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Abstract: Objectives: Breast cancer (BC) currently has the highest incidence rate. Epigenetic regulation could alter 
gene expression and is closely related to BC initiation. This study aimed to develop an alternative splicing (AS)-
based prognostic signature and clarify its relevance to the tumor immune microenvironment (TIME) status and 
immunotherapy of BC. Methods: Cox regression analysis was conducted to screen for prognosis-related AS events. 
Thereafter, LASSO with Cox regression analyses was designed to construct a prognostic signature model. Kaplan-
Meier survival analysis, receiver operating characteristic curves, and proportional hazard model were then utilized 
to confirm the prognostic value. Multiple methods were employed to reveal the context of TIME in BC. QPCR, western 
blotting and immunofluorescence microscopy were carried out to detect myc-associated zinc finger protein (MAZ) 
expression in different cell lines, and BC and paracancerous tissues. Results: A total of 1,787 prognosis-related AS 
events were screened. Eight AS prognostic signatures were constructed with robust predictive accuracy based on 
the splicing subtypes. Furthermore, the establishment of a quantitative prognostic nomogram and consolidated 
signature was significantly correlated with TIME diversity and immune checkpoint blockade-related genes. MAZ 
was detected to be upregulated in BC. Finally, a newly constructed splicing regulatory network model revealed the 
potential functions of splicing factors. Conclusions: AS-splicing factor networks may enable a new approach to inves-
tigating potential regulatory mechanisms. Moreover, pivotal players in AS events with regards to TIME and efficiency 
of immunotherapy were uncovered and could facilitate clinical decision-making and individual determination of BC 
prognosis.
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Introduction

Cancer continues to be a major health problem 
worldwide. It has been estimated that in 2020, 
approximately 19.3 million new cancer cases 
will be diagnosed worldwide [1]. Breast cancer 
(BC) recently became the most common can- 
cer globally. According to statistics, 2,261,419 
new cases of BC were diagnosed worldwide in 
2020, accounting for 11.7% of the total can- 
cer incidence. Furthermore, the number of BC 
deaths was 684,996, constituting 6.9% of all 
cancer deaths [2].  The tumor, nodes, and 
metastases (TNM) classification is often used 
to stage BC and determine its prognosis. 
Nonetheless, although patients with the same 
stage generally undergo the same treatments, 
they can often have completely different out-
comes, indicating the need to improve the prog-

nostic ability of TNM staging [3-5]. There are 
several types of BC, and different subtypes are 
associated with different gene mutations, 
thereby making it difficult to predict the biologi-
cal behavior of BC [6-8].

Recently, several studies showed that the initia-
tion and progression of BC are closely related to 
characteristics of the tumor immune microenvi-
ronment (TIME) [9-11]. Accordingly, immuno-
therapy has become a promising new field in BC 
treatment [12-18]. However, at present, immu-
notherapy for BC is still in its rudimentary stage 
and is not effective for all patients [19, 20].

The most effective anticancer strategy is to 
accurately predict the response of specific 
malignant tumors to immunotherapy and tumor 
progression. Based on molecular risk distribu-
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tion, subgroups of BC patients can be identi-
fied, the prediction accuracy can be improved, 
and the effect of immunotherapy can be 
optimized.

AS is defined as the formation of mRNA splicing 
variants from pre-mRNA via diverse splicing 
processes. Ultimately, the final protein prod-
ucts following AS of mRNA can have different or 
antagonistic functional and structural proper-
ties [21-24]. AS modes mainly include an alter-
nate acceptor site (AA), alternate promoter (AP), 
alternate donor site (AD), alternate terminator 
(AT), retained intron (RI), exon skipping (ES), 
and mutually exclusive exons (ME) [25]. 
Recently, several reports revealed that AS regu-
lates gene expression and is involved in tumori-
genesis and development, and many cancer-
related genes are regulated by AS. Owing to the 
clear diagnostic value of cancer-specific splic-
ing variants, research on cancer and AS has 
attracted a great deal of interest [26, 27]. To 
date, several studies have investigated the 
relationship between AS and the initiation, pro-
gression, and metastasis of BC [28, 29]. 
Nevertheless, The relationship of BC character-
istics and the tumor microenvironment with 
immunotherapy effectiveness is still unclear, 
however. Hence, multifactorial investigation of 
AS events and in-depth exploration of the rela-
tionship between tumor immune cell infiltra-
tion, immunotherapy, and prognosis is of criti-
cal importance.

In this study, we identified AS modes of The 
Cancer Genome Atlas (TCGA) BRCA cohort, and 
we screened out survival-related AS events. 
Thereafter, We designed and tested AS-based 
prognostic signatures and created an AS-clini- 
cal nomogram that can be used in the progno-
sis of BC patients. Correlations of the prognos-
tic signature with tumor microenvironment 
complexity and immunotherapy effectiveness 
were then assessed, and the potential func-
tions of MAZ in BC were evaluated. Finally, a 
regulatory network model was constructed to 
visualize co-expression relationships between 
alternative splicing and splicing factors.

Materials and methods

Retrieval of transcriptomic and AS data, and 
differential expression analysis 

We downloaded transcriptome profiling (RNA- 
seq) data for BC from the BRCA project of TCGA 

(https://tcga-data.nci.nih.gov/tcga/). The AS 
data of the TCGA-BRCA database were retriev- 
ed from SpliceSeq (http://bioinformatics.md- 
anderson.org/TCGASpliceSeq). The percent 
spliced in (PSI) value was set to > 0.75 as the 
filter endpoint, and samples were filtered. All 
analyses were conducted in accordance with 
published TCGA guidelines. Figure 1 outlines 
the workflow of this study.

Preparation of the AS data

We computed the PSI and constructed an upset 
plot to quantify AS events and identify the 
seven types of AS events (AA, AD, AP, AT, ES, 
ME, and RI). Each splicing event was defined by 
combining a genetic symbol, ID number, and AS 
mode.

Definition of survival-associated AS events

To ensure the reliability of the results, only AS 
with a PSI > 0.01 was included. Univariate anal-
ysis of the screened AS data was applied to 
determine the relationship between AS events 
and overall survival (OS) (Table S1). To visualize 
OS-related AS events, we also generated an 
upset plot and volcano plot. In addition, we built 
a bubble chart to visually examine the top 20 
AS events that were most strongly related to BC 
prognosis among the seven AS modes.

Establishment of the prognostic model

First, LASSO regression was used to delete a 
high-correlation AS event in order to avoid over-
fitting in the model. After that, a prognostic 
model was constructed via multivariate Cox 
analysis of the screened AS events. By means 
of the created model, the risk score value of 
each patient could be obtained. The formula  
for quantification of the risk score was: Risk 
score = βAS event 1 × PSIAS event 1 + βAS 
event 2 × PSIAS event 2 + ⋯ + βAS event n × 
PSIAS event n. 

Validation of the prognostic model

Kaplan-Meier analysis was applied to verify  
the cut-off point to assess the difference 
between low-risk and high-risk BC patients. 
Next, to verify the prognostic ability of the 
model, we plotted the survival curve, risk  
heatmap, risk curve, survival status chart, and 
time-dependent receiver operating characteris-
tic (ROC) curves [30]. Univariate and multivari-
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ate Cox regression analyses were also per-
formed on the risk score versus clinical pa- 
rameters to verify whether the model can be 
considered an independent predictive factor 
for clinical prognosis. Furthermore, in the  
clinical correlation analysis, we determined 
whether there were differences between differ-
ent clinical traits and stages of the same clini-
cal characteristics. The following R packages 
were used for this analysis: ggplot2, glmnet, 
pbapply, survival ROC, survminer, and pHeat- 
map.

Construction of the prognostic nomogram

To comprehensively evaluate the prognostic 
ability of the prognostic model, by means of 
tumor stage, sex, and age for 1-, 3-, and 5-year 
OS, we generated ROC curves to calculate the 
area under the curve values. To quantify the 
impact of various clinical parameters on the 
prognosis of each BC patient, we developed a 
nomogram. We then calculated the concor-
dance index and used this value to define the 
model prognostic value.

Figure 1. General research design. Flowcharts illustrate the frame of analysis.
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Analysis of correlation between the tumor im-
mune microenvironment and the risk score

Tumor immune cell infiltration data were 
retrieved from the Tumor Immune Estimation 
Resource (TIMER) (https://cistr ome.shinyapps.
io/timer/). The correlation between tumor 
immune cell infiltration and the prognostic risk 
score was then determined. After the down-
loaded data were evaluated by correlation anal-
ysis, the Stromal Score (reflects the sum of 
stromal and immune cells), Immune Score 
(reflecting the number of immune cells), 
ESTIMATE Score (reflects the sum), and Tumor 
Purity (reflecting the purity of the tumor) of each 
sample were obtained. The data were com-
bined with the newly developed prognostic 
model, and thus, differences in scores between 
the high- and low-risk groups of BC patients 
were determined and the results visualized. 
Data on the percentage of infiltration of each 
tumor specimen by each immune cell subtype 
were downloaded from CIBERSORT (https://
cibersort.stanford.edu/). We performed single-
sample gene set enrichment analysis (ssGSEA) 
to clarify the enrichment of two different risk 
groups in the immune function-related gene 
set. The following R packages were utilized in 
the above process: limma, estimate, ggpubr, 
and GSEAbase.

Analysis of correlation between risk scores 
and immune checkpoints

According to the currently available evidence, 
immune checkpoint inhibitors are effective in 
the treatment of BC [31]. Thus, we focused on 
four key immune checkpoints [tumor necrosis 
factor superfamily receptor 5 (TNFRSF5, also 
known as CD40), CD200 receptor 1 (CD200R1), 
hepatitis A virus cellular receptor 2 (HAVCR2, 
also called TIM3), and leukocyte associated 
immunoglobulin-like receptor 2 (LAIR2)], which 
are considered to be key immune checkpoint 
proteins in BC [32-36], to investigate whether 
the constructed prognostic model can assess 
the efficacy of immune checkpoint inhibitors. 
Next, we sought to assess differential expres-
sion of multiple immune checkpoints in the 
high-risk group compared with the low-risk 
group.

Construction of a model of the AS-splicing fac-
tor regulatory network

Based on previous studies, 404 splicing factors 
(SFs; Table S2) and the RNA sequence data for 

the SFs were retrieved from TCGA [37]. We con-
ducted a correlation analysis to estimate asso-
ciations between the SFs and OS-related AS 
events (Table S3). The p-value filter was set to 
0.001, and the correlation coefficient filter was 
set to 0.6. To visualize the relationships be- 
tween SFs and AS, we constructed an -SF-AS 
regulatory network model in Cytoscape (ver-
sion 3.6.1).

Cell culture

MCF-10A cells (human normal breast epithelial 
cells) and three human BC cell lines (MDA-
MB-231, MCF-7, and MDA-MB-468) from the 
Shanghai Institute of Biochemistry and Cell 
Biology were cultured in DMEM containing 10% 
of FBS (Invitrogen, Carlsbad, CA, USA). Cells 
were cultured at 37°C in a humidified atmo-
sphere containing 5% CO2 at 99% relative 
humidity. 

RNA isolation and quantitative reverse-tran-
scription PCR (qRT‑PCR)

Total RNA was extracted using TRIzol™ reagent 
(Invitrogen, Carlsbad, CA, USA). Reverse tran-
scription was carried out with a reverse tran-
scription kit (Vazyme, Nanjing, China). The 
cDNA was subjected to qRT-PCR using SYBR 
Green qPCR Master Mix (Takara) on an Applied 
Biosystems 7500/7500 Fast Real-Time PCR 
System to detect the mRNA level of MAZ. 
Experiments were carried out in triplicate. 
GAPDH served as the control gene, and expres-
sion of MAZ was calculated by the 2-ΔΔCt meth-
od. The primers sequences for the qPCR were: 
MAZ, 5’-TGCCTTGGAGAAGAAGACAAAGAGC-3’ 
(forward) and 5’-GCTTGTGTCGGTTCAGGTGGT- 
AG-3’ (reverse); and GAPDH, 5’-GTGAACCATGA- 
GAAGTATG-3’ (forward) and 5’-CGGCCATCACG- 
CCACAGTTTC-3’ (reverse). 

Western blotting and immunofluorescence 
staining

The protein levels of MAZ were determined by 
western blotting. Anti-MAZ antibodies (ab85- 
725 and ab221464) were used to detect the 
protein bands of MAZ, as previously described. 
Tissues were stained with an anti-MAZ anti-
body as well as the nuclear stain DAPI. Normal 
and tumor tissues were examined and imaged 
by means of a fluorescence microscope. 
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Statistical analysis

The Wilcoxon test was used to analyze the 
expression of immune checkpoints and MAZ in 
BC tissues and normal tissues. The Kruskal-
Wallis test was carried out to compare the 
expression of MAZ in MCF-10A and BC cells. 
Kaplan-Meier analysis was applied to verify the 
survival of low-risk and high-risk BC patients.
Univariate and multivariate Cox regression 
analyses were also performed to analyze the 
hazard, and asses the prognostic factors of 
survival. Pearson’s correlation analysis was 
performed to determine the differences be- 
tween clinical traits and stages of clinical char-
acteristics. P < 0.05 deemed as statistical sig-
nificance. R software (version 4.0.2) was uti-
lized for all statistical analyses.

Results

Clinical information and AS event subtype 
analysis in BC

The clinical data of 1,109 BC patients were 
obtained from TCGA database, and 23 patients 
were excluded from the study for incomplete 
clinical information. Thus, a total of 1,086 
patients were analyzed. Table 1 presents clini-
cally relevant information about the patients. 
Statistical values were determined for the pro-
portion of each subtype of AS events, and an 
upset plot was generated (Figure 2A). The 
results indicate that the AS modes with the 
highest frequency and lowest frequency were 
ES and ME, respectively.

Identification of the OS-related AS events 

Univariate analysis was applied to analyze the 
downloaded AS events, and 1,781 OS-related 
AS events were filtered out (P < 0.05). The 

detailed results of the univariate analysis are 
presented in the Supplementary Materials 
(Table S1). To visualize the AS events related to 
prognosis, we reconstructed the upset plot  
and generated a volcano plot (Figures 2B and 
3A). As shown in Figure 2B, the AS modes with 
the highest frequency and lowest frequency 
were ES and ME, respectively. Figure 3B-H 
depict the top 20 survival-relevant subtypes of 
each AS mode.

Establishment of the prognostic model

We performed LASSO regression and multivari-
ate analyses to assess the prognostic utility of 
AS events related to survival. The specific 
LASSO regression results on each subtype of 
AS and combined AS events are listed in Figure 
4A, 4B as well as in Figures S1A-G and S2A-G. 
To screen out the most survival-related AS, we 
carried out multivariate Cox regression analy-
sis. Ultimately, eight AS-based prognostic sig-
natures (AA, AP, AT, AD, ME, ES, RI, and ALL 
[combination of the above]) were compiled. 

Validation of the prognostic model

The median risk score sorted BC patients into 
two groups (high-risk/low-risk). To test whether 
an AS event belongs to the high-risk or low-risk 
group, we plotted a risk heatmap (Figures 4C, 
S3A, S3D, S4A, S4D, S5A, S5D, S5G). The risk 
curve (Figures 4D, S3B, S3E, S4B, S4E, S5B, 
S5E, S5H) and survival scatter plot (Figures 4E, 
S3C, S3F, S4C, S4F, S5C, S5F, S5I) indicate 
that the OS of patients with low-risk was signifi-
cantly better compared with that of high-risk 
patients. The Kaplan-Meier curve yielded the 
same result: high-risk patients had a worse 
prognosis (Figures 4F, S6A, S6C, S6E, S6G, 
S7A, S7C, and S7E; all P < 0.001). To further 
analyze the prognostic ability of the model, we 
plotted and analyzed ROC curves for different 
durations of survival (1 year, 3 years, and 5 
years). The AUC at 3 and 5 years was greater 
than 0.75, suggesting that the model had good 
sensitivity and specificity (Figures 4G, S6B, 
S6D, S6F, S6H, S7B, S7D, S7F). Moreover, in an 
independent prognostic analysis (Figures 4H, 
4I and S8A-N), the model was found to be 
potentially independent of other clinical param-
eters, which is an independent prognostic fac-
tor of BC. A stratification analysis was per-
formed to confirm that the ALL prognostic fea-
tures still had a strong prognostic ability when 

Table 1. Baseline data of all C patients
Characteristic Type N Proportion (%)
Age ≤ 65 768 70.71823204

> 65 318 29.28176796
gender female 1074 98.89502762

male 12 1.104972376
stage I 183 16.85082873

II 621 57.18232044
III 249 22.9281768
IV 20 1.841620626
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BC patients were divided into different sub-
groups according to the clinical characteristics. 

Compared to patients with low-risk values, the 
prognoses of high-risk BC patients in both the 

Figure 2. A. UpSet plot showing the gene interactions in AS events in TCGA BRCA cohort. B. UpSet plot showing gene 
interactions in survival-related AS events.
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Figure 3. Survival-related AS events. A. The volcano plots show the survival-related AS events. B-H. The most important survival-related AAs, APs, ATs, ADs, MEs, 
ESs, and RIs in TCGA BRCA cohort.
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Figure 4. Confirmation of ALL AS-based prognostic features. (A) LASSO coefficient profiles in the seven types of AS events. (B) Validation of tuning parameter selec-
tion in LASSO regression. (C) Heatmap of PSI values of ALL signature in AS events. Red indicates high expression, and blue indicates low expression. (D) ALL signa-
ture risk score distribution. (E) The survival status and time of patients. (F) Kaplan-Meier survival analysis. (G) ROC analysis of overall survival prediction using risk 
score. The results of (H) univariate and (I) multivariate Cox regression. 
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early- and late-stage subgroups were poorer 
(Figure S9A and S9B). Similarly, patients with 
T1-2 or T3-4 status showed good prognostic 
performances in prognostic feature (Figure  
S9C and S9D), male or female patients (Figure 
S9E and S9F), patients with M0 or M1 status 
(Figure S9G and S9H), patients with N0, N1, 
N2, or N3 status (Figure S9I-L), and patients 
aged ≤ 58 years or > 58 years (Figure S9M and 
S9N). These results indicate that this signature 
could be a prominent prediction factor indepen-
dent of the clinical parameters of BC patients.

Clinical correlation analysis and construction 
of the AS-clinicopathological nomogram

To test whether there were differences in 
patient risks between various clinical parame-
ters, we performed a clinical correlation analy-
sis. With the progression of BC [T stage (Figure 
5A) and advanced clinicopathological stage 
(Figure 5B) increased], the risk score exhibited 
an upward trend. The results of this analysis 
also suggest that the risk score is a potential 
prognostic indicator of BC. The risk of BC did 
not differ between males and females (Figure 
5C), probably owing to the small sample size for 
males: which was only 12 cases. To compare 
the prognostic ability of this model with that of 
other clinical parameters, we plotted ROC 
curves for 1-, 3-, and 5-year ROC curves (Figure 
5D-F) and examined each curve to find the  
optimal AUC value. We then constructed a prog-
nostic nomogram by combining our prognostic 
model and clinical characteristics with AUC > 
0.6 (Figure 5G). The C-index of the nomogram 
was 0.8174151, indicating that the nomogram 
has a robust predictive ability.

Analysis of the correlation between the prog-
nostic model and tumor-infiltrating immune 
cells

We tested the predictive power of the prognos-
tic model in terms of immunity, and we per-
formed an analysis of the correlation between 
the prognostic risk score and tumor-infiltrating 
immune cells from the TIMER, immune score 
(calculated via the ESTIMATE algorithm), ssG-
SEA signatures, and tumor-infiltrating immune 
cell subtypes and levels (calculated by the 
CIBERSORT method). First, the TIMER results 
suggest that the risk score positively correlated 
with M2 macrophages (r = 0.16; P = 4.8e-0.6) 
(Figure 6A) and negatively correlated with rest-

ing dendritic cells (DCs; r = -0.12; P = 0.00036), 
activated natural killer (NK) cells (r = -0.0097; P 
= 0.0049), CD8+ T cells (r = -0.2, P = 8.1e-09), 
and regulatory T cells (Tregs; r = -0.13, P = 
0.00017) (Figure 6B-D). Moreover, patients in 
the high-risk group had fewer immune and stro-
mal infiltrating cells in the tumor and higher 
tumor purity than did patients in the low-risk 
group (Figure 6E-H). Assessment and visualiza-
tion of the differences between the two groups 
(high risk/low risk), in terms of immune cells 
and immune cell-related functions, revealed 
that the degree of immune cell infiltration [B 
cells, CD8+ T cells, T follicular helper cells, T 
helper 1 (Th1) cells, Th2 cells, mast cells, neu-
trophils, NK cells, activated DCs, all Th cells, 
DCs, immature DCs, plasmacytoid DCs, and 
tumor-infiltrating lymphocytes (TILs)] and im- 
mune cell-related activities decreased as the 
risk in question increased (Figure 6G-I). In  
summary, we were able to explain the indica-
tors of poor prognosis of high-risk BC patients 
from the perspective of tumor immune cell 
infiltration.

Correlation and difference analysis between 
the risk score and immune checkpoint pro-
teins 

Several studies have confirmed that the initia-
tion and progression of BC are strongly related 
to characteristics of the immune system [38, 
39]. In light of this, there is now an abundance 
of well-advanced clinical research on tumor 
immunotherapy, especially on immune check-
point inhibitors. Therefore, in this work, we 
selected what are considered to be the four 
most important immune checkpoint suppres-
sor genes (CD40, CD200R1, HAVCR2, and 
LAIR1) in BC. First, we tested correlations 
among these four genes, and between them 
and the risk score, to determine whether the 
prognostic model can accurately predict the 
efficacy of immunotherapy (Figure 7A). Sig- 
nificant negative correlations among CD40, 
CD200R1, HAVCR2, and LAIR1 were found 
(Figure 7B-E). Furthermore, the risk score was 
negatively correlated with these traditional 
immune checkpoint-related genes (CD40, [R = 
-0.25, P < 2.2e-16], CD200R1 [R = -0.11, P = 
0.00023], HAVCR2 [R = -0.11, P = 0.00022], 
and LAIR1 [R = -0.14, P = 2.8e-06]). In addition 
to the recognized immune checkpoint-related 
genes associated with BC, we analyzed other 
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common immune checkpoint-related genes. A 
total of 31 genes proved to be significantly 
downregulated in high-risk patients (Figure 7F). 
Overall, the prognosis of high-risk groups 
appeared to be poor, which may be attributed 
to the low expression of genes associated with 
immune checkpoints.

MAZ is an independent prognostic factor and 
is associated with the key immune checkpoint 
suppressor genes

MAZ is the most differentially expressed gene 
among the genes related to the prognosis of AS 
(Table S4). Therefore, we chose this gene for 

Figure 5. Correlation between ALL prognostic signature and clinical features and construction of a clinicopathologi-
cal nomogram of AS. Correlation of risk score with (A) T status, (B) stage, and (C) gender. (D-F) Prediction of 1-, 3-, 
and 5-year survival using different clinical features. (G) Nomogram was assembled to predict survival of patients 
with BC. 
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further verification. First, we used TCGA data to 
analyze the differential expression of MAZ from 

multiple perspectives. Judging by the results, 
the expression of MAZ in tumor tissues is 

Figure 6. Correlation between infiltrating immune cells and ALL AS-based prognostic signature. (A) The relationship 
of risk score with M2 macrophages, (B) dendritic cells, (C) CD8+ T cells, and (D) Tregs. The comparison of (E) im-
mune score, (F) ESTIMATE score, (G) tumor purity, and (H) stromal score between the low- and high-risk groups. (I) 
The heatmap shows 29 immune signatures and scores in the two groups. Red indicates high expression, and blue 
indicates low expression. (J) Differences in the enrichment of immune-related signatures between the two groups. 
(K) The differences in infiltrating immune cell subsets and levels between the two risk groups. 
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Figure 7. Association between ALL AS-based prognostic signature and immune checkpoint genes. (A) Association of immune checkpoint inhibitors CD40, CD200R1, 
HAVCR2, and LAIR1 with risk score. (B) Correlation of risk score with CD40, (C) CD200R1, (D) HAVCR2, and (E) LAIR1. (F) The expression levels of genes related to 
immune checkpoint blockade. 
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noticeably higher than that in normal tissues 
(Figure 8A). Compared with early BC, MAZ was 
overexpressed in tumors in advanced BC 
(Figure 8C and 8D). To estimate the prognostic 
value, we evaluated the survival of BC patients 
with high and low tumor expression of MAZ. The 
results indicate that the OS of patients with 
high expression of MAZ was significantly short-
er than that of patients with low MAZ expres-
sion (Figure 8B). Furthermore, we found that 
the expression levels of 27 genes (such as 
CD40 and CD200R1) were significantly differ-
ent between subgroups (Figure 8E). Finally, the 
tumor purity was adjusted by TIMER, and the 
correlation between MAZ and immune check-
point-related genes was assessed. The results 
of the TIMER analysis show that MAZ negatively 
correlated with CD40 (R = -0.135; P = 1.92e-
05), CD200R1 (R = -0.187; P = 2.65e-09), 
HAVCR2 (R = -0.147; P = 3.22e-06), and LAIR1 
(R = -0.105; P = 9.12e-04), suggesting that tar-
geting MAZ may be useful for the treatment of 
BC via immune checkpoint blockade (Figure 
8F-J).

Experimental verification of MAZ expression in 
BC

We carried out RT-qPCR to determine differ-
ences in MAZ expression in three BC cell lines 
(MDA-MB-231, MCF-7, and MDA-MB-468) ver-
sus normal human breast epithelial cells. MAZ 
was upregulated in BC, with the MCF-7 cell line 
having the highest expression (Figure 9A). To 
further verify MAZ expression in BC, western 
blotting was conducted to determine the levels 
of MAZ, and the results were consistent with 
those of RT-qPCR (Figure 9B). The immunofluo-
rescence data revealed that BC tissues had 
stronger anti-MAZ staining than that of the 
adjacent normal tissues, thus confirming that 
MAZ is overexpressed in BC (Figure 9C and 
9D).

MAZ function in the tumor microenvironment

To further elucidate the relationship between 
MAZ and the tumor microenvironment, we ana-
lyzed MAZ from a number of different stand-
points. First, BC patients were distributed into 
two groups based on the median MAZ expres-
sion level in the tumor. The stromal cell and 
immune cell infiltration scores of patients with 
high MAZ expression were found to be lower 
than those of patients with low MAZ expres-

sion. Therefore, the infiltration by stromal cells 
and immune cells in the samples with low MAZ 
expression seemed to be high, whereas BC 
patients with high MAZ expression in the tumor 
had higher tumor purity (Figure 10A-D). An arm-
level gain is the main type of mutation in this 
context (Figure 10E-I). Here, the expression 
level of MAZ negatively correlated with CD8+ T 
cells, macrophages, common lymphoid progen-
itors, and neutrophils (Figure 10J-N). The ssG-
SEA revealed that such indicators as antigen-
presenting -cell co-inhibition, antigen-present-
ing -cell co-stimulation, B cells, chemokine 
receptors, immune checkpoint status, cytolytic 
activity, DCs, human leukocyte antigen, imma-
ture DCs, macrophages, neutrophils, NK cells, 
para-inflammation, T cell co-inhibition, all Th 
cells, Th2 cells, TILs, Tregs, a type I interferon 
response, and a type II interferon response 
decreased significantly with an increase in  
MAZ expression (Figure 10O). The results of 
CIBESORT analysis of the TCGA cohort revealed 
that patients with high levels of MAZ exhibited 
a significant increase in Treg numbers and M0 
macrophages and a significant decrease in 
gamma delta T cell and DC activation (Figure 
10P).

Construction of a model of the SF-AS regula-
tory network 

To clarify the potential mechanism of AS, we 
used co-expression analysis to understand the 
relationships between SFs and AS, and we visu-
alized the results as an SF-AS regulatory net-
work. As illustrated in Figure 11, 23 upregulat-
ed AS events (red flags), 45 downregulated AS 
events (green ellipses), and 31 SFs (blue flags) 
were identified. In the proposed regulatory net-
work, the co-expression coefficients of some 
SF-AS pairs were greater than 0.7. This finding 
suggests that these SFs may be an important 
part of the AS disorder of BC and are strongly 
related to the initiation and progression of such 
tumors. 

Subgroup analysis of BCs of different molecu-
lar subtypes

To investigate whether the difference in expres-
sion is related to molecular subtypes of BC, 
subgroup analysis of BCs was performed. Pa- 
tients were subdivided into subgroups HR(+), 
HER-2(+), and triple-negative BC (TNBC) based 
on receptor expression. As shown in Figure S10 
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Figure 8. The clinical values of MAZ in BC and in vitro. (A) MAZ is overexpressed in BC tumor tissue. (B) Significant difference in MAZ expression between major 
pathological stages. (C) Association between risk score and tumor stage. (D) A lower MAZ level indicates longer overall survival. (E) The expression of genes related 
to immune checkpoint blockade. (F) Correlation between risk score and purity. Association of risk score with (G) CD40, (H) CD200R1, (I) HAVCR2, and (J) LAIR1.
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(panels A, B, D, E, and G), there was no obvious 
difference in the magnitude of immune fea-
tures, risk scores, subsets and infiltration lev-
els of immune cells, and prognosis among the 
three subgroups. We also found that compared 
with the Her-2(+) and HR(+) subgroups, patients 
in the TNBC subgroup had lower MAZ expres-
sion in the tumor, lower tumor purity, and a 
higher Estimate Score (Figure S10C and 10F-I).

Discussion

According to the most recent data, BC has the 
highest incidence of all cancers worldwide [2]. 
Although the mortality rate of BC patients has 
decreased by 40% since 1989, the effective-
ness of BC treatments is still unsatisfactory 
owing to the high heterogeneity and complexity 
of BC pathogenesis [40, 41]. Immunotherapy 
has attracted the attention of most investiga-
tors as a new research hotspot in recent years 
in the field of oncology, although the applica-
tion of immunotherapy in BC is still in its infancy 
[42, 43]. There is, therefore, a need to elucidate 
the function of the immune system in the initia-
tion and progression of BC and to identify bio-

1,781 cases of AS events significantly related 
to survival were identified by univariate Cox 
regression analysis to assess the prognostic 
value of AS events. Next, a prognostic model of 
BC was created via comprehensive bioinfor-
matics analysis. All eight prognostic signatures 
(AA, AP, AT, AD, ME, ES, RI, and ALL) compiled 
via the AS model manifested a strong ability to 
determine the prognosis of BC. To confirm the 
predictive ability of the prognostic model, 
Kaplan-Meier survival analysis, ROC curve 
analysis, and Cox regression analysis were per-
formed, which all proved the strong predictive 
ability. When BC cases were grouped according 
to clinical parameters, this prognostic model 
still showed excellent prognostic performance: 
the higher the clinical stage and T stage, the 
higher the risk in the BC patients. Nonetheless, 
there was not an obvious difference in the BC 
prognosis between sexes, and this result may 
be due to our small number of BC specimens 
from male patients. To improve the practical 
significance of the model, the prognostic char-
acteristics and clinical stages of the line map 
were included in the evaluation, and the predic-
tion results were highly consistent with the 

Figure 9. Validation of the biological functions of MAZ in BC and in vivo. A 
and B. MAZ is highly expressed in BC cells. C. MAZ shows stronger red fluo-
rescence in BC than in adjacent tissues. D. Immunofluorescence illustrate 
the expression of MAZ in BC and adjacent tissues.

markers that have strong prog-
nostic ability.

AS is a process that regulates 
gene expression, and it under-
lies proteome diversity and 
complexity. Several important 
cellular processes are regulat-
ed by AS, such as prolifera- 
tion, differentiation, develop-
ment, and apoptosis [44, 45]. 
AS is also intimately involved in 
the initiation and progression of 
cancer, including BC [46, 47]. 
Differentially expressed genes 
have the potential to be good 
prognostic markers, and they 
may also represent good the- 
rapeutic targets. In contrast, 
the relationships between AS 
events, the tumor microenviron-
ment, and immunotherapy effi-
cacy remain unclear.

In this study, AS data were 
obtained in a systematic analy-
sis of AS events in TCGA Splice 
Seq and BC samples. A total of 
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Figure 10. The role of MAZ in TIME features. A-D. The comparison of stromal, ESTIMATE, and immune scores and tumor purity between low and high MAZ expres-
sion groups. E-I. The copy number of immune cells in BC. J-N. The relationship of MAZ expression level with macrophage, neutrophil, CD8+, and common lymphoid 
progenitor cells. O. The comparison of ssGSEA enrichment between low and high MAZ expression groups. P. The comparison of CIBERSORT results between low and 
high MAZ expression groups. 
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actual data. Furthermore, we constructed a 
regulatory network model from the most impor-
tant inter-related SFs and AS modes in the 
TCGA-BRCA cohort.

To explore the relationship between AS events 
and the tumor immune microenvironment, we 
carried out TIMER, ESTIMATE, ssGSEA, and 
CIBERSORT analyses. The results indicate that 
infiltration by most immune cells negatively cor-
related with the risk in question, and the risk 
increased concurrently with tumor purity. These 
data mean that low immune cell infiltration is 
an indicator of poor prognosis. TILs were in- 
cluded in the 2019 WHO BC classification: the 
higher the degree of invasion by TILs, the better 
is the prognosis [48]. This principle is consis-
tent with our finding that patients with a high 
risk had low TIL counts in the tumor. The risk 
score significantly negatively correlated with 
the expression levels of the four immune check-
point-associated genes (CD40, CD200R1, HA- 

VCR2, and LAIR1) that are strongly related to 
BC and with the expression levels of 33 immu- 
ne checkpoint blockade-related genes (e.g., 
PDCD1LG2). These data suggest that the risk 
score could help formulate customized immu-
notherapy strategies and explain the poor 
effectiveness of immunotherapy in patients 
with advanced BC from another standpoint.

MAZ is a transcription factor that performs a 
dual regulatory function in the initiation and ter-
mination of target gene transcription [49-51]. 
To date, MAZ has been found at abnormally 
high levels in many types of tumors and is 
thought to affect the initiation and progression 
of tumors through a variety of signaling path-
ways. Yang et al. have reported that MAZ plays 
an important role in the pathogenesis of pros-
tate cancer [52]. Triner et al. have found that 
MAZ overexpression can promote inflammatory 
progression of colon cancer [53]. Little is 
known, however, about the role of MAZ in BC. In 

Figure 11. Construction of regulatory network of SFs and survival-related AS events. The red and blue arrows in-
dicate a positive and negative correlation, respectively, between AS events and survival. Green ellipse represents 
SFs. The positive (r > 0.6) and negative (r < -0.6) correlations between SFs and AS events are shown in red and blue 
lines, respectively.
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this study, TCGA data showed that MAZ was 
highly expressed in BC tumors, and the results 
suggest that such BC cases had a poor progno-
sis. MAZ expression positively correlated with 
the clinical stage and tumor grade. Moreover,  
a significant negative correlation was noted 
between MAZ expression and the immune 
checkpoint-related genes (CD40, CD200R1, 
HAVCR2, and LAIR1) associated with BC. The 
link between the genes related to immune 
checkpoints and the prognosis of BC remains 
unclear. According to the above analysis, there 
appears to be a connection between a low level 
of immune checkpoint-related gene expression 
and poor prognosis. Furthermore, patients with 
high expression of MAZ in the tumor had a rela-
tively low degree of immune cell infiltration and 
stromal cell infiltration in the tumor and rela-
tively low TIL numbers. These data provide fur-
ther support for the correlation between poor 
prognosis and high MAZ levels.

To investigate the relevant cellular functions of 
MAZ, we conducted verification experiments. 
RT-qPCR revealed that MAZ expression was 
much higher in BC cell lines than that in corre-
sponding normal cells. The MCF-7 cell line had 
the highest expression of MAZ. The western 
blotting results were highly consistent with  
the above RT-qPCR findings. To explore the 
function of MAZ in the initiation and progres-
sion of BC, we used an immunofluorescence 
assay to track the expression of MAZ. This 
showed that MAZ was overexpressed in BC, 
and its main expression site was the nucleus.

BC patients were subdivided into HR(+), Her-
2(+), and TNBC subgroups according to the 
expression of relevant receptors [HR(+) means 
that human epidermal growth factor receptor 2 
(Her-2) is absent, and one of estrogen receptor 
(ER) and progesterone receptor (PR) is present; 
HER-2(+) means that Her-2 is present; TNBC 
means that ER, PR, and HER-2 are absent]. The 
differences in the tumor immune microenviron-
ment, risk score, MAZ expression, immune 
checkpoint gene expression, and survival prob-
ability among these subgroups were tested. 
The results show that compared with the Her-
2(+) and HR(+) subgroups, patients in the TNBC 
subgroup had lower MAZ expression in the 
tumor, lower tumor purity, and a higher Esti- 
mate Score. This result is consistent with the 
data in the literature [54, 55] and our previous 
findings (Figures 6-8). It is well known that 

TNBC is associated with high immune cell infil-
tration and low tumor purity. Our preliminary 
results suggest that MAZ expression is nega-
tively related to the level of immune cell infiltra-
tion (macrophages, neutrophils, CD8+ T cells, 
and common lymphoid progenitors). These 
data further confirm that MAZ expression is sig-
nificantly negatively correlated with tumor infil-
tration by immune cells.

Overall, patients with higher risk scores or high-
er tumor MAZ expression levels had lower 
immune cell abundances in the tumor, higher 
tumor purity, and shorter survival. Thus, it can 
be assumed that the antitumor effect of 
immune cells may be related to the blockade of 
immune checkpoint pathways. This is because 
the risk score and the level of MAZ are corre-
lated with the expression of immune check-
point suppressors. 

Compared with previous studies on the cre-
ation of prognostic models for BC, the present 
study has some clear advantages.

1. We explored the relationship between AS 
and the tumor microenvironment and immuno-
therapy in BC. 

2. The Estimate R Package, CiberSort method, 
ssGSEA algorithm, and TIMER database were 
employed to reveal the full picture of the tumor 
immune microenvironment in BC. 

3. By a combination of TCGA data and our 
experiments, the likely function of MAZ in BC 
was identified.

Conclusion

We used prognosis-related AS events to build a 
prognostic model and we analyzed the model 
from three perspectives: clinical parameters, 
the tumor microenvironment, and differentially 
expressed genes. The prognostic model mani-
fested a strong prognostic ability. Thus, in addi-
tion to devising a highly effective and robust 
nomogram to quantitatively evaluate BC prog-
nosis, we also constructed a model of the 
AS-SF network, which may help visualize the 
proposed therapeutic targets in BC. A system-
atic bioinformatics analysis indicated a robust 
correlation of the BC tumor immune microenvi-
ronment with immunotherapy effectiveness, 
revealing that there may be a connection 
between poor prognosis and poor outcomes of 
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immunotherapy with low immune cell infiltra-
tion in BC. Finally, we identified MAZ as a highly 
differentially expressed gene, and bioinformat-
ics analysis and experimental validation were 
performed to confirm that MAZ is strongly asso-
ciated with BC prognosis.
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Table S2. The list of splicing factors (SF) genes
Splicing factors (SF) genes

ACIN1 CRNKL1 EIF2S2 HNRNPUL1 MBNL2 PRPF18 RBM7 SNRNP40 TFIP11 ZMYM3
AGGF1 CSN3 EIF3A HNRNPUL2 MBNL3 PRPF19 RBM8A SNRNP48 THOC1 ZNF131
ALYREF CTNNBL1 EIF4A3 HSPA1A MFAP1 PRPF3 RBMS1 SNRNP70 THOC2 ZNF207
AQR CWC15 ELAVL1 HSPA1B MFSD11 PRPF31 RBMX SNRPA THOC3 ZNF326
ARGLU1 CWC22 ELAVL2 HSPA5 MOV10 PRPF38A RBMX2 SNRPA1 THOC5 ZNF346
BAG2 CWC25 ELAVL3 HSPA8 MSI1 PRPF38B RBMXL1 SNRPB THOC6 ZNF830
BCAS1 CWC27 ELAVL4 HSPB1 MSI2 PRPF39 RBMXL2 SNRPB2 THOC7 ZRSR1
BCAS2 CXorf56 FAM32A HTATSF1 MYEF2 PRPF4 RNF113A SNRPC THRAP3 ZRSR2
BUB3 DDX1 FAM50A IGF2BP3 NCBP1 PRPF40A RNF20 SNRPD1 TIA1
BUD13 DDX17 FAM50B IK NCBP2 PRPF40B RNF213 SNRPD2 TIAL1
BUD31 DDX18 FAM58A ILF2 NELFE PRPF4B RNF34 SNRPD3 TNPO1
C17orf85 DDX19A FMR1 ILF3 NKAP PRPF6 RNF40 SNRPE TOE1
C19orf43 DDX19B FRA10AC1 INTS1 NONO PRPF8 RNPC3 SNRPF TOP1MT
SDE2 DDX20 FRG1 INTS3 NOSIP PSEN1 RNPS1 SNRPG TOPORS
C1QBP DDX21 FUBP1 INTS4 NOVA1 PSIP1 RNU1-1 SNRPN TRA2A
C9orf78 DDX23 FUBP3 INTS5 NOVA2 PTBP1 RNU2-1 SNU13 TRA2B
CACTIN DDX26B FUS INTS6 NRIP2 PTBP2 RNU4-1 SNURF TRIM24
CCAR1 DDX27 GEMIN2 INTS7 NSRP1 PTBP3 RNU5A-1 SNW1 TTC14
CCDC12 DDX39A GEMIN5 ISY1 NUDT21 PUF60 RNU6-1 SPEN TXNL4A
CCDC130 DDX39B GNB2L1 JUP NUMA1 QKI SAP18 SREK1 U2AF1
CCDC75 DDX3X GPATCH1 KHDRBS1 PABPC1 RALY SAP30BP SRPK1 U2AF1L4
CCDC94 DDX3Y GPATCH3 KHDRBS3 PAXBP1 RALYL SART1 SRPK2 U2AF2
CD2BP2 DDX41 GPATCH8 KHSRP PCBP1 RAVER1 SEC31B SRPK3 U2SURP
CDC40 DDX42 GPKOW KIAA1429 PCBP2 RAVER2 SF1 SRRM1 UBL5
CDC5L DDX46 GRSF1 KIAA1967 PCBP3 RBBP6 SF3A1 SRRM2 USP39
CDK10 DDX5 HNRNPA0 KIN PCBP4 RBFOX2 SF3A2 SRRT WBP11
CDK11A DDX50 HNRNPA1 LENG1 PDCD7 RBM10 SF3A3 SRSF1 WBP4
CDK12 DDX6 HNRNPA2B1 LOC649330 PHF5A RBM14 SF3B1 SRSF10 WDR77
CELF1 DGCR14 HNRNPA3 LSM1 PLRG1 RBM15 SF3B2 SRSF11 WDR83
CELF2 DHX15 HNRNPAB LSM10 PNN RBM15B SF3B3 SRSF12 WTAP
CELF3 DHX16 HNRNPC LSM2 PPIE RBM17 SF3B4 SRSF2 XAB2
CELF4 DHX30 HNRNPCL1 LSM3 PPIG RBM22 SF3B5 SRSF3 YBX1
CELF5 DHX34 HNRNPD LSM4 PPIH RBM23 SF3B6 SRSF4 YBX3
CELF6 DHX35 HNRNPDL LSM5 PPIL1 RBM25 SFPQ SRSF5 ZC3H11A
CFAP20 DHX36 HNRNPF LSM6 PPIL2 RBM26 SKIV2L2 SRSF6 ZC3H13
CHERP DHX38 HNRNPH1 LSM7 PPIL3 RBM27 SLU7 SRSF7 ZC3H18
CIRBP DHX40 HNRNPH2 LSM8 PPIL4 RBM3 SMN1 SRSF8 ZC3H4
CLASRP DHX57 HNRNPH3 LSMD1 PPM1G RBM39 SMNDC1 SRSF9 ZC3HAV1
CLK1 DHX8 HNRNPK LUC7L PPP1CA RBM4 SMU1 SSB ZCCHC10
CLK2 DHX9 HNRNPL LUC7L2 PPP1R8 RBM42 SNIP1 SUGP1 ZCCHC8
CLK3 DNAJC6 HNRNPLL LUC7L3 PPWD1 RBM45 SNRNP200 SYF2 ZCRB1
CLK4 DNAJC8 HNRNPM MAGOH PQBP1 RBM47 SNRNP25 SYNCRIP ZFR
CLNS1A EEF1A1 HNRNPR MATR3 PRCC RBM4B SNRNP27 TAF15 ZMAT2
CPSF6 EFTUD2 HNRNPU MBNL1 PRMT5 RBM5 SNRNP35 TCERG1 ZMAT5
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Table S3. Results of correlation between alternative splicing events and splicing factors
Splicing factor Alternative splicing Correlation P-value Regulation
RBM42 HIRA|61048|AP 0.639363 7.82E-125 positive
RBM42 HIRA|61047|AP -0.63365 5.62E-122 negative
CLASRP RHOT2|32938|RI 0.702129 9.72E-161 positive
CLASRP ACTG1|44121|RI 0.622965 8.66E-117 positive
CLASRP C9orf117|87644|AT 0.634014 3.72E-122 positive
CLASRP RHBDF1|124991|AD 0.617747 2.50E-114 positive
CLASRP NRBP2|85507|RI 0.674913 4.49E-144 positive
CLASRP C9orf117|87643|AT -0.62744 6.18E-119 negative
CLASRP PACS2|29630|AP -0.64975 3.44E-130 negative
CLASRP CDC37|47514|RI 0.697608 7.69E-158 positive
CLASRP PLD2|38595|RI 0.604528 2.68E-108 positive
CLASRP PACS2|29631|AP 0.603141 1.11E-107 positive
DDX46 LYRM5|20810|AT -0.60997 9.56E-111 negative
DDX46 LYRM5|20809|AT 0.609968 9.56E-111 positive
DDX46 ZNF397|45145|AT 0.633061 1.10E-121 positive
SEC31B C9orf89|86898|RI 0.604825 1.97E-108 positive
SEC31B PARP2|26426|RI 0.654994 5.68E-133 positive
SEC31B CDC37|47514|RI 0.654018 1.89E-132 positive
SEC31B ARRDC1|88335|RI 0.668708 1.60E-140 positive
DDX6 ASH1L|8088|ES -0.60458 2.53E-108 negative
HSPA8 HPS4|61504|RI -0.61638 1.08E-113 negative
HSPA8 ABCE1|70753|ES -0.63138 7.42E-121 negative
HSPA8 HBS1L|77783|AP -0.60486 1.90E-108 negative
HSPA8 HBS1L|77782|AP 0.604862 1.90E-108 positive
HSPA8 AACS|25173|AP 0.6102 7.50E-111 positive
HSPA8 BRF1|29605|AP -0.60112 8.64E-107 negative
HSPA8 AACS|25170|AP -0.60108 9.04E-107 negative
HSPA8 RBM7|18823|RI -0.60813 6.48E-110 negative
HSPA8 CDK2|22325|RI -0.60022 2.15E-106 negative
HSPA8 DDB1|16152|AP 0.649116 7.44E-130 positive
HSPA8 IPO13|2491|AP -0.60423 3.62E-108 negative
HSPA8 IPO13|2492|AP 0.604236 3.61E-108 positive
HSPA8 RAD21|84980|AP 0.636807 1.51E-123 positive
TNPO1 TUBGCP2|13527|AP -0.60675 2.72E-109 negative
TNPO1 SLC35E2|222|AT -0.60995 9.76E-111 negative
TNPO1 SLC35E2|223|AT 0.609949 9.76E-111 positive
TNPO1 LYRM5|20810|AT -0.66657 2.55E-139 negative
TNPO1 LYRM5|20809|AT 0.666572 2.55E-139 positive
TNPO1 STAG2|90030|AP 0.631654 5.44E-121 positive
TNPO1 GIT2|24375|AA -0.60642 3.81E-109 negative
TNPO1 NAA25|24574|ES -0.60133 6.98E-107 negative
TNPO1 EXOSC10|647|ES -0.67837 4.33E-146 negative
TNPO1 COX15|12777|AT -0.60717 1.76E-109 negative
TNPO1 COX15|12776|AT 0.607168 1.76E-109 positive
TNPO1 SLC30A5|72303|AA -0.68912 1.52E-152 negative
TNPO1 IFNAR2|60390|AA -0.60165 5.08E-107 negative
TNPO1 ASH1L|8088|ES -0.7004 1.27E-159 negative
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TNPO1 STAG2|90029|AP -0.6287 1.50E-119 negative
CCDC130 RHOT2|32938|RI 0.680892 1.40E-147 positive
CCDC130 NRBP2|85507|RI 0.618662 9.33E-115 positive
CCDC130 PACS2|29630|AP -0.6141 1.23E-112 negative
CCDC130 CDC37|47514|RI 0.682784 1.05E-148 positive
CLK1 WDR33|55244|AT -0.62604 2.92E-118 negative
CLK1 ARRDC1|88335|RI 0.608651 3.78E-110 positive
LUC7L CYB561A3|16166|RI 0.620171 1.82E-115 positive
LUC7L NRBP2|85507|RI 0.616123 1.43E-113 positive
LUC7L PACS2|29630|AP -0.65545 3.24E-133 negative
LUC7L CDC37|47514|RI 0.634174 3.10E-122 positive
LUC7L PACS2|29631|AP 0.631385 7.36E-121 positive
U2AF1L4 RHOT2|32938|RI 0.649365 5.50E-130 positive
U2AF1L4 CDC37|47514|RI 0.664367 4.33E-138 positive
RBM5 PARP2|26426|RI 0.601422 6.37E-107 positive
RBM5 C9orf89|86903|RI 0.674901 4.56E-144 positive
CELF2 ICAM3|47503|RI -0.60769 1.03E-109 negative
CDK10 CDC37|47514|RI 0.625239 7.09E-118 positive
SRSF5 PARP2|26426|RI 0.613808 1.68E-112 positive
LSM7 HIRA|61048|AP 0.603797 5.67E-108 positive
LSM7 HIRA|61047|AP -0.60307 1.19E-107 negative
LSM7 GIT2|24375|AA 0.625389 6.00E-118 positive
LSM7 EXOSC10|647|ES 0.628235 2.54E-119 positive
LSM7 SLC30A5|72303|AA 0.662215 6.73E-137 positive
LSM7 ASH1L|8088|ES 0.630215 2.76E-120 positive
DDX21 ZNF124|10515|AT 0.608772 3.33E-110 positive
DDX21 ABCE1|70753|ES -0.63608 3.49E-123 negative
DDX21 ATL2|53255|ES -0.601 9.74E-107 negative
DDX21 ECT2|67659|ES -0.60887 3.02E-110 negative
EIF3A ZNF638|53927|AP 0.604081 4.24E-108 positive
EIF3A SYNJ2|78249|AD -0.60256 2.00E-107 negative
EIF3A ZNF638|53926|AP -0.61149 1.93E-111 negative
EIF3A GTF2H1|14599|AP 0.612682 5.52E-112 positive
EIF3A EXOSC10|647|ES -0.65307 6.08E-132 negative
EIF3A IPO13|2491|AP -0.60345 8.08E-108 negative
EIF3A IPO13|2492|AP 0.603452 8.06E-108 positive
EIF3A ZNF397|45145|AT 0.607672 1.05E-109 positive
SART1 USB1|36622|AP -0.63691 1.35E-123 negative
SART1 USB1|36621|AP 0.645437 6.12E-128 positive
DDX39B ARRDC1|88335|RI 0.645614 4.96E-128 positive
CCDC12 ABCE1|70753|ES 0.616855 6.51E-114 positive
CCDC12 C9orf117|87644|AT 0.613377 2.65E-112 positive
CCDC12 ABCB9|24994|AP 0.632084 3.34E-121 positive
CCDC12 C9orf117|87643|AT -0.60805 7.07E-110 negative
CCDC12 LYRM5|20810|AT 0.633782 4.85E-122 positive
CCDC12 LYRM5|20809|AT -0.63378 4.85E-122 negative
CCDC12 STAG2|90030|AP -0.6303 2.49E-120 negative
CCDC12 RRM2B|84774|ES 0.604697 2.25E-108 positive
CCDC12 ATL2|53255|ES 0.608482 4.51E-110 positive
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CCDC12 EXOSC10|647|ES 0.631658 5.41E-121 positive
CCDC12 SLC30A5|72303|AA 0.615493 2.79E-113 positive
CCDC12 ASH1L|8088|ES 0.656489 8.92E-134 positive
CCDC12 STAG2|90029|AP 0.619728 2.94E-115 positive
SDE2 ASH1L|8088|ES -0.60086 1.13E-106 negative
DHX9 NASP|2754|ES -0.62698 1.03E-118 negative
DHX9 ZNF124|10515|AT 0.618219 1.50E-114 positive
DHX9 ABCE1|70753|ES -0.64171 5.00E-126 negative
DHX9 ABCB9|24994|AP -0.60379 5.71E-108 negative
DHX9 HBS1L|77783|AP -0.60236 2.46E-107 negative
DHX9 HBS1L|77782|AP 0.602359 2.46E-107 positive
DHX9 LYRM5|20810|AT -0.63954 6.39E-125 negative
DHX9 LYRM5|20809|AT 0.639531 6.43E-125 positive
DHX9 NAA25|24574|ES -0.60354 7.40E-108 negative
DHX9 ATL2|53255|ES -0.64954 4.43E-130 negative
DHX9 EXOSC10|647|ES -0.62136 5.00E-116 negative
DHX9 COX15|12777|AT -0.61875 8.49E-115 negative
DHX9 COX15|12776|AT 0.618747 8.51E-115 positive
DHX9 ZNF397|45145|AT 0.615491 2.80E-113 positive
DHX9 ASH1L|8088|ES -0.61319 3.22E-112 negative
DHX9 ECT2|67659|ES -0.63292 1.29E-121 negative
SNRNP70 RHOT2|32938|RI 0.655198 4.42E-133 positive
SNRNP70 ACTG1|44121|RI 0.617812 2.33E-114 positive
SNRNP70 CDK16|88911|AP -0.61343 2.51E-112 negative
SNRNP70 C9orf117|87644|AT 0.695371 2.00E-156 positive
SNRNP70 RHBDF1|124991|AD 0.609376 1.78E-110 positive
SNRNP70 NRBP2|85507|RI 0.670627 1.30E-141 positive
SNRNP70 C9orf117|87643|AT -0.68887 2.18E-152 negative
SNRNP70 PACS2|29630|AP -0.68099 1.23E-147 negative
SNRNP70 CDC37|47514|RI 0.67433 9.76E-144 positive
SNRNP70 PACS2|29631|AP 0.625043 8.80E-118 positive
SNRNP70 TIPRL|8901|AT -0.61651 9.47E-114 negative
SNRNP70 TIPRL|8902|AT 0.616499 9.54E-114 positive
SNRPA GIT2|24375|AA 0.601304 7.18E-107 positive
SNRPA SLC30A5|72303|AA 0.646812 1.19E-128 positive
GPATCH8 INPP5F|13276|RI -0.60343 8.22E-108 negative
DDX3X TUBGCP2|13527|AP -0.63329 8.50E-122 negative
DDX3X SYNJ2|78249|AD -0.60375 5.96E-108 negative
DDX3X INPP5F|13276|RI -0.60152 5.77E-107 negative
DDX3X LYRM5|20810|AT -0.66132 2.10E-136 negative
DDX3X LYRM5|20809|AT 0.661319 2.09E-136 positive
DDX3X ATL2|53255|ES -0.62583 3.69E-118 negative
DDX3X EXOSC10|647|ES -0.68049 2.44E-147 negative
DDX3X COX15|12777|AT -0.66833 2.60E-140 negative
DDX3X COX15|12776|AT 0.668331 2.61E-140 positive
DDX3X SLC30A5|72303|AA -0.67253 1.06E-142 negative
DDX3X ZNF397|45145|AT 0.621754 3.25E-116 positive
DDX3X ASH1L|8088|ES -0.66895 1.16E-140 negative
DDX3X ABCC3|42464|RI -0.60585 6.90E-109 negative
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DDX3X VPS13A|86650|AT 0.602355 2.47E-107 positive
CLK4 C9orf89|86903|RI 0.617241 4.30E-114 positive
ZFR LYRM5|20810|AT -0.62655 1.66E-118 negative
ZFR LYRM5|20809|AT 0.626546 1.67E-118 positive
ZFR ATL2|53255|ES -0.61271 5.35E-112 negative
ZFR EXOSC10|647|ES -0.64151 6.38E-126 negative
ZFR COX15|12777|AT -0.61302 3.88E-112 negative
ZFR COX15|12776|AT 0.613018 3.87E-112 positive
ZFR ASH1L|8088|ES -0.62624 2.35E-118 negative
SPEN INPP5F|13276|RI -0.60622 4.68E-109 negative
SPEN LYRM5|20810|AT -0.62152 4.18E-116 negative
SPEN LYRM5|20809|AT 0.621527 4.17E-116 positive
SPEN ASH1L|8088|ES -0.63709 1.09E-123 negative
AGGF1 SUV420H1|17293|AT -0.61571 2.22E-113 negative
AGGF1 SUV420H1|17294|AT 0.615709 2.22E-113 positive



Splicing events and BC prognosis

6 

Figure S1. LASSO coefficient of survival-related AS events. (A) AA, (B) AD, (C) AP, (D) AT, (E) ES, (F) ME, and (G) RI events. 
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Figure S2. Error rate of cross-validation. (A) AA, (B) AD, (C) AP, (D) AT, (E) ES, (F) ME, and (G) RI events.
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Figure S3. A. The heatmap of PSI values for AA events in BC. Red indicates high expression, and blue indicates low 
expression. B. The risk score distribution of the AA prognostic signature. C. The survival status and duration of pa-
tients with BC in the AA prognostic signature. D. The heatmap of PSI values for AD events in BC. Red indicates high 
expression, and blue indicates = low expression. E. The risk score distribution of the AD prognostic signature. F. The 
survival status and duration of patients with BC in the AD prognostic signature.

Figure S4. A. The heatmap of PSI values for AP events in BC. Red indicates high expression, and blue indicates low 
expression. B. The risk score distribution of the AP prognostic signature. C. The survival status and duration of pa-
tients with BC in the AP prognostic signature. D. The heatmap of PSI values for AT events in BC. Red indicates high 
expression, and blue indicate low expression. E. The risk score distribution of the AT prognostic signature. F. The 
survival status and duration of patients with BC in the AT prognostic signature.
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Figure S5. A. The heatmap of PSI values for ES events in BC. Red indicates high expression, and blue indicates low expression. B. The risk score distribution of the 
ES prognostic signature. C. The survival status and duration of patients with BC in the ES prognostic signature. D. The heatmap of PSI values for ME events in BC. 
Red indicates high expression, and blue indicates low expression. E. The risk score distribution of the ME prognostic signature. F. The survival status and duration 
of patients with BC in the ME prognostic signature. G. The heatmap of PSI values for RI events in BC. H. The risk score distribution of the RI prognostic signature. I. 
The survival status and duration of patients with BC in the RI prognostic signature.
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Figure S6. (A) Kaplan-Meier survival and (B) ROC analysis of the AA prognostic signature. (C) Kaplan-Meier survival and (D) ROC analysis of the AD prognostic signa-
ture. (E) Kaplan-Meier survival and (F) ROC analysis of the AP prognostic signature. (G) Kaplan-Meier survival and (H) ROC analysis of the AT prognostic signature. 
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Figure S7. (A) Kaplan-Meier survival and (B) ROC analysis of the ES prognostic signature. (C) Kaplan-Meier survival and (D) ROC analysis of the ME prognostic sig-
nature. (E) Kaplan-Meier survival and (F) ROC analysis of the RI prognostic signature. 
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Figure S8. Univariate Cox regression analyses of (A) AA, (B) AD, (C) AP, and (D) AT prognostic signatures. Multivariate Cox regression analyses of (E) AA, (F) AD, (G) 
AP, and (H) AT prognostic signatures. Univariate Cox regression analyses of (I) ES, (J) ME, and (K) RI prognostic signatures. Multivariate Cox regression analyses of 
(L) ES, (M) ME, and (N) RI prognostic signatures.
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Table S4. Differential expression of genes related to prognosis of breast cancer
Gene Con Mean Treat Mean Log FC P Value
MAZ 3.317531 4.450483 1.132952 1.49E-53
PARPBP 0.638258 1.316934 0.678676 6.20E-44
PRX 1.904841 1.106393 -0.79845 7.10E-34
POSTN 5.388578 7.235761 1.847183 1.07E-32
ASPH 4.611379 3.641306 -0.97007 7.76E-22

Figure S9. Kaplan-Meier survival analysis of the ALL signature in multiple BC subgroups stratified using the following 
clinical variables: (A, B) stage, (C, D) T status, (E, F) gender, (G, H) N status, (I-L) N status, and (M, N) age.
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Figure S10. Subgroup analysis of BC with different molecular types. A. The distinction of enrichment of immune-related signatures in Her-2(+), HR(+), and TNBC 
groups. B. The correlation of risk score in Her-2(+), HR(+), and TNBC groups. C. MAZ expression in Her-2(+), HR(+), and TNBC groups. D. The difference in infiltrating 
immune cell subpopulations and levels among Her-2(+), HR(+), and TNBC groups. E. Comparison of expression levels of immune checkpoint blockade-related genes 
among Her-2(+), HR(+), and TNBC groups. F-I. Comparison of stromal, immune, and ESTIMATE scores and tumor purity among Her-2(+), HR(+), and TNBC groups. J. 
Comparison of survival probability among Her-2(+), HR(+), and TNBC groups.


