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Profiles of alternative splicing landscape in breast cancer and 
their clinical significance: an integrative analysis based on large-
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Background: Alternative splicing (AS) is closely correlated with the initiation and progression of 
carcinoma. The systematic analysis of its biological and clinical significance in breast cancer (BRCA) is, 
however, lacking. 
Methods: Clinical data and RNA-seq were obtained from the TCGA dataset and differentially expressed 
AS (DEAS) events between tumor and paired normal BRCA tissues were identified. Enrichment analysis 
was then used to reveal the potential biological functions of DEAS events. We performed protein-protein 
interaction (PPI) analysis of DEAS events by using STRING and the correlation network between splicing 
factors (SFs) and AS events was constructed. The LASSO Cox model, Kaplan-Meier and log-rank tests were 
used to construct and evaluate DEAS-related risk signature, and the association between DEAS events and 
clinicopathological features were then analyzed. 
Results: After strict filtering, 35,367 AS events and 973 DEAS events were detected. DEAS corresponding 
genes were significantly enriched in pivotal pathways including cell adhesion, cytoskeleton organization, and 
extracellular matrix organization. A total of 103 DEAS events were correlated with disease free survival. The 
DEAS-related risk signature stratified BRCA patients into two groups and the area under curve (AUC) was 
0.754. Moreover, patients in the high-risk group had enriched basel-like subtype, advanced clinical stages, 
proliferation, and metastasis potency. 
Conclusions: Collectively, the profile of DEAS landscape in BRCA revealed the potential biological 
function and prognostic value of DEAS events. 
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Introduction

Breast cancer (BRCA) is the most common malignancy 
and the predominant cause of cancer-associated death in 
women. BRCA is a heterogeneous tumor, with multiple 
molecular subtypes and distinct survival outcomes. Research 
illustrates that whilst the 5-year overall survival (OS) rate 
of BRCA is 91%, once distant metastasis occurs, the rate 
drops to 40.7% (1,2). At present, reducing the mortality of 
BRCA, especially advanced BRCA with distant metastasis, 
is an urgent challenge to be solved. 

In the past few decades, scientists have made intensive 
efforts to determine the underlying molecular mechanisms 
of BRCA, identify its prognostic indicators and explore 
potential therapeutic strategies. This research has gradually 
revealed that the aberrant expression of key genes (3), 
mutations (4), copy number variations (5), and post-
transcriptional modifications (6) (methylation, acetylation, 
etc.) participate in regulating the occurrence and progression 
of BRCA. Moreover, the molecular subtypes of BRCA 
have been constructed and therapeutic drugs developed (7). 
Although previous studies have greatly improved the survival 
time and quality of life in BRCA patients, there remains a 
need to decrypt this heterogeneous disease from a relatively 
new perspective.

As a post-transcriptional editing process, alternative 
splicing (AS) occurs in almost 95% of transcribed human 
genes. AS is a process that removes introns and concatenate 
specific exons which enrich the biodiversity of genes (8). 
Splicing variants generated from the same gene can produce 
distinct and even opposite effects. However, intensive evidence 
has confirmed that the abnormal expression of AS isoforms 
mediates oncogenesis and progression in various cancers 
and some experts have advanced the view that aberrant AS 
could be regarded as a novel hallmark of cancer (9). With 
the advancement of high-throughput sequencing, the 
correlation between specific AS events and the hallmarks 
of cancer including proliferation (10), anti-apoptosis (11), 
metastasis (12), angiogenesis (13), and metabolism (14) has 
been gradually identified. Moreover, research establishing 
AS-related prognostic factors has highlighted that aberrant 
AS not only contributes to recognize the pathogenesis 
of BRCA, but also facilitates the clinical diagnosis and 
development of therapeutic targets (15).

AS are finely regulated by a complex machine called a 
spliceosome, which is composed of five small nuclear RNA 
ribonucleoproteins (snRNPs) and more than 100 trans-
acting factors including the well-known splicing factors (SFs): 
heterogeneous nuclear ribonucleoproteins (hnRNPs) and 

Ser/Arg-rich (SR) protein families. As trans-acting factors, 
SFs specifically recognize and combine with cis-regulatory 
sequences in pre-RNA to mediate splicing site selection 
and spliceosome assembly. Abnormal AS events are partially 
orchestrated by the aberrant regulation of SFs. In addition, it 
is well accepted that the methylation status of promoter and 
genetic copy number variants (CNV), influence expression 
levels of SFs (16,17). Consequently, it is meaningful to 
explore the potential correlation between SFs and the 
corresponding methylation/CNV status in BRCA.

The systematic profile of mRNA AS has been depicted 
in colorectal cancer (18), ovarian cancer (19), non-small cell 
lung cancer (20), et al. Several studies have focused on the 
prognostic value of AS in BRCA and triple-negative breast 
cancer (TNBC). However, the exploration of regulatory 
network, biological functions and clinical significance of AS 
events, is still lacking. In this study we profiled a relatively 
comprehensive analysis of AS events in BRCA from the 
TCGA dataset and identified BRCA-related differentially 
expressed AS (DEAS) events. Firstly, we analyzed the 
underlying biological function and potential regulatory 
mechanisms of DEAS events. Among them, we found 19 
AS events that were differentially expressed in various 
cancers, suggesting that these AS events might have a 
broad role in regulating the initiation and development of 
cancer. Moreover, the combination analysis with clinical 
information shed light on the prognostic value of DEAS. 
Finally, we stratified BRCA patients into two groups based 
on DEAS-related AS events and explored the correlation 
between risk groups and clinicopathological features as 
well as cancer phenotypes. Overall, our analysis has created 
a relatively new perspective to understanding the cancer, 
biological, and clinical significance of AS events in BRCA.

We present the following article in accordance with 
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-7203).

Methods 

Data acquisition and preparation process

The RNA-Seq data (Normal n=113; Tumor n=1,094) and 
clinical information (n=1,097) of BRCA patients were 
obtained from the TCGA dataset (https://tcga-data.nci.
nih.gov/tcga/). Patients (n=152) who did not accord with 
any of the following standards were excluded: (I) definite 
histological diagnosis; (II) explicit T/N/stage/ER/PR/
molecular subtype/OS/DFS information; (III) more than 
one month survival time after diagnosis. The cBioPortal for 
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Figure 1 Flowchart for profiling alternative splicing (AS) landscape in breast cancer (BRCA). RNA-seq data and clinical information 
of BRCA cohort were obtained from the TCGA data portal. Patients without complete clinical, pathological, and follow-up data were 
excluded. For SpliceSeq data, we performed a series of strict filters [Percentage of Samples with Percent-Spliced-In (PSI) value ≥75, Average 
of PSI value ≥0.05] and finally confirmed 35,367 AS events from 10,274 genes. Based on the PSI value of the 113 pairs of matched normal 
and tumor tissues, we identified differentially expressed AS (DEAS) events and their parent genes. Profiling the association and enrichment 
of genes with aberrant AS in BRCA was performed using protein-protein interaction (PPI), KEGG, GO, and gene set enrichment analysis 
(GSEA) analysis. Copy number variants (CNV) and methylation data of splicing factors were then extracted from cBioPortal. The influence 
of CNV/methylation on the RNA expression of splicing factors was analyzed and visualized, and the regulatory network between splicing 
factors (SFs) and AS events was then constructed. Finally, LASSO Cox regression was performed to identify DFS-associated DEAS events. 
An AS-related risk signature was established and validated.

TCGA database (http://www.cbioportal.org/) was used to 
acquire the copy number variation (CNV) and methylation 
information (21). We referenced the data of DEAS events 
in colorectal cancer (CRC) or head and neck squamous 
cell carcinoma (HNSC) obtained from previous studies 
(22,23). Data of BRCA molecular subtypes identified by 
using PAM50, proliferation, and wound-healing value were 
referenced from Thorsson et al. (24). 

The mRNA SpliceSeq data was downloaded for each 
BRCA patient by using the TCGA SpliceSeq tool (https://
bioinformatics.mdanderson.org/TCGASpliceSeq/). The 
Percent-Spliced-In (PSI) index was utilized to quantify 
seven types of AS events. To obtain more credible AS events, 
a series of strict filters (percentage of Samples with PSI 

value ≥75, average of PSI value ≥0.05) were implemented 
resulting in the identification of 35,367 AS events from 
10,274 genes. Interactive sets among seven types of AS were 
depicted by Upset plot generated by using UpSetR package 
(version 1.3.3) (25). The flowchart illustrates the design and 
implementation process of the study (Figure 1).

Identification and validation of DEAS events and 
functional analysis

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and was 
approved by the institutional review board of Zhongshan 
Hospital, Fudan University (approval number: B2020-
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108R). All written informed consent was obtained.
To recognize DEAS events in BRCA, the PSI value of AS 

events were compared between paired normal and tumor 
tissues (n=113) using the “limma” package. Benjamini & 
Hochberg (BH) correction was used to adjust P values. 
|log2FC| ≥0.5, (also equivalent to |logFC| ≥0.15) and adj.
P<0.05 was considered as the criterion of DEAS events. 
Volcano plot and heat map were performed to visualize 
the profiling of DEAS events identified in BRCA. A Venn 
diagram was performed to demonstrate the intersection 
set of DEAS and differentially expressed genes (DEG) by 
using the “VennDiagram” package (26). Representative 
DEAS events between tumor and paired normal tissues 
were visualized by “ggplot2” package. 6 pairs of BRCA 
and normal tissues were obtained from patients underwent 
surgery at Zhongshan Hospital after accessing the written 
informed consent, then stored at 80 ℃ for RT-PCR assay. 
RNA extraction, reverse-transcription were performed. 
RT-PCR were performed by using the AceTaq Master 
Mix (P412-01) from Vazyme for amplification. Primers 
for RT-PCR were listed in Table S1. The products of RT-
PCR were visualized and semi-quantified by nucleic acid 
electrophoresis and software Image J.

The parent genes of DEAS then underwent GO 
and KEGG pathways enrichment analyses by using the 
“clusterProfiler” package (version 3.4.4) (27). Genes were 
annotated from the aspects of molecular functions (MF), 
biological processes (BP), and cellular components (CC) of 
biology in the GO database. Gene set enrichment analysis 
(GSEA) was conducted to verify the enrichment results 
identified by GO or KEGG analysis. The correlation 
between DEAS and wound-healing values was explored 
by using spearman correlation analysis. In addition to this, 
the parent genes of the DEAS events were imported to 
the Retrieval of Interacting Genes/Proteins (STRING, 
version 11.0) to build a protein-protein interaction (PPI) 
network (combined score>0.7), which was then depicted by 
Cytoscape (version 3.4.0) (28,29). Cytohubba and MCODE 
in Cytoscope were used to identify hub genes. ClueGO 
and CluePedia in Cytoscape were used to visualize KEGG 
enrichment results of the proteins participating in PPI 
network.

Establishment of correlation network between SFs and 
DEAS events

The list of SFs was referenced from the SpliceAid-F 
database (30). The 71 experimentally validated SFs were 

composed of 13 SR proteins, 27 hnRNPs and other families 
including ELAV, KHDRBS, CELF, Nova, and Fox families. 
We then constructed the correlation network between 
the expression of SFs and the PSI value of DEAS events 
by conducting Spearman’s rank (non-normal distribution) 
and Pearson’s rank (normal distribution data) correlation 
analysis. BH correction was used to adjust p value (|R|>0.5, 
adj.P<0.05). The correlation plots were visualized by 
Cytoscape and the correlation analysis between CNV/
methylation and mRNA expression of SFs was performed.

Construction of DEAS-related risk signature and survival 
analysis 

Patients (n=930) with integrated clinical and AS data 
were included in further survival analysis. Univariate Cox 
regression was used to analyze the prognostic correlation 
between DEAS events and DFS. A penalized Cox 
regression model with LASSO penalty was then performed 
to construct a DEAS-related prognosis signature, and 10-
time cross-validations were used to determine the optimal 
lambda (31). The risk score for each BRCA patient was 
calculated by using the PSI value of the prognostic AS 
events identified by the DEAS-related risk signature and its 
corresponding coefficient. Patients were stratified into low- 
and high-risk cohorts based on the risk score. A Kaplan-
Meier analysis and log-rank test was then conducted to 
compare the DFS in different groups. The prognostic value 
of the DEAS-related risk signature was assessed by the 
ROC curves and area under curve (AUC) values (32).

Evaluation of the association between risk groups and 
clinical/molecular characteristics

The association between risk groups and clinicopathological 
features (age, histology, T/N/clinical stage, ER/PR 
status and molecular subtypes), survival status (DFS), and 
hallmarks of cancer, (proliferation, wound healing) were 
analyzed and visualized.

Statistical analysis

R software (version 3.5.1) was utilized to perform 
statistical analysis and P value <0.05 represented statistical 
significance. Student’s t-test was conducted for comparison 
of continuous variables and Pearson’s chi-square test was 
used to compare categorical variables. The correlation was 
evaluated by Spearman’s rank (non-normal distribution) 

https://cdn.amegroups.cn/static/public/ATM-20-7203-supplementary.pdf
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and Pearson’s rank (continuous variables meeting normal 
distribution) correlation analysis.

Results

Profiles of AS events in BRCA TCGA cohort

The clinical information of 930 BRCA patients fitting 
the inclusion criteria were obtained and their baseline 
characteristics listed in Table S2. With a 33.1 months 
median follow-up time (range, 1–286.8 months), 96 (10.3%) 
of patients experienced recurrence and 119 (12.8%) patients 
died.

The corresponding RNA-Seq data were downloaded to 
construct the profile of AS events. Figure 2A depicts seven 
modes of AS: alternate acceptor site (AA), alternate donor 
site (AD), alternate promoter (AP), alternate terminator 
(AT), exon skip (ES), mutually exclusive exons (ME), and 
retained intron (RI). Considering a large component of 
AS events were discovered in only a few samples and some 
AS expression levels were very low (PSI value <0.05), 
we performed strict filters to ensure the credibility and 
accuracy of the analysis. After filtering, 35,367 AS events 
from 10274 genes were identified (https://cdn.amegroups.
cn/static/public/10.21037atm-20-7203-1.xlsx). The details 
of the number of each type of AS and corresponding genes 
are illustrated in Figure 2B. The most common AS type 
was ES (42.2%), followed by AP (17.8%) and AT (17.0%). 
Upset plots showed that most genes contain more than one 
AS modes (Figure 2C). 

Identification and validation of DEAS events in BRCA 
patients

The PSI value of 113 tumor and paired normal tissues 
were compared to obtain the list of DEAS events in BRCA 
patients. Based on the threshold of |log2FC| >0.5 and 
adj.P value <0.05 (t-test and BH correction), a total of 
973 DEAS events from 621 genes were screened (https://
cdn.amegroups.cn/static/public/10.21037atm-20-7203-2.
xlsx), including 382 APs, 311 ESs, 177 ATs, 43 RIs, 26 
AAs, 25 ADs, and 9 MEs. Among them, DEAS events 
with |log2FC| >1.5 were represented by green dots in the 
volcano map, including 5 AS events upregulated in tumor 
(NTM-19519-AP, ISLR-31876-AP, KIF4A-89373-AT, 
LSP1-13865-AP and TNC-87357-ES, the number in the 
middle represented by the code of the AS events), and 4 
AS events downregulated in tumor (FBLN2—63511-ES, 

NTM-19520-AP, KIF4A-898372-AT and ISLR-31677-AP) 
(Figure 3A). Then ES of exon 13 in SLK, exon 10 in STX2, 
exon 11 in CLSTN1 and exon 3 in NFYA were validated 
in 6 pairs of BRCA and normal tissues (Figure S1A). The 
PSI were presented under the gels. Then paired t-test 
results confirmed that the ES of SLK and CLSTN1 were 
significantly altered in paired samples. Besides, there were 
an alteration trend of PSI of STX2 exon 10 and NFYA exon 
3 in BRCA and paired normal tissues (Figure S1B). These 
results verified the reliability of the analysis based on TCGA 
dataset. The tumor and tissue samples were clearly divided 
into discrete groups by using unsupervised hierarchical 
clustering methods according to DEAS events (Figure 3B). 
More intriguingly, by referring to previous studies, we 
found that 19 AS events were differentially expressed not 
only in BRCA, but also in HNSC and CRC. The AT of 
exon 2 in FAM72A, for example, was downregulated, while 
the AP of exon 2 in PODNL1 was upregulated (https://
cdn.amegroups.cn/static/public/10.21037atm-20-7203-3.
xlsx). These events revealed common AS events in different 
tumorigenesis processes.

Considering AS events can directly affect gene 
expression levels through manners such as nonsense-
mediated mRNA decay (NMD),  we explored the 
intersection set of DEAS and DEG (Figure 3C). The 
details are summarized in https://cdn.amegroups.cn/static/
public/10.21037atm-20-7203-3.xlsx. Among 428 AS events 
accompanied by changes in the RNA expression levels of 
the corresponding genes, 88.1% were accounted by three 
types of AS events, ES (157, 36.7%), AP (155, 36.2%), 
and AT (65, 15.2%). This indicated that AS events may be 
involved in regulating tumorigenesis and progression partly 
by changing gene expression. Representative DEAS events 
between tumor and paired normal tissues are illustrated in 
Figure 3D.

Functional enrichment analysis of DEAS

We next conducted functional enrichment analysis based on 
the corresponding parent genes of DEAS. GO enrichment 
analysis revealed that EDAS-related genes mainly enriched 
in metastasis-associated categories, such as regulation of cell 
adhesion (FDR =7.59E-05), cytoskeleton organization (FDR 
=0.034), extracellular matrix organization (FDR=0.038), 
and focal adhesion (FDR =5.58E-07) (Figure 4A, https://
cdn.amegroups.cn/static/public/10.21037atm-20-7203-4.
xlsx). Moreover, KEGG pathways related to cell movement 
had the trend of enrichment (Figure 4B, https://cdn.
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Figure 4 Potential biological function of differentially expressed alternative splicing (DEAS) events. (A) GO analysis of DEAS events from 
three aspects: biological process (BP), cellular component (CC), and molecular function (MF). (B) KEGG analysis of DEAS events. (C) 
GSEA analysis of DEAS events (NES: normallized enrichment score; FDR:false discovery rate). (D) Correlation between Percent-Spliced-
In (PSI) value of specific DEAS events and wound-healing score. Adj.P value <0.05.
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amegroups.cn/static/public/10.21037atm-20-7203-4.xlsx), 
such as ECM-receptor interaction (P=0.0019), regulation 
of actin cytoskeleton (P=0.0031), AMPK signaling pathway 
(P=0.0062), and adherens junction (P=0.0076). Partially 
consistent with the above findings, GSEA analysis showed 
that DEAS were enriched in cell adhesion (NES =1.8, 
FDR =0.017), natural killer cell mediated cytotoxicity 
(NES =1.58, FDR =0.083), pathways in cancer (NES =1.49, 
FDR =0.115), and PPAR signaling pathway (NES =1.68, 
FDR =0.055) (Figure 4C, https://cdn.amegroups.cn/static/
public/10.21037atm-20-7203-4.xlsx). Collectively, this 
indicated that DEAS events were likely to participate in the 

remodeling of cancer cell movement and adhesion ability, 
and then affected cell invasion and migration. To confirm 
the inference, correlation analysis between PSI values of 
DEAS events and wound-healing values referenced from 
previous studies was conducted. Interestingly, some distinct 
AS events derived from a single gene were seen to exert 
opposite strong correlation with wound-healing values. 
The AT of exon 29 in KIF4A, for example, was negatively 
(R=0.79, P<2.2e-16), while the AT of exon 32 in KIF4A was 
positively (R=0.79, P<2.2e-16) associated with those values 
(Figure 4D).

AS could directly affect protein function by changing 

https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-4.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-4.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-4.xlsx
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the length of the transcript, regulating the level of protein 
expression, and changing the inclusion status of functional 
domains. Hence, it is meaningful to explore the AS events 
in BRCA from the perspective of the corresponding PPI 
network of DEAS events. The PPI network of DEAS 
profiled interactions in normal condition and disclosed the 
potential impact of DEAS at the protein level (Figure 5A). 
We further analyzed the ten hub genes (Figure 5B) and 
enrichment pathways (Figure 5C) based on the PPI network. 
Interrelated proteins were significantly enriched in adherens 
junction, regulation of actin cytoskeleton, ECM-receptor 
interaction, salmonella infection, and AMPK signaling 
pathway.

Collectively, the results indicated that AS events 
dysregulation played an important role in BRCA and were 
closely related with the regulation of the motility, invasion, 
and migration of cancer cells.

Construction of correlation network between DEAS events 
and SFs

As trans-acting factors, SFs are the key components of the 
spliceosome, participating in AS through binding to pre-
RNA to regulate splicing site selection. This means DEASs 
may be driven by several key SFs. On this basis, we built a 
significant correlation network between the expression of 71 
SFs identified by referring to previous studies and the PSI 
values of DEASs (Figure 6, https://cdn.amegroups.cn/static/
public/10.21037atm-20-7203-5-1.xlsx). The representative 
plots between SFs and AS events are illustrated in Figure 
6B. Significant correlation was found between 108 AS 
events and 18 SFs. Most SFs were associated with several 
AS events and a specific AS event could be significantly 
correlated with six SFs. This may partially reveal the reason 
why a few SFs widely regulated the AS of many pre-RNAs. 

Following this, we further explored the possible 
reasons changes occurred in the expression levels of 
SFs. Correlation analysis indicated that among the 51 
SFs, the expression levels of seven SFs were significantly 
negatively correlated with the methylation levels of their 
promoter regions (https://cdn.amegroups.cn/static/
public/10.21037atm-20-7203-5-2.xlsx) (|R|>0.3, adj.P 
value <0.05). The representative correlation relationship 
of ESRP1, ESRP2, hnRNP F, MBNL1, SRSF5, and 
SYNCRIP, is seen in Figure 7. The expression levels of 
SFs significantly correlated with CNV status counted 
for 92.4% (Figure 7B, https://cdn.amegroups.cn/static/
public/10.21037atm-20-7203-5-3.xlsx). This indicated 

that genetic and epigenetic dysregulation is involved in the 
modulation of AS by changing the expression levels of SFs.

Identification of DFS related DEAS events and generation 
of the DEAS-related risk signature

Based on the previous enrichment analysis results that 
DEAS events would be closely related to biological 
functions such as cell movement and migration, we 
investigated the relationship between DEAS events and 
DFS in a BRCA TCGA cohort. The median PSI value of 
each DEAS were utilized to divide patients into two groups, 
then univariate Cox regression analyses for DFS were 
performed. Consequently, 103 AS with a prognostic value 
of DFS were identified (https://cdn.amegroups.cn/static/
public/10.21037atm-20-7203-6.xlsx), among which APs 
accounted for 43.7%. 

To establish a practical and precise DEAS-related risk 
signature, a LASSO Cox model determined by the optimal 
lambda was constructed (Figure 8A). Consequently, eight 
AS events were involved in the prognostic signature (Figure 
8B), among which, UGT1A1-58054-AT, EPB41L1-59273-
ES, CYP46A1-29229-AT, USHBP1-48246-AA, and DST-
76557-AT related to poor DFS, whereas UBE2E1-63715-
AP, TOM1L1-42558-ES, and CHTOP-91133-ES related 
to improved DFS. The risk score of each patient was 
identified based on the coefficients of these AS events in 
the LASSO Cox model and the PSI values. Patients were 
then separated into high- and low-risk groups according to 
the median of the risk score (Figure 8C). Patients with an 
increasing risk score tended to possess shorter DFS time 
(Figure 8D). The heat map depicts the PSI values of these 
AS events in high- and low-risk groups (Figure 8E).

Prognostic value of DEAS-related risk signature in BRCA

Kaplan-Meier and log-rank tests revealed that patients in 
high-risk groups were correlated with a better prognosis in 
DFS (P=6.956e-10, Figure 9A). The AUC of the DEAS-
related risk signature was 0.754 (Figure 9B). These results 
indicated that the DEAS-related prognostic signature would 
be a reliable predictor for DFS of BRCA patients. 

Risk groups associated with prognosis, clinicopathological 
features and hallmarks of cancer

In addition to exploring AS events at the molecular 
level, we also wished to determine whether risk groups 

https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-5-1.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-5-1.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-5-2.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-5-2.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-5-3.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-5-3.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-6.xlsx
https://cdn.amegroups.cn/static/public/10.21037atm-20-7203-6.xlsx
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A

B C

Figure 5 Protein-protein interaction (PPI) analysis of differentially expressed alternative splicing (DEAS) events. (A) PPI network of DEAS 
events identified by Cytoscape. Genes with DEAS events were represented by nodes. The AS type, change patterns, and |log2FC| were 
denoted as the shape, color and size of nodes, respectively. Potential interactions between the corresponding proteins were indicated by 
edges. (B) Top 10 genes ranked by degree. (C) KEGG analysis of the corresponding proteins potentially participating in the PPI network. 
The larger nodes represented KEGG signaling pathway and the smaller nodes represented pathway-related enriched genes.
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Figure 6 The correlations between CNV/promoter methylation status, and the expression levels of splicing factors (SFs) in breast cancer 
(BRCA). (A) Representative dot plots of correlations between methylation of SFs promoter and expression levels of SFs. Spearman’s rank 
(non-normal distribution) and Pearson’s rank correlation analysis (normal distribution data) were conducted to analyze the correlation. (B) 
Representative dot plots of correlations between copy number variants (CNV) status and expression levels of SFs. The Mann-Whitney test 
was used to calculate the P value. All adj.P value <0.05. 
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were associated with the prognosis, clinicopathological 
features and hallmarks of cancer (proliferation and wound-
healing value) (Figure 9C). This revealed the distribution 
of different molecular subtypes, T stage, clinical stage, 
ER/PR status, survival status (DFS), and cancer features 
(proliferation and wound healing value) in BRCA samples 
between risk groups, were not random. Patients in the high-

risk group, for example, were seen to have enriched basel-
like molecular subtype, negative ER/PR status, advanced 
clinical stages, and proliferation and metastasis potency. 
These results suggested that grouping based on DEAS-
related risk signature can not only be used as a prognostic 
indicator of DFS but can also guide the estimation of tumor 
malignancy and molecular targeted strategies.
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A

Figure 7 The correlation network between splicing factors (SFs) and alternative splicing (AS) events in breast cancer (BRCA). (A) Splicing 
regulatory network was conducted based on the correlation analyses between the expression levels of SFs and the Percent-Spliced-In (PSI) 
values of each differentially expressed AS (DEAS) event. The shape, color and line color respectively indicated a type (AS event or SF), 
change pattern of PSI value of AS (upregulated or downregulated), and the regulatory correlation between SFs and AS. (B) Representative 
dot plots of correlations between the expression of SFs and PSI values of AS events. Spearman’s rank (non-normal distribution) and Pearson’s 
rank correlation analysis (normal distribution data) were used to analyze the correlation. 

Discussion

BRCA is a heterogeneous disease with distinct biological 
features. Extensive progress in the individualized treatment 
and survival outcomes of BRCA patients has been made 
as a result of research at the molecular level, such as that 
proposing molecular subtypes. However, its high incidence 
and diverse therapeutic responses indicate that research 
is urgently required to decipher the complex biological 

process of BRCA from a new perspective. Recently, AS 
data from the TCGA database has been used to interpret 
the complex biological functions of cancer, and predictive 
signatures based on AS events have been constructed in 
various cancers (18-20,33-36). There is increasing evidence 
to show that individual AS events promote the progression 
of BRCA. For instance, Mcl-1, participating in the control 
of intrinsic cell death pathway, possesses two splice isoforms, 
Mcl-1L (anti-apoptosis) and Mcl-1s (pro-apoptosis). The 
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Figure 8 Construction of differentially expressed alternative splicing (DEAS)-related risk signature using penalized Cox regression model 
with LASSO penalty. (A) Left: LASSO coefficient profiles of the DEAS related to the DFS of breast cancer (BRCA). Right: tenfold cross-
validation for tuning parameter selection in the LASSO model. The partial likelihood deviance was plotted against log (Lambda), where 
Lambda was the tuning parameter. Partial likelihood deviance values were shown, with error bars representing s.e. The dotted vertical lines 
were drawn at the optimal values by minimum criteria and 1-s.e. criteria. The numbers above the graph represent the number of AS events 
involved in the LASSO model. (B) Forest plot showing penalized Cox regression model of DFS. (C) The distribution of each patients’ risk 
score identified by the penalized Cox regression model. (D) The outcome of disease status and time of patients in TCGA dataset. (E) Heat 
map of the Percent-Spliced-In (PSI) value of DEAS in prognostic signature.

C

splice switching of Mcl-1 is regulated by hnRNP F, H1 
and K in BRCA cells, which mediates the tumorigenesis of 
BRCA (37). Besides, SF ESRP1 regulates the CD44 splice 
switching from CD44 variants splice isoforms (CD44v) to 
CD44 standard splice isoform (CD44s), which enhances 
BRCA stem cell properties (38). Furthermore, SF PCBP1 
binds to the exonic splicing suppressor (ESS) region in 
the exon 3 of STAT3, then facilitating the switch from 
STAT3α (pro-tumor) to STAT3β (anti-tumor) isoforms 
(39). However, there are only a few studies focusing on the 
systematical AS regulation network in a large-scale BRCA 
cohort. In this study, we analyzed and constructed the 
landscape of AS in BRCA based on the TCGA database.

Abnormal AS events regulate many aspects of cancer, 
including proliferation (40), apoptosis (11), migration (12),  
angiogenesis (13), and metabolism (14). In view of its 
vital role in cancer, some experts regard AS as one of 
the hallmarks of cancer (9). Although abnormal AS have 
been widely explored in the past few decades, due to the 
limitations of database platforms, sequencing technologies, 
and analytical methods, research on AS events is relatively 
rare. In recent years, studies have increasingly shown 
that SpliceSeq based on RNA-Seq is a reliable and robust 

technology for analyzing large-scale sequencing data of 
AS. In addition, QRCR verification for the DEAS results 
obtained from TCGA database analyses are generally 
consistent (41). We used TCGA SpliceSeq to obtain the 
PSI value of BRCA AS events. Taking into account the 
difference in the basic expression level of the PSI value in 
distinct patients, 113 pairs of tumors and matched normal 
tissues were analyzed, with 973 DEAS events from the 621 
genes obtained. Notably, there were 19 DEAS co-existing in 
BC, HNSC and CRC, suggesting that these AS events have 
the potential to drive distinct cancers. Through screening 
the 19 DEAS-related studies, we found that tenascin-C 
(TNC), an extracellular matrix glycoprotein, had different 
predominant isoforms in tumor and normal breast tissues. 
The completely truncated TNC isoform mainly existed in 
normal and benign tissues, whereas the higher molecular 
weight isoforms were mainly found in cancer. In addition, 
exon 14 and 16 were proved to be tumor-related, having 
previously been shown to affect the invasion and growth 
of breast cell lines to a greater extent than the full-length 
TNC isoform in vitro (42). Studies have also reported that 
TNC and the polypeptide TNⅢA2, which is derived from 
the AS domain A2 of TNC, can promote colon cancer 
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invasion through the MMP pathway in vivo and in vitro (43). 
Moreover, TNC-L and its cell surface receptor ANXA2 are 
associated with a poor prognosis in patients with pancreatic 
cancer (44). The above research indicates that the abnormal 
AS of TNC has universal significance in regulating the 
occurrence and progression of different tumors. In addition, 
gene exon array research has found that the cancer-
specific exon 6 of COL6A3, a component of the microfiber 

network, is expressed in colon, bladder, and prostate cancer 
(45,46). Moreover, the high expression of COL6A3 E5-E6 
junction is associated with a better prognosis in CRC (47).  
The above reports confirm the reliability of our results 
and reveal the common function of shared AS events in 
oncogenesis. 

Further functional enrichment analysis also found 
that the corresponding genes of DEAS were enriched in 

ROC curve (AUC=0.754)
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Figure 9 Differentially expressed alternative splicing (DEAS)-related risk signature associated with prognosis and clinical characteristics. (A) 
Keplan-Meier survival analysis of patients within low- and high-risk clusters on DFS. (B) Receiver operating characteristic (ROC) curves 
and area under the curve (AUC) values calculated according to the DEAS-related signature. (C) Heat map of the DEAS ordered by cluster, 
with annotations associated with each cluster. Chi-square test was used. *, P<0.05; **, P<0.01; ***, P<0.001.
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cell adhesion, cytoskeletal organization, ECM-receptor 
interaction, and AMPK signaling pathways. Cell adhesion 
to the extracellular matrix is the key to maintaining tissue 
integrity (48) and plays a vital role in controlling the 
spread and migration of tumor cells. Genes in the ECM-
receptor interaction pathway have been reported to be 
widely dysregulated in BRCA and are related to patient 
prognosis (49). The AMPK pathway is a key pathway that 
regulates energy balance and participates in regulating the 
metabolic reprogramming of BRCA (50). Our enrichment 
analysis suggested that DEAS might play an important 
function in the occurrence and progression of BRCA. 
On this basis we extracted the quantified wound-healing 
value of TCGA BRCA patients from the previous study 
and analyzed its correlation with the PSI value of DEAS 
events. Unexpectedly, many DEAS events showed a strong 
correlation with the wound-healing value indicating 
metastatic ability. Interestingly, different AS isoforms of 
the same gene were shown to exhibit diametrically opposite 
metastatic capabilities. For example, AT from exon 29 in 
KIF4A was downregulated in tumor compared to normal 
tissue, which was negatively correlated with migration, 
while AT from exon 32 in KIF4A was upregulated and 
positively associated with migration. The function of these 
isoforms in BRCA needs further exploration both in vivo 
and in vitro. As trans-acting factors, SFs can specifically 
bind to the cis-acting element on pre-RNA and participate 
in the selection of splicing sites and the assembly of the 
spliceosome. Therefore, we analyzed and constructed 
a possible splicing regulatory network based on the 
correlation between the RNA expression level of SFs and 
the PSI value of DEAS events. Our results suggested that 
SFs were closely related with DEAS events. The analysis 
results indicated that the SFs ESRP1 and SRSF1, which had 
been reported to participate in the regulation of abnormal 
AS events in the development of BRCA (51,52), were 
cooperatively involved in the regulation of multiple DEAS 
events. While there are rare reports of abnormal AS events 
being cooperatively regulated by SFs ESRP1 and SRSF1 in 
BRCA, this requires further investigation. We also explored 
the possible regulatory mechanisms of SFs and found that 
the expression of certain SFs was affected by methylation 
of the promoter region or CNV. In other words, the results 
suggested that epigenetic modification mediated DEAS 
events in BRCA by regulating the expression of SFs.

The analysis results showed that DEAS events had 
potential significance in tumor biology, especially in the 
aspects of invasion and metastasis, and its clinical significance 

in BRCA was worthy of attention. Based on this, we analyzed 
the DFS-related DEAS events in BRCA and used the LASSO 
Cox model to construct the DEAS-related risk signature. 
We identified eight AS events and their corresponding genes 
which had been reported to effect tumor biological functions. 
For instance, TOM1L is a pivotal component of the ERBB2-
driven proteolytic invasive programme. In ERBB2-positive 
BRCA, TOM1L1 upregulation potentially improves 
metastasis (53), whereas UBE2E1 is a predictive marker in 
acute myeloid leukemia (54). In addition, the DFS of the 
low-risk group determined by the DEAS-related signature 
was significantly longer than the high-risk group. Moreover, 
patients in the high-risk group were associated with clinical 
features that indicated a poorer prognosis, such as basal-like 
molecular subtype, higher grade/ T/clinical stage, and more 
invasive tumor behavior. 

Conclusions

Previous analyses based on BRCA TCGA AS data mainly 
focused on constructing prognostic prediction models for 
OS (33,35,55). In comparison, our analysis used PAM_50-
based molecular subtype, included BRCA patients with 
relatively complete clinical information, adopted more 
stringent AS events screening criteria, and identified 973 
DEAS events. Functional enrichment analysis revealed the 
potential tumor biological mechanism of DEAS events. 
Interestingly, we found 19 AS events that were differentially 
expressed in three different cancers, suggesting these events 
might have general effects on oncogenesis. Construction 
of the correlation network between DEAS events and SFs 
further revealed the potential regulatory mechanism of 
AS events. Analysis of the methylation of promoter and 
the CNV status of SFs partially deciphered the drivers 
of abnormal SFs. The results of survival and clinical 
correlation analysis of DEAS events suggested that DEAS 
events not only have important value in revealing oncology 
mechanisms but might also be used as a prognostic 
predictor and potential therapeutic target.
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Figure S1 The expression patterns of representative differentially expressed AS (DEAS) events identified based on TCGA datasets. (A) 
Splicing pattern of SLK/STX2/CLSTN1/NFYA in breast cancer (BRCA) and their paired normal tissues (n=6) as detected by RT-PCR. 
Percent-Spliced-In (PSI) were presented under the gels. (B) Paired scatter plots depicted the RT-PCR results of SLK/STX2/CLSTN1/
NFYA. Paired t-test was used. 
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Table S1 Sequences of RT-PCR primers

Name Sequences

SLK-F GCCTGGAACAAGAGCACACA

SLK-R TCCCAAATTGCAGCTTCTCG

STX2-F CCACAGACTATGTAGAACACGCT

STX2-R TCCAAGGATCACAAGCAAAACAA

CLSTN1-F GAGGATTACCCGCTCCATCC

CLSTN1-R CCTCTGCCACTGTCTTCGAG

NFYA-F GAGCAGATTGTTGTCCAGGC

NFYA-R GGGTTGGCCAGTTGATGTGA

Table S2 Clinical characteristics of TCGA BRCA cohort

Characteristics No. of patients (%), (n=930)

Age

Median 61(53-68)

<60 509(54.7%)

≥60 421(45.3%)

Histology

ILC 658(70.8%)

IDC 188(20.2%)

Others 84(9.0%)

T

T1 245(26.3%)

T2 540(58.1%)

T3 123(13.2%)

T4 22(2.4%)

N

N0 445(47.8%)

N1 324(34.8%)

N2 97(10.4%)

N3 64(6.9%)

Stage

I 167(18.0%)

II 541(58.2%)

III 208(22.4%)

IV 14(1.5%)

ER

Positive 718(77.2%)

Negative 212(22.8%)

PR

Positive 631(67.8%)

Negative 299(32.2%)

Subtype_PAM50

Normal 116(12.5%)

LumA 448(48.2%)

LumB 155(16.7%)

Her2 61(6.6%)

Basal 150(16.1%)

Relapsed/Progressed

No 834(89.7%)

Yes 96(10.3%)

Death

No 811(87.2%)

Yes 119(12.8%)
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