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Background: Increasing evidence suggests that the alternative splicing (AS) signature plays a role in the carcinogenesis and
prognosis of various cancers. However, the prognostic role of AS in gastric cancer is not clear and needs to be
clarified.

Material/Methods: To identify the differentially expressed AS (DEAS) events, we performed a differential expression analysis be-
tween normal and tumor tissue. The DEAS event was further applied to construct a prognostic signature by per-
forming univariate Cox regression analysis and least absolute shrinkage and selection operator (LASSO) anal-
ysis. The Kaplan-Meier curve analysis and receiver operating characteristic curve (ROC) analysis were used to
evaluate the prognostic value of the AS signature. In addition, the network of the splicing events with splicing
factors was constructed using the Cytoscape software.

Results: A total of 30 005 alternative splicing (AS) events with 372 patients were retrieved from the SpliceSeq database
and TCGA database. By performing differential expression analysis, a total of 419 alternative splicing events
were screened out, including 56 upregulated and 363 downregulated. We further constructed an AS-related
prognostic signature by conducting a series bioinformatics analyses. Moreover, we identified that the AS sig-
nature could serve as an independent predictor for the prognosis of GC. We also found that AS signature had
a more robust and precise efficacy for prognostic prediction in GC patients. Interestingly, the areas under 3-
and 5-year survival curves are similar, both of which are greater than 1-year survival curve, suggesting that the
long-term predictive accuracy of our prognostic model built upon AS signature is superior.

Conclusions: We performed a comprehensive analysis of overall prognostic-associated AS events concerning GC and con-
structed a prognostic model to predict the long-term prognostic survival outcomes in GC patients. We also de-
veloped a network of splicing events with splicing factors to reveal new potential molecular diagnostic bio-
markers and therapeutic targets for GC patients.
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Background

Gastric cancer (GC) is an aggressive malignancy with the sec-
ond-highest mortality and an increasing incidence rate among
all malignancies worldwide [1]. Although gastric cancer has
become a high-incidence malignancy seen in clinical practice,
its pathogenic mechanism is not fully defined. The synergis-
tic effect of environmental factors and genetic factors is the
main cause of the tumorigenesis and development of gastric
cancer [2]. We found that the occurrence and development of
gastric cancer is often accompanied by abnormal changes in
the structure and expression level of a variety of tumor-relat-
ed genes, accompanied by the emergence of multiple abnor-
mal splicing variants [3,4]. Many studies have shown that the
splicing regulation of eukaryotic genes is as a key element in
the tumorigenesis and development of gastric cancer, and has
become the focus point of research into the pathogenesis of
gastric cancer [5,6].

Alternative splicing (AS) is a bioprocess by which RNA exons
produced by transcription of major genes or mRNA precur-
sors are reconnected by RNA splicing in a variety of ways. In
the early 1980s, alternative splicing was found in the gene en-
coding process of calcitonin in mammals [7], as well as immu-
noglobulin [8]. Since then, more and more studies have con-
firmed that alternative splicing exists widely in eukaryotes. In
mammals, alternative splicing is closely related to mRNA pro-
cessing, which is one of the reasons for the increasing com-
plexity of mRNA and diversity of proteins [9]. The latest mMRNA
sequencing technology and expression sequence tagging tech-
nology showed that alternative splicing exists in about 95%
of human genes [10,11], especially in genes involved in can-
cer-related cell migration, cell growth regulation, hormonal re-
sponse, cell death, and chemotherapy response. At present, the
mechanism underlying splicing defects in cancer is still unclear.
Some previous studies found that genetic and somatic muta-
tions in cis-acting elements, as well as variations in the com-
position, concentration, location, and activity of trans regula-
tory factors, all affect the recognition and function of splicing
sites, leading to cancelation [12-14]. The correlation between
alternative splicing and tumorigenesis, development, or me-
tastasis in various malignancies has been reported. Alternative
splicing is a promising biomarker for cancer screening, clinical
decision-making, and prognosis prediction [15,16].

Currently, the prognostic value of GC has been not fully stud-
ied and there is insufficient knowledge of the prognostic role
of AS in GC. Thus, in this study, we provide a systematic de-
scription of survival-associated AS events related to GC, and
also explore the potential mechanism by which splicing sig-
natures influence the biological process of GC. We also estab-
lished a robust predictive model on the basis of AS events from
The Cancer Genome Atlas (TCGA) database. GSEA analysis was
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performed to explore the potential mechanism in the AS sig-
nature in GC. This prediction model might assist oncologists
with clinical medication decision-making and prediction of
prognosis for gastric cancer patients.

Material and Methods

Data access and handling of AS events

RNA sequencing data (third level) (TCGA-STAD) were obtained
from the TCGA database website (https://bioinformatics.mdan-
derson.org/TCGASpliceSeq/), as well as the corresponding clin-
ical information including age, sex, grade, stage, T, N, and M.
To calculate the AS profile for each GC patient, SpliceSeq (Java
software) was used to quantify the inclusion level of splicing
events through calculating the percent spliced-in index (PSI)
value, and we explored the aberrant AS pattern of each exon
and splice sample in the GC dataset including 7 types (AA,
as alternate acceptor site; AT, as alternate terminator; ES, as
exon skip; AD, as alternate donor site; AP, as alternate pro-
moter; ME, as mutually exclusive exons; Rl, as retained in-
tron) [17-19]. Samples with an inclusion criterion of PSI val-
ue no less than 0.75 were applied to generate the dataset
of alternative splicing signatures. An analysis of Differential
Expressions of Genes was applied using limma R package with
stringent filters that the absolute value of log2FC greater than
1 and the false discovery rate (FDR) value less than 0.05 for
the accuracy of our AS events dataset [20]. In our study, 372
patients were included after combining the clinical informa-
tion (only retaining the information of tumor samples for the
subsequent survival analysis) and alternative splicing events.
The expression heatmap of differentially expressed alterna-
tive splicing events (EAS) was constructed to describe OS-SEs
in details. Volcano plots of the distribution of EAS in the GC
dataset were applied to illustrate the upregulated and down-
regulated alternative splicing events.

Establishment of GC prognostic model based on ASEs

Univariate Cox regression analysis was applied to identify prog-
nosis-related alternative splicing events and evaluate the prog-
nostic value of each filtered alternative splicing event along
with clinical data using a threshold of a P value <0.05 [21]. To
further avoid result overfitting, we then selected the statistical-
ly significant overall survival-related splicing events to perform
a LASSO regression analysis, 10 of which were evaluated with
the B value, which means the regression coefficient for specif-
ic paired overall survival was related to splicing events in our
study cohort. Using the correlation coefficient obtained from
LASSO regression analysis, we further constructed the progno-
sis model. Risk scores were evaluated built upon the following
formula with the  value from the LASSO regression analysis:
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Figure 1. The flowchart to illustrate the workflow and the novel findings of this study.

Risk score=RTN1|27757|AP* 1.058894321+ ITGB4|43489|ES*
0.552730806+ ITGA7|22216|ES* (~0.485783195)+
ZNF791|47813|ES* (-0.683691267)+ FAM73B|87819|AA*
3.868851615+ APOLD1|20514|AP* (-0.101437406)+
ASCC1|12080[ES* (~2.004779289)+ NDUFA3|51780|RI*
(-1.788894833)+ NUDT16L1|33790|RI* (~3.995449009)+
SCOC|70649|ES* (~0.616475011)

In accordance with the formula above, OS-SEs data were sep-
arated into 2 subgroups: a high-risk subgroup and a low-risk
subgroup. In addition, the area under the time-dependent re-
ceiver operating characteristic (ROC) curve was used to mea-
sure the predictive power of the model [22]. In addition, we
also evaluate the independence of the signature and clinico-
pathological characteristics, including age, sex, TNM stage,
pathologic type, and clinical stage by performing univariate
and multivariate Cox regression analyses [23].

Construction of a splicing regulatory network

Splicing factors (SFs) could combine with pre-mRNAs and af-
fect the process of alternative splicing of exons, especially for
the determination of splicing site, which suggested the over-
all survival-related splicing events were underlyingly regulat-
ed with certain splicing factors [24,25]. First of all, over 100
splicing factors that corresponded with gene expression data
were retrieved in the TCGA database [26]. Spearman corre-
lation analysis was applied with the following threshold val-
ue: the correlation coefficient >0.3 and the Pvalue <0.05. The
splicing regulatory network was constructed using Cytoscape
software [27].

Gene set enrichment analysis

To explore the potential pathways involved in the tumorigene-
sis and progression of malignancies in GC, we performed gene
set enrichment analysis (GSEA) for the A signature between
the high-risk group and low-risk group. The “C2: Canonical
pathways” gene database access from MSigDB (the Molecular
Signatures Database) served as the reference gene set [28].
The essential pathway with the filter of P less than 0.05 and
FDR less than 0.25 after accomplishing 1000 permutations
were significantly enriched.

Results

Overview of ASEs and 0S-SEs in GC

The process in Figure 1 illustrates the workflow and the novel
findings of this study. The ASEs and clinical information of GC
were retrieved from the SpliceSeq database and TCGA data-
base, respectively. To improve the accuracy of the results, we
filtered out the alternative splicing events with the cut per-
centage (PSI) value less than 0.75 in the gene, and finally got
30 005 splicing events in total (Figure 2A). The Upset plot de-
scribed alternative splicing events in different patterns, includ-
ing alternate acceptor site (AA), alternate terminator (AT), alter-
nate promoter (AP), alternate donor site (AD), retained intron
(RI), exon skip (ES), and mutually exclusive exons (ME). We de-
tected 30 005 ASEs within 10 559 genes, including 3441 AA
events in 2615 genes, 3826 AP events in 3826 genes, 2776 AD
events in 2211 genes, 3626 AT events in 3626 genes, 13 489
ES events in 6805 genes, 67 ME events in 67 genes, and 2780
Rl events in 1952 genes. It is noteworthy that each gene might
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Figure 2. The landscape of aberrant alternative splicing events in GC cohort. (A) Upset plot of ASEs for the 7 different patterns,
including AA as alternate acceptor site, AT as alternate terminator, ES as exon skip, AD as alternate donor site, AP as
alternate promoter, ME as mutually exclusive exons, and Rl as retained intron in the GC. (B) The expression heatmap of
differentially expressed alternative splicing events (DEAS). (C) Volcano plots of the distribution of DEAS in the GC dataset.
Red dots represent upregulated alternative splicing events whereas green dots represent downregulated ones.
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possibly undergo more than 4 splicing patterns. Among the 7
different types of splicing patterns, ES event was the overrid-
ing type because it occupied nearly 45.0% of ASEs, and may
have the greatest potential in transcriptome diversity and al-
tering protein species in GC.

Identification of overall survival-associated events
(OS-SEs)

For these alternative splicing events, an analysis of differen-
tial expressions of genes was applied using the limma R pack-
age with stringent filters: the absolute value of logFC greater
than 1 and the false discovery rate (FDR) value <0.05. As a re-
sult, 419 alternative splicing events were filtered out, includ-
ing 56 upregulated alternative splicing events and 363 down-
regulated ones. The differentially expressed alternative splicing
events (DEAS) are shown using a heatmap and are indicated
as being upregulated or downregulated. DEAS is exhibited
as a volcano plot in the GC dataset (Figure 2B, 2C). Then, we
performed the survival analysis of these alternative splicing
events to identify the potential ASEs associated with the sur-
vival of GC. Firstly, we downloaded the corresponding clinical
information related to gastric cancer from TCGA database. By
combining the clinical information (only retaining tumor sam-
ples for subsequent survival analysis) and alternative splicing
events, we finally got a dataset containing 372 patients’ alter-
native splicing events, survival time, and survival state. A uni-
variate Cox regression analysis was applied for identification
of 0S-AS events and evaluation of the predicting value for all
the included alternative splicing event along with clinical data
using a threshold of P value <0.05. We enrolled 17 statistically
significant overall survival-associated AS events (OS-SEs) and
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display them in forest plots (Figure 3), 8 of which had an ad-
verse influence on the survival probability for GC patients, in-
cluding TMEM151B, TBC1D1, RTN1, ITGB4, FAM73B, CLSTN1,
CAMKK?2, and CAMK2G, whereas the other 9 were negatively
associated with the prognosis of gastric cancer.

Development and evaluation of the prognostic model
based on AS

To avoid overfitting, we further applied the LASSO regression
analysis for these 17 alternative splicing events. Statistically
significant alternative splicing events were evaluated with B
value, which indicates the regression coefficient for specific
paired overall survival-related splicing events in the study co-
hort (Figure 4A, 4B). To further calculate the risk score for each
GC patient, we developed an AS-related risk formula accord-
ing to their regression coefficient:

Risk score=RTN1|27757|AP* 1.058894321+ ITGB4|43489|ES*
0.552730806+ ITGA7|22216|ES* (~0.485783195)+
ZNF791|47813|ES* (-0.683691267)+ FAM73B|87819|AA*
3.868851615+ APOLD1|20514|AP* (-0.101437406)+
ASCC1|12080|ES* (~2.004779289)+ NDUFA3|51780|RI*
(-1.788894833)+ NUDT16L1|33790|RI* (~3.995449009)+
SCOC|70649|ES* (~0.616475011)

According to the risk formula, the C-index was calculated, and
reached 0.649066.

In accordance with the formula mentioned above, OS-SEs data

were separated into a high-risk group and a low-risk group
based on the median risk score. In addition, the area under
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Figure 4. Identification of prognostic model based on the AS events in GC. (A) Evaluation of OS-SEs with the coefficients calculated
in the LASSO regression. (B) Plots of the cross-validation error rates. The dashes signify the value of the minimal error and
greater A value. (C) Survival curve of prognostic model in patients with GC for 2 groups (high-risk group vs. low-risk group)
based on median-cut of risk score calculated by evaluation of OS-SEs with the coefficients calculated in LASSO regression.

time-dependent receiver operating characteristic (ROC) curve
was applied to measure the predictive power of the mod-
el mentioned above. The survival analysis showed that there
was a significant difference between the high-risk group and
low-risk group (Figure 4C). The mortality rate in the high-risk
group were obviously higher than in the low-risk subgroups
(Figures 5A, 5B). The heatmap illustrates the expression data of
survival-related alternative splicing events analyzed by LASSO
regression (Figure 5C).

Furthermore, ROC curves estimated from 1-year, 3-year, and
5-year survival were applied to evaluate the accuracy of the
0S-AS model. By analyzing the AUC values of 1 year, 3 years,
and 5 years, we found that the accuracy of the model was rel-
atively high for AUCs keeping above 0.65 over time, and our
prognosis model was the best in 5-year ROC evaluation, as
clearly shown in Figure 6A. Meanwhile, the AUC area of risk

scores was significantly higher than that of other clinicopath-
ological characteristics (Figure 6B). In addition, to illustrate the
independent predicting value of our model, we associated the
model with available clinicopathological characteristics includ-
ing age, sex, grade, and TNM stage, and found that our mod-
el could be used as an independent predictor with univariate
(Figure 6C) and multivariate (Figure 6D) Cox regression analy-
sis. These results suggest that our model based on alternative
splicing events can precisely identify the prognosis of patients
with GG, irrespective of other clinicopathological characteris-
tics. Moreover, as presented in Figure 7, the overall prognos-
tic alternative splicing events showed a more prominent and
precise prognostic efficacy than any other certain alternative
splicing pattern because the AUCs stayed above 0.7, which fur-
ther proved the reliability of our prognosis model.
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Figure 5. mRNA signature risk score distribution, heatmap of the mRNA expression profiles. Rows represent mRNAs, and columns
represent patients. (A) The risk score curve, red dots show high-risk samples and while green dots show low-risk samples.
(B) Distribution of patients’ survival status and overall survival (OS) times classified with risk scores, red dots indicate dead
while green dots indicate alive. (C) Heatmap displays splicing pattern of the mRNA signatures. Color transition from green to
red indicates the increasing PSI score of corresponding genes expression from low to high.
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Figure 6. Evaluation of the prognostic and clinical factors in GC. (A) Receiver operating characteristic (ROC) analysis of the sensitivity
and specificity of the survival time by the risk model in 1 year, 3 years, and 5 years. The black line evaluates whether the
difference of 2 estimated AUCs at each timepoint is statistically significant. (B) Receiver operating characteristic (ROC)
analysis of the sensitivity and specificity of the risk model and clinical traits, including age, sex, grade, and TNM stage. The
univariate (€) and multivariate (D) Cox regression analysis for the risk model score and clinical traits, including age, sex,

grade, and TNM stage.

Figure 7. Receiver operating characteristic (ROC) analysis of
1.0 the sensitivity and specificity of the risk model and
prognostic DEAS expression.
0.8 Establishment of splicing regulatory network
Splicing factors (SFs) can regulate alternative splicing events
z 067 through binding to pre-mRNAs and influence exon selection and
% splicing site determination. Therefore, we constructed a net-
g work of prognostic alternative splicing events associated with
= 041 < mf':?;;gé::m) splicing factors. Firstly, we extracted over 100 splicing factors
IT6B4 (AUC=0.630) corresponding with gene expression data in the TCGA database,
— ITGAT (AUC=0361) . . S
—— INF791 (AUC=0395) and then combined them with the prognostic splicing events.
0.2 ::’;“gi;‘f((;‘ﬂg:gﬁg; After correlation analysis, we screened 179 significant pairs
— ASCCT (AUC=0.346) with the threshold value of the correlation coefficient greater
< - xﬂgi’?;ﬁ‘t':&gzﬂz) than 0.3 and the P value less than 0.05. The splicing regulatory
0.0 — SC0C (AUC=0.492) network was constructed with Cytoscape software (Figure 8).
00 02 04 06 08 10 All 10 splicing events mentioned above were entered into sur-
False positive rate vival analysis. Five of these 10 SFs had positive effects on the
prognosis of patients with GC, including NUDT16L1, APOLD1,

Indexed in:

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€925772-8




Cheng X. et al.:
Alternative splicing in gastric cancer
© Med Sci Monit, 2020; 26: €925772

DATABASE ANALYSIS

Figure 8. Correlation network between expression of survival AS factors and PSI values of AS genes generated using Cytoscape.

SCOC, ITGA7, and ASCC1, while the other 5 were correspond-
ed with poor prognosis (Figure 9). Interestingly, the survival
probability of ITGA7 >0.15 suddenly dropped to zero due to
the missing follow-up data.

Gene set enrichment analysis

To elucidate the underlying mechanism for related pathways,
all significant genes included in our study cohort were entered
into gene set enrichment analysis for the prognostic alterna-
tive splicing event with gene data access from “C2: Canonical
pathways” in the MSigDB database. Results demonstrated

” o«

that possible mechanisms include “autophagy”, “cellular re-
sponse to DNA damage stimulus”, “DNA repair”, “regulation
of cell morphogenesis”, and “response to hypoxia” were en-

riched in the AS prognostic signature (Figure 10).

This work is licensed under Creative Common Attribution-
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Discussion

In 1978, Gilbert [29] discovered and proposed the phenome-
non of alternative splicing in a study of the adenovirus exon
gene. Cancer is a complex disease related to many gene muta-
tions and epigenetic variations. In the process of transforming
normal cells into tumor cells, the defining features of tumor
cells, such as unlimited replication and continuous prolifera-
tion ability, the ability of invasion and metastasis, and escap-
ing from immune attack, are closely related to abnormal al-
ternative splicing [30].

Alternative splicing serves as a key factor in the bioprocess
of gastric cancer. For example, researchers have found ING4
to be downregulated in GC, gliomas, breast tumors, and head
and neck squamous cell carcinomas [32]. Abnormal splicing of
ING4 can further gene expression in gastric adenocarcinoma
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Figure 9. Survival analysis of the prognostic AS event associated with GC.
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Database.

and plays a role in regulation of cell growth and motility [31,32].
Meanwhile, some studies have shown that alternative splicing
could serve as diagnostic and prognostic biomarkers [33,34].
Genomic analysis showed the upregulation of spliced-KAI1 de-
rived from the alternative splicing of exon 7 in metastatic tis-
sues of gastric cancer patients. Further molecular experiments
showed that there were functional differences between the
wild-type KAI1 and the spliced-KAI1 in cell motility, tumorigen-
esis, and development. The spliced-KAI1 might be a diagnostic
marker for patients with poor prognosis [35,36]. In addition,
alternative splicing is also related to the escape mechanism
of immune surveillance of tumor cells [37].

Because of the development of the high-throughput sequencing
technology, the potential significance of AS profiling has been
proved with more and more solid evidence in gastric cancer.
For example, activation of ITGA7, which is a stem cell marker
in esophageal squamous cell carcinoma [38], has been proved
to promote colorectal cancer metastasis [39]. In our study, pa-
tients with the upregulation of ITGA7 had higher risk of poor
prognosis and shorter survival time.

The development of GC is regulated by complicated factors.
Our study provides an overall picture of AS signatures in GC,
while previous studies only provided a glimpse of AS in GC.
To the best of our knowledge, the present study is the first
to provide a comprehensive understanding and identification
for OS-AS events in gastric cancer. The overall expression of
alternative splicing event presented a low expression level in
tissue. Some splicing events showed tissue-specific expres-
sion and a high expression level (Figure 3). As a result, 30
005 alternative splicing events were retrieved and 419 alter-
native splicing events were filtered out, including 56 upregu-
lated and 363 downregulated, using the limma R package in
GC. We also compared the AS signatures with available clini-
copathological characteristics, including age, sex, grade, and
TNM stage, and found that AS signatures, as independent
predictors, had a clear and statistically significant predicative
performance for AUCs maintaining >0.7. To generate a more
precise and efficient prognostic model for gastric cancer, we
integrated multiple clinicopathological characteristics as well
as different biomarkers instead of using intuitive clinical indi-
cators alone. Therefore, we compared overall AS signatures to
any other certain pattern of AS and found that overall AS sig-
natures achieved the most apparent and precise performance
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to predict the outcomes in GC patients in both the high- and
low-risk groups. Interestingly, the areas under 3- and 5-year
survival curves were similar, and both were greater than the
1-year survival curve, suggesting that using our prognostic
model built upon the AS signature to predict future prognos-
tic outcomes much better.

The gene set enrichment analysis also displayed some under-
lying mechanisms, such as cellular response to DNA damage
stimulus, DNA repair, regulation of cell morphogenesis, and
response to hypoxia, supporting the predictive utility of our
prognostic model. Although much progress had been made in
defining prognostic factors in GC in the last decade, the ac-
tual gene regulation and gene markers of gastric cancer re-
main unclear. THE present study may provide a new perspec-
tive in on regulating genes in the progression of gastric cancer.

With the development of technology, it has been recognized
that alternative splicing serves a key role in the tumorigenesis
of GC. Exploring the pattern of alternative splicing in the oc-
currence of gastric cancer is expected to provide an important
biomarker for the occurrence and diagnosis of gastric cancer.
Although we are still in the first stage of understanding all gas-
tric cancer-related alternative splicing, growing progress in this
area promotes the study of gastric cancer and other cancers.
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Although greats effort has been made to explore the prog-
nostic value of GC, several limitations of our study need to be
considered. Firstly, we lacked an external dataset to further
validate our result; therefore, further studies are needed to
validate our conclusions. Secondly, the mechanisms of action
of AS in GC need in vivo and in vitro experiments for validation.

Conclusions

We performed a comprehensive analysis of overall prognostic-
associated AS events in GC and constructed a prognostic mod-
el to convincingly predict the long-term survival outcomes in
GC patients, irrespective of other clinicopathological charac-
teristics. We also developed a network of splicing events with
splicing factors to reveal new potential molecular diagnostic
biomarkers and therapeutic targets for GC patients.
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