly found in
connective tissue near lymphatic systems, blood vessels, skin
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leading to the metastasis of BLCA from bladder tissue to the lungs. TCGA, The Cancer Genome Atlas; SYNPO2, synaptopodin-2; ICs,, half maximal inhibi-
tory concentration; TIDE, Tumor Immune Dysfunction and Exclusion; BLCA, Bladder Urothelial Carcinoma.

and the gastrointestinal tract. Their degranulation is a funda-  mediators, including TNF-a and {3, IL-10, chemokines such as
mental biological process involved in immune responses (47). CXCLI10 and CXCLS, as well as other factors such as histamine.
This process also involves the release of various inflammatory It serves a pivotal role in recruiting and regulating immune cells
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within the tumor microenvironment (48). Certain studies suggest
that mast cells exert anti-tumor effects by secreting inflamma-
tory factors that recruit CD4/CD8* T and NK cells (49,50).
However, other evidence indicates that higher mast cell density
in bladder cancer is associated with high-grade transitional cell
carcinoma (TCC) and serves as a poor prognostic factor for
TCC (51). The gradual release of granules from mast cells is
associated with immunosuppression and tumor angiogenesis.
For example, Visciano et al (52) reported that mast cells promote
epithelial-mesenchymal transition in cancer tissue by releasing
IL-6, VEGF-A and CXCLS. The present study revealed a
significant association between SYNPO2 expression and mast
cell infiltration, with increased mast cell infiltration being nega-
tively correlated with BLCA survival. Additionally, following
PD1/PDLI immune therapy, SYNPO2 expression is associated
with elevated levels of resting and decreased abundance of acti-
vated mast cells. In the BLCA mouse model, the high SYNPO2
expression group exhibited significantly increased serum levels
of TGF-f1 and IL-6 originating from mast cells. Hence, it was
hypothesized that SYNPO2-mediated mast cell infiltration
served a crucial role in immunosuppression in BLCA.

Activation of immune checkpoints plays a critical role in
immunosuppression within BLCA. Tumor cells often exhibit
heightened levels of PD-L1 and B7 ligands that bind to inhibi-
tory receptors such as PD-1 or CTLA-4 on the surface of T cells,
thus impairing antigen presentation (53). Jiang et al (54)
reported that increased PD-1 expression in bladder cancer is
linked to reduced 5-year overall and disease-free survival due
to disruptions in immune-associated signaling pathways. In
a humanized mouse melanoma model, it was observed that
the interaction between FOXP3* Treg and mast cells confers
resistance to anti-PD-1 treatment (55). In the present study,
SYNPO?2 exhibited co-expression with immune checkpoint
genes such as CTLA-4, PD1 and PDL2 in BLCA and higher
SYNPO2 expression was correlated with increased resistance
to immune checkpoint inhibitors, indicating the potential role
of SYNPO?2 in hindering the efficacy of immune therapy by
upregulating expression of immune checkpoint genes. These
data support SYNPO?2 as a promising candidate target for
immune therapy in BLCA.
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