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Comprehensive analysis of alternative splicing profiling reveals 
novel events associated with prognosis and the infiltration of 
immune cells in prostate cancer

Tianqi Wu1,2#, Wenfeng Wang1#, Yanhao Wang1,3#, Mengfei Yao1, Leilei Du1, Xingming Zhang1,  
Yongqiang Huang1, Jianhua Wang1,4, Hongbo Yu5, Xiaojie Bian1,3

1Shanghai Urological Cancer Institute, Cancer Institute, Fudan University Shanghai Cancer Center, Shanghai, China; 2Department of Radiotherapy, 

Renji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China; 3Department of Urology, Fudan University Shanghai Cancer 

Center, Shanghai, China; 4School of Medicine, Anhui University of Science & Technology, Huainan, China; 5Department of Urology, Affiliated 

Mingji Hospital of Nanjing Medical University, Nanjing, China

Contributions: (I) Conception and design: T Wu, W Wang, Y Wang; (II) Administrative support: X Bian, J Wang, H Yu; (III) Provision of study 

materials or patients: T Wu, W Wang, M Yao; (IV) Collection and assembly of data: Y Wang, L Du, X Zhang; (V) Data analysis and interpretation: 

W Wang, Y Huang; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
#These authors contributed equally to this work.

Correspondence to: Xiaojie Bian. Department of Urology, Shanghai Urological Cancer Institute, Cancer Institute, Fudan University Shanghai Cancer 

Center, Shanghai, China. Email: xbian10@fudan.edu.cn; Hongbo Yu. Department of Urology, Affiliated Mingji Hospital of Nanjing Medical 

University, Nanjing, China. Email: yhb480@163.com; Jianhua Wang. Shanghai Urological Cancer Institute, Cancer Institute, Fudan University 

Shanghai Cancer Center, Shanghai, China. Email: jianhuaw2007@qq.com.

Background: Alternative splicing (AS) is believed to play a vital role in tumor development. Therefore, 
comprehensive investigation of AS and its biological function in prostate cancer (PCa) is crucial. 
Methods: The AS profiling of 489 patients with PCa was obtained from The Cancer Genome Atlas (TCGA) 
SpliceSeq database. Bioinformatics tools were used to describe splicing associations and build prognostic 
models. Unsupervised clustering of the determined prognostic AS events and the relationship with immune 
characteristics were also explored.
Results: In total, 20,723 AS events were detected and 2,805 were identified in PCa. In the regulatory 
networks, the data suggested a significant correlation between splicing factor (SF) expression and AS events. 
To stratify the progression risk of PCa patients, prognostic models were constructed using splicing patterns. 
Six AS events were screened out as independent prognostic factors for progression-free survival. Based on 
the gene features, we constructed the combined prognostic predictors model, and the receiver operating 
characteristic (ROC) curve for this model reached a high area under the ROC curve (AUC) of 0.729793, 
indicating a favorable ability to predict patient outcomes. Through unsupervised clustering analysis, the 
correlations between AS-based clusters and prognosis as well as immune characteristics were revealed. 
The correlation analysis on TIMER revealed the relationship between gene expression and immune cell 
infiltration. 
Conclusions: This in-depth genome-wide analysis of the AS profiling in PCa revealed unique AS events 
associated with cancer progression and the infiltration of immune cells, with potential for predicting 
outcomes and therapeutic responses.
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Introduction

Prostate cancer (PCa) is the second leading cause of cancer 
death in American men and threatens the health of men 
worldwide (1). With the recent lifestyle changes in China, 
the incidence of PCa has also increased over time (2). 
Patients with non-metastatic PCa, who are fit enough to 
receive curative treatment, have a good prognosis. Yet, 
approximately 30% patients with biochemical recurrence 
(BCR) after primary radical surgery develop clinical 
recurrence, with a mortality rate of 16.4% (3). Owing to 
PCa screening, increasing numbers of PCa patients can be 
diagnosed at an early stage and achieve clinical cure. Even 
for those asymptomatic advanced patients, early treatment 
intervention can improve patient prognosis. However, 
the prognosis of advanced patients is still very poor (4). 
Moreover, prostate tumors have significant heterogeneity 
among different individuals. For metastatic castration-
resistant PCa (mCRPC), genomic aberrations may be 
similar or different from primary prostate tumors that are 
androgen deprivation treatment naïve (5). Multiple diverse 
genomic explorations are required to unveil the malignant 
features of PCa. Alternative splicing (AS) is ubiquitous in 
the biological process of post-transcriptional regulation, 
which influences the translation of mRNA isoforms and 
the generation of protein diversities (6). With the advent 
of next-generation sequencing, landscapes of aberrant 
AS events were revealed by bioinformatics analysis and 
exhibited up to 30% more AS events in primary tumors than 
adjacent normal tissues (7). Under pathological conditions, 
different splicing isoforms could generate proteins with 
varied structures and functions, some of which play 
important roles in the process of oncogenesis and tumor 
progression (8). Increasing evidence has demonstrated that 
cancer-specific splicing events and abnormal spliceosomes 
could be used as prognostic factors and therapeutic targets 
in tumor treatment management (9). In hepatocellular 
carcinoma (HCC), networks between RNA-binding 
protein (RBP) genes and their corresponding AS events 
are enriched in a series of metabolism-related pathways, 
playing vital roles in the development of HCC (10). The 
upregulation of splicing factor (SF) 3b subunit 3 (SF3B3) 
expression parallels the increased inclusion of enhancer of 
zeste 2 polycomb repressive complex 2 subunit (EZH2) 
exon 14. Enforced expression of EZH2∆14 inhibits, and 
EZH2 promotes, cell growth, migration, proliferation, 
and tumorigenicity (11). Frequent overlap of mutations in 
isocitrate dehydrogenase [NADP (+)] 2 (IDH2) and serine 

and arginine rich splicing factor 2 (SRSF2) promotes the 
oncogenesis of leukemia through the synergistic effect 
of epigenome and RNA splicing. Although mutations in 
IDH2 or SRSF2 confer different splicing changes, the 
co-expression of mutant IDH2 upregulates the splicing 
effect of mutant SRSF2, resulting in fatal myelodysplastic 
abnormalities with new proliferative characteristics (12). 

Numerous studies have implicated the importance of 
AS in the development and progression of cancers (13). 
In mCRPC patients, the presence of alternatively spliced 
androgen receptor variant 7 (AR-V7) has been suggested 
to be associated with a declined efficiency of androgen 
deprivation therapy (14). Recently, cancer-specific AS 
had been widely recognized as feasible markers for 
predicting treatment efficacy. In squamous carcinoma , 
long noncoding RNA epidermal growth factor receptor 
(EGFR)-AS1 mediates EGFR addiction. Reduced EGFR-
AS1 levels shift splicing toward EGFR isoform D, leading 
to a high response rate to EGFR tyrosine kinase inhibitor 
(TKIs) regardless of the defect of focal amplification or 
activated mutation in EGFR (15). Moreover, growing 
evidence has demonstrated that AS is not only correlated 
with the malignant phenotype of tumors, but also plays 
an important role in the immune microenvironment 
formation, affecting immune cell infiltration and crosstalk 
between tumor and immune cells (16).  Hence, an 
improved understanding of AS and its clinical significance 
in PCa is urgently required. 

The Cancer Genome Atlas (TCGA) SpliceSeq is a 
web-based database for investigating the AS events of 
TCGA tumors. Based on this database, we highlighted 
a systematic profiling of genome-wide AS events, 
thus providing a better understanding of the potential 
biological function and underlying regulatory mechanisms 
of these events. We also clarified the relationship between 
prognosis and the tumor microenvironment in patients 
with PCa. The results of this study may provide research 
clues for the development of novel therapeutic targets of 
PCa. We present the following article in accordance with 
the REMARK reporting checklist (available at https://
dx.doi.org/10.21037/tau-21-585).

Methods

Acquisition of AS events profiling

The corresponding RNA-Seq profiles of PCa were 
generated from the TCGA data portal (https://tcga-data.
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nci.nih.gov/tcga/). Patients with histologically confirmed 
prostate adenocarcinoma were included in TCGA PCa 
cohort, and detailed clinical and follow-up information 
was also collected. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). 
To quantify AS events, we used the Percent Spliced 
In (PSI) value to evaluate each type of AS event. After 
implementing splice event filters (percentage of samples 
with PSI values ≥75), PSI values were obtained from the 
TCGA SpliceSeq (https://bioinformatics.mdanderson.
org/TCGASpliceSeq/singlegene.jsp). Subsequently, an 
UpSet plot was constructed to quantitatively analyze the 
interactive sets among different AS patterns using UpSetR 
(version 1.3.3) (17). For visualized analysis of AS events 
and genes in chromosomes, Circos plots were constructed 
using Circlize (version 0.4.11) (18). 

Explorations of prognosis-associated AS events

UpSet plots were constructed to display the intersection of 
genes that may have multiple splicing events significantly 
associated with progression free survival (PFS). The hazard 
ratios (HRs) and 95% confidence interval (95% CI) of 
each PFS-related event were calculated by univariate Cox 
regression analysis, and the prognostic AS events were 
shown by volcano plot. A Venn diagram was constructed 
to exhibit AS event-associated genes between the high and 
low PSI groups. Cytoscape (version 3.7.0) (19) was used 
to visually display the networks based on the PSI values of 
AS events and the expressions of SFs, and P-values were 
adjusted by Benjamini-Hochberg correction (|R|≥0.4, 
adjusted P<0.05). 

Survival analysis

PCa cohorts were grouped according to the median 
PSI value of each AS event. Least  absolute  shrinkage 
and  selection operator (LASSO) regression analysis 
was used to screen highly correlated genes to prevent 
overfitting of prognostic model. AS events with P values 
less than 0.05 in the LASSO regression analysis were 
brought into the multivariate Cox regression analysis 
to investigate the independent predictors, on which 
prognostic models of the PCa cohort were established. To 
estimate the efficiency of prognostic model, the area under 
the receiver operating characteristic (ROC) curve (AUC) 
with censored data were generated using the ROC package 
(version 1.0.3) (http://bioconductor.org/packages/release/

bioc/html/ROC.html). 

AS-based cluster analysis

To better classify TCGA PCa cohort, hierarchical consensus 
clustering was performed in an unbiased and unsupervised 
manner using the “ConsensusClusterPlus” Rpackage 
(version 3.12) (https://www.bioconductor.org/packages/
release/bioc/html/ConsensusClusterPlus.html). In order 
to clarify the distribution of stromal and immune cells in 
tumor tissues, stromal and immune scores were calculated 
using the “ESTIMATE” Rpackage (https://bioinformatics.
mdanderson.org/estimate/rpackage.html). TIMER (http://
timer.cistrome.org) was conducted to visually assess the 
gene expression and immune infiltration.

Statistical analyses 

Differences in continuous variables were assessed using 
the student’s t-test and analysis of variance (ANOVA) test. 
Spearman’s correlation coefficients were addressed for non-
normally distributed data. All calculated P values were two-
sided and P<0.05 was considered statistically significant. All 
statistical analyses were carried out using R 3.6.2 (https://
www.r-project.org).

Results

The AS profiling of 489 PCa patients was obtained from 
the TCGA SpliceSeq database and survival data of 469 
patients were collected. The median follow-up duration 
was 28.8 months (range, 1–167.5 months). Seventy (14.3%) 
patients were diagnosed with disease progression and 10 
(2.0%) patients died of PCa. In this PCa cohort, the 5-year 
overall survival (OS) and PFS were 98.8% and 88.5%, 
respectively. In TCGA SpliceSeq database, we preliminarily 
explored 44,070 AS events from 10,381 genes in PCa. 
There were seven AS splicing modes included (Figure 1A): 
alternate acceptor site (AA), alternate donor site (AD), 
alternate promoter (AP), alternate terminator (AT), exon 
skipping (ES), mutually exclusive exons (ME), and retained 
intron (RI). Of these seven splicing modes, ES had the 
highest frequency (33.2%). The prevailing phenomenon 
was that most AS events were observed in only a small set of 
study cohorts. We further explored the cancer-specific AS 
alternations associated with PFS, and a total of 20,723 AS 
events from 10,381 genes were obtained for the following 
analysis. After screening, ES still had the highest percentage 
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Figure 1 Overview of AS events obtained from TCGA. (A) Diagram of seven AS event patterns. (B) UpSet plot of interactive sets among 
all AS event patterns (n=20,723). (C) Circos plot of chromosome location of AS events and their parent genes. Outer circle represents the 
chromosome locations; intermediate circle exhibits the chromosome ideograph; inner graph shows the potential connections between AS 
events their parent genes with ribbons. AS, alternative splicing; TCGA, The Cancer Genome Atlas.

(31.7%) of all splicing events, following by AT (18.2%) 
and AP (17.4%). Furthermore, seven different splicing 
patterns could occur in one gene, and most genes had more 
than one splicing variant (Figure 1B). Circos plots were 
simultaneously generated to present an intuitive cognition 
of genome-wide alternations in PCa (Figure 1C).

To investigate the prognostic value of AS events in PCa 
patients, univariate Cox regression analysis was performed 
to assess the prognostic efficacy of each AS event. In total, 
2,805 AS signatures were found to be significantly related 
to PFS. A subset of overlapping AS events among the 
seven types of AS in PCa was illustrated using the UpSet 
plot diagram (Figure 2A). Prognosis-related AS events 
were exhibited as red dots in the volcano plot (Figure 2B). 
Obviously, one gene could have multiple corresponding 

PFS-related AS events in PCa. To further explore the 
gene atlas with variable AS types, a Venn diagram was 
generated to show the similarities and differences between 
the high and low PSI groups. There were 1,200 genes 
that had favorable AS events, 1,227 that had adverse AS 
events, with an intersection of 568 genes, which exhibited 
both (Figure 2C). The top 20 prognostic AS events of 
the seven patterns are shown in Figure 2D,E,F,G,H,I,J. 
Furthermore, SFs associated with these specific AS events 
were determined by survival analysis based on the gene 
expression profiles. In the correlation networks, there 
were 485 interactions between 65 PFS-associated SFs and 
80 events, including 55 favorable and 35 unfavorable AS 
events (green dots) (Figure 3). 

LASSO analysis was used to develop prognostic 
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Figure 2 UpSet plot of AS in PCa. (A) UpSet plot of interactions between the seven types of PFS-associated AS events. One gene may 
have up to five types of AS events associated with patient survival. (B) Volcano plots of differentially expressed AS in TCGA (left). Genes 
highlighted in blue have an FDR <0.05, and those in red have an FDR <0.05 and log2 (fold change) >|1|. (C) Venn diagram depicting the 
overlap of differentially spliced genes in both cohorts. (D,E,F,G,H,I,J) Bubble plots of the top 20 PFS associated events of different AS 
types in PCa. P values are indicated by the color code beside the plots. AS, alternative splicing; PCa, prostate cancer; TCGA, The Cancer 
Genome Atlas; FDR, false discovery rate; PFS, progression free survival.
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Figure 3 Integrated network of AS events and related splicing factors. Blue dots are PFS associated splicing factors. Green/pink dots are 
favorable/adverse AS events. Pink/green lines represent positive/negative correlations between substances. AS, alternative splicing; PFS, 
progression free survival.

signatures based on AS events and prevent overfitting of 
the model, through which 12 AS events were screened out. 
The coefficient profile and partial likelihood deviance of 
the LASSO regression curve showed a strong potential 
to predict patient outcomes (Figure S1A and S1B). 
Based on the results of the LASSO regression model, 
multivariate Cox regression was addressed to further 
build the prognostic model and calculate the risk score 
of each cohort. Patients were divided into high- and low-
risk groups according to the median risk score predicted 
by the final prognostic model. Survival analysis showed 
that the established model had a strong power to predict 
outcomes in PCa patients (P<0.001) (Figure 4A,B). Six 
AS events inferred were from the genes of acyl-CoA 
dehydrogenase family member 8 (ACAD8), dachshund 
family transcription factor 1 (DACH1), dermokine 
(DMKN), ring finger and FYVE like domain containing 
E3 ubiquitin protein ligase (RFFL), SMAD family member 
4 (SMAD4), zinc finger protein like 1 (ZFPL1). The 
heatmap for each of the predictors (clustered by risk score) 

are shown in Figure 4C. The risk score curve and dot plot 
displayed a favorable efficiency to indicate outcomes in 
PCa patients (Figure 4D,E). The PFSs differed between 
the high- and low-risk groups (Figure S2). The validity of 
this prognostic model was represented by a ROC curve; 
the prognostic risk score system exhibited a high efficiency 
with an AUC of 0.793 for predicting the PFS of patients at 
5 years (Figure 4F).

To better understand the molecular heterogeneity 
of PCa, unsupervised consensus analysis was conducted 
to investigate the intrinsic clusters of AS events and 
finally 487 cohorts were enrolled (Figure 5A): C1 (n=137, 
38.0%), C2 (n=110, 22.5%), C3 (n=156, 31.9%), and 
C4 (n=84, 17.2%). Moreover, Kaplan-Meier analysis 
showed significant differences of OS and PFS among the 
different clusters (Figure 5B,C). The differences between 
each cluster of immune features (Immune Score, Stromal 
Score) were analyzed, and the result showed that different 
subgroups enjoyed distinct immune characteristics  
(Figure 5D,E). Furthermore, we evaluated the relationship 

https://cdn.amegroups.cn/static/public/TAU-21-585-Supplementary.pdf
https://www.ncbi.nlm.nih.gov/gene/27034
https://www.ncbi.nlm.nih.gov/gene/27034
https://www.ncbi.nlm.nih.gov/gene/1602
https://www.ncbi.nlm.nih.gov/gene/1602
https://www.ncbi.nlm.nih.gov/gene/93099
https://www.ncbi.nlm.nih.gov/gene/117584
https://www.ncbi.nlm.nih.gov/gene/117584
https://www.ncbi.nlm.nih.gov/gene/4089
https://www.ncbi.nlm.nih.gov/gene/4089
https://www.ncbi.nlm.nih.gov/gene/7542
https://cdn.amegroups.cn/static/public/TAU-21-585-Supplementary.pdf
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Figure 4 Determination and analysis of the prognostic models in PCa. (A) PFS ranked by risk score. (B) OS ranked by risk score. (C) 
Heatmap of prognostic AS events associated with PFS. (D) Risk curve stratified by risk score. Green/red dots represent low/high risk groups 
that are distinguished using the dotted lines. (E) Progression free survival status and duration of PCa patients. Dotted lines were used to 
distinguish the high- and low-risk groups. Green dots represent surviving patients, while red dots indicate patients with disease progression. 
(F) ROC curve of prognostic gene panels. PCa, prostate cancer; PFS, progression free survival; OS, overall survival; AS, alternative splicing; 
ROC, the receiver operating characteristic.
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Figure 5 AS-based clusters significantly associated with immune microenvironment features. (A) Heatmap of consensus clustering analysis. 
(B) Kaplan-Meier curves of the four AS-based clusters showed intuitive understanding of overall survival probability. (C) Kaplan-Meier 
curves of progression free survival for four AS-based clusters. (D) Immune infiltration status among AS-based clusters. (E) Stromal score of 
each AS-based cluster. AS, alternative splicing. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

between gene expression and immune status in TIMER. 
There was a positive correlation between ACAD8 
expression and the infiltration of CD8+ T cells (Cor=0.327, 
P=8.12e-12) and macrophages (Cor=0.205, P=2.49e-05). 

The results also suggested that DACH1 expression 
was positively associated with the infiltration of B cells 
(Cor=0.345, P=5.81e-13), CD8+ T cells (Cor=0.445, 
P=1.22e-21), macrophages (Cor=0.359, P=4.49e-14), 
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and neutrophils (Cor=0.319, P=3.04e-11). DMKN 
expression was positively related to the infiltration of 
CD4+ T cells (Cor=0.353, P=1.76e-13) and macrophages 
(Cor=0.325, P=1.02e-11). RFFL expression was negatively 
related to the infiltration of CD8+ T cells (Cor=0.54, 
P=6.28e-33). SMAD4 expression was positively related 
to the infiltration of B cells (Cor=0.206, P=2.21e-10), 
CD8+ T cells (Cor=0.598, P=9.68e-42), macrophages 
(Cor=0.395, P=5.83e-17), and dendritic cells (Cor=0.309, 
P=1.18e-10). ZFPL1 expression was negatively related 
to immune infiltration. The above results indicate that 
there were underlying links between the hub genes and 
immune infiltration, which may provide insight into the 
development of immunotherapy in PCa (Figure 6).

Discussion

PCa is one of the most common cancer threats to men. 
After radical treatment, a short interval to biochemical 
failure was suggested to be relevant with a high risk of tumor 
progression (20). An increasing number of studies have 
demonstrated that AS signatures play roles in the treatment 
resistance and progression of PCa. However, the function 
of these dysregulated AS events in PCa are still under 
investigation. With the development of high-throughput 
sequencing technology, genetic alterations could be detected 
constantly, thus providing new perspectives for exploring the 
prognostic markers of PCa. In our study, we systematically 
integrated the clinical and genomic data from TCGA 
and SpliceSeq to reveal the roles of AS in PCa. We used 
univariate analysis to identify seven subtypes of AS events 
associated with PFS. A predictive model was constructed, 
with a high efficiency of 0.792, and six hub genes were 
generated via multivariate analysis. Furthermore, biological 
heterogeneity was preliminarily revealed by a systematic 
analysis of AS-based clustering of PCa. 

The existence of AS leads to the production of different 
mRNA isoforms and variant proteins with diverse 
physiological function from a single gene. The occurrence 
of splicing events is essential and important in eukaryotic 
gene expression, especially in hereditary cancer genes, 
which are susceptible to abnormal mutations in splicing 
sites (21). Large statistics from TCGA data across 32 cancer 
types provided substantial evidence that tumors have up to 
30% more AS events than normal samples (7). Malignant 
cells undergo genomic dysregulation that leads to internal 
phenotype changes, enabling them to play a specific 
role in tumor development (22). Hence, understanding 

the regulation mechanism could help to provide deeper 
insights into the hallmarks of cancer. So far, a series of 
prognostic alternative transcripts in clinical applications 
have been confirmed, which predict the clinical outcomes 
and treatment response (23,24). In colorectal cancer (CRC), 
upregulation of Rac family small GTPase 1b (RAC1b) 
was believed to be a splicing biomarker with predictive 
potential. In particular, in CRC with BRAFV600E 
mutation, the high-frequency RAC1 splice variant is a 
widely accepted biomarker of poor prognosis in advanced 
tumors. In addition, RAC1b expression was reported to 
affect the prognosis of patients with metastatic CRC who 
received first-line FOLFOX/XELOX chemotherapy (25). 

In PCa, upregulation of SFs has also been suggested 
with epithelial-mesenchymal transition (EMT) in the 
oncogenesis progress and disease development. After 
androgen deprivation, the expression of SF serine/arginine 
repetitive matrix protein 4 (SRRM4) is elevated and AS 
frequency of RE1-silencing transcription factor (REST) 
increased, leading to excessive production of REST 
truncations, which lack typical transcription repression 
domains. Consequently, these cancer cells turned into 
a new neuroendocrine phenotype that is less dependent 
on AR pathways (26). Mutation of Kruppel-like factor 6 
(KLF6), which was well known as a tumor suppressor gene, 
was often observed in PCa. Germline single nucleotide 
polymorphisms (SNPs) in KLF6 can lead to increased 
generation of KLF6 splice variant 1 (KLF6- SV1), thereby 
influencing the ability of cell proliferation, as well as colony 
formation and invasion, indicating an inferior prognosis 
in PCa (27). In a recent study, heterogeneous nuclear 
ribonucleoprotein L (HNRNPL) was demonstrated to 
play important roles in PCa. It could directly regulate the 
AS behaviors of RNAs, including those genes that can 
play an important role in the development of PCa, such as 
androgen receptors. Moreover, HNRNPL could regulate 
the generation of circular RNA through reverse splicing. 
These studies provided new evidence to explore the 
mechanism of tumor progression and investigate potential 
therapeutic targets (28). 

In our study, AS events of ACAD8 were shown to 
have a positive relationship with PFS, while SMAD4, 
DACH1, DMKN, and ZFPL1 variants were negatively 
correlated with PFS outcomes. Limited work had been 
done on ACAD8 in cancers previously. A previous 
study showed that AS in ACAD8, which encodes 
mitochondrial isobutyryl-CoA dehydrogenase, resulted in 
a mitochondrial defect and progressive hepatic steatosis in 

https://www.ncbi.nlm.nih.gov/gene/3191
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Figure 6 Association between AS and tumor-infiltrating immune cells. AS, alternative splicing.

mice (29). In CRC development, alternative cleavage and 
polyadenylation (APA) of DMKN could alter the length 
of the 3'-untranslated region, which influences post-
transcriptional regulation of gene expression. An APA shift 

towards a proximal polyA site in adenoma compared with 
normal tissue was observed, indicating that this event may 
occur even earlier in cancer progression (30). The loss of 
DMKN function in pancreatic ductal adenocarcinoma 
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(PDAC) leads to decreased phosphorylation of signal 
transducer and activator of transcription 3, and increased 
activation of ERK1/2 and AKT serine/threonine kinases, 
thereby shrinking the proliferative ability of PDAC cells. 
In addition, DMKN knockdown reduced the invasion and 
migration behaviors of malignant cells, partially reversed 
the occurrence of EMT, slowed the tumor growth rate by 
reducing microvessel density, and prevent distant metastasis 
of tumors in xenograft models (31). The splicing variants 
of SMAD4 have been found in many cancers.  In non-
small cell lung cancer cells, recombinant expression of 
SMAD4 variants have significant effects on the proliferation 
and migration of cells, and also regulate cadherin 1 and 
vimentin protein expression (32). SMAD4 loss is correlated 
with worse clinical outcomes, resistance to chemotherapy, 
and decreased immune infiltrate, supporting its use as a 
prognostic marker in patients with CRC (33). In gastric 
cancer, knocking down of ZFPL1 can significantly increase 
cell mortality via autophagy, not apoptosis (34).

The construction of SF networks can help to further 
explore the potential mechanisms of splicing pathways. 
The analysis of AS events related to PFS may be of great 
significance in interpreting the mechanism of AS in 
tumor development. Considering that the regulation of 
key SFs may lead to widespread splicing abnormalities, 
we further conducted a systematic analysis of AS-based 
clustering. Under certain conditions, these variants 
could lead to changes in specific cell and tissue functions, 
providing tumor cells with a novel means to adapt the 
tumor microenvironment and escape from different 
immune barriers (35). Recent studies have shown that 
peptide-specific cytotoxic T lymphocyte responses could 
be elicited by peptides derived from BCR activator of 
RhoGEF and GTPase/ABL proto-oncogene splicing 
variants, providing a hint for exploring targets of cell-
based immunotherapy (36). 

In our primary investigation, expression of ACAD8, 
SMAD4, DACH1, DMKN, and RFFL were found to be 
moderately correlated with CD8+ T cells or macrophages. 
In PCa patients with programmed cell death-1 (PD-1) 
ligand (PD-L1) expression in ≥1% of tumor or stromal 
cells, we confirmed partial responses to pembrolizumab 
treatment with an impressive objective response rate of 
17.4% (95% CI: 5.0–38.8%); 8 of 23 (34.8%) patients 
were assessed as stable (37). After ipilimumab therapy, the 
amount of CD4+ and CD8+ T cells increased, there was 
increased PD-1+, and ICOS+ subsets in blood samples were 
also observed. After treatment, PD-L1 expression in CD4+ 

T cells, CD8+ T cells, and CD68+ macrophages were higher 
than that in matched pretreatment PCa tissues (38). The 
results of this clinical trial provide further evidence for 
immune-checkpoint-blockade treatment as a promising 
approach for treating PCa. In addition, studies have shown 
that splicing-derived neoantigens may also be regarded as 
predictive biomarkers for evaluating the response efficiency 
of immune checkpoint blockade therapy. PD-1 induced 
cascade can suppress immune activation. Blocking these 
immune checkpoint cascades with monoclonal antibodies 
has subverted the treatment path of many cancers, leading 
to unprecedented long-term tumor response rate (39).

Conclusions

In this study, integration of splicing data from the TCGA 
SpliceSeq database with RNA sequencing data from TCGA 
for PCa were investigated. Important AS events and key 
hub genes associated with the progression of PCa were 
identified. In addition, survival analysis was performed and 
a Cox proportional hazard model was established to identify 
prognostic factors. A prognostic model composed of AS 
events was constructed, which exhibited favorable efficacy 
in predicting PFS. More importantly, a comprehensive 
clustering analysis revealed the inherent correlation between 
the molecular changes and immune characteristics in PCa. 
Nevertheless, this study was limited by lack of external 
experimental verification, and the predictors derived from 
the bioinformatics analysis require further confirmation by 
a series of laboratory experiments. Yet, this research could 
serve as reference for exploring novel clinical biomarkers 
and treatments to assist in the implementation of a new 
strategy for PCa.
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Figure S2 Kaplan-Meier analysis of the corresponding genes of the prognostic AS events in TCGA datasets. Study cohorts were grouped by 
median PSI value.
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Figure S1 Analysis of the partial likelihood deviation of LASSO coefficient distribution. (A) The coefficient profiles of all seven types of AS 
events. (B) Distribution of LASSO coefficients for PFS-related genes.
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