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Background: Alternative splicing events (ASEs) are vital causes of tumor

heterogeneity in genitourinary tumors and many other cancers. However, the

clinicopathological relevance of ASEs in cancers has not yet been

comprehensively characterized.

Methods: By analyzing splicing data from the TCGA SpliceSeq database and

phenotype data for all TCGA samples from the UCSC Xena database, we

identified differential clinical feature-related ASEs in 33 tumors. CIBERSORT

immune cell infiltration data from the TIMER2.0 database were used for

differential clinical feature-related immune cell infiltration analysis. Gene

function enrichment analysis was used to analyze the gene function of ASEs

related to different clinical features in tumors. To reveal the regulatory

mechanisms of ASEs, we integrated race-related ASEs and splicing quantitative

trait loci (sQTLs) data in kidney renal clear cell carcinoma (KIRC) to

comprehensively assess the impact of SNPs on ASEs. In addition, we predicted

regulatory RNA binding proteins in bladder urothelial carcinoma (BLCA) based on

the enrichment of motifs around alternative exons for ASEs.

Results: Alternative splicing differences were systematically analyzed between

different groups of 58 clinical features in 33 cancers, and 30 clinical features in 24

cancer types were identified to be associated with more than 50 ASEs

individually. The types of immune cell infiltration were found to be significantly

different between subgroups of primary diagnosis and disease type. After

integrating ASEs with sQTLs data, we found that 63 (58.9%) of the race-related

ASEs were significantly SNP-correlated ASEs in KIRC. Gene function enrichment

analyses showed that metastasis-related ASEs in KIRC mainly enriched Rho

GTPase signaling pathways. Among those ASEs associated with metastasis,
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alternative splicing of GIT2 and TUBB3might play key roles in tumor metastasis in

KIRC patients. Finally, we identified several RNA binding proteins such as PCBP2,

SNRNP70, and HuR, which might contribute to splicing differences between

different groups of neoplasm grade in BLCA.

Conclusion: We demonstrated the significant clinical relevance of ASEs in

multiple cancer types. Furthermore, we identified and validated alternative

splicing of TUBB3 and RNA binding proteins such as PCBP2 as critical

regulators in the progression of urogenital cancers.
KEYWORDS

alternative splicing, pan-cancers, tumor heterogeneity, clinical features,
genitourinary tumors
Introduction

As the second leading cause of death worldwide, cancer kills

several millions of people per year, and this number has been

increasing for decades (1, 2). Nowadays, multiple cancer therapies

are available and greatly improve patient outcomes, such as surgical

procedures, chemoradiotherapy, immunotherapy, targeted therapy,

and comprehensive treatment. Although exciting progress has been

made in cancer therapy, the extensive heterogeneity and complexity

of tumors pose tremendous challenges to the treatment of tumors.

This heterogeneity underlies the emergence of resistance to cancer

therapies to a great extent. As patients with tumors of the same

histological type often respond differently to the same treatment (3),

personalized treatment is the future direction, which requires a

deeper understanding of tumor heterogeneity and its

clinical relevance.

Tumor heterogeneity is now a broad concept that means both

the inter-patient heterogeneity resulting from genetic variation or

environment factors and the intratumoral heterogeneity manifested

as genetically diverse subpopulations or dynamic genetic variations

over time of an individual tumor (4). Advances in sequencing

technologies and computational methods enable the uncovering of

tumor heterogeneity and its clinical relevance (5–7). Van Allen et al.

generated a database of gene alterations with clinical implications

for cancer patients by using whole exome sequencing and applied it

to clinical decision-making (8). By using targeted deep sequencing,

Burkhardt et al. revealed age dependency of mutations in Burkitt

lymphoma in children and adolescents (9). Drews et al. illuminated

the relationship between chromosomal instability and clinical

phenotypes in cancers and predicted platinum sensitivity of

ovar ian cancer by integrat ing impaired homologous

recombination signatures (10). Previous studies also investigated

the roles of post-transcriptional mechanisms in tumor

heterogeneity. Han et al. identified clinically relevant adenosine-

to-inosine RNA editing events (11). Several researchers focused on

the methylation of N6 adenosine (m6A), and found that the

landscape of m6A regulators was related to cancer progression

(12–14). All these studies characterized the profiles of molecular
02
alterations related to clinical characteristics across cancers and

guided individualized treatment of cancers. However, the specific

mechanisms of how post-transcriptional regulation affect tumor

heterogeneity and tumorigenesis still need further study.

Alternative splicing (AS) is a vital cause of tumor heterogeneity.

As a common post-transcriptional regulation, AS causes distinct

transcript isoforms and protein variants (15). Aberrant AS, which is

significantly increased in malignant tissues, reshapes the

transcriptome and proteome, influencing signaling pathways

related to cellular homeostasis, cell proliferation, and

differentiation (16, 17). For instance, the CD44 splice isoform

promotes epithelial-mesenchymal transition across cancers (18–

21). AS is precisely regulated by RNA-binding proteins (RBPs),

especially splicing factors including serine/arginine-rich (SR)

proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs)

(22). SR proteins and hnRNPs regulate the recruitment and

function of spliceosomes, thereby promoting or repressing

splicing. Mutation or dysfunction of splicing factors can cause the

generation of abnormal isoforms associated with the occurrence

and progression of tumors (23). Numerous studies demonstrated

that the expression of splicing factors varied in normal tissues and

cancers, while altered expression or activity of splicing factors could

contribute to cancer progression. The mutation of splicing factor

U2AF1 and relative aberrant AS events were identified in multiple

cancer types (24), while splicing factor SF3B1 was suggested to be a

therapeutic target for breast cancer patients (25). Therefore,

clinically relevant aberrant AS events (ASEs) and specific splicing

factors can be promising targets for cancer therapy.

To comprehensively reveal the clinically relevant differential

ASEs involved in tumorigenesis, progression, and prognosis of

multiple cancers, we integrally analyzed mRNA splicing data in

31 human cancers, identified thousands of tumor-specific and

survival-associated ASEs, and created a website tool OncoSplicing

for the exploration and visualization of clinical relevant ASEs (26,

27). In this study, we analyzed multiple clinical indicator-relevant

differential ASEs in 33 human cancers based on the OncoSplicing

database and explored changes in splicing factors expression.

Furthermore, we identified alternative splicing of GIT2 and
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TUBB3 and RNA binding proteins such as PCBP2 as critical

regulators in the progression of urogenital cancers. Together, we

believe that our work will help to further reveal the relationship

between AS and clinicopathological features in cancers, and also to

provide more available molecular targets for cancer therapy by

regulating clinically relevant AS and splicing factors.
Materials and methods

Data acquisition and pre-processing

Splicing data for all splicing events of 33 tumors were downloaded

from the TCGA SpliceSeq database (http://projects.insilico.us.com/

TCGASpliceSeq/PSIdownload.jsp), with the parameter percent-

samples-with-values (PCT) set to no less than 75%. This contains

splicing events belonging to 7 splicing types, including alternative

acceptor sites (AA), alternative donor sites (AD), exon skipping (ES),

mutually exclusive exons (ME), retained introns (RI), alternate

promoter (AP) and alternate terminator (AT).

Phenotype data for all TCGA samples were downloaded in the

GDC cohort of each cancer type separately from the UCSC Xena

database (https://xenabrowser.net/datapages/). Basic patient

information, such as age (full name is “age at initial pathologic

diagnosis”), gender, race, and other nonredundant and different

clinical features, were manually collected, by which patients were

separated into 2 groups for each cancer type. Clinical features with

continuous data in each cancer typewere groupedby themedian cutoff

value. For category clinical features, the top 2 groups with the most

samples in each cancer type were kept. After integration with splicing

data by samples, clinical features in a cancer type were reserved for

further analysis only if there were > 20 records per group.
Identification of clinical feature-related
alternative splicing event

Differential alternative splicing analysis was performed between

2 groups for each clinical feature. The P value of the significance of

the difference was evaluated using the Wilcoxon rank sum test, and

the splicing events with the absolute value of the delta PSI greater

than 0.1 and the Benjamini-Hochberg (BH) adjusted P value less

than 0.05 were considered as clinical feature related ASEs.
Identification of clinical feature-related
immune cell infiltration

CIBERSORT immune cell infiltration data were obtained from

the TIMER2.0 database (http://timer.cistrome.org/). Differential

immune cell infiltration analysis was performed between 2 groups

for each clinical feature. The P value of the significance of the

difference was evaluated using the Wilcoxon rank sum test, and cell

types with the absolute delta proportion greater than 3 percent and

the Benjamini-Hochberg (BH) adjusted P value less than 0.05 were

considered as significant.
Frontiers in Oncology 03
Gene function enrichment analysis

Genes of clinical feature-related ASEs for each interested clinical

feature in individual cancer typeswere submitted toMetascape (http://

metascape.org) separately to implement gene function enrichment

analysis. The top 10 pathways with significant P values were analyzed

and displayed. Plots of survival and differences between 2 groups for

ASEs enriched in interesting pathways were performed using the

OncoSplicing website (www.oncosplicing.com).
Structure and genomic location of
alternative splicing events

The gene structure file was downloaded from the TCGASpliceSeq

database to obtain the genomic positionof each exon.According to the

exon composition of a splicing event, the genome locations of the

whole event and the start-end positions of the alternative exon are

determined, and then the range between 250 nt upstream and

downstream of the alternative exon was considered the region that

most likely influenced the splicing level of a splicing event.
Splicing quantitative trait loci analysis

The splicing quantitative trait loci (sQTLs) data of the renal clear

cell carcinoma cohort was downloaded from the CancerSplicingQTL

database (http://www.cancersplicingqtl-hust.com/#/). Significant

SNPs associated with each splicing event were identified and

mapped to the genome locations of the splicing event, and only

SNPs in the range between 250 nt upstream and downstream of

alternative exon were considered meaningful sQTLs.
Splicing events map to RNA motifs of RBPs

To explore the potential regulator of clinical feature-related

splicing events in each cancer type, splicing events were extracted

with genome coordination and organized into the format that meets

the requirements of rMAPS2 (http://rmaps.cecsresearch.org/) for

each splice type separately (28). Splice types with considerable AS

events were chosen to perform enrichment analysis of RBP motifs.

Clinical feature-related alternative splicing events were separated as

up-regulated and down-regulated events by the direction of PSI

change. ASEs with delta PSI less than 0.001 and FDR more than 0.9

were set as background control.
Cell culture and stable transfection

Kidney cancer (OS-RC-2 and 786-O) and bladder cancer (T24

and 5637) cells were obtained from the Shanghai Cell Bank Type

Culture Collection Committee and maintained in Department of

Biological Repositories, Zhongnan Hospital of Wuhan University

(Wuhan, China). Cells used in this study underwent STR

authentication. Tumor cells were cultured in McCoy’s 5A (T24)
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and RPMI-1640 (OS-RC-2, 786-O, and 5637) medium containing

10% FBS (Gibco, USA). The lentiviruses carrying small hairpin

RNAs (shRNA) targeting TUBB3, PCBP2, and control shRNA were

constructed by Tsingke (Beijing, China). The target sequences were

as follows: 5’-CAGTATTTATGGCCTCGTCCT-3’ (shRNA1-

TUBB3), 5’-CATCTCTTCAGGCCTGACAAT-3’ (shRNA2-

TUBB3), 5’-CCATGATCCATCTGTGTAGTT-3’ (shRNA1-

PCBP2) and 5’-CCCACTAATGCCATCTTCAAA-3’ (shRNA2-

PCBP2). Lipo2000 (Invitrogen, 11668030, USA) was used to

transfect the lentiviral vectors into tumor cells, and the

transfection efficiency was confirmed by qPCR.
qPCR

Total RNAs were extracted from cells by using Trizol reagent

(Thermo Fisher Scientific, USA). HiScript III RT SuperMix (Vazyme,

R323-01, China) was applied to synthesize cDNA, and ChamQ

Universal SYBR qPCR Master Mix (Vazyme, Q711-02/03, China)

was used for real-time PCR experiments according to the

manufacturer’s instructions. qPCR analysis was performed on

QuantStudio Flex system (Applied Biosystem, USA). Primers

s equ en c e s we r e a s f o l l ow s : TUBB3 , 5 ′ -GACTCCC

TTGAACAGGGACAG-3′ (forward), 5 ′-GGCACGTACT

TGTGAGAAGA-3′ (reverse); PCBP2, 5′-TCTGCGTGGTCATG
TTGGAG-3′ (forward), 5′-TGCATCCAAACCTGCCCAATA-3′
(reverse); GAPDH, 5′-AATGGGCAGCCGTTAGGAAA-3′
(forward), 5′-GCCCAATACGACCAAATCAGAG-3′ (reverse).
Cell viability assay

Tumor cell proliferationwasdetectedbyCCK-8assay.Briefly, cells

were inoculated into 96-well plates (2×103 cells per well) and cultured

in the 5% CO2 incubator at 37°. After mixing with 10 mL CCK-8

reagent (MCE, HY-K0301, USA) for 2 h, absorbance was detected at

450nm with an absorbance reader (Molecular Devices, USA).
Colony formation assay

Approximately 1000 cells were seeded in a 60 mm petri dish

with the complete medium. After 2-3 weeks, cells were fixed for

15 min and stained with crystal violet for 10 min. Visible clones

were counted by using ImageJ software.
Modified Boyden chamber assay

For tumor cell migration, approximately 5×104 cells were

suspended in 100 mL serum-free medium and plated in the apical

chambers of transwell plates (Corning, USA), and 500 mL complete

medium was added in the lower chamber. After 24 h, the migrated

cells were fixed and then dyed in crystal violet. The cell number was

counted from 6 random fields under an inverted microscope.
Frontiers in Oncology 04
Statistics and visualization

Statistical analysis was performed using R software (4.0.1). Data

analysis and visualization tools in the R software include R packages

such as ggplot2, ComplexHeatmap, limma, survminner, and

venn.diagram. One-way or two-way ANOVA was used to analyze

the differences in multiple groups, and a P-value < 0.05 was

considered statistically significant.
Results

Clinical features in cancers

This study contains 33 TCGA cancers , including

Adrenocortical Carcinoma (ACC), Kidney Renal Clear Cell

Carcinoma (KIRC), Prostate Adenocarcinoma (PRAD), Bladder

Urothelial Carcinoma (BLCA), Kidney Renal Papillary Cell

Carcinoma (KIRP), Rectum Adenocarcinoma (READ), Breast

Invasive Carcinoma (BRCA), Acute Myeloid Leukemia (LAML),

Sarcoma (SARC), Cervical Squamous Cell Carcinoma (CESC),

Lower Grade Glioma (LGG), Skin Cutaneous Melanoma

(SKCM), Cholangiocarcinoma (CHOL), Liver Hepatocellular

Carcinoma (LIHC), Stomach Adenocarcinoma (STAD), Colon

Adenocarcinoma (COAD), Lung Adenocarcinoma (LUAD),

Testicular Germ Cell Tumors (TGCT), Diffuse Large B-cell

Lymphoma (DLBC), Lung Squamous Cell Carcinoma (LUSC),

Thyroid Carcinoma (THCA), Esophageal Carcinoma (ESCA),

Mesothelioma (MESO), Thymoma (THYM), Glioblastoma

Multiforme (GBM), Ovarian Serous Cystadenocarcinoma (OV),

Uterine Corpus Endometrial Carcinoma (UCEC), Head and Neck

Squamous Cell Carcinoma (HNSC), Pancreatic Adenocarcinoma

(PAAD), Uterine Carcinosarcoma (UCS), Kidney Chromophobe

(KICH), Pheochromocytoma and Paraganglioma (PCPG), Uveal

Melanoma (UVM).

Clinical features were manually collected, by which patients

were separated into 2 groups for each cancer type. After organizing

and filtering the phenotype data for each tumor, 58 clinical features

were retained in 33 tumors, with an average of 7 in each tumor, 15

in ESCA at most, and 3 in OV at least. Clinical features common in

more than 10 tumors included age (n = 33 tumors), gender (n = 25),

pathologic T (n = 20), race (n = 19), tumor stage (n = 18),

pathologic N (n = 16), BMI (n = 12) and clinicopathological

features such as the site of resection or biopsy (n = 10). Other

important cancer-specific features such as “history of colon polyps”

in COAD, “fetoprotein outcome value” in LIHC, and “acute

myeloid leukemia calgb cytogenetics risk category” in LAML were

also included (Figure 1; Table S1).
Identification of clinical feature-related AS
and immune cell infiltration

Differential AS analysis was performed for each clinical feature

in each cancer type for the splicing events whose non-null-PSI
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(Percent samples with values, PCT) was greater than 75%. The

results showed that clinical features such as race (the number of

cancers is 17), pathologic T (n = 9), neoplasm histologic grade (n =

7), and disease type (n = 6) were associated with at least 50 ASEs in

more than 5 tumors (Figure 2; Table S2). On the other hand, ESCA

has the most clinical features (the number of clinical features is 10)

that were associated with AS, followed by KIRC, KIRP, and LIHC (n

> 5). It is worth noting that there are also obvious differences in AS

between different groups of age and gender in some cancer types,

such as age in THYM and LIHC, and gender in KIRP and KIRC.

The most significant splicing differences exist between different

pathological subtypes or clinical diagnoses in the same cancer type,

such as embryonal carcinoma and seminoma in TGCT (the number

of ASEs is 3,593), adenocarcinomas and squamous cell carcinoma

in ESCA (n = 2,097) or CESC (n = 1,344), adenocarcinoma and

mucinous adenocarcinoma in UCEC (n = 603) or COAD (n = 166),

papillary and non-papillary tumors in BLCA (n = 474). Further

analysis showed that these clinical feature-related ASEs were mainly

enriched in splice types AP, ES, and AT (Figure S1). These results

indicate that significant differences in AS exist between different

groups of many clinical features, such as different pathological

subtypes, grades of the same tumor type as well as different races.

It is known that AS may influence immune cell infiltration in

several facets. Here we further analyzed the immune cell infiltration

in different groups of clinical features. We found that “B cell

plasma” and “T cell CD4 memory resting” were significantly

different between subgroups of primary diagnosis of LGG, and “T

cell CD4 memory resting” and “T cell regulatory Tregs” were

significantly different between subgroups of ESCA (Figure S2).
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Interestingly, there were a lot of ASEs identified between these

subgroups of ESCA as well as LGG primary diagnosis (Figure 2).

These results indicated that different strategies should be organized

to deal with the patients in these different subgroups.
Analysis of race-related AS

Race-related ASEs differ in most tumors (Figure 2). Al Abo et al.

analyzed the differences in AS between African/Black Americans

(BAs) and White Americans (WAs) in tumors using TCGA

SpliceSeq data, but they did not compare the splicing differences

between Asian Americans (AAs) and BAs and the roles of SNPs in

producing race-related AS (29). Therefore, we further analyzed the

differences in AS among different races in several tumors.

The results showed that tumors including BLCA, ESCA, LIHC,

STAD, and THCA contain enough AAs for differential AS analysis

compared with WAs, while other tumors such as BRCA and KIRC

contain enough BAs for differential AS analysis compared with

WAs (Figure 3A). We identified more than 1000 race-related ASEs

in BRCA, BLCA, and ESCA, and more than 500 race-related ASEs

in KIRC and UCEC, among which AP, AT, and ES accounted for

the most (Figure 3B). To identify more significant race-related

ASEs, considering the difference in the number of tumors involved,

we required ASEs to be differential in at least 5 tumors when

selecting race-related ASEs between WAs and BAs and selected

ASEs between WAs and AAs requiring the presence of differences

in at least 3 tumors. Finally, a total of 74 splicing events were

identified as differential ASEs between WAs and BAs, another 74

splicing events were identified as significantly different between

WAs and AAs, and there were 13 common splicing events in both

comparisons (Figure 3C). Most of these common ASEs had the

same directions of PSI changes in either comparison of WAs and

BAs or comparison of WAs and AAs, except for RPS9_AD_51827

which was upregulated in WAs when compared with BAs while
FIGURE 1

Statistics of different clinical features in 33 TCGA tumors. Red
squares indicate that clinical features in the corresponding tumors
were included in the analysis, while grey squares indicate that not
included.
FIGURE 2

The statistics of the number of splicing events associated with
clinical features in cancers. Only the 30 clinical features in 24 cancer
types that were found associated with more than 50 ASEs were
displayed.
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downregulated in WAs when compared with AAs (Figure 3D).

Besides, race-related ASEs between WAs and BAs specifically

inc luded ARL6IP4_AA_25028 , SLC25A26_ES_65549 ,

PSMG4_RI_75176, and NMRAL1_AD_33740, while race-related

ASEs be tween WAs and AAs spec ifica l l y inc luded

ZDHHC4_ES_78754, TOR1AIP1_AA_9127, POMZP3_ES_80187,

and IP6K2_RI_64750 (Table S3).

Among those 13 common race-related ASEs, there were 7

splicing events significantly correlated with nearby SNPs located

between upstream and downstream 250 nt of the alternative exon.

By using the search function of the CancerSplicingQTL database, it

was found that splicing events such as ULK3_AD_31756,

NDUFS5_AD_1869, and MRPL43_AD_12856 were significantly

correlated with the corresponding SNPs rs12898397, rs2863095,

and rs1122472 respectively in most of the analyzed cancers
Frontiers in Oncology 06
(Figure 3E). However, the relationship of significant correlations

between XRCC4_AA_72698 and the corresponding SNPs

rs1805377, rs1056503, and rs2035990 were only found in WAs

and BAs tumors, which indicates that in addition to genomic

factors, environmental factors such as lifestyle and diet may also

play a role in tumors frequently occurring in Asian populations.

We further integrated race-related ASEs and sQTLs data in

KIRC to comprehensively assess the impact of SNPs on ASEs.

Considering the criteria of data filtering shown in the

CancerSplicingQTL database: 1) splicing events exist in more

than 90% of samples; 2) alternative exon is an independent single

exon, the database included 16,225 ASEs (AA, AD, ES, and RI) in

KIRC and 4891 ASEs were found significantly SNPs correlated. The

data of race-related ASEs (|DPSI| >0.1, FDR < 0.05) in the KIRC

cohort was screened further according to the above criteria, and 107
B

C D

E F

A

FIGURE 3

Race-related ASEs in the SpliceSeq project. (A) The number of samples of different races among the 18 tumors eligible for screening and differential
analysis. (B) The number of splicing events in different splicing types associated with different races in each tumor. (C) Comparison of differential
splicing events in the White and the Black, the White and the Asian American populations. (D) Splicing changes of the common ASEs of the 2
comparisons in each tumor. (E) Effects of SNPs on race-related splicing events and their differences in different tumors or races. (F) Comparison of
107 race-related ASEs (|DPSI| >0.1, FDR < 0.05) and 4891 SNP-related ASEs in the KIRC cohort (Fisher’s exact test P = 8.79e-10).
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ASEs remained. After integrating with sQTLs data, we found that 63

(58.9%) of the race-related ASEs were SNP-significantly correlated

ASEs (Fisher’s exact test P = 8.79e-10), including CAST_ES_72854,

XRCC4_AA_72698 and Al Abo reported ASEs such as

NEK3_ES_25994, ULK3_AD_31756, and NDUFS5_AD_1869

(Figure 3F). This data suggested that SNPs might be the main

reason for the differences in alternative splicing in KIRC patients of

different races.
Clinical features-related AS in ESCA

We found that there were multiple clinical features such as

disease type, race, pathological grade, reflux history, and BMI, that

were significantly correlated with ASEs in ESCA (Figure 2). Among

these clinical features, the pathological disease type was found

related to most ASEs, so the relationship between the disease type

and other clinical features was investigated using a “waterfall” plot.

In ESCA, pathological disease types were mainly divided into
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adenocarcinoma and squamous cell carcinoma. Fisher’s exact test

showed that other clinical features were significantly correlated

(overlapped) with pathological disease types, especially for race,

tumor location, and BMI (P < 0.05, Figure 4A). Esophageal cancer

in the Asian populations is mostly squamous cell carcinoma that

occurs in the middle third of the esophagus, which may be related to

an over-heat diet and other living habits (30). While in the White

American population esophageal cancer is mostly adenocarcinoma

that occurs in the lower third of the esophagus, which might be

related to the incidence of gastroesophageal reflux followed by

high BMI.

To effectively identify disease type- and race-related ASEs in

ESCA, we further analyzed the splicing differences between

adenocarcinoma and squamous cell carcinoma in WAs as well as

splicing differences between AAs and WAs in squamous cell

carcinoma. The results showed that 1,717 instead of 2,097 ASEs

were identified after adjustment by race between different disease

types and that 39 instead of 1,232 ASEs were identified after

adjustment by disease type between different races. Gene function
B

A

FIGURE 4

Analysis of AS-related clinical features in ESCA. (A) A waterfall plot was performed to display the relative relationships of AS-related clinical features,
and the pathological disease type was set as the fundamental control. Fisher’s exact test was used to value the significance of the relationships
between these clinical features with disease type. (B) Bar chart was used to show the results of gene function enrichment analysis of 1,018 genes
within 1,717 disease type-related ASEs in the White Americans.
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enrichment analysis showed that 1,018 genes within these 1,717

disease-type-related ASEs were mainly enriched to pathways such

as actin filament-based process and signaling by Rho GTPases

(Figure 4B). Among these 39 race-related differential ASEs, 23

were identified as race-related between WAs and BAs in at least 5

cancer types. These results indicated that disease type might decide

the splicing differences in ESCA, and that race might only

contribute a few to these differences. Moreover, race-related ASEs

can be found more effectively by requiring of existing in several

cancer types at the same time.
Function enrichment analysis of clinical
feature-related ASEs in cancers

To analyze the gene function of ASEs related to different clinical

features in tumors, clinical features with considerable ASEs in

cancers were selected to perform gene function enrichment

analysis, including “neoplasm histologic grade” in BLCA,

“pathologic M” in KIRC, “acute myeloid leukemia calgb

cytogenetics risk category” in LAML, “site of resection” in PAAD,

“history of colon polyps” in COAD, “fetoprotein outcome value” in

LIHC, “tobacco smoking history” in LUAD, and “gender” in KIRP

(Figures 5A; S3A). The results showed that the “GO:0016071/

mRNA metabol ic process” and “GO:0044265/cel lu lar

macromolecule catabolic process” were the most 2 significant

enrichment pathways of ASEs related to “neoplasm histologic

grade” in BLCA. “R−HSA−194315/Signaling by Rho GTPases”

and “R−HSA−71291/Metabolism of amino acids and derivatives”

were the most 2 pathways of “pathologic M” in KIRC. “R−HSA

−9675108/Nervous system development” and “R−HSA−9006934/

Signaling by Receptor Tyrosine Kinases” were the most 2 pathways

of “site of resection”-related ASEs in PAAD. “R−HSA−9006934/

Signaling by Receptor Tyrosine Kinases” and “R−HSA−9012999/

RHO GTPase cycle” were the most 2 pathways of “CALGB

cytogenetics risk”-related ASEs in LAML (Figure 5A).

“GO:0032878/regulation of establishment of cell polarity” and

“GO:0000278/mitotic cell cycle” were the most 2 pathways of the

“history of colon polyps” in COAD. “WP2882/Nuclear receptors

meta−pathway” and “R−HSA−382551/Transport of small

molecules” were the 2 pathways of “fetoprotein outcome value” in

LIHC. “hsa05168/Herpes simplex virus 1 infection” and “R−HSA

−382551/Transport of small molecules” were the most two

pathways of “gender” in KIRP. “WP3678/Amplification and

expansion of metastatic traits” and “GO:0006664/glycolipid

metabolic process” were the most 2 pathways of “tobacco

smoking history” in LUAD (Figure S3A).

For example, the pathway “Signaling by Rho GTPases” showed

a significant association with pathological metastasis of KIRC.

Among genes in this pathway, AS of GIT2 (GIT2_AA_24375),

showed a significant increase in metastasis tissues compared with

no-metastasis tissues and was negatively associated with

progression-free survival of KIRC patients, while AS of TUBB3

(TUBB3_ES_38175) showed a significant decrease in metastasis

tissues and was positively associated with progression-free survival

of KIRC patients (Figures 5B, C). The pathway “Signaling by
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Receptor Tyrosine Kinases” showed a significant association with

the “CALGB cytogenetics risk” of LAML. AS of ABI2

(ABI1_ES_11042), a key gene in this pathway, showed a

significant increase in the poor category compared with the

favorable category and was associated with poor overall survival

of LAML patients (Figure 5D). The pathway “regulation of

establishment or maintenance of cell polarity” also significantly

enriched the “history of colon polyps”-related ASEs in COAD.

Among genes in this pathway, AS of LLGL2 (LLGL2_AP_43458)

showed a significant increase in COAD with a history of colon

polyps when compared to COAD patients without (Figure S3B).

The pathway “Nuclear receptors meta-pathway” significantly

enriched with the “fetoprotein outcome value”-related ASEs in

LIHC. Among these, AS of SCP2 (SCP2_ES_3045) and SLC27A5

(SLC27A5_AP_52472) showed a significant difference in LIHC

with different fetoprotein levels and were both. associated with

LIHC patients’ overall survival (Figure S3C, D).
Identification of RBPs to regulate clinical
feature-related ASEs

RBPs could be predicted by the enrichment of motifs around

alternative exon for ASEs in splice types AA, AD, ES, RI, and ME

respectively. We identified clinical feature-related ASEs in several

cancer types (Figure 2). However, these clinical feature-related ASEs

were in different proportions of splice types, and exon skipping (ES)

accounted for the most (Figure S1). To explore the potential

regulators of “neoplasm histologic grade”-related ASEs in BLCA

and “history of colon polyps”-related ASEs in COAD, exon

skipping (ES) events were extracted with genome coordination

and organized into the format that meets the requirements of

rMAPS2, due to the considerable amounts of AS events. The

results showed that ASEs up-regulated in BLCA with high-level

neoplasm grade were enriched to several RBPs’ motifs, including

“poly-T” motifs and polypyrimidine tract (Py-tract) sequence of

HuR, CPEB4, TIA1, HNRNPC, PTBP1, RALY and ZC3H14, and

motifs of PCBP2 and SNRNP70 (Figures 6A, B). ASEs upregulated

in COAD without a history of colon polyps were similarly enriched

to RBP motifs of neoplasm grade-related ASEs in BLCA

(Figure 6C). Py-tract sequence was often located in the upstream

intron of alternative exon and used to attract spliceosome through

the recognition of RBPs to the 3’ splice site, resulting in the

inclusion of alternative exons (31). The inclusion of alternative

exons of these Py-tract ASEs indicated that mechanisms

suppressing exon inclusion were wiped out in BLCA with high-

grade pathology. In addition, PCBP2 and SNRNP70 might also play

important roles in affecting AS regulation in these different clinical

feature groups.
Validation of clinical feature-related ASEs
and predicted RBPs

To validate the gene function of ASEs related to different

clinical features, we chose a metastasis-related ASE in KIRC
frontiersin.org

https://doi.org/10.3389/fonc.2023.1249932
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Duan et al. 10.3389/fonc.2023.1249932
(TUBB3_ES_38175) as analyzed in Figure 5, and performed

experiments to demonstrate the relationship between AS of

TUBB3 and metastatic potency of kidney cancer cells. As

TUBB3_ES_38175 caused TUBB3 mRNA degradation, we

transfected TUBB3 shRNA in OS-RC-2 and 786-O cell lines and

verified decreased TUBB3 expression (Figures 7A, B). CCK-8

(Figures 7C, D) and clone formation assays (Figures 7E, F)

showed that TUBB3 silencing decreased the proliferation and

clonogenic ability in OS-RC-2 and 786-O cells. Importantly, we

demonstrated that TUBB3 knock-down significantly weakened the

migration ability of OS-RC-2 and 786-O cells (Figures 7G, H),

which was consistent with our function enrichment analysis of

pathological metastasis-related ASEs in KIRC.
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To preliminarily validate the relationship between the above-

identified RBPs and associated clinicopathologic features, we explored

the role of PCBP2 in the proliferative and migratory ability of bladder

cancer cells given the potential regulation of PCBP2 to “neoplasm

histologic grade”-related ASEs in BLCA. Human bladder cancer cell

lines (T24and5637)withPCBP2stablyknockeddownwereconstructed

and validated (Figures 8A, B). CCK-8 (Figures 8C, D) and clone

formation assays (Figures 8E, F) showed that PCBP2 silencing

decreased the proliferation and clonogenic ability in T24 and 5637

cells. Furthermore, we observed that themigration ability wasweakened

inPCBP2knock-downT24and5637 cells (Figures 8G,H).These results

suggested that PCBP2 promoted themalignancy of bladder cancer cells,

which was related to the high-grade pathology of BLCA.
B C

D

A

FIGURE 5

Gene function enrichment analysis of clinical feature-related ASEs in cancers. (A) Clinical feature-related ASEs in cancers including “neoplasm
histologic grade” in BLCA, “pathologic M” in KIRC, “acute myeloid leukemia calgb cytogenetics risk category” in LAML, and “site of resection” in PAAD
were selected to perform gene function enrichment analysis. (B) GIT2 and TUBB3 were selected as 2 examples of splicing genes belonging to the
enriched pathway “Signaling by Rho GTPases” of pathologic metastasis-related ASEs in the KIRC cohort. (C) Kaplan-Meier plot showed that AS of
GIT2 and TUBB3 was both significantly associated with KIRC patients’ progression-free survival. (D) ABI1 was selected as an example of splicing
genes belonging to the enriched pathway “Signaling by Receptor Tyrosine Kinases” of CALGB cytogenetics risk-related ASEs in the LAML cohort. AS
of ABI1 was significantly associated with LAML patients’ overall survival.
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Discussion

In this study, we systematically analyzed AS differences between

different groups of 58 clinical features in 33 cancers, and identified

30 clinical features in 24 cancer types associated with more than 50

ASEs individually. Among these, we found that pathological

subtypes might represent the main resource of splicing differences

in a cancer type. Race-related ASEs may result from SNPs that vary

in different races. Gene function enrichment analyses showed that

“pathologic M”-related ASEs in KIRCmainly enriched to “Signaling

by Rho GTPases” pathway, “neoplasm histologic grade”-related

ASEs in BLCA mainly enriched to “mRNA metabolic process”,

“CALGB cytogenetics risk category”-related ASEs in LAML mainly

enriched to “Signaling by Receptor Tyrosine Kinases”. Among those

ASEs associated with metastasis, AS of GIT2 and TUBB3 might be 2

represents in KIRC metastasis. While among those ASEs associated

with CALGB cytogenetics risk, AS of ABI1 might be an effective

representation in LAML. Finally, we identified several RBPs such as

PCBP2, SNRNP70, HuR, and TIA1, which might contribute to

splicing differences between different groups of neoplasm grade in

BLCA. Our work systematically revealed the relationship between

AS and clinicopathological features in cancers, providing novel

insights for tumor progression and promising molecular targets for

cancer therapy by regulating clinically relevant AS and

splicing factors.
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As aberrant AS has been discovered to be a vital contributor to

tumorigenesis and cause of tumor heterogeneity, growing evidence

reveals the clinical implications of specific aberrant ASEs in cancers.

Among these, most reports focus on the relationship between

aberrant ASEs and prognosis and survival in cancer patients.

After identification of the overall survival-associated ASEs,

prognostic models were developed to predict the survival

outcomes of patients with aberrant AS patterns in gastric cancer

(32–35), breast cancer (36), CHOL (37), glioblastoma (38),

pancreatic cancer (39), LAML (40), UVM (41), HNSC (42), etc.

Aberrant AS is also related to chemotherapy resistance. Androgen-

receptor splice variant (AR-V7), a transcript generated by the AS

mechanism, is responsible for the resistance to enzalutamide and

abiraterone in castration-resistant prostate cancer (43). In addition,

there are a few studies that reported the relationship between AS

and pathological characteristics of tumors. Belluti et al. suggested

that different NF-YA isoforms led to different phenotypes of

prostate cancers (44). In oral squamous cell carcinoma, TGIF1

splicing variant 8 was reported to be correlated with the pathologic

stage (45). In our previous study, we characterized large amounts of

different ASEs in 2 pathological subtypes of testicular germ cell

tumors (46). However, ASEs related to diverse clinicopathologic

characteristics are still rarely systematically profiled in pan-cancers.

Herein, the present study included 58 clinicopathologic

characteristics of cancers in differential AS analysis and identified
B C

A

FIGURE 6

Identification of RBPs contributing to the regulation of clinical feature-related ASEs by using rMAPS2. (A) HuR and PCBP2 were selected as the 2
most representative RBPs that were enriched to Exon Skipping splicing events in neoplasm histologic grade-related ASEs in BLCA. (B) Heatmap
showed the most 30 significant enrichments of RBP-motifs to the neoplasm histologic grade-related ASEs in BLCA. (C) Heatmap showed the most
30 significant enrichments of RBP-motifs to the colon polyps-related ASEs in COAD.
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clinically relevant ASEs across multiple cancers. A considerable

number of ASEs were found to be associated with clinical features

such as race, pathologic T, neoplasm histologic grade and disease

type. And profiles of clinically relevant ASEs varied with tumor

types. For example, in KIRC, different ASEs were mainly associated

with pathological metastasis, and function enrichment analysis

showed that these ASEs were enriched in pathway “Signaling by

Rho GTPases”, which was considered a critical pathway involved in

cancer metastasis (47).

Although the relationship between aberrant ASEs and tumor

heterogeneity is well characterized, how ASEs contribute to tumor

heterogeneity and affect tumorigenesis and tumor progression

remains unclear. It is generally accepted that aberrant AS affects

the expression patterns of tumor-related genes. Mechanically,

aberrant AS may create a premature termination codon (PTC)

which can be recognized by the intracellular mRNA quality

surveillance system and then trigger the activation of the

nonsense-mediated mRNA decay (NMD) pathway (48). For

instance, Wollerton et al. revealed that AS of polypyrimidine tract

binding protein (PTB) created mRNA isoforms that were
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destructed during NMD (49). Interestingly, we found that the

ASE “TUBB3_ES_38175” was associated with pathological

metastasis in KIRC. However, the ASE “TUBB3_ES_38175”

generated a TUBB3 mRNA isoform that could be removed by

NMD, and was down-regulated in metastatic cancer. This AS event,

in turn, increased the expression of TUBB3, which was evidenced to

promote the progression of KIRC and also validated by our

experiments in vitro (50). The ASE “TUBB3_ES_38175” could

serve as a marker of tumor heterogeneity in KIRC to evaluate

tumor metastasis, guide cancer therapies, and deepen our

understanding of the mechanism of cancer progression.

Therefore, our result indicated that the occurrence of specific

ASEs could exert anti-tumor effects.

Given that AS plays such a critical role in the genesis and

development of multiple cancer types, it is urgent to clarify the

modulation of AS. As a nuclear process mediated by spliceosome

formed by small nuclear ribonucleoproteins (snRNPs), AS is

regulated mainly by cis-acting elements and trans-acting RBPs

including splicing factors. Through whole-exome and RNA

sequencing, the somatic mutation in splicing regulatory cis-
B C D

E
F

G H

A

FIGURE 7

Validation of metastasis-related ASEs (TUBB3_ES_38175) in kidney cancer cells. (A, B) Expression of TUBB3 mRNA was determined by qPCR in OS-
RC-2 and 786-O cells with TUBB3 knockdown. (C, D) CCK-8 assays were performed in OS-RC-2 and 786-O cells after sh1-TUBB3, sh2-TUBB3 and
sh-NC transfection. (E, F) Colony formation assays were performed in OS-RC-2 and 786-O cells after sh1-TUBB3, sh2-TUBB3 and sh-NC
transfection. (G, H) Modified Boyden chamber assays were applied for migration of OS-RC-2 and 786-O cells after sh1-TUBB3, sh2-TUBB3 and sh-
NC transfection. The data are shown as the mean ± SD. One representative plot of n = 3 experiments is shown. *, P < 0.05; **, P < 0.01, ***, P <
0.001, as determined by one-way (A, B, F, H) or two-way (C, D) ANOVA.
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elements was shown to affect AS in cancers (51). In the present

study, we revealed the relationship between ASEs and nearby SNPs

in different races, suggesting that mutations in cis-elements decided

race-related ASEs across cancer types. In addition, numerous

studies reported that mutations and epigenetic regulation of

trans-factors accounted for aberrant ASEs in cancers. Frequent

somatic mutations in splicing factors including SF3B1, SRSF2, and

U2AF1 were discovered in myeloid malignancies as well as solid

tumors (52–59). The expression of splicing factors was also reported

to be regulated by DNA methylation and histone modification (60–

62). Furthermore, a transcription factors-RBPs-AS triplet analysis

was used to interpret aberrant ASEs in cancer (63). Our results

identified RBPs including PCBP2 and SNRNP70 responsible for

differential ASEs upregulated in BLCA with high-level neoplasm

grade. However, the functions and modulations of identified RBPs

in cancers need further investigation in experimental and

clinical studies.

To sum up, through detailed analysis of the differences in AS

among the clinical features of tumors, we found that there are

significant correlations between multiple clinical features such as

race, disease type, age and gender, and AS. These differences may be
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affected by SNPs or splicing factors. Although we see associations

between clinical features, which somewhat downplays differences in

AS among other clinical features, however, this splicing difference

plays a role in the differential development of the disease. What

kind of effect is not yet achieved, and still needs a lot of

further research.
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SUPPLEMENTARY FIGURE 1

The statistics of the number of splicing events in different splicing types

associated with clinical features in cancers. Only the 30 clinical features in 24

cancer types that were associated with more than 50 ASEs were displayed.

SUPPLEMENTARY FIGURE 2

The statistics of the significance of differences in immune cell infiltration

between 2 groups of clinical features in cancers. TCGA-CIBERSORT project
data was used to perform differential analysis. Only the 14 immune cells and

23 clinical features in 21 cancer types with a delta proportion of more than 3
percent and BH adjust P value of less than 0.05 were kept and displayed.

SUPPLEMENTARY FIGURE 3

Gene function enrichment analysis of clinical feature-relatedASEs in cancers. (A)
Clinical feature-related ASEs in cancers including “history of colon polyps” in
COAD, “fetoproteinoutcomevalue” in LIHC, “tobacco smokinghistory” in LUAD,

and “gender” in KIRP were selected to perform gene function enrichment
analysis. (B) LLGL2 and ECT2 were selected as an example of splicing genes

respectively belonging to the enriched pathways “regulation of establishment or

maintenanceofcell polarity”and “mitoticcell cycle”ofcolonpolyps-relatedASEs
in the COAD cohort. (C) SLC27A5 and SCP2 were selected as 2 examples of

splicing genes belonging to the enriched pathway “Nuclear receptors meta-
pathway” of fetoprotein outcome value-related ASEs in the LIHC cohort. (D)
Kaplan-Meier plots showed that AS of SLC27A5 and SCP2 was significantly
associated with LIHC patients’ overall survival.
References
1. Bray F, Ren JS, Masuyer E, Ferlay J. Global estimates of cancer prevalence for 27
sites in the adult population in 2008. Int J Cancer. (2013) 132(5):1133–45. doi: 10.1002/
ijc.27711

2. Collaborators GBDCRF. The global burden of cancer attributable to risk factors,
2010-19: a systematic analysis for the Global Burden of Disease Study 2019. Lancet
(2022) 400(10352):563–91. doi: 10.1016/S0140-6736(22)01438-6

3. Robin X, Creixell P, Radetskaya O, Santini CC, Longden J, Linding R.
Personalized network-based treatments in oncology. Clin Pharmacol Ther (2013) 94
(6):646–50. doi: 10.1038/clpt.2013.171

4. Dagogo-Jack I, Shaw AT. Tumour heterogeneity and resistance to cancer
therapies. Nat Rev Clin Oncol (2018) 15(2):81–94. doi: 10.1038/nrclinonc.2017.166

5. Creixell P, Reimand J, Haider S, Wu G, Shibata T, Vazquez M, et al. Pathway and
network analysis of cancer genomes. Nat Methods (2015) 12(7):615–21. doi: 10.1038/
nmeth.3440

6. Li H, Courtois ET, Sengupta D, Tan Y, Chen KH, Goh JJL, et al. Reference
component analysis of single-cell transcriptomes elucidates cellular heterogeneity in
human colorectal tumors. Nat Genet (2017) 49(5):708–18. doi: 10.1038/ng.3818

7. Mobadersany P, Yousefi S, Amgad M, Gutman DA, Barnholtz-Sloan JS,
Velazquez Vega JE, et al. Predicting cancer outcomes from histology and genomics
using convolutional networks. Proc Natl Acad Sci U S A. (2018) 115(13):E2970–E9.
doi: 10.1073/pnas.1717139115

8. Van Allen EM, Wagle N, Stojanov P, Perrin DL, Cibulskis K, Marlow S, et al.
Whole-exome sequencing and clinical interpretation of formalin-fixed, paraffin-
embedded tumor samples to guide precision cancer medicine. Nat Med (2014) 20
(6):682–8. doi: 10.1038/nm.3559

9. Burkhardt B, Michgehl U, Rohde J, Erdmann T, Berning P, Reutter K, et al.
Clinical relevance of molecular characteristics in Burkitt lymphoma differs according to
age. Nat Commun (2022) 13(1):3881. doi: 10.1038/s41467-022-31355-8

10. Drews RM, Hernando B, Tarabichi M, Haase K, Lesluyes T, Smith PS, et al. A
pan-cancer compendium of chromosomal instability. Nature (2022) 606(7916):976–83.
doi: 10.1038/s41586-022-04789-9

11. Han L, Diao L, Yu S, Xu X, Li J, Zhang R, et al. The genomic landscape and
clinical relevance of A-to-I RNA editing in human cancers. Cancer Cell (2015) 28
(4):515–28. doi: 10.1016/j.ccell.2015.08.013
12. Li Y, Xiao J, Bai J, Tian Y, Qu Y, Chen X, et al. Molecular characterization and
clinical relevance of m(6)A regulators across 33 cancer types. Mol Cancer. (2019) 18
(1):137. doi: 10.1186/s12943-019-1066-3

13. Xu K, Cai Y, Zhang M, Zou H, Chang Z, Li D, et al. Pan-cancer characterization
of expression and clinical relevance of m(6)A-related tissue-elevated long non-coding
RNAs. Mol Cancer. (2021) 20(1):31. doi: 10.1186/s12943-021-01324-8

14. Zhang C, Zhang Z, Zhang Z, Luo Y, Wu P, Zhang G, et al. The landscape of m(6)
A regulators in small cell lung cancer: molecular characteristics, immuno-oncology
features, and clinical relevance.Mol Cancer. (2021) 20(1):122. doi: 10.1186/s12943-021-
01408-5

15. Bonnal SC, Lopez-Oreja I, Valcarcel J. Roles and mechanisms of alternative
splicing in cancer - implications for care. Nat Rev Clin Oncol (2020) 17(8):457–74.
doi: 10.1038/s41571-020-0350-x

16. Dvinge H, Kim E, Abdel-Wahab O, Bradley RK. RNA splicing factors as
oncoproteins and tumour suppressors. Nat Rev Cancer. (2016) 16(7):413–30.
doi: 10.1038/nrc.2016.51

17. Oltean S, Bates DO. Hallmarks of alternative splicing in cancer. Oncogene (2014)
33(46):5311–8. doi: 10.1038/onc.2013.533

18. Miwa T, Nagata T, Kojima H, Sekine S, Okumura T. Isoform switch of CD44
induces different chemotactic and tumorigenic ability in gallbladder cancer. Int J Oncol
(2017) 51(3):771–80. doi: 10.3892/ijo.2017.4063

19. Bhattacharya R, Mitra T, Ray Chaudhuri S, Roy SS. Mesenchymal splice isoform
of CD44 (CD44s) promotes EMT/invasion and imparts stem-like properties to ovarian
cancer cells. J Cell Biochem (2018) 119(4):3373–83. doi: 10.1002/jcb.26504

20. Brown RL, Reinke LM, Damerow MS, Perez D, Chodosh LA, Yang J, et al. CD44
splice isoform switching in human and mouse epithelium is essential for epithelial-
mesenchymal transition and breast cancer progression. J Clin Invest. (2011) 121
(3):1064–74. doi: 10.1172/JCI44540

21. Sakuma K, Sasaki E, Kimura K, Komori K, Shimizu Y, Yatabe Y, et al.
HNRNPLL, a newly identified colorectal cancer metastasis suppressor, modulates
alternative splicing of CD44 during epithelial-mesenchymal transition. Gut (2018) 67
(6):1103–11. doi: 10.1136/gutjnl-2016-312927

22. Busch A, Hertel KJ. Evolution of SR protein and hnRNP splicing regulatory
factors. Wiley Interdiscip Rev RNA. (2012) 3(1):1–12. doi: 10.1002/wrna.100
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2023.1249932/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1249932/full#supplementary-material
https://doi.org/10.1002/ijc.27711
https://doi.org/10.1002/ijc.27711
https://doi.org/10.1016/S0140-6736(22)01438-6
https://doi.org/10.1038/clpt.2013.171
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1038/nmeth.3440
https://doi.org/10.1038/nmeth.3440
https://doi.org/10.1038/ng.3818
https://doi.org/10.1073/pnas.1717139115
https://doi.org/10.1038/nm.3559
https://doi.org/10.1038/s41467-022-31355-8
https://doi.org/10.1038/s41586-022-04789-9
https://doi.org/10.1016/j.ccell.2015.08.013
https://doi.org/10.1186/s12943-019-1066-3
https://doi.org/10.1186/s12943-021-01324-8
https://doi.org/10.1186/s12943-021-01408-5
https://doi.org/10.1186/s12943-021-01408-5
https://doi.org/10.1038/s41571-020-0350-x
https://doi.org/10.1038/nrc.2016.51
https://doi.org/10.1038/onc.2013.533
https://doi.org/10.3892/ijo.2017.4063
https://doi.org/10.1002/jcb.26504
https://doi.org/10.1172/JCI44540
https://doi.org/10.1136/gutjnl-2016-312927
https://doi.org/10.1002/wrna.100
https://doi.org/10.3389/fonc.2023.1249932
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Duan et al. 10.3389/fonc.2023.1249932
23. Dvinge H, Guenthoer J, Porter PL, Bradley RK. RNA components of the
spliceosome regulate tissue- and cancer-specific alternative splicing. Genome Res
(2019) 29(10):1591–604. doi: 10.1101/gr.246678.118

24. Brooks AN, Choi PS, de Waal L, Sharifnia T, Imielinski M, Saksena G, et al. A
pan-cancer analysis of transcriptome changes associated with somatic mutations in
U2AF1 reveals commonly altered splicing events. PloS One (2014) 9(1):e87361.
doi: 10.1371/journal.pone.0087361

25. Maguire SL, Leonidou A, Wai P, Marchio C, Ng CK, Sapino A, et al. SF3B1
mutations constitute a novel therapeutic target in breast cancer. J Pathol (2015) 235
(4):571–80. doi: 10.1002/path.4483

26. Zhang Y, Yan L, Zeng J, Zhou H, Liu H, Yu G, et al. Pan-cancer analysis of
clinical relevance of alternative splicing events in 31 human cancers. Oncogene (2019)
38(40):6678–95. doi: 10.1038/s41388-019-0910-7

27. Zhang Y, Yao X, Zhou H, Wu X, Tian J, Zeng J, et al. OncoSplicing: an updated
database for clinically relevant alternative splicing in 33 human cancers. Nucleic Acids
Res (2022) 50(D1):D1340–D7. doi: 10.1093/nar/gkab851

28. Hwang JY, Jung S, Kook TL, Rouchka EC, Bok J, Park JW. rMAPS2: an update of
the RNA map analysis and plotting server for alternative splicing regulation. Nucleic
Acids Res (2020) 48(W1):W300–W6. doi: 10.1093/nar/gkaa237

29. Al Abo M, Hyslop T, Qin X, Owzar K, George DJ, Patierno SR, et al. Differential
alternative RNA splicing and transcription events between tumors from African
American and White patients in The Cancer Genome Atlas. Genomics (2021) 113
(3):1234–46. doi: 10.1016/j.ygeno.2021.02.020

30. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49.
doi: 10.3322/caac.21660

31. Wilkinson ME, Charenton C, Nagai K. RNA splicing by the spliceosome. Annu
Rev Biochem (2020) 89:359–88. doi: 10.1146/annurev-biochem-091719-064225

32. Jun Y, Suh YS, Park S, Lee J, Kim JI, Lee S, et al. Comprehensive analysis of
alternative splicing in gastric cancer identifies epithelial-mesenchymal transition
subtypes associated with survival. Cancer Res (2022) 82(4):543–55. doi: 10.1158/
0008-5472.CAN-21-2117

33. Lin C, Yu B, Zhang M, Chen Y, Li L, Zhao D. Systematic analyses of the
differentially expressed alternative splicing events in gastric cancer and its clinical
significance. Front Genet (2020) 11:522831. doi: 10.3389/fgene.2020.522831

34. Liu C, Hu C, Li Z, Feng J, Huang J, Yang B, et al. Systematic profiling of
alternative splicing in Helicobacter pylori-negative gastric cancer and their clinical
significance. Cancer Cell Int (2020) 20:279. doi: 10.1186/s12935-020-01368-8

35. Lin P, He RQ, Ma FC, Liang L, He Y, Yang H, et al. Systematic analysis of
survival-associated alternative splicing signatures in gastrointestinal pan-
adenocarcinomas. EBioMedicine (2018) 34:46–60. doi: 10.1016/j.ebiom.2018.07.040

36. Du JX, LiuYL, ZhuGQ,LuoYH,ChenC,CaiCZ, et al. Profiles of alternative splicing
landscape in breast cancer and their clinical significance: an integrative analysis based on
large-sequencing data. Ann Transl Med (2021) 9(1):58. doi: 10.21037/atm-20-7203

37. Lin Z, Gong J, Zhong G, Hu J, Cai D, Zhao L, et al. Identification of mutator-
derived alternative splicing signatures of genomic instability for improving the clinical
outcome of cholangiocarcinoma. Front Oncol (2021) 11:666847. doi: 10.3389/
fonc.2021.666847

38. Li Y, Guo D. Genome-wide profiling of alternative splicing in glioblastoma and
their clinical value. BMC Cancer. (2021) 21(1):958. doi: 10.1186/s12885-021-08681-z

39. Xu L, Pan J, Ding Y, Pan H. Survival-associated alternative splicing events and
prognostic signatures in pancreatic cancer. Front Genet (2020) 11:522383. doi: 10.3389/
fgene.2020.522383

40. Zhang N, Zhang P, Chen Y, Lou S, Zeng H, Deng J. Clusterization in acute
myeloid leukemia based on prognostic alternative splicing signature to reveal the
clinical characteristics in the bone marrow microenvironment. Cell Biosci (2020)
10:118. doi: 10.1186/s13578-020-00481-5

41. Zhou W, Fei P, Li J. Identification of Prognostic alternative splicing signatures
and their clinical significance in uveal melanoma. Exp Eye Res (2021) 209:108666.
doi: 10.1016/j.exer.2021.108666

42. Jiang J, Niu L, Zhang MX, Wang H, Xie JQ, Sun GP. A novel nomogram
combining alternative splicing events and clinical factors for prognosis prediction in
head and neck squamous cell carcinoma. J Oncol (2022) 2022:4552445. doi: 10.1155/
2022/4552445

43. Antonarakis ES, Lu C, Wang H, Luber B, Nakazawa M, Roeser JC, et al. AR-V7
and resistance to enzalutamide and abiraterone in prostate cancer. N Engl J Med (2014)
371(11):1028–38. doi: 10.1056/NEJMoa1315815
Frontiers in Oncology 14
44. Belluti S, Semeghini V, Rigillo G, Ronzio M, Benati D, Torricelli F, et al.
Alternative splicing of NF-YA promotes prostate cancer aggressiveness and represents
a new molecular marker for clinical stratification of patients. J Exp Clin Cancer Res
(2021) 40(1):362. doi: 10.1186/s13046-021-02166-4

45. Liborio TN, Ferreira EN, Aquino Xavier FC, Carraro DM, Kowalski LP, Soares
FA, et al. TGIF1 splicing variant 8 is overexpressed in oral squamous cell carcinoma
and is related to pathologic and clinical behavior. Oral Surg Oral Med Oral Pathol Oral
Radiol (2013) 116(5):614–25. doi: 10.1016/j.oooo.2013.07.014

46. Yao X, Zhou H, Duan C, Wu X, Li B, Liu H, et al. Comprehensive characteristics
of pathological subtypes in testicular germ cell tumor: Gene expression, mutation and
alternative splicing. Front Immunol (2022) 13:1096494. doi: 10.3389/
fimmu.2022.1096494

47. Zeng RJ, Zheng CW, Chen WX, Xu LY, Li EM. Rho GTPases in cancer
radiotherapy and metastasis. Cancer Metastasis Rev (2020) 39(4):1245–62.
doi: 10.1007/s10555-020-09923-5

48. Popp MW, Maquat LE. Organizing principles of mammalian nonsense-
mediated mRNA decay. Annu Rev Genet (2013) 47:139–65. doi: 10.1146/annurev-
genet-111212-133424

49. Wollerton MC, Gooding C, Wagner EJ, Garcia-Blanco MA, Smith CWJ.
Autoregulation of polypyrimidine tract binding protein by alternative splicing
leading to nonsense-mediated decay. Mol Cell (2004) 13:91–100. doi: 10.1016/s1097-
2765(03)00502-1

50. Sekino Y, Han X, Babasaki T, Miyamoto S, Kitano H, Kobayashi G, et al. TUBB3
is associated with high-grade histology, poor prognosis, p53 expression, and cancer
stem cell markers in clear cell renal cell carcinoma. Oncology (2020) 98(10):689–98.
doi: 10.1159/000506775

51. Jung H, Lee D, Lee J, Park D, Kim YJ, Park WY, et al. Intron retention is a
widespread mechanism of tumor-suppressor inactivation. Nat Genet (2015) 47
(11):1242–8. doi: 10.1038/ng.3414

52. Yoshida K, Sanada M, Shiraishi Y, Nowak D, Nagata Y, Yamamoto R, et al.
Frequent pathway mutations of splicing machinery in myelodysplasia. Nature (2011)
478(7367):64–9. doi: 10.1038/nature10496

53. Darman RB, Seiler M, Agrawal AA, Lim KH, Peng S, Aird D, et al. Cancer-
associated SF3B1 hotspot mutations induce cryptic 3' Splice site selection through use
of a different branch point. Cell Rep (2015) 13(5):1033–45. doi: 10.1016/
j.celrep.2015.09.053

54. DeBoever C, Ghia EM, Shepard PJ, Rassenti L, Barrett CL, Jepsen K, et al.
Transcriptome sequencing reveals potential mechanism of cryptic 3' splice site selection
in SF3B1-mutated cancers. PloS Comput Biol (2015) 11(3):e1004105. doi: 10.1371/
journal.pcbi.1004105

55. Kim E, Ilagan JO, Liang Y, Daubner GM, Lee SC, Ramakrishnan A, et al. SRSF2
mutations contribute to myelodysplasia by mutant-specific effects on exon recognition.
Cancer Cell (2015) 27(5):617–30. doi: 10.1016/j.ccell.2015.04.006

56. Zhang J, Lieu YK, Ali AM, Penson A, Reggio KS, Rabadan R, et al. Disease-
associated mutation in SRSF2 misregulates splicing by altering RNA-binding affinities.
Proc Natl Acad Sci U S A. (2015) 112(34):E4726–34. doi: 10.1073/pnas.1514105112

57. Okeyo-Owuor T, White BS, Chatrikhi R, Mohan DR, Kim S, Griffith M, et al.
U2AF1 mutations alter sequence specificity of pre-mRNA binding and splicing.
Leukemia (2015) 29(4):909–17. doi: 10.1038/leu.2014.303

58. Stephens PJ, Tarpey PS, Davies H, Van Loo P, Greenman C, Wedge DC, et al.
The landscape of cancer genes and mutational processes in breast cancer.Nature (2012)
486(7403):400–4. doi: 10.1038/nature11017

59. Biankin AV, Waddell N, Kassahn KS, Gingras MC, Muthuswamy LB, Johns AL,
et al. Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes.
Nature (2012) 491(7424):399–405. doi: 10.1038/nature11547

60. Cheng M, Zhan X, Xu Y, Wang S, Zhang H, Fang L, et al. DNA methylation of
RNA-binding protein for multiple splicing 2 functions as diagnosis biomarker in gastric
cancer pathogenesis and its potential clinical significance. Bioengineered (2022) 13
(2):4347–60. doi: 10.1080/21655979.2022.2032965

61. Luco RF, Pan Q, Tominaga K, Blencowe BJ, Pereira-Smith OM, Misteli T.
Regulation of alternative splicing by histone modifications. Science (2010) 327
(5968):996–1000. doi: 10.1126/science.1184208

62. Luco RF, Allo M, Schor IE, Kornblihtt AR, Misteli T. Epigenetics in alternative
pre-mRNA splicing. Cell (2011) 144(1):16–26. doi: 10.1016/j.cell.2010.11.056

63. He M, Hu F. TF-RBP-AS triplet analysis reveals the mechanisms of aberrant
alternative splicing events in kidney cancer: implications for their possible clinical use
as prognostic and therapeutic biomarkers. Int J Mol Sci (2021) 22(16):8789.
doi: 10.3390/ijms22168789
frontiersin.org

https://doi.org/10.1101/gr.246678.118
https://doi.org/10.1371/journal.pone.0087361
https://doi.org/10.1002/path.4483
https://doi.org/10.1038/s41388-019-0910-7
https://doi.org/10.1093/nar/gkab851
https://doi.org/10.1093/nar/gkaa237
https://doi.org/10.1016/j.ygeno.2021.02.020
https://doi.org/10.3322/caac.21660
https://doi.org/10.1146/annurev-biochem-091719-064225
https://doi.org/10.1158/0008-5472.CAN-21-2117
https://doi.org/10.1158/0008-5472.CAN-21-2117
https://doi.org/10.3389/fgene.2020.522831
https://doi.org/10.1186/s12935-020-01368-8
https://doi.org/10.1016/j.ebiom.2018.07.040
https://doi.org/10.21037/atm-20-7203
https://doi.org/10.3389/fonc.2021.666847
https://doi.org/10.3389/fonc.2021.666847
https://doi.org/10.1186/s12885-021-08681-z
https://doi.org/10.3389/fgene.2020.522383
https://doi.org/10.3389/fgene.2020.522383
https://doi.org/10.1186/s13578-020-00481-5
https://doi.org/10.1016/j.exer.2021.108666
https://doi.org/10.1155/2022/4552445
https://doi.org/10.1155/2022/4552445
https://doi.org/10.1056/NEJMoa1315815
https://doi.org/10.1186/s13046-021-02166-4
https://doi.org/10.1016/j.oooo.2013.07.014
https://doi.org/10.3389/fimmu.2022.1096494
https://doi.org/10.3389/fimmu.2022.1096494
https://doi.org/10.1007/s10555-020-09923-5
https://doi.org/10.1146/annurev-genet-111212-133424
https://doi.org/10.1146/annurev-genet-111212-133424
https://doi.org/10.1016/s1097-2765(03)00502-1
https://doi.org/10.1016/s1097-2765(03)00502-1
https://doi.org/10.1159/000506775
https://doi.org/10.1038/ng.3414
https://doi.org/10.1038/nature10496
https://doi.org/10.1016/j.celrep.2015.09.053
https://doi.org/10.1016/j.celrep.2015.09.053
https://doi.org/10.1371/journal.pcbi.1004105
https://doi.org/10.1371/journal.pcbi.1004105
https://doi.org/10.1016/j.ccell.2015.04.006
https://doi.org/10.1073/pnas.1514105112
https://doi.org/10.1038/leu.2014.303
https://doi.org/10.1038/nature11017
https://doi.org/10.1038/nature11547
https://doi.org/10.1080/21655979.2022.2032965
https://doi.org/10.1126/science.1184208
https://doi.org/10.1016/j.cell.2010.11.056
https://doi.org/10.3390/ijms22168789
https://doi.org/10.3389/fonc.2023.1249932
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Identification of alternative splicing associated with clinical features: from pan-cancers to genitourinary tumors
	Introduction
	Materials and methods
	Data acquisition and pre-processing
	Identification of clinical feature-related alternative splicing event
	Identification of clinical feature-related immune cell infiltration
	Gene function enrichment analysis
	Structure and genomic location of alternative splicing events
	Splicing quantitative trait loci analysis
	Splicing events map to RNA motifs of RBPs
	Cell culture and stable transfection
	qPCR
	Cell viability assay
	Colony formation assay
	Modified Boyden chamber assay
	Statistics and visualization

	Results
	Clinical features in cancers
	Identification of clinical feature-related AS and immune cell infiltration
	Analysis of race-related AS
	Clinical features-related AS in ESCA
	Function enrichment analysis of clinical feature-related ASEs in cancers
	Identification of RBPs to regulate clinical feature-related ASEs
	Validation of clinical feature-related ASEs and predicted RBPs

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


