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A B S T R A C T

Background: Bladder cancer (BLCA) is the most common malignant tumor in the genitourinary system, and the
complex tumor microenvironment (TME) of BLCA is the main factor in its difficult treatment. Accumulated ev-
idence supports that alternative splicing (AS) events frequently occur in cancer and are closely related to the TME.
Therefore, there is an urgent need to comprehensively analyze the prognostic value of AS events in BLCA.
Method: The clinical, transcriptome and AS data of BLCA were downloaded from the Cancer Genome Atlas
database, and a Cox proportional hazard regression model and LASSO regression were used to establish a
prognostic signature. Then, the prognostic value of the signature was verified by clinical survival status, clini-
copathologic features, tumor immune microenvironment (TIME), and immune checkpoint. Next, we screened the
AS-related genes with the largest expression differences between tumor and normal samples by gene differential
expression analysis. Finally, the regulatory network of AS-splicing factors (SFs) was established to unravel the
potential regulatory mechanism of AS events in BLCA.
Results: A BLCA prognostic signature related to seven AS events was constructed, and the prognostic value of the
signature was also verified from multiple perspectives. Moreover, there was significant abnormal expression of
PTGER3, a gene implicated in AS events, the expression of which was associated with the survival, clinicopath-
ological features, TIME, and immunotherapy of BLCA, suggesting that it has potential clinical application value.
Furthermore, the AS-SF regulatory network indicated that splicing factors (PRPF39, LUC7L, HSPA8 and DDX21)
might be potential biomarkers of BLCA.
Conclusions: Our study revealed the potential role of AS events in the prognosis, TIME and immunotherapy of
BLCA and yielded new insights into the molecular mechanisms of and personalized immunotherapy for BLCA.
1. Introduction

Bladder cancer (BLCA) is the most common malignant tumor of the
urinary tract. According to the International Agency for Research on
Cancer, in 2020, there were 573,278 new cases of BLCA and 212,536
new deaths worldwide, and the incidence rate in males was much higher
than that in females [1]. Although smoking is the main risk factor [2],
genetics [3], schistosomes [4] and aromatic amines [5] also have
prominent effects on the occurrence of BLCA. The improvement of the
BLCA treatment regimen can significantly prolong the overall survival
(OS) of patients and reduce mortality. However, the therapeutic effects in
advanced and metastatic BLCA are not ideal [6, 7, 8]. Therefore, we must
urgently find new biomarkers and formulate new treatment schemes to
help BLCA patients improve their OS.
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The tumor microenvironment (TME) is composed of tumor cells,
interstitial cells, microvessels, tissue fluid and infiltrating cells, which
are vital to the occurrence, development and treatment of tumors [9,
10, 11]. As a popular research topic, the tumor immune microenvi-
ronment (TIME) has been found to play a variety of complex regula-
tory roles in BLCA and affect the prognosis of patients [12].
Fortunately, targeted immunotherapy, especially the use of immune
checkpoint inhibitors (ICIs), such as PD-1, PD-L1 and CTLA4, has
shown a positive effect in advanced BLCA [13, 14, 15]. However, due
to the heterogeneity of BLCA, there are great differences in the efficacy
of immunotherapy in patients [16]. Therefore, new molecular feature
classification of BLCA patients and accurate prediction of the efficacy
of immunotherapy will help to formulate personalized immunotherapy
in the clinic.
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Alternative splicing (AS) refers to the process of editing mRNA from
the precursor to the mature mRNA. Since events increase genomic
complexity and proteome diversity, they exist in almost 95% of the
human genome [17]. AS events not only can regulate organ development
and tissue identity acquisition, maintain tissue homeostasis and regulate
cell function but also can have prominent effects on the occurrence and
development of tumors [18,19]. In addition, tumor-specific mutations in
splicing factors (SFs) are also risk factors for cancer development and
maintenance [20]. The abnormal regulation of AS events can affect the
TIME and change the survival time of tumor patients [21,22]. AS events
have high potential application value in immunotherapy [23].

In recent years, multiple studies have found BLCA prognostic tools
related to gene and immune cell infiltration [24,25], and previous studies
have shown that AS events are associated with the prognosis of BLCA
[26,27]. However, we still lack in-depth research on the mechanism of
AS events in BLCA. With the development of technology and medicine,
the evolution of high-throughput gene detection technology and large
polycentric datasets of gene expression have made it possible for us to
accurately identify pivotal molecular characteristics. To better serve the
diagnosis and treatment of BLCA, immunotherapy programs should be
formulated, and new anticancer drugs should be developed. We estab-
lished a BLCA prognostic signature related to AS events, explored the
relationship of AS events with the TIME, clinicopathologic features and
immunotherapy, and identified new potential biomarkers related to AS
events.

2. Materials and methods

2.1. Data acquisition and preprocessing

The main process of this study is shown in Figure 1 We downloaded
the original transcriptome data and clinical information of BLCA patients
from the Cancer Genome Atlas (TCGA) database (https://portal.gdc.ca
ncer.gov/) and excluded samples with repetitive and missing survival
information for follow-up analyses. The AS data corresponding to the
samples came from TCGA SpliceSeq (https://bioinformatics.mdande
rson.org/TCGASpliceSeq/PSIdownload.jsp). The percent spliced in
(PSI) refers to the percentage of splicing, which is an indicator for
quantifying the AS process. To ensure the reliability of subsequent ana-
lyses, we conducted a series of strict screenings on the samples (PSI
values � 0.75, average PSI value � 0.05). The immunotherapy score file
of the TCGA-BLCA cohort was downloaded from the Cancer Immune
Atlas (TCIA) public database (https://www.tcia.at/home).

2.2. Process of AS event profiles

We classified the 7 subtypes (alternate acceptor site (AA), alternate
donor site (AD), alternate promoter (AP), alternate terminator (AT), exon
skip (ES), mutually exclusive exons (ME), and retained intron (RI)) of AS
events included in the study and visualized the results of subtype inter-
action sets. This step used the UpSetR package in R software [28]. Next,
we annotated the AS events included in this study. Combining the AS
event gene, ID number and splicing type, for example, in "SUN1 | 78549 |
ES", "SUN100 is the name of the gene associated with the AS event,
"7854900 is the splicing variant ID, and "ES" is the splicing type.

2.3. Identification of prognosis-related AS events and establishment of a
risk assessment model

Univariate Cox analysis was used to investigate the relationship be-
tween AS events and OS in patients with BLCA, and AS events with P <

0.05 were selected as prognostic factors. A volcanic map and bubble
maps were drawn to visualize AS events related to prognosis. The R
packages survival, UpSetR and ggplot2 were used in the above opera-
tions. The selection operator LASSO Cox regression model with 10-fold
cross-validation was used, and then candidate survival-related AS
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events were introduced into multivariate Cox regression analysis. Since
the occurrence of each AS event was independent, we combined all of the
AS PSI values with the corresponding regression coefficient (β) obtained
by multivariate Cox analysis to calculate the risk score of each BLCA
sample. The Eq. [1] is as follows:

Riskscore¼
Xn

i¼1

PSIASi � βASi (1)

where n represents the total number of AS events, PSIASi represents the
PSI value of one of the AS events, and βASi represents the corresponding
regression coefficient.

After calculating the risk score of all samples, the patients with BLCA
were divided into a high-risk group and a low-risk group with the median
risk score as the cutoff point. The R packages used for model establish-
ment included glmnet and survival.
2.4. Verification of the risk assessment model

We utilized Kaplan-Meier analysis to compare the OS between the
high- and low-risk groups. The relationship between the risk score and
survival status of each BLCA patient was also visualized. Univariate and
multivariate Cox analyses were adopted to evaluate whether the model
had independent prognostic value. Then, we used time-dependent
receiver operating characteristic (ROC) curve analysis to evaluate the
prognostic ability of the risk assessment model. In addition, Wilcoxon's
signed rank test was used to calculate the differences in risk scores among
groups with clinicopathologic features and evaluate the clinical appli-
cation value of the model. To quantitatively predict the survival proba-
bility of each BLCA patient, we drew a nomogram according to the risk
score and the clinical information from the TCGA database, including
age, sex, tumor stage, grade, T category and N category. The accuracy of
the nomogram was verified by calibration charts. When the slope of the
calibration curve was closer to 1, the prediction ability of the nomogram
was better. The R packages used in this section included survival, surv-
miner, pheatmap, timeROC, limma, ggpubr and rms.
2.5. Correlation between the risk assessment model and TIME

First, the R package estimate was used to obtain the scores of stromal
cells, immune cells and tumor purity in the TIME of BLCA patients, and a
violin diagram was drawn to show the difference in results between the
high- and low-risk groups. The TME score is the sum of the stromal score
and immune score. Then, we calculated the proportion of 22 types of
immune cells by CiberSort and drew a box graph and scatter diagrams
using the R packets ggpubr, vioplot and ggExtra to illustrate the rela-
tionship between the risk score and infiltrating immune cells. Next, we
used the R packet GSEAbase for single sample gene set enrichment
analysis (ssGSEA) to investigate the expression differences in immune-
related functional gene sets between risk score groups.
2.6. Correlation between the risk assessment model and immune
checkpoint

The therapeutic effect of ICIs on tumors might be related to the
expression level of genes related to immune checkpoints [29]. Therefore,
we revealed the correlations among 6 critical genes related to immune
checkpoints (PD-1, PD-L1, PDCD 1, HAVCR2, CTLA-4, IDO1) [30, 31, 32]
and the risk score, setting the confidence level threshold to 0.95. For the
immune checkpoint-related genes with significant expression differences
between the high- and low-risk groups, we drew scatter plots to show the
correlation results. We also investigated the differences in the expression
of genes associated with 47 immune checkpoints and the differences in
ICI treatment scores between different groups. The R packages limma,
corrplot, ggpubr, ggExtra and ggplot2 were used in these steps.

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
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Table 1. Baseline data of all BLCA patients.

Characteristic Type n Proportion (%)

Age �65 162 39.32%

>65 250 60.68%

Gender female 108 26.21%

male 304 73.79%

Grade low 21 5.10%

high 388 94.20%

unknown 3 0.73%

Stage Stage I–II 133 32.28%

Stage III–IV 277 67.23%

unknown 2 0.49%

T stage T0–2 124 30.10%

T3–4 255 61.89%

unknown 33 8.10%

M stage M0 196 47.57%

M1 11 2.67%

unknown 205 49.76%

N stage N0–1 286 69.42%

N2–3 84 20.39%

unknown 42 10.19%
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2.7. Construction of an AS-SF regulatory network

Our study included 404 SF genes found by Seiler et al. [33] in somatic
mutations (Supplementary Table 1). Combined with the SF RNA-seq data
of BLCA patients downloaded from the TCGA database, the correlation
between SFs and survival-related AS events was evaluated by univariate
Cox analysis and detailed Spearman's correlation analysis. The filter
criteria were set as follows: correlation coefficient >0.65 and P value
<0.001. The drawing of the AS-SF regulatory network was completed by
Cytoscape software, version 3.8.0.

2.8. Screening and verification of the prognostic gene related to AS events

We screened out prognostic genes related to AS events by gene dif-
ferential expression analysis and set the reference value as log | FC |< 1.5
and P < 0.05. Using the median value of the gene expression level as the
cutoff point, the samples were divided into high and low gene expression
groups, and a Kaplan-Meier survival curve was drawn to compare the OS
differences between the two groups. Wilcoxon's signed rank test was
utilized to compare the gene expression differences in different clinico-
pathological characteristics and to evaluate the clinical application value
of the gene. Next, we revealed the differences in immune checkpoint-
related gene expression, TIME and immune infiltrating cells in the high
and low gene expression groups. The expression level of the gene set in
each sample was evaluated by ssGSEA, and the difference in immune
gene set expression between the high and low expression groups of target
genes was calculated. Finally, we analyzed the relationship of the gene
expression level with immune infiltrating cells and immune checkpoint-
related genes by Timer software, version 2.0.

2.9. Statistical analysis

Kaplan-Meier survival curves were used to observe all clinical sur-
vival differences in patients with BLCA. LASSO regression and Cox pro-
portional hazard regression were adopted to construct a risk assessment
model. The independent prognostic ability of the risk assessment model
was verified by multivariate and univariate Cox regression. Wilcoxon's
test and the Kruskal-Wallis test were used to compare the differences
between two groups and three groups or more, respectively. The limma
package in R was utilized for gene differential expression analysis.
Pearson's chi-square test was used to analyze the differences in risk score,
clinicopathologic features, immune checkpoints, TIME and infiltrating
immune cells between groups. The ROC curves validated the predictive
accuracy of the signature. For all of the hypothesis tests, a bilateral P <

0.05 was considered to be statistically significant; “*” indicates P < 0.05,
“**” indicates P< 0.01, and “***” indicates P< 0.001. Except for the AS-
SF regulatory network diagram, which was completed by Cytoscape
software, version 3.8.0, all of the other statistical analyses and graphic
drawings were performed using R software (version 4.0.4).

3. Results

3.1. Clinical information and AS event landscape of BLCA patients

A total of 412 valid clinical data samples were obtained from the
TCGA database. The basic clinical information of the patients is shown in
Table 1. We integrated the AS event data of BLCA patients. Then, 39,508
AS events were analyzed by gene intersection analysis of the 7 subtypes
of AS events, and the results were visualized (Figure 2A). Among the
types, exon skip (ES) is the most common type of AS, while mutually
exclusive exons (ME) are the rarest.

3.2. Construction of the BLCA prognostic signature based on AS events

We identified 2,714 survival-related AS events through univariate
Cox analysis (Figure 2B), of which ES and alternate promoter (AP) were
3

the most common, accounting for 31.83% of survival-related AS events.
We also described all of the survival-related AS events by volcanic
mapping (Figure 1A) and seven different types of remarkable survival-
related AS events by bubble mapping (Figure 1B-H).

To obtain the AS events with the greatest prognostic value, we
screened significant survival-related AS events using 10-fold cross-
validation LASSO regression analysis and determined the optimal
penalty parameter (Figure 2A-B), acquiring 11 survival-related AS
events. On this basis, univariate Cox analysis was used to further
screen the optimal survival-related AS events. Finally, we obtained 7
AS events to construct the BLCA prognostic signature (Supplementary
Table 2).
3.3. Verification of the BLCA prognosis signature related to AS events

We constructed an AS event-related BLCA prognostic model based
on multivariate Cox analysis, and calculated the risk score of each
BLCA patient according to the model. Taking the median risk score as
the cut-off point, the patients were divided into a high-risk group and a
low-risk group (Supplementary Table 3). The results of Kaplan-Meier
analysis showed that the OS of the low-risk group was prominently
better than that of the high-risk group (P < 0.001; Figure 2C). We
calculated the PSI value of the AS event for signature establishment
and found that C19orf57|47943|ES, ACTG1|44120|RI, DYM|45472|ES
and HPCAL1|52658|ES were highly expressed in low-risk patients,
while ANK3|11845|AP, GRIK2|77096|AT and PTGER3|3415|AT were
highly expressed in high-risk patients (Figure 2D). Percent spliced in
(PSI) refers to the percentage of variable shear in genes, which is used
to quantify the biological process of variable shear [34]. We visualized
the risk score and clinical survival time of all samples. The results
suggested that there was an obvious disadvantage in the clinical sur-
vival time of high-risk patients (Figure 2E-F). We also drew ROC
curves of 1-, 2- and 3-year survival for the risk score, and their AUC
values were �0.7 (Figure 2G), indicating that the risk assessment
model has good predictive value. Moreover, univariate and multivar-
iate Cox analyses confirmed that age, clinical stage and risk score were
independent prognostic indicators (Figure 2H-I). Although the inci-
dence of BLCA in males is higher than that in females, the sex of the
patient is not an independent prognostic indicator. The reason for this
result could be that the smoking rate in males is much higher than that
in females [35].



Figure 1. Survival related AS events. (A) The volcano map shows AS events related to survival. (B–H) The bubble charts display survival-related AS events in different
types. (B) alternate acceptor site (AA); (C) alternate donor site (AD); (D) alternate promoter (AP); (E) alternate terminator (AT); (F) exon skip (ES); (G) mutually
exclusive exons (ME); (H) retained intron (RI).
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3.4. Correlations between risk score and clinicopathologic features and
construction of a nomogram

To evaluate the clinical significance of the risk score, we revealed the
differences in risk scores among subgroups with different clinicopatho-
logic features. With the development of patient age, tumor grade and
stage, the risk score showed an increasing trend. Among the scores, the
risk scores of BLCA patients’ age (Figure 3A), grade (Figure 3B), tumor
stage (Figure 3C), M category (Figure 3D), T category (Figure S3A) and N
category (Figure S3B) were significantly different. However, there was
no significant correlation between sex (Figure S3C) and risk score. Next,
we drew ROC curves of 1-, 2- and 3-year survival for the risk score and
these clinical variables (Figure 3E-G), suggesting that the risk score is
more sensitive and specific than traditional clinicopathologic features.
On this basis, the points in the nomogram were used to scale the points
produced by the variables to predict the 1-, 2- and 3-year OS of each
BLCA patient (Figure 3H). In the nomogram, the risk score and each
clinicopathological feature have corresponding scores at the top, and the
total score obtained by adding all risk factor scores has corresponding 1-,
2- and 3-year survival rates at the bottom, which can be used to quan-
titatively predict the survival rate of each BLCA patient. In the 1-, 2- and
3-year OS calibration charts, the slopes of the correction curves were all
close to 1, further confirming the good consistency between the predicted
results and the clinical observations (Figure 3I-K). These results
explained that the signature has predictive value in the clinic.
3.5. The risk assessment model and TIME

To research the role of the risk score in the TIME, we analyzed the
relationship of the risk score with the immune score, the type and level
of infiltrating immune cells, and the characteristics of ssGSEA. First, we
used the estimate algorithm to score the TME of BLCA. The results
indicated that there were significant differences in the TME score
(Figure 4A), immune score (Figure 4B), stromal score (Figure 4C) and
tumor purity (Figure 4D) between the high- and low-risk groups.
Among the factors, the TME score, immune score and stromal score of
4

patients in the high-risk group were higher, while tumor purity was
lower. Subsequently, the results of the CiberSort algorithm suggested
that there were striking, negative correlations between the risk score
and naïve B cells, plasma cells, CD8 T cells, follicular helper T cells (Tfh)
and regulatory T cells (Tregs) in the TME (Figure S4A-E). However, the
risk score was positively correlated with M0 macrophages, M2 macro-
phages and resting memory CD4 T cells (Figure S4F-H). The box dia-
gram indicated that plasma cells showed the greatest difference
between patients in the high- and low-risk groups (P < 0.001). In
addition, although there was no significant correlation between resting
dendritic cells and the risk score, there was an obvious difference in
resting dendritic cell infiltration levels between the high- and low-risk
groups (P< 0.05; Figure 4E). These results suggested that the high TME
score of patients in the high-risk and low-risk groups may be related to
the participation of immune infiltrating cells in tumor activity, espe-
cially plasma cell infiltration, which was dominant in the low-risk
group. However, contrary to our findings, Wei and his colleagues
found that breast cancer patients with predominantly plasma cell
infiltration had a significant survival disadvantage [36]. Subsequently,
ssGSEA investigated the immune-related feature richness (Figure 4F)
and gene expression differences (Figure 4G-H) of immune-related
functional gene sets among groups. In the gene difference analysis of
29 immune-related function sets, there was significantly high expres-
sion of related genes in the high-risk group, which may indicate the
immune activation state in the high-risk group. Enhanced humoral
immunity and humoral immune-related factors can inhibit the tumor
immune response, promote tumor angiogenesis and increase the risk of
cancer [37]. The above results suggested that there was a connection
between the risk score and TIME, providing a new way to study the
immune regulation mechanism of BLCA.
3.6. Correlation between the risk score and immune checkpoint

To survey the relationship between the signature and immune
checkpoints, we analyzed the correlations of the risk score with six
critical immune checkpoint genes (CTLA-4, PDCD1, IDO1, CD274,



Figure 2. Construction of the prognostic signature of BLCA based on AS events. (A) The profile of AS events changing with the change in penalty coefficients in LASSO
analysis. (B) Schematic diagram of calculating the optimal penalty parameter λ. The lower abscissa is the log (λ) value, and the ordinate is the degrees of freedom.
Based on the λ value taken by the minimum criteria and 1-SE criteria, the corresponding number of AS events is 11. (C) The survival difference between the high- and
low-risk groups was described by Kaplan-Meier survival curves. (D) Heatmap of the PSI of 7 AS events. Red indicates high expression, and green indicates low
expression. (E) Risk score distribution of individual BLCA patients. (F) Risk scores and survival statuses of patients with BLCA. (G) The ROC curves of 1-, 2- and 3-year
survival and the area under the curve (AUC) values were all �0.700. The closer the AUC value is to 1, the higher the accuracy of the signature. (H–I) The forest maps
show the results of univariate Cox analysis (H) and multivariate Cox analysis (I).
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HAVCR2 and PDCD1LG2). The results showed that the six genes were
related to the risk score, and with the increase in the risk score, the
expression of the six genes showed a significant upward trend: CTLA-4 (R
¼ 0.28, p ¼ 1.5e�08), PDCD1 (R ¼ 0.27, p ¼ 4.9e�08), IDO1 (R ¼ 0.31,
p ¼ 4.4e�10), CD274 (R ¼ 0.33, p ¼ 9.8e�12), HAVCR2 (R ¼ 0.41, p <

2.2e�16) and PDCD1LG2 (R ¼ 0.48, p < 2.2e�16) (Figure 5A-G),
5

suggesting that ICI therapy might be more advantageous in the high-risk
group. The expression of 47 immune checkpoint-related genes displayed
significant differences in different groups, except for TNFSF15, LGALS9,
TNFRSF14, TNFRSF25 and TMIGD2, and the expression levels of other
genes were higher in the high-risk group (Figure 5H). Immunotherapy
scores indicated that patients in the low-risk group had higher immune



Figure 3. The relationship between the risk score and clinicopathological characteristics. (A–D) The differences in risk score among clinicopathological groups. (A)
Age of patients; (B) grade; (C) tumor stage and (D) M category. (E–G) Comparing the ROC curves of the risk score and clinicopathological characteristics, the AUC
values of the risk score were greater than those of the clinicopathological features. (E) 1-, (F) 2- and (G) 3-year survival. (H) A nomogram was compiled according to
the risk score and clinicopathological characteristics to predict the OS of patients with BLCA. (I–K) The calibration charts showed that the predicted OS results were in
good agreement with the actual clinical observations. (I) 1-, (J) 2- and (K) 3-year OS.
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scores when treated without CTLA-4/PD-1 inhibitors (Figure 5I) and
when only treated with CTLA-4 inhibitors (Figure 5J). When PD-1 in-
hibitors (Figure 5K) and CTLA-4/PD-1 (Figure 5L) inhibitors were used to
treat BLCA patients, the difference in immunotherapy scores dis-
appeared. Our results suggest that ICI therapy could have prominent
effects on BLCA. Especially in high-risk patients, by blocking the immune
escape of tumor cells, the effect of immunotherapy in the high-risk group
could be basically the same as that in the low-risk group.

3.7. The AS-SF regulatory network

To investigate the mechanism between SFs and AS events, we built an
AS-SF network diagram using Cytoscape software, version 3.8.0. Pear-
son's correlation tests were used to analyze the correlation between
differentially expressed SFs and the PSI values of survival-related AS
events. Through screening, we obtained 39 SFs, 38 upregulated AS events
and 99 downregulated AS events. As shown in Figure 5, SFs had a posi-
tive correlation with most upregulated AS events and a negative corre-
lation with most downregulated AS events. Moreover, we identified the
top 5 nodes of connectivity (Table 2), which could be important factors
involved in the abnormal regulation of AS in BLCA.
6

3.8. Verification of the prognosis of PTGER3 and its correlation with
immune checkpoints

To further analyze the role of AS event-related genes in the prognosis
and TIME of BLCA patients, we analyzed the differences among seven
genes with AS events that constructed prognostic signatures. According to
the gene expression of all samples in the TCGA-BLCA cohort, the gene
expression differences between tumor tissues and normal tissues were
analyzed, and the results are shown in Table 3. The results of gene dif-
ferential expression analysis showed that the expression of PTGER3 in
normal tissues was much higher than that in tumor tissues (P < 0.001)
(Figure 6A). Prostaglandin E receptor 3 (PTGER3), also known as EP3, is
one of the four receptors of prostaglandin E2 (PGE2). It is a G-protein
coupled receptor. Due to the unique structure of PTGER3, it can form at
least 8 different splice isoforms, which arewidely distributed in a variety of
tissues and organs throughout the body and participate in numerous
physiological and pathological activities, such as promoting uterine
contraction during pregnancy, regulating bladder micturition and stimu-
lating inflammatory swelling [38, 39, 40]. In addition, PTGER3 mediates
tumor lymphangiogenesis and the occurrence of many kinds of tumors, but
the regulatory modes conflict with each other [41, 42, 43, 44, 45].



Figure 4. The risk score and TIME. (A–D) TME score (A), immune score (B), stromal score (C) and tumor purity (D) between the high- and low-risk groups. (E) The
differences in the enrichment of immune infiltrating cells between groups. In the figure, * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001.(F) Enrichment differences in
immune function-related gene sets between groups. (G) The heatmap describes the differences in the expression of immune characteristic-related genes in different
groups, with blue indicating downregulation and red indicating upregulation. (H) Heatmap of the TME score and immune gene expression of BLCA patients in
different risk groups.
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To study the role of PTGER3 in BLCA, we further verified it. First,
combined with the survival data of BLCA patients, Kaplan-Meier analysis
was performed on patients in the high and low PTGER3 expression
groups. Patients in the low PTGER3 group had longer OS (P < 0.001)
(Figure 6B). Next, in the study of PTGER3 expression levels in each group
of clinicopathologic features, except for the age of the patients
(Figure 6A), there were differences in PTGER3 expression in other
pathological subgroups (Figure 6B-G). Similar to the risk score of the
clinicopathological subgroups, the expression of PTGER3 increased with
the age, tumor stage and grade of BLCA patients. Surprisingly, 47 im-
mune checkpoint-related genes were significantly different between the
different groups; among them, TNFRSF14 and TNFRSF25 were highly
expressed in the low PTGER3 group, and the other 45 genes were highly
expressed in the high PTGER3 group (Figure 6C). Finally, we also
analyzed the relationship of PTGER3 with tumor purity and key immune
checkpoint-related genes in BLCA by TIMER2.0. The results suggested
that the expression of PTGER3 was negatively correlated with tumor
purity (R ¼ �0.423, p ¼ 2.05e�17), and positively correlated with the
7

immune checkpoint-related genes CD274 (R ¼ 0.071, p ¼ 1.75e�01),
CTLA4 (R ¼ 0.174, p ¼ 8.21e�04), HAVCR2 (R ¼ 0.31, p ¼ 1.27e�09),
PDCD1 (R ¼ 0.137, p ¼ 8.5e�03), PDCD1LG2 (R ¼ 0.284, p ¼
2.83e�08), and IDO1 (R ¼ 0.024, p ¼ 6.47e�01) (Figure 6D-I). These
findings jointly revealed that PTGER3 was of great significance in the
prognosis of BLCA, high PTGER3 expression indicated worse OS and
lower tumor purity, and ICIs might be more effective in the treatment of
patients with high PTGER3.

3.9. Correlation between PTGER3 and TIME

We conducted a series of analyses to clarify the role of PTGER3 in the
TIME of BLCA. The results of the estimation algorithm indicated that the
low PTGER3 group had lower TME scores, immune scores, and stromal
scores and higher tumor purity (Figure 7A-D). Using the CIBERSORT
algorithm, it was found that the expression level of PTGER3 was posi-
tively correlated with naïve immune infiltrating B cells, M2 macrophages
and resting mast cells and negatively correlated with activated dendritic



Figure 5. The association between the risk score and immune checkpoints. (A) The correlations of six critical immune checkpoint-related genes (CTLA-4, PDCD1,
IDO1, CD274, HAVCR2 and PDCD1LG2) with the risk score; red indicates a positive correlation. * ¼ p < 0.05, The larger the circle and the darker the color is, the
stronger the correlation is, and the stronger correlation is shown by HAVCR2 and PDCD1LG2. (B–G) Scatter plots and straight regression lines show the correlation
between the risk score and genes related to immune checkpoints. (B) CD274; (C) CTLA-4; (D) HAVCR2; (E) IDO1; (F) PDCD1 and (G) PDCD1LG2. (H) The expression
differences in 47 immune checkpoint-related genes between different groups. (I–L) The different immunotherapy scores of the high- and low-risk groups were as
follows: (I) no CTLA-4/PD-1 inhibitors, p ¼ 0.02; (J) only CTLA-4 inhibitors, p ¼ 0.044; (K) only PD-1 inhibitors, p ¼ 0.17 and (L) CTLA-4/PD-1 inhibitors, p ¼ 0.13.
The upper and lower lines of the white rectangle in the middle of the violin diagram represent quartiles. The larger the area of the red and blue areas, the greater the
probability of distribution near the ordinate values.

Table 2. Nodes with the top 5� in the AS-SF regulatory network.

Rank Name Degree

1 EIF3A 57

2 PRPF39 34

3 LUC7 L 27

4 HSPA8 11

5 DDX21 10

Table 3. Results of differential expression analysis of genes with AS events in
normal and BLCA tumor tissues.

gene conMean treatMean logFC pValue

PTGER3 1.113564523 0.386840227 -0.726724296 3.40E-06

X. Li et al. Heliyon 8 (2022) e08994
cells, activated mast cells, resting natural killer (NK) cells, activated
memory CD4 T cells, CD8 T cells and Tfh cells (Figure 7A-I). There were
differences in 7 types of infiltrating immune cells between the high and
low PTGER3 groups (Figure 7E). ssGSEA pointed out that, except for the
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gene sets of interdigitating dendritic cells (iDCs) and NK cells, there were
distinct differences in the expression of the other 27 immune-related
gene sets between the high and low PTGER3 groups (Figure 7F).
Higher expressions of DCs, B cells, checkpoint, macrophages and other
immune-related genes were found in the high PTGER3 group, suggesting
that there may be more active immune activity in BLCA tumors with high
PTGER3 expression. TIMER 2.0 analysis suggested that there was a sig-
nificant relationship between the expression of PTGER3 and the infil-
tration levels of multiple immune cells (Figure 7G). Through CVN
analysis in TIMER 2.0, we also found that, in the immune infiltrating cells
of BLCA, CD4þ T cells and myeloid dendritic cells showed copy number
deletions, while B cells and macrophages displayed copy number ac-
quisitions (Figure 8A-D).

4. Discussion

BLCA is the most common urologic malignancy with high tumor
heterogeneity [46,47]. With changes in the immune status of cancer
treatment becoming increasingly prominent, bacille Calmette Guerin
bladder instillation, ICIs and other immunotherapies have achieved



Figure 6. Prognostic role of PTGER3 in BLCA and its relationship with immune checkpoints. (A) The difference in PTGER3 expression between normal tissue and
tumor tissue, p < 0.001. (B) Kaplan–Meier analysis showed the difference in survival between the high and low PTGER3 groups, p < 0.001. (C) The expression
differences in 47 immune checkpoint-related genes between groups, and the differences in all genes were statistically significant, p < 0.05. (D–G) Scatter plots and
linear regression lines show the correlation of the expression level of PTGER3 with tumor purity and six key immune checkpoint genes. (D) CD274; (E) CTLA4; (F)
HAVCR2; (G) PDCD1; (H) PDCD1LG2; (I) IDO1.
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certain curative effects in BLCA. However, immunotherapy for BLCA is
also highly individual specific, andmany BLCA patients do not respond to
immunotherapy [48,49]. Therefore, we must urgently establish a signa-
ture that can effectively predict the prognosis of BLCA and the effect of
immunotherapy to help clinical treatment and prolong the OS of patients.
AS has been providing to play an important role in human physiological
and pathological activities [50]. Especially in the process of tumor
occurrence and development, AS has definite diagnostic value and the
possibility of providing potential biomarkers for predicting the prognosis
of tumors [51]. However, we still lack research on AS events in the field
of TIME and immunotherapy.

We established a BLCA prognostic signature based on 7 AS events, in
which C19orf57|47943|ES, ACTG1|44120|RI, DYM|45472|ES and
HPCAL1|52658|ES were protective AS events, and ANK3|11845|AP,
GRIK2|77096|AT and PTGER3|3415|AT were dangerous AS events.
ACTG1 is overexpressed in uterine cancer cells, and shows an inhibitory
response to immunotherapy [52]. Aerobic glycolysis inhibits the pro-
liferation of hepatocellular carcinoma (HCC) cells by downregulating
ACTG1, and a high level of ACTG1 is significantly related to advanced
hepatoma [53]. HPCAL1 increases the proliferation and growth of
glioblastoma by activating the Wnt/β-catenin pathway [54]. Yeon et al.
[55] found that 13.9% of colorectal cancers (CRCs) in 124 patients had
ANK3 gene frameshift mutations and intratumoral heterogeneity, and
low expression of ANK3 could inhibit detachment-induced apoptosis
and promote CRC cell survival. The overexpression of GRIK2 is asso-
ciated with the phenotype of less aggressive sarcoma and the senes-
cence of ovarian cancer cells [56,57]. Interestingly, overexpression of
GRIK2 increases the invasive ability and tumorigenicity of urothelial
carcinoma (UC) stem cells, which is related to poor prognosis in UC
[58]. Although it has been found that the abnormal expression of
ACTG1, HPCAL1, ANK3 and GRIK2 is related to tumors, these 7 AS
events have not been studied by scholars, and they could be potential
biomarkers of BLCA.
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The estimation algorithm and ssGSEA indicated that the high-risk
group had higher immune scores and higher expression levels of im-
mune characteristic-related genes. It is suggested that BLCA patients in
the high-risk group might have strong immune activity and exert anti-
tumor effects through an immune effect mechanism. The infiltration
levels of naïve B cells, plasma cells, CD8 T cells, Tfhs and Tregs in the
TME in the high-risk group were lower than those in the low-risk group,
but the infiltration levels of M0 macrophages, M2 macrophages and
resting memory CD4 T cells were higher. High levels of CD8 T cells have
been found to be associated with better prognosis of BLCA and younger
women with breast cancer [59,60]. In patients with CRC, the high
expression of Tfh-related genes suggests a better prognosis. However,
due to PD-1/PD-L1-mediated inhibition, the ability of Tfhs to stimulate
CD8þ T cells and produce IL-21 is weakened in patients with advanced
CRC [61]. Treg infiltration is associated with poor prognosis of BLCA [62,
63]. M0 macrophages are related to poor prognosis of HCC [64]. M2
macrophages are involved in tumor microangiogenesis in BLCA and are
related to tumor stage and invasiveness [65]. Because of the diversity and
complexity of immune infiltrating cells in the TME, the results of multiple
types of immune infiltrating cell analysis will be more valuable than
single-type immune cell analysis.

The immunotherapy score survey revealed that, with the use of CTLA-
4/PD-1 inhibitors, the immunotherapy difference between the high- and
low-risk groups decreased. This outcome could be related to the higher
expression of immune checkpoint-related genes in the high-risk group.
Durvalumab, a PD-L1 inhibitor, showed safe clinical significance in a
phase 1/2multicenter BLCA clinical trial, in which the objective response
rate (ORR) of PD-L1-positive patients was 46.4%, and the ORR of PD-L1-
negative patients was 0% [66]. In a multicenter, phase 1/2 Check-
Mate032 trial, the PD-1 inhibitor nivolumab showed an ORR of 24.4% in
patients with refractory metastatic UC [14]. Powles et al. [67] found that
the PD-L1 inhibitor MPDL3280A could help to treat metastatic UC, and
the ORR of PD-L1-positive patients was higher, precisely because ICIs



Figure 7. PTGER3 and TIME. (A–D) The differences in TME score (A), immune score (B), stromal score (C) and tumor purity (D) between the high and low PTGER3
groups. (E) The degree of difference in immune cell infiltration between groups. (F) Differences in immune characteristic enrichment between groups, ** ¼ p < 0.01
and *** ¼ p < 0.001. (G) Scatter plots and linear regression lines depict the correlation between PTGER3 expression levels and different types of immune cell
infiltration.
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have clinical application value in BLCA, and the immunotherapeutic ef-
fect of patients varies greatly. In this study, we analyzed the correlation
between the risk score and immune checkpoints. Although these findings
suggested that patients with BLCA in the high-risk group might have a
better therapeutic effect on ICIs, the detailed molecular mechanisms
should be further elucidated. Nevertheless, the signature could be used as
a new predictive tool for formulating BLCA immunotherapy strategies.

Gene differential expression analysis indicated that there were sig-
nificant differences in PTGER3 between BLCA tissues and normal tissues.
Our study found that the OS of patients in the high PTGER3 group was
shorter, but the expression of immune checkpoint-related genes, the
enrichment of immune characteristic-related genes and the number of
immune infiltrating cells in the high PTGER3 group were higher than
those in the low PTGER3 group, suggesting that the high PTGER3 group
might correspond to the state of immune activation, but the antitumor
effect of immune cells could be blocked by the immune checkpoint. A
previous study showed that PTGER3 is overexpressed in tumors and
adjacent tissues of CRC [68]. The high expression of PTGER3 is also
related to the shortening of OS in patients with ovarian cancer, but
silencing prostaglandin E2 receptor EP3 (PTGER3) could improve
cisplatin resistance through the RAS-MAPK/ERK-ET-ELK1 axis [69,70].
10
Our study found for the first time that abnormal expression of PTGER3 is
related to BLCA, revealing that PTGER3 could be a potential biomarker
for the prognosis of BLCA and a potential target for immunotherapy.

SFs play a carcinogenic or inhibitory role by participating in
abnormal AS events in BLCA [71,72]. Consequently, we constructed an
AS-SF regulatory network of BLCA to visually demonstrate the abnormal
AS regulatory mechanism of BLCA. The five most important SF centers
were eIF3a, PRPF39, LUC7L, HSPA8 and DDX21, which could have sig-
nificant effects on the occurrence and development of BLCA. Down-
regulation of eIF3a can decrease the movement, proliferation and growth
rate of mouse BLCA cells, and high expression of eIF3a can shorten the OS
of low-grade BLCA patients [73]. However, PRPF39, LUC7L, HSPA8 and
DDX21 are the first SFs that might be involved in the development of
BLCA. The AS-SF regulatory network provides a basis for further study of
the mechanism of AS events in BLCA and the development of new anti-
neoplastic drugs.

5. Conclusions

We analyzed the regulatory role of AS events and constructed a signa-
ture that can predict the prognosis of BLCA. In addition, the verification
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results of clinical survival status, clinicopathologic features,ROCcurvesand
nomograms showed that our signature has reliable predictive value. The
correlation analysis of the risk score with TIME and immune checkpoints
also suggested predictive value in immunotherapy. This work emphasized
that the PTGER3 gene and splicing factors PRPF39, LUC7L, HSPA8 and
DDX21 might be potential biomarkers of BLCA. In summary, AS events
provide a new perspective on the prognosis of BLCA and the formulation of
new immunotherapy strategies. The AS-SF regulatory network supplies a
basis for research on the regulatory mechanism of AS in BLCA. However,
further experiments and clinical explorations remain necessary to verify the
clinical value of the signature and PTGER3 in BLCA.
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