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Abstract: Alternative splicing (AS) has been widely reported to play an important role in cancers, including esopha-
geal carcinoma (ESCA). However, no study has comprehensively investigated the clinical use of combination of 
prognostic AS events and clinicopathological parameters. Therefore, we collected 165 ESCA patients including 83 
esophageal adenocarcinoma (EAC) and 82 esophageal squamous cell carcinoma (ESCC) patients from The Cancer 
Genome Atlas to explore the survival rate associated with seven types of AS events. Prognostic predictors for the 
clinical outcomes of ESCA patients were built. Predictive prognosis models of the alternative acceptor site in ESCA 
(area under the curve [AUC] = 0.83), alternative donor site in EAC (AUC = 0.99), and alternative terminator site in 
ESCC (AUC = 0.974) showed the best predictive efficacy. A novel combined prognostic model of AS events and clini-
copathological parameters in ESCA was also constructed. Combined prognostic models of ESCA all showed better 
predictive efficacy than independent AS models or clinicopathological parameters model. Through constructing 
splicing regulatory network, the expression of AS factor was found to be negatively correlated with the most favor-
able AS events. Moreover, gene amplification, mutation, and copy number variation of AS genes were commonly 
observed, which may indicate the molecular mechanism of how the AS events influence survival. Conclusively, the 
constructed prognostic models based on AS events, especially the combined prognostic models of AS signatures 
and clinicopathological parameters could be used to predict the outcome of ESCA patients. Moreover, the splicing 
regulatory network and genomic alteration in ESCA could be used for illuminating the potential molecular mecha-
nism.
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Introduction

Esophageal carcinoma (ESCA), consisting of 
esophageal squamous cell carcinoma (ESCC) 
and esophageal adenocarcinoma (EAC) sub-
types, is a prevalent malignancy worldwide [1]. 
In 2017, an estimated total of 16,940 new 
cases and an estimated 15,690 deaths from 
ESCA were reported [2]. ESCA patients have a 
dismal prognosis with 5-year survival rates 
from 40% to 50% [3].

Over the last few decades, there has been 
great progress in research on new ESCA thera-
pies. Numerous novel predictive prognosis bio-
markers have been found. For example, mRNAs 
[4-6], MicroRNAs [7-10], and long non-coding 
RNAs [11-14] have been widely reported to be 

associated with the survival of ESCA patients.  
It has become widely accepted that gene regu-
lation dysfunction is a critical factor in the ini- 
tiation and progression of tumors. Aberrant 
expression of genes has been shown to be 
remarkably significant in ESCA diagnosis and 
therapy [15, 16].

Alternative splicing (AS), a sophisticated post-
transcriptional process, expands gene expres-
sion patterns, resulting in increased protein 
diversity. AS events are estimated to occur in 
up to 94% of human genes [17]. AS is widely 
involved in biological processes such as cell dif-
ferentiation, proliferation, and apoptosis [18-
20], has also been found to play an important 
role in oncogenesis, and may provide opportu-
nities for novel cancer therapeutics [21, 22]. 

http://www.ajtr.org
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Recently, the crucial roles of AS in the diagno-
sis and prognosis of various cancers, including 
gastrointestinal adenocarcinomas [23-26] and 
urogenital malignancies [27, 28], have been 
gradually uncovered. These discoveries have 
provided inspiring perspectives in the field of 
splicing research.

With the rapid development of next-generation 
sequencing, it has become easier to obtain the 
RNA-seq data in clinical samples. Therefore, 
research on AS and the clinical outcomes of 
patients can be accomplished. Some studies 
have reported an association between AS and 
the prognosis of patients in several cancers, 
such as breast cancer [29], lung cancer [30], 
and ovarian cancer [31]. In ESCA, Mao’s study 
has investigated the prognostic AS events in 
EAC and ESCC separately [32]. However, it still 
lacks sufficient work in the way of clinicopatho-
logical parameters and underlying molecular 
mechanism. Therefore, it was necessary to ca- 
rry out this study to provide more information 
about the combination of splicing and clinical 
parameters, as well as potential mechanism of 
the survival-associated splicing events in ESCA.

The Cancer Genome Atlas (TCGA) database 
provides valuable AS data for 33 different can-
cers as well as for normal tissues. In this study 
(Figure 1), we comprehensively analyzed the 
prognosis-related AS events in 165 ESCA pa- 
tients including 83 EAC and 82 ESCC patients. 
We constructed prognostic models of AS events 
to evaluate the prognostic value of the AS 
events. More importantly, we constructed novel 
prognostic models for ESCA via combining sp- 
licing signatures and clinicopathological param-
eters. We revealed the possible regulatory me- 
chanisms in ESCA and its histological subtypes 
by constructing key splicing networks. We also 
investigated the underlying genetic alterations 
including gene amplification, mutation, and 
copy number variation of splicing genes. We 
hope this study will provide insights into under-
standing the regulatory mechanisms of AS 
events in ESCA and will facilitate the therapeu-
tic clinical practice of ESCA patients.

Materials and methods

Collection of AS profiles

TCGASpliceSeq (http://bioinformatics.mdande- 
rson.org/TCGASpliceSeq), a web-based resour- 

ce, provides a user-friendly interface for de- 
tailed views of alternative mRNA splicing based 
on the TCGA database [33]. Using TCGASplice- 
Seq, we downloaded the alternative mRNA sp- 
licing data of ESCA. Seven alternative events, 
namely, the alternative acceptor site (AA), alter-
native donor site (AD), alternative promoter site 
(AP), alternative terminator site (AT), exon skip 
(ES), mutually exclusive exons (ME), and re- 
tained intron (RI), were quantified with the per-
cent spliced in (PSI) value, which ranges from 
zero to one hundred [34].

Identification of survival-associated splicing 
events and clinical parameters

Related clinical data of ESCA patients were 
also downloaded from the TCGA database. Only 
patients with an overall survival (OS) of 90 days 
or longer were enrolled in this study. A total of 
165 ESCA patients consisting of 83 EAC and 
82 ESCC patients were included. To identify the 
association between AS events and survival, 
we divided the patients into two groups accord-
ing to a median cut-off value. Univariate Cox 
regression was used to analyze the relationship 
between AS events and OS. Multivariate Cox 
regression was used to identify independent 
prognostic predictors of AS events. For ESCA as 
a whole, the top 15 in each type of splicing and 
seven combined events were selected. For 
each subtype of ESCA, including EAC and ESCC, 
the top 10 splicing events were likewise select-
ed using a multivariate Cox proportional haz-
ards regression. The prognostic value of demo-
graphic and clinicopathological parameters of 
ESCA was also investigated using univariate 
and multivariate Cox regression analysis. Uni- 
variate Cox regression was conducted using a 
survival package in R while multivariate Cox 
regression was done using SPSS Statistics ver. 
23.0 (IBM, Armonk, NY). A p-value less than 
0.05 was adopted for identifying significant 
splicing events.

Construction and comparison of prognostic 
models based on survival-associated AS 
events and clinical parameters

Prognostic models for ESCA, EAC, and ESCC 
patients were built using prognostic signatures, 
namely, the independent survival-associated 
AS events in the multivariate Cox regression. 
Each prognostic signature was evaluated with 
the risk score [28], which was calculated using 
the following formula:
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Risk score PSIi * i
i

n
= b/

Likewise, the prognostic model of survival-
associated clinical parameters for ESCA was 
also constructed. In order to investigate the 
influence of clinical parameters in the prognos-
tic models of AS in ESCA, we also constructed 
combined prognostic models of splicing signa-
tures and clinical parameters. The combined 

risk score was calculated using the following 
formula [35]:

Combined risk score Xi * i Zj * j
i 1

i

j 1

j
= +b c
= =
/ /

Where, Xi and Zj represents the splicing events 
and clinical parameters in ESCA, respectively. 
And βi and γj represents the estimated coeffi-
cients of splicing events and clinical parame-

Figure 1. Flowchart of the article’s design.



Prognostic alternative splicing signatures and regulatory network in esophageal carcinoma

4013 Am J Transl Res 2019;11(7):4010-4028

splicing events can influence survival. As a 
result, we utilized 184 ESCA samples with 
sequencing and copy number alternation data 
to investigate the possible alternation of the 
eight sets of gene symbols of the prognostic 
signatures in ESCA. Segment mean of zero indi-
cated neutral or normal copy number. A heat 
map was also used to visualize the copy num-
ber alteration.

Results 

Integrated AS events in the ESCA cohort 

A total of 165 ESCA patients including 83 EAC 
and 82 ESCC patients were enrolled in order to 
analyze the AS events from the TCGA database. 
In total, 50,342 AS events containing 10,765 
gene symbols, indicating that different AS ev- 
ents may occur in a single gene, were collected 
from the TCGA database. Specifically, we ob- 
tained 4,146 AAs from 2,872 genes, 3,591 ADs 
from 2,464 genes, 10,034 APs from 4,047 
genes, 8,449 ATs from 3,691 genes, 20,844 
ESs from 7,174 genes, 246 MEs from 238 
genes, and 3,039 RIs from 2,002 genes. ES 
was the most frequent AS event, while ME was 
the least frequent AS event.

Survival-associated AS events in cohorts for 
ESCA and its histological subtypes 

As shown in Figure 2, we identified 3,276, 
4,850 and 2,199 survival-associated AS events 
from 2,157, 2,943 and 1,501 genes in the 
ESCA, ECA, and ESCC cohorts through univari-
ate Cox regression, respectively (P < 0.05). As 
we observed that one gene may have more 
than one AS event, we presented the intersect-
ing sets of the seven types of AS events using 
Upset plots. The Upset plots of ESCA, ECA, and 
ESCC are displayed in Figure 3. ES was respon-
sible for the majority of the events, followed by 
AP. In ESCA and EAC, a single gene such as 
CIRBP, could have up to five types of AS events, 
while in ESCC a single gene could only have up 
to three types of AS events. In order to identify 
the most important genes among the survival-
associated AS events, we selected the gene 
symbols from the most significant events (P < 
0.005) to construct the gene interactive net-
work for ESCA and its histological subtypes. As 
shown in Figures 4 and S1, the gene network 
revealed important hub genes such as GRB2, 
UBC, and KIF2A in ESCA, EAC, and ESCC based 
on network topology [40].

ters, respectively. We divided the patients into 
two groups based on median cut-off value of 
the risk score when performing the Kaplan-
Meier survival prediction. To compare the pre-
dictive efficacy of each AS event with respect to 
the survival of ESCA patients, the survival re- 
ceiver operator characteristic (ROC) package in 
R was used to construct the ROC curve. Then, 
the area under the curve (AUC) was calculated 
to evaluate the predictive ability of each model.

Construction of gene network and correlation 
analysis

Upset plot, an innovative method to visualize 
interactive sets [36], was used to display the 
intersections among the seven types of progno-
sis-associated AS events. The gene symbols of 
the most significant AS events (P < 0.005) in 
ESCA and its histological subtypes were used 
to construct the interactive gene network. The 
Reactome FI plugin of Cytoscape 3.60 [37] was 
used to identify the key hub genes among the 
survival-associated AS genes. 

The information of alternative splicing factors 
was obtained from SpliceAid2 (http://www.
introni.it/splicing.html) [38]. The level 3 data of 
splicing factors were downloaded from the 
TCGA database. The expression data were nor-
malized using the fragments per kilobase of 
transcript per million mapped reads method. 
Univariate and multivariate Cox regressions 
were then conducted to identify survival-asso-
ciated splicing factors. Student’s t-tests were 
used to compare the expression of survival-
associated splicing factors between ESCA and 
adjacent normal tissues. In order to understand 
the correlation between the splicing factor 
genes and AS events, a correlation analysis 
between the expression of the survival-associ-
ated splicing factor genes and PSI values of 
survival-associated AS events was performed. 
Cytoscape ver. 3.60 was used to visualize the 
correlation network. 

Gene amplification, mutation, and copy num-
ber variation analysis

The cBioPortal for Cancer Genomics (http://
cbioportal.org), an intuitive Web interface, pro-
vides visualization, analysis, and downloading 
of multidimensional cancer genomics datasets 
[39]. The possible gene amplification, muta-
tion, and copy number variation of the prognos-
tic signatures in ESCA may help illuminate how 
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Prognostic predictor for ESCA, EAC, and ESCC 
patients

To predict the prognostic markers for clinical 
ESCA patients, we selected the most significant 
AS events for each type of event and the seven 
combined events using multivariate Cox regres-
sion. For the ESCA cohort, the top 15 significant 
AS events were selected and the significant AS 
events (P < 0.05) from the multivariate Cox 
regression were used to build a prognostic 
model (Table 1). Similarly, in order to investi-
gate the different roles of AS events in the his-
tological subtypes of ESCA, we selected the top 
10 significant AS events in the ECA and ESCC 
cohorts using multivariate Cox regressions, 
respectively. A prognostic model was built for 
each type of splicing as well as a combined one 
using significantly independent survival-associ-
ated AS events (Tables 2 and 3). The cohorts 
were then divided into low- and high-risk groups 
using the median risk score value as a cut-off. 
Detailed prognostic signature information of 
ESCA groups are visualized in Figure 5. Re- 
garding EAC and ESCC groups, detailed prog-
nostic signature information was presented in 
Figures S2 and S3. As displayed in Figures 6 
and S4, the role of AS events in predicting sur-
vival showed consistency in ESCA, EAC, and 
ESCC groups. The low-risk group for each type 
of event as well as the combined events pre-
dicted a better outcome for the patients. In 
order to compare the predictive efficacy of each 
prognostic model, we performed a ROC curve 
analysis, and then calculated the AUC. As dis-
played in Figures 7 and S5, the AUCs for some 
types of events in EAC, ESCC and ESCA cohorts 
showed promising predictive efficacy. In ESCA 
patients, the prognostic model of AA showed 
the highest predictive efficacy (AUC = 0.83) fol-
lowed by ES (AUC = 0.803). In the EAC and 

ESCC groups, the prognostic signatures of AD 
(AUC = 0.99) and AT (AUC = 0.974) dominated 
the predictive ability with both followed by AA 
(AUC = 0.871, 0.874), respectively. It is worth 
noting that the prognostic model of seven com-
bined splicing did not show the highest predic-
tive efficacy, as it had AUCs of only 0.799, 
0.832, and 0.81 in ESCA, EAC, and ESCC, 
respectively. Compared to ESCC, the EAC pre-
dictors showed better predictive efficacy except 
for the AA and AT predictive models.

Combined prognostic models in ESCA

The prognostic value of related clinical param-
eters in ESCA was analyzed using univariate 
and multivariate Cox regression analysis. As 
shown in Table 4, pathological N stage, patho-
logical M stage, pathological stage, pathologi-
cal grade, and residual tumor were significant 
prognostic factors in univariate Cox regression, 
while pathological N stage and pathological 
stage were independent prognostic parameters 
in multivariate Cox regression. Prognostic mo- 
del of pathological N stage and pathological 
stage showed that high-risk score was associ-
ated with poor survival of ESCA patients. It 
showed a moderate predictive efficacy at an 
AUC of 0.714 (Figure S6). In Figure 7, The com-
bined prognostic model of pathological N stage, 
pathological stage, and each type of splicing 
show better predictive efficacy than indepen-
dent splicing model or clinical parameter model. 
ESCA patients with high-risk score in combined 
models had a worse survival (Figure S7).

Correlation among AS factors and events

AS factors are RNA-binding proteins which reg-
ulate splicing sites. Due to that fact, we intend-
ed to identify important AS factors, which may 

Figure 2. Bar chart for survival-associated AS events and gene symbols. The horizontal axis represents the number 
of AS events, while the vertical axis represents the type AS events. A. The number of AS events and gene symbols for 
ESCA. B. The number of AS events and gene symbols for EAC. C. AS events and gene symbols for ESCC.
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Figure 3. Upset plots for the intersection of seven types of AS events. 
The red bar on the right of each drawing represents the amount of 
each type of AS event. The dark dots in the matrix at bottom part 
of each drawing represent the intersections of AS events, while the 
green bar on the top represents the gene number involving in AS. 
A. Upset plot for ESCA. B. Upset plot for EAC. C. Upset plot for ESCC.
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EAC patients, six AS factors were significantly 
correlated with 9 favorable events and 12 unfa-
vorable events (Figure 9B). And in ESCC pa- 
tients, only five AS factors involving in 9 favor-
able events and 3 unfavorable events were 
revealed (Figure 9C). Interestingly, we found 
that the six AS factors were almost always neg-
atively correlated with favorable AS events and 
positively correlated with unfavorable AS ev- 
ents for most splicing. Unfavorable events and 
positive correlations in the EAC group tended to 
be more common than in the ESCC group. Top 
correlations in ESCA, EAC, and ESCC were dis-
played as linear correlation plots (Figure S8). In 
order to identify the independent prognostic 
predictors of AS factors, a further multivariate 
Cox regression was performed, and four AS 
factors-ELAVL4, FMR1, PCBP2, and RBFOX2-
were identified. A prognostic model of ELAVL4, 

affect the significant survival-associated AS 
events in ESCA patients. A total of 66 AS fac-
tors were identified, and the expression profiles 
of these genes were downloaded from the 
TCGA database. First, univariate Cox regres-
sion was performed to identify the survival-
associated AS factors. Six AS factors-FMR1, 
ELAVL4, PCBP2, RBMX, RBFOX2, and hnRNPH2-
were identified in total. Four AS factors-FMR1, 
PCBP2, RBMX, and hnRNPH2-were found to be 
significantly up-regulated in ESCA patients (Fi- 
gure 8A-D). Spearman correlation analysis was 
then performed to explore the correlation am- 
ong the six significant AS factors and the signifi-
cantly independent predictors of AS events. As 
shown in Figure 9A, six AS factors were signifi-
cantly involved in 25 survival-associated AS 
events, which included 10 favorable events 
and 15 unfavorable events in ESCA patients. In 

Figure 4. Gene network for gene symbols of the most significant AS events in ESCA. The network was constructed 
using the Reactome FI plugin of Cytoscape ver. 3.60. Each node represents a gene symbol and the edges among 
nodes indicate their interactions. 
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Table 1. Details of splicing events used for constructing prognostic models for esophageal carcinoma
Type AS Events β HR Lower Upper P value
AA ACHE_AA_81030 -0.051 0.951 0.920 0.982 0.002

ALAS1_AA_65182 -0.097 0.907 0.855 0.963 0.001
ATP6V1B2_AA_82900 -1.129 0.323 0.149 0.702 0.004

ATR_AA_67118 -0.886 0.412 0.243 0.701 0.001
CCDC93_AA_55091 -6.226 0.002 0.000 0.037 0.000
CPNE1_AA_59187 0.566 1.762 1.055 2.943 0.031

FAM135A_AA_76637 0.055 1.057 1.025 1.089 0.000
VEZT_AA_23760 -0.078 0.925 0.880 0.973 0.002

AD CCT5_AD_71559 -29.561 0.000 0.000 0.000 0.002
COX6C_AD_84682 0.033 1.033 1.003 1.064 0.030
EGLN3_AD_27150 -0.091 0.913 0.838 0.995 0.038

GLT8D1_AD_96400 0.118 1.125 1.044 1.213 0.002
PPP1CB_AD_53075 -0.337 0.714 0.566 0.901 0.004
PQBP1_AD_89028 0.025 1.025 1.009 1.041 0.002
RABAC1_AD_50104 0.050 1.052 1.007 1.099 0.024

AP CDK19_AP_77240 -0.252 0.777 0.677 0.893 0.000
CHRDL2_AP_17776 0.126 1.134 1.076 1.196 0.000

IAH1_AP_52629 0.100 1.105 1.053 1.159 0.000
MAP7_AP_77911 0.396 1.486 1.179 1.874 0.001
TLE3_AP_31406 0.150 1.161 1.055 1.278 0.002

TMBIM1_AP_57467 0.241 1.273 1.021 1.588 0.032
AT BRSK1_AT_52059 0.084 1.088 1.041 1.137 0.000

CRISPLD2_AT_37866 -0.282 0.754 0.670 0.849 0.000
ECM2_AT_86878 2.767 15.905 2.906 87.042 0.001
EYS_AT_76613 0.176 1.193 1.092 1.303 0.000

L2HGDH_AT_27460 0.095 1.099 1.034 1.168 0.002
NAE1_AT_36849 28.445 2.257E+12 1.578E+07 3.227E+17 0.000
TRIM4_AT_80863 0.046 1.047 1.027 1.068 0.000

ES C19orf82_ES_47381 0.029 1.029 1.012 1.046 0.001
CLNS1A_ES_17959 -0.781 0.458 0.285 0.737 0.001
CPSF4_ES_80636 -1.079 0.340 0.157 0.734 0.006

DYNC1I2_ES_55951 -0.354 0.702 0.526 0.936 0.016
RAB1B_ES_16997 -2.679 0.069 0.018 0.265 0.000

TMPRSS4_ES_18957 -0.110 0.896 0.815 0.985 0.023
ME ANKRD12_ME_44596 0.067 1.069 1.008 1.134 0.025

EPB41L2_ME_210763 0.856 2.354 1.040 5.330 0.040
KLHL2_ME_71038 -0.030 0.970 0.952 0.989 0.002
P4HA1_ME_12122 -0.047 0.954 0.911 0.999 0.043

PHF21A_ME_157593 0.084 1.087 1.024 1.154 0.006
RI C11orf48_RI_16389 -0.901 0.406 0.238 0.692 0.001

CIRBP_RI_46441 0.094 1.098 1.014 1.189 0.021
CXCL12_RI_11346 -0.257 0.774 0.610 0.981 0.034

EP400NL_RI_25245 -0.925 0.397 0.175 0.901 0.027
FAM136A_RI_53889 0.034 1.035 1.009 1.061 0.007

GPR85_RI_81465 -0.788 0.455 0.274 0.754 0.002
PTPN7_RI_9400 -0.233 0.792 0.641 0.979 0.031

TRIM23_RI_72236 -0.613 0.542 0.343 0.855 0.008
All IAH1_AP_52629 0.114 1.121 1.065 1.180 0.000

C19orf82_ES_47381 0.019 1.019 1.002 1.037 0.033 
ATR_AA_67118 -1.325 0.266 0.088 0.803 0.019

CLNS1A_ES_17959 -1.010 0.364 0.213 0.624 0.000
C11orf48_RI_16389 -1.744 0.175 0.088 0.348 0.000

PNKP_ES_51105 -0.380 0.684 0.502 0.932 0.016
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mulating evidence has shown that AS dysfunc-
tion is an important factor contributing to 
human diseases, particularly cancer. The aber-
rant regulation of AS in various tumors has 
been the source of a great deal of research 
recently. For example, AS has been reported to 
act as a molecular switch in regulating the 
metabolism of various cancers. This has includ-
ed the regulation of the metabolic mTOR path-
way, the c-Myc-SRSF1-mTOR axis, and meta-

FMR1, PCBP2, and RBFOX2 was constructed, 
and the low-risk group indicated better survival 
of ESCA patients (Figure 8E). 

Genomic alteration of prognostic signatures in 
ESCA

As shown in Figure S9, gene amplification and 
mutation existed in almost all the gene symbols 
in the eight prognostic signatures. Amplification 

Table 2. Details of splicing events used for constructing prognostic models 
for esophageal adenocarcinoma

Type AS Events β HR Lower Upper P 
value

AA AKT1_AA_29565 -0.995 0.370 0.163 0.839 0.017
CDV3_AA_66842 0.091 1.095 1.032 1.161 0.003

CENPW_AA_77442 -3.853 0.021 0.001 0.662 0.028
OPTN_AA_10778 0.109 1.115 1.029 1.209 0.008

UBL4A_AA_90615 0.182 1.199 1.102 1.305 0.000
VEZT_AA_23760 -0.252 0.777 0.698 0.866 0.000

AD INTS10_AD_82887 0.169 1.184 1.063 1.319 0.002
MLH1_AD_63935 -0.196 0.822 0.722 0.937 0.003
POLD3_AD_17775 0.136 1.146 1.036 1.267 0.008
VDAC3_AD_83726 9.555 1.411E+04 141.453 1.408E+06 0.000

ZC3H11A_AD_9462 -0.060 0.942 0.897 0.989 0.016
AP GFOD1_AP_75386 0.088 1.092 1.020 1.168 0.011

SDCBP2_AP_58485 0.202 1.224 1.108 1.352 0.000
UGP2_AP_53743 1.653 5.221 2.207 12.355 0.000

AT ACP6_AT_7384 0.049 1.051 1.017 1.086 0.003
MAP1LC3B_AT_37942 -0.915 0.400 0.233 0.687 0.001

TRIM4_AT_80864 -0.042 0.959 0.937 0.981 0.000
ES CCNB2_ES_30929 -28.169 0.000 0.000 0.000 0.000

CNIH1_ES_27583 1.408 4.088 1.975 8.461 0.000
PIP4K2C_ES_22654 -0.759 0.468 0.325 0.674 0.000
RAB1B_ES_16997 -2.027 0.132 0.028 0.617 0.010

ME KLHL2_ME_71038 -0.020 0.980 0.962 0.999 0.040
MAU2_ME_48628 0.310 1.363 1.042 1.783 0.024

MTHFSD_ME_102413 -0.092 0.912 0.855 0.972 0.005
P4HA1_ME_12122 -0.044 0.957 0.917 0.998 0.038

PHF21A_ME_157593 0.037 1.038 1.003 1.075 0.035
RI ALDOA_RI_36039 1.643 5.173 1.655 16.169 0.005

ITGAX_RI_36251 -2.576 0.076 0.020 0.287 0.000
LMNA_RI_8182 8.107 3.318E+03 12.518 8.795E+05 0.004

PARP10_RI_85521 0.192 1.211 1.058 1.386 0.005
UBC_RI_25166 -0.263 0.769 0.650 0.910 0.002

All CENPW_ES_77441 -0.496 0.609 0.441 0.841 0.003
EAPP_AD_27154 0.271 1.311 1.146 1.498 0.000

CCNB2_ES_30929 -22.301 0.000 0.000 0.000 0.000
PIP4K2C_ES_22654 -0.796 0.451 0.315 0.645 0.000

was the most comm- 
on alteration, while de- 
ep deletion could also 
be seen in some ge- 
ne symbols. Expressi- 
on alternation could 
very clearly be obser- 
ved in the heat map 
for most of the ge- 
ne amplifications and 
mutations. Several ge- 
nes, such as ACHE, 
ATR, CCT5, EYS, TRI- 
M4, and CPSF4, had 
alteration rates over 
10%. Figure S10 visu-
alizes the copy num-
ber variations in the 
ESCA samples. A seg-
ment mean value of 
zero was regarded as 
neutral or normal co- 
py number. We obser- 
ved that most genes 
showed copy losses 
or amplifications. Th- 
ese results might he- 
lp with understanding 
the potential mecha-
nisms of how AS ev- 
ents were significan- 
tly correlated the pa- 
tients’ outcomes.

Discussion 

AS is a mechanism for 
expanding the geno- 
me’s capacity in the 
process of pre-mRNA 
maturation, which pr- 
ovides a basis for gen-
erating a diverse array 
of proteins from a sin-
gle gene [41]. Accu- 
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bolic enzymes, such as the glucose transporter 
1 and hexokinase [42]. AS was also found to 
regulate some apoptotic genes, such as FAS, 
caspase 9, and BCL-X, resulting in cell survival 
[43]. Additionally, AS may significantly alter the 
coding region of drug targets, leading to in- 
creased drug resistance in some cancer thera-
pies. Several classic key examples have been 
reported, such as BIM splicing and tyrosine-
kinase inhibitor-resistant chronic myeloid leu-
kemia, folylpolyglutamate synthetase splicing 

were involved in the progression of ESCA [51]. 
Moreover, in Wu’s study, the AS of RUNX1 regu-
lated by lincRNA-uc002yug.2 was suggested to 
be involved in the prognosis of ESCA [52]. 
Recently, Lin et al have investigated survival-
associated splicing signatures in gastrointesti-
nal pan-adenocarcinoma, and identified surviv-
al-associated AS events in EAC [26]. And Mao 
et al have also comprehensively investigated 
the prognostic splicing events in EAC and ESCC 
patients [32]. However, Mao’s study mainly 

Table 3. Details of splicing events used for constructing prognos-
tic models for esophageal squamous cell carcinoma

Type AS Events β HR Lower Upper P 
value

AA CHORDC1_AA_18270 -0.828 0.437 0.268 0.711 0.001
MED29_AA_49816 -2.333 0.097 0.014 0.656 0.017
NAT6_AA_64990 -0.087 0.917 0.879 0.956 0.000

SEMA4D_AA_86808 -5.289 0.005 0.000 0.972 0.049
STX16_AA_59967 -2.375 0.093 0.025 0.345 0.000

ZNF707_AA_85482 -0.051 0.951 0.915 0.988 0.011
AD LYSMD2_AD_30622 -1.381 0.251 0.096 0.660 0.005

TIMM10_AD_15857 -0.748 0.473 0.283 0.792 0.004
YBEY_AD_60921 0.120 1.128 1.056 1.204 0.000

AP CHRDL2_AP_17777 -0.243 0.784 0.658 0.934 0.006
IGF2BP2_AP_68029 -0.774 0.461 0.277 0.767 0.003

AT AGAP3_AT_82351 0.083 1.086 1.031 1.145 0.002
BRSK1_AT_52059 0.121 1.129 1.060 1.202 0.000
MRPL37_AT_3138 -0.159 0.853 0.747 0.974 0.019
RTFDC1_AT_59879 -1.258 0.284 0.081 0.996 0.049
ZNF814_AT_52354 0.080 1.083 1.043 1.125 0.000

ES CASC5_ES_30004 -0.493 0.611 0.424 0.880 0.008
DMKN_ES_49154 -0.431 0.650 0.435 0.970 0.035

HMHA1_ES_46380 -0.917 0.400 0.222 0.719 0.002
MSI2_ES_94619 -0.089 0.914 0.855 0.978 0.009

ME CALCOCO2_ME_42227 -0.729 0.482 0.244 0.951 0.035
OPN3_ME_204971 0.162 1.176 1.055 1.311 0.003

SRGAP1_ME_93242 -0.084 0.920 0.878 0.964 0.000
RI C11orf48_RI_16389 -2.401 0.091 0.028 0.294 0.000

HES6_RI_58208 -0.052 0.950 0.918 0.983 0.003
SCAF8_RI_78226 -2.832 0.059 0.010 0.349 0.002

SERAC1_RI_78257 -0.106 0.899 0.834 0.970 0.006
ZNF329_RI_52413 -0.189 0.828 0.703 0.976 0.024

All IGF2BP2_AP_68029 -0.778 0.459 0.264 0.800 0.006
C11orf48_RI_16389 -2.179 0.113 0.035 0.369 0.000
ZNF185_ES_90404 -0.126 0.882 0.824 0.944 0.000

YBEY_AD_60921 0.074 1.077 1.007 1.151 0.030
FMNL3_ES_21603 -0.051 0.951 0.909 0.994 0.027

ZHX3_RI_59397 -2.350 0.095 0.026 0.348 0.000

and antifolate resistant acute 
lymphoblastic leukemia, CD19 
splicing and CART-19 immuno-
therapy resistant B-ALL, BRAF 
splicing and vemurafenib resis-
tant melanoma, androgen re- 
ceptor splicing and drug resis-
tance in castration-resistant 
prostate cancer, and BRCA1 
splicing and PARPi resistant 
breast cancer [44].

Over the last few years, an 
increasing number of AS events 
have been implicated in the 
progression of many types of 
cancers. In ovarian cancer, the 
AS of CD44 was shown to be 
regulated by ESRP1, enhancing 
the invasion and migration of 
ovarian cancer [45]. The regula-
tion of cortactin exon 11 by 
PTBP1 was found by Wang et al. 
to promote the invasion of co- 
lorectal cancer [46]. In renal 
cancer, the AS of EZH2 by SF- 
3B3 was implicated in enhanc-
ing tumorigenic potential [47]. 
Similarly, the regulation of the 
AS of Bcl-x by BC200 was fo- 
und to contribute to the patho-
genesis of breast cancer [48]. 
Moreover, Johnson et al. found 
that the regulation of CPEB2 
mRNA splicing was a key driving 
force in triple negative breast 
cancer metastasis [49]. Rega- 
rding ESCA, He et al. found that 
the splice variant of TCFC was 
significantly correlated with the 
tumorigenesis of ESCC [50]. 
Kahkhaie et al. also found that 
specific MUC1 splice variants 
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Figure 5. Construction of risk score for ESCA patients using prognostic signatures in multivariate Cox regression analysis. ESCA patients were divided into low-risk 
and high-risk cohorts using the median risk score value as a cut-off. The top part displays and sorts the patients’ survival data based on risk score, the middle part 
shows the risk score’s distribution curve, and the bottom part presents the heat map of the PSIs value of each prognostic signature. A-H. Risk scores were built with 
survival-associated splicing events for splicing AA, AD, AP, AT, ES, ME, RI and seven combined events in ESCA.
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Figure 6. Prognostic models of AS events for ESCA patients. The top part of each drawing displays the survival curve of ESCA patients. Blue curves represent the 
low-risk group, while red curves represent the high-risk group. The middle part displays the number of high/low-risk patients at a certain time point, while the bot-
tom part displays the relationship between the number of censoring and time. A-H. Kaplan-Meier curves of prognostic models were built with AA, AD, AP, AT ES, ME, 
RI, and seven combined events in ESCA.
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Figure 7. ROC curves for comparing prognostic models of independent AS events, independent clinical parameters, and the combination of both in ESCA. The hori-
zontal axis represents false positive rate, while the vertical axis represents true positive rate. A-H. ROC curves of combined prognostic signatures were built with 
clinical parameters and each type of AS events in ESCA. 
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focused on the prognostic value of splicing 
events in EAC and ESCC, respectively. The influ-
ence of clinicopathological parameters in the 
survival of ESCA patients is no doubt a nonneg-
ligible factor, which has not been investigated 
in Mao’s study. And regarding the potential 

molecular mechanism on how the splicing influ-
ence the survival of ESCA patient, little investi-
gation has been achieved in Mao’s study. 
Therefore, more exploration on combination of 
splicing and clinicopathological parameters, as 
well as potential mechanism of the survival-

Table 4. Prognostic value of clinical parameters of esophageal carcinoma patients

Variables Patient 
N = 168

Univariate Cox regression Multivariate Cox regression
B HR (95% CI) P value B HR (95% CI) P value

Age 168 0.072 1.074 (0.662-1.744) 0.771
    < 65 98
    ≥ 65 70
Gender 168 -0.639 0.528 (0.228-1.222) 0.136
    Male 141
    Female 27
BMI 168 -0.078 0.925 (0.57-1.5) 0.752
    < 25 98
    ≥ 25 70
Pathological T stage 165 0.346 1.413 (0.855-2.335) 0.177
    T1+T2 72
    T3+T4 93
Pathological N stage 154 1.253 3.501 (1.881-6.517) < 0.001 1.049 2.855 (1.035-7.872) 0.043
    N0 68
    N1-N3 86
Pathological M stage 148 1.209 3.351 (1.766-6.361) < 0.001 0.295 1.342 (0.438-4.117) 0.477
    M0 133
    M1 15
Pathological Stage 163 1.083 2.954 (1.779-4.907) < 0.001 0.858 2.358 (1.007-5.526) 0.048
    Stage I+II 95
    Stage III+IV 68
Pathological Grade 133 0.615 1.849 (1.081-3.164) 0.025 0.014 0.986 (0.491-1.982) 0.993
    Grade 1+2 86
    Grade 3 47
Residual tumor 139 0.968 2.632 (1.331-5.205) 0.005 0.722 2.059 (0.846-5.012) 0.087
    R0 125
    R1+R2 14
Alcohol history 167 -0.319 0.727 (0.443-1.192) 0.207
    Yes 48
    No 119
Smoke history 148 0.092 1.096 (0.746-1.611) 0.639
    Yes 96
    No 52
Barretts esophagus 133 0.138 1.148 (0.643-2.048) 0.641
    Yes 27
    No 106
Reflux history 143 0.192 1.212 (0.699-2.101) 0.494
    Yes 54
    No 89
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associated splicing events in ESCA are need- 
ed. As a result, in our current study, we took 
clinicopathological parameters into consider-
ation when constructing prognostic models. 
Regarding splicing factors, we also constructed 
prognostic signature, which further helps un- 
derstand the role of splicing factors in ESCA. 
More importantly, we investigated the genomic 
alteration of the survival-associated splicing 
events, including gene amplification, mutation 

and copy number variation, which could be the 
molecular mechanism of how splicing influence 
patient’s survival.

In this study, we analyzed survival-associated 
AS events using the records of 165 ESCA 
patients consisting of 83 EAC and 82 ESCC 
patients from the TCGA database. A total of 
3,276 AS events in ESCA, 4,850 events in EAC, 
and 2,199 events in ESCC were found to be sig-

Figure 8. Expression of survival-associated splicing factors and construction of prognostic model. A-D. Expression of 
FMR1, PCBP2, RBMX, and hnRNPH2 was significantly up-regulated in ESCA patients. E. Prognostic model in ESCA 
was constructed by survival-associated splicing factors. Green curve represents the low-risk group, while red curve 
represents the high-risk group.

Figure 9. Correlation network among AS factors 
and AS events. Orange rectangles represent AS 
factors. Yellow rectangles represent favorable 
AS events (HR < 1) and green rectangles rep-
resent unfavorable AS events (HR > 1). Blue 
edges represent negative correlation, and red 
edges represent positive correlation. A. Corre-
lation network of ESCA. B. Correlation network 
of EAC. C. Correlation network of ESCC.
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nificantly associated with survival. Gene net-
works of ESCA, EAC, and ESCA uncovered sig-
nificant hubs for GRB2, UBC, and KIF2A, res- 
pectively. Prognostic models were built for each 
type of AS event and combined AS events in 
ESCA and its histological subtypes. Most of the 
models showed satisfactory predictive efficacy 
for the survival of patients. The predictive mod-
els of the EAC group tended to show better pre-
dictive efficacy than those of the ESCC group. 
However, the seven combined events prognos-
tic models in ESCA and its subtypes did not 
show as high of predictive efficacy as expected. 
A similar situation was also observed in anoth-
er study, which investigated the prognostic role 
of AS events in prostate adenocarcinoma [27]. 
This might suggest that some survival-associ-
ated genes in ESCA and its histological sub-
types may undergo the same type of splicing 
and exert more powerful effects on survival. 
Due to the limitation of sample sizes, another 
independent cohort is urgently required to vali-
date these findings in the future. These predic-
tors may greatly help predict the outcome of 
ESCA patients, providing important information 
for clinical practice. More importantly, we also 
analyzed the prognostic value of clinicopatho-
logical parameters, which showed pathological 
T stage and pathological stage were indepen-
dent survival-associated factors. We construct-
ed novel combined prognostic models using 
these two survival-associated clinicopathologi-
cal parameters and the eight sets of AS signa-
tures. Interestingly, the combined prognostic 
models had better performance in predicting 
survival of ESCA than independent splicing 
models or clinical parameter model. These indi-
cated that the prognostic significance of clini-
copathological parameters should not be 
ignored when constructing prognostic models. 
It would be more effective and practical to use 
the combined prognostic models in clinical 
application. 

AS factors have been previously found to exert 
regulatory effects on AS events, which play vital 
roles in oncogenesis and tumor progression. 
Therefore, we wondered what AS factors may 
be significantly correlated with survival-associ-
ated AS events in ESCA patients. We collected 
the expression profiles of 66 AS factors from 
the TCGA database and selected survival-asso-
ciated AS factors. A total of six survival-associ-
ated AS factors-FMR1, ELAVL4, PCBP2, RBMX, 
RBFOX2, and hnRNPH2-were found, among 

which, four-ELAVL4, FMR1, PCBP2, and RBFO- 
X2-were determined to be independent predic-
tors. The low-risk score of the four predictors 
indicated significantly better survival of ESCA 
patients (hazard ratio [HR] = 2.456). As we kn- 
ow, AS factors exert functions by regulating AS 
events. Therefore, it would very helpful to illumi-
nate what AS events the AS factors may influ-
ence. By virtue of Spearman’s correlation anal-
ysis, we found that the majority of the favorable 
AS events were negatively correlated with AS 
factors, while the unfavorable ones showed the 
opposite correlation. In fact, unfavorable ev- 
ents and positive correlations in EAC tended to 
be more common than that in ESCC. The regu-
latory network may help us to understand the 
regulatory mechanisms of AS events in ESCA 
and its histological subtypes. However, whether 
the high expression of AS factors influenced 
the survival of ESCA patients by down-regulat-
ing AS events still requires functional experi-
ments be performed. Some genomic evidence 
of the effects of AS factors in cancer has 
included mutation, gene amplifications, and 
copy number variation [53]. So, as a result, we 
decided to investigate the mutation and copy 
number variation of the eight sets of gene sym-
bols in ESCA prognostic signatures. Interes- 
tingly, we discovered that most of the genes 
undergo mutations including amplifications 
and deep deletion. In addition, copy number 
losses or amplifications were also common in 
the gene symbols. These abnormalities might 
be the molecular basis of how splicing affects 
survival. 

Several limitations need to be addressed in the 
current study. The results here were based on 
165 ESCA patients (83 EAC and 82 ESCC), 
which is a limited sample size. Another inde-
pendent cohort would greatly strengthen the 
findings, which we hope to achieve in future 
research. Moreover, the data in the current 
study was based on an online database and 
thus remains at a bioinformatics level. It is nec-
essary to adopt experimental methods to verify 
the findings. Furthermore, we only investigated 
the regulatory relationship between AS events 
and classic splicing factors in the current study. 
However, other RNA-binding proteins could also 
regulate AS events, which still requires further 
investigation in the future.

In general, we provided an overview of survival-
associated AS events and built valuable prog-
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nostic models for predicting the outcomes of 
ESCA, EAC, and ESCC patients. A number of 
promising therapeutic targets in ESCA patients, 
which have great potential and need to be vali-
dated in the future, were provided. Importantly, 
after combining the clinicopathological param-
eters and splicing signatures, we constructed 
more effective prognostic models in predicting 
the survival of ESCA patients. Moreover, a regu-
latory network of AS factors and events was 
constructed, which hopefully will illuminate the 
regulatory mechanisms of AS in the initiation 
and progression of ESCA and its histological 
subtypes. Additionally, the findings in the muta-
tion and copy number variation of prognostic 
signatures also provided more molecular per-
spectives in the mechanisms of splicing as 
related to survival. In sum, the findings in the 
current study may provide a basis for spliceo-
somes in ESCA and its subtypes, and the meth-
ods used in this study could provide novel per-
spectives in other fields of tumor study to help 
shed light on future oncology research. 
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Figure S1. Gene networks for gene symbols of the most significant AS events in EAC and ESCC. The networks were constructed using the Reactome FI plugin of 
Cytoscape 3.60. Each node represents a gene symbol and the edges among nodes indicate their interactions. A. Gene network of EAC. B. Gene network of ESCC.
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Figure S2. Construction of risk score for EAC patients using prognostic signatures in multivariate Cox regression analysis. EAC patients were divided into low-risk 
and high-risk cohorts using the median risk score value as a cut-off. The top part displays and sorts the patients’ survival data based on risk score, the middle part 
shows the risk score’s distribution curve, and the bottom part presents the heat map of the PSIs value of each prognostic signature. A-H. Risk scores were built with 
survival-associated splicing events for each type of splicing and seven combined splicing in EAC.
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Figure S3. Construction of risk score for ESCC patients using prognostic signatures in multivariate Cox regression analysis. ESCC patients were divided into low-risk 
and high-risk cohorts using the median risk score value as a cut-off. The top part displays and sorts the patients’ survival data based on risk score, the middle part 
shows the risk score’s distribution curve, and the bottom part presents the heat map of the PSIs value of each prognostic signature. A-H. Risk scores were built with 
survival-associated splicing events for each type of splicing and seven combined splicing in ESCC.
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Figure S4. Prognostic models of AS events for EAC and ESCC patients. The top part of each drawing displays the survival curve of ESCA patients. Blue curves repre-
sent the low-risk group, while red curves represent the high-risk group. The middle part displays the number of high/low-risk patients at a certain time point, while 
the bottom part displays the relationship between the number of censoring and time. A-P. survival curves of prognostic signatures were built with a single type of AS 
event and seven combined events in EAC and ESCC.
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Figure S5. ROC curves for comparing prognostic models of AS events in EAC and ESCC. The horizontal axis repre-
sents false positive rate, while the vertical axis represents true positive rate. A-P. ROC curves of prognostic signa-
tures were built with a single type of AS event and seven combined events in EAC and ESCC.
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Figure S6. The survival curve and ROC curve of the prognostic models of clinicopathological parameters in ESCA. A. 
The top part of the drawing displays the survival curve of ESCA patients. Blue curves represent the low-risk group, 
while red curves represent the high-risk group. The middle part displays the number of high/low-risk patients at a 
certain time point, while the bottom part displays the relationship between the number of censoring and time. B. 
The horizontal axis represents false positive rate, while the vertical axis represents true positive rate. 
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Figure S7. Combined prognostic models of AS events and clinical parameters for ESCA patients. The top part of each drawing displays the survival curve of ESCA 
patients. Blue curves represent the low-risk group, while red curves represent the high-risk group. The middle part displays the number of high/low-risk patients at a 
certain time point, while the bottom part displays the relationship between the number of censoring and time. A-H. Kaplan-Meier curves of prognostic models were 
built with clinical parameters and each type of AS events in ESCA.
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Figure S8. Linear correlation plots between survival-associated splicing factors and AS events. The horizontal axis 
represents the expression of splicing factor, while the vertical axis represents the percent spliced in value of AS 
event. A-D. Most significant linear correlation plots in ESCA. E-H. Most significant linear correlation plots in EAC. I-L. 
Most significant linear correlation plots in ESCC.
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Figure S10. Analysis of copy number variation of each set of gene symbols in the prognostic signatures in ESCA. 
A-H. Heat map displaying the segment mean value of copy number for splicing AA, AD, AP, AT, ES, ME, RI, and seven 
combined events.

Figure S9. Genomic alteration of each set of gene symbols in the prognostic signatures in ESCA. The top part 
displays the mutation rate and types, and the bottom part presents the heat map showing the expression of each 
gene symbol. A-H. Mutation plots and heat map for splicing AA, AD, AP, AT, ES, ME, RI and seven combined events.


