1' frontiers
in Oncology

ORIGINAL RESEARCH
published: 18 June 2019
doi: 10.3389/fonc.2019.00511

OPEN ACCESS

Edited by:
Yoichiro Okubo,
Kanagawa Cancer Center, Japan

Reviewed by:

Savio George Barreto,

Medanta the Medicity, India

Yoshimi Okubo,

Okubo Internal Surgery (Endoscope)
Clinic, Japan

*Correspondence:

Tao Peng
pengtaogmu@163.com
orcid.org/0000-0001-6133-7078

Specialty section:

This article was submitted to
Gastrointestinal Cancers,

a section of the journal
Frontiers in Oncology

Received: 18 March 2019
Accepted: 28 May 2019
Published: 18 June 2019

Citation:

Yang C, Wu Q, Huang K, Wang X,

Yu T, Liao X, Huang J, Zhu G, Gong Y,
Han C, Su H, Qin W and Peng T
(2019) Genome-Wide Profiling
Reveals the Landscape of Prognostic
Alternative Splicing Signatures in
Pancreatic Ductal Adenocarcinoma.
Front. Oncol. 9:511.

doi: 10.3389/fonc.2019.00511

Check for
updates

Genome-Wide Profiling Reveals the
Landscape of Prognostic Alternative
Splicing Signatures in Pancreatic
Ductal Adenocarcinoma

Chengkun Yang', Qiongyuan Wu?, Ketuan Huang', Xiangkun Wang', Tingdong Yu',
Xiwen Liao', Jianlu Huang', Guangzhi Zhu', Yizhen Gong?, Chuangye Han', Hao Su’,
Wei Qin" and Tao Peng ™

" Department of Hepatobiliary Surgery, the First Affiliated Hospital of Guangxi Medical University, Nanning, China,
2 Department of Tuina, the First Affiliated Hospital of Guangxi University of Chinese Medicine, Nanning, China, ° Department
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Pancreatic ductal adenocarcinoma (PDAC) is an aggressive lethal malignancy.
Identification of potential alternative splicing (AS) prognostic indicators and related
splicing pathways for the prediction of PDAC outcomes is lacking but urgently
needed. A combined strategy of prognostic assessment and computational biology
was performed to investigate survival-related AS signatures and their correlation with
splicing factors. The prognostic signatures of each type were conducted according
to the top 10 prognosis-related AS events, which were filtered through univariate
Cox regression analysis. A time-dependent receiver operating characteristic curve was
constructed to access the predictive accuracy of prognostic signatures. The independent
predictors were identified using multivariate Cox regression analysis. Potential regulation
mechanisms between splicing factors and splicing events were investigated through
regulatory networks and correlation analyses. A total of 915 overall survival (OS) and
480 recurrence-free survival (RFS)-related AS events were identified in 120 patients
with PDAC. The independent prognostic signatures for each type displayed favorable
accuracy for the prediction of OS and short-term RFS [area under the curves were
>0.6] except for the Exclusive Exons type. The splicing regulatory networks showed
potential interactions between splicing factors and AS parent genes. Moreover, a positive
relationship was detected among each splicing factor and Percent Spliced In values of
prognostic signatures. Our results provide a view of the landscape of prognosis-related
AS events and reveal the potential correlation between splicing factors and prognostic
signatures, which may represent novel outcome-predictor markers and opportunities for
targeted therapy for PDAC.
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Prognostic AS Signatures in PDAC

FIGURE 5 | Distribution of risk stratification and time-dependent receiver operating characteristic (ROC) curves of OS-related predictors in patients with pancreatic
ductal adenocarcinoma. Dot plots for patients with different risk and ROC curves for different survival times. (A) Alternate Acceptor site (AA); (B) Alternate Donor site
(AD); (C) Alternate Promoter (AP); (D) Alternate Terminator (AT); (E) Exon Skip (ES); (F) Mutually Exclusive Exons (ME); (G) Retained Intron (RI); and (H) All types of AS.

in Table S2. Kaplan-Meier survival analysis was conducted to
assess the relationship between the signatures and prognosis.
The results suggest that seven AS prognostic signatures
(AA, AD, AP, AT, ES, RI, and all AS) were significantly
associated with the OS of patients with PDAC (all p < 0.005,
Figures 4A-E,G,H). However, there was no statistical difference
between two groups of the ME prognostic signature (p =
0.073, Figure 4F). The survival status distribution of the high
and low risk groups of prognostic signatures are displayed in

Figure 5. Most AUCs of the time-dependent ROC for the eight
prognostic signatures were more than 0.6 in value (Figure 5).
In order to identify the independent prognostic indicator,
multivariate Cox regression analysis was performed on different
prognostic signatures adjusted with age, gender, tumor stage,
residual tumor status, targeted molecular therapy, and radiation
therapy. The association of clinical pathological features and
clinical outcomes is shown in Table §3. After adjustment, eight
prognostic signatures were able to serve as independent risk
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TABLE 1 | Survival analysis of prognostic predictors in pancreatic ductal adenocarcinoma.

AS events E/N MST E/N MST UniCox HR Log-Rank P MultiCox HR (95% Adjusted P
(Low) (Low) (High) (High) (95% Cl,Hvs. L) Cl,Hvs. L)
0os
AA 25/60 702 39/60 518 2.15 (1.30-3.56) 0.002 2.03(1.15-3.59) 0.015
AD 25/60 738 39/60 486 2.30(1.38-3.81) 0.001 3.46 (1.81-6.62) < 0.001
AP 24/60 702 40/60 481 2.35(1.41-3.91) 0.001 2.30 (1.23-4.31) 0.010
AT 24/60 738 40/60 486 2.53(1.51-4.23) < 0.001 2.68 (1.48-4.85) 0.001
ES 22/60 1502 42/60 486 2.71(1.61-4.58) < 0.001 3.39 (1.86-6.16) < 0.001
ME 27/60 666 37/60 498 1.58 (0.95-2.63) 0.073 1.86 (1.06-3.26) 0.031
RI 26/60 702 38/60 486 2.06 (1.24-3.40) 0.004 2.04 (1.12-3.72) 0.019
All AS 25/60 702 39/60 476 2.44 (1.46-4.08) < 0.001 2.80 (1.38-5.69) 0.004
RFS
AA 15/60 1210 35/60 390 3.76 (2.03-6.95) < 0.001 5.22 (2.42-11.26) < 0.001
AD 12/60 1600 38/60 439 4.28 (2.18-8.40) < 0.001 3.41 (1.69-6.89) 0.001
AP 18/59 831 32/61 513 1.99 (1.11-3.55) 0.024 2.29 (1.21-4.36) 0.011
AT 18/59 1309 32/61 486 2.58 (1.43-4.66) 0.002 2.74 (1.38-5.42) 0.004
ES 16/60 872 34/60 439 2.60 (1.43-4.73) 0.001 2.36 (1.22-4.59) 0.011
ME 23/59 593 27/61 542 1.34 (0.77-2.35) 0.419 1.87 (0.97-3.58) 0.060
RI 18/60 872 32/60 443 2.30 (1.28-4.11) 0.004 3.00 (1.55-5.81) 0.001
All AS 13/60 1210 37/60 375 4.93 (2.60-9.36) < 0.001 11.20 (4.38-28.62) < 0.001

Multivariate Cox proportional hazards regression model was adjusted by age, gender, tumor stage, residual tumor status, targeted molecular therapy, and radiation therapy.

predictors for the OS of patients with PDAC (all adjusted
p < 0.05, Table 1).

Similarly, two groups of seven AS prognostic signatures (AA,
AD, AP, AT, ES, RI, and all AS) had statistical differences
with regard to the RFS of patients with PDAC (all p < 0.05,
Figures 6A-E,G-H), except for the ME prognostic signature (p
= 0.419, Figure 6F). Multivariate Cox regression analysis also
suggested seven AS prognostic signatures (AA, AD, AP, AT,
ES, RI, and all AS) act as independent prognostic indicators
for RES of PDAC patients (all adjusted P < 0.05, Table 1).
The survival status distribution of high and low risk groups
for prognostic signatures are displayed in Figure 7. Most AUCs
of the ROC curves for eight prognostic signatures contain
a value higher than 0.7 for the short term RFS, implying
a favorable predictive accuracy for patients with PDAC after
pancreatectomy (Figure 7).

Pathway Network Construction and
Functional Enrichment Analysis Between

Splicing Factors and as Parent Genes

To investigate the potential relationship between splicing factors
and AS parent genes, we carried out an enrichment analysis
using BINGO and ClueGO tools. Hierarchical connections
and interactions between splicing factors and AS parent genes
indicate their roles in multiple biological regulatory activities
(Figure 8A; Table S$4). Utilizing the pathway enrichment
analysis, we detected that splicing factors and AS parent genes
play a critical role in mRNA splicing, mRNA *-end processing
and gene regulation (Figure 8B; Table S4).

Correlation Analysis Between Splicing
Factor Gene Expression Levels and the Psi

of Prognostic Signatures

Correlation analysis was performed to explore the candidate
regulation network. The result implies that most splicing factor
genes are significantly associated with each other (r > 0.8, p <
0.01, Figure 9; Table S5). In addition, the expression levels of
splicing factor genes are weakly positively associated with the PSI
of prognostic signatures (Figure 9; Table S5).

DISCUSSIONS

In this study, we detected prognosis-related signatures and
investigated the association between splicing factors and the PSI
of signatures. In humans, different combinations of AS events
provide perhaps the largest potential process for expanding
transcriptome and proteome diversity. The functions altered
by AS are varied and include biomass generation, induction
of angiogenesis, loss of genomic stability and deterioration of
the immune system (35). Recent evidence indicates that some
of these can be used as prognostic or diagnostic biomarkers,
and the development of strategies to correct and/or inhibit
pathological splicing events will be key steps in developing future
therapeutic approaches (36). Thus, the application of prognosis-
related AS events as potential targets for cancer therapy need to
be urgently investigated.

Our results of the overview of AS events in patients with
PDAC demonstrate that nearly half of all genes have two or more
AS events emerged, indicating that numerous splicing events may
produce disease-specific protein isoforms and the mis-assembly
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splicing-altering genetic variants. In some diseases, aberrant
AS events play a vital role in somatic spliceosome mutations,
tumorigenesis and tumor metastasis (37-39). Compared with
their normal tissue counterparts, distinct patterns of cancer-
specific AS events have been reported for multiple tumors
(40). It has been recently reported that altered AS events of
angiogenesis and the NOTCH pathway play an important role
in the pathogenesis of PDAC, which can serve as an indicators

for diagnosis (41). Wang et al. reported that on average there
are two AS events in 1,354 significantly identified protein-
coding genes, with ES and AP types being the most frequently
utilized, and are a group of alternatively spliced genes that encode
surface and circulating proteins as novel candidates of potential
diagnostic and therapeutic targets of PDAC (42). Due to the
limited sample size and lack of clinical data, the researchers
did not further explore the relationship between differential
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FIGURE 7 | Distribution of risk stratification and time-dependent receiver operating characteristic (ROC) curve of RFS-related predictors in patients with pancreatic
ductal adenocarcinoma. Dot plots for patients with different risk and ROC curves for different survival times. (A) Alternate Acceptor site (AA); (B) Alternate Donor site
(AD); (C) Alternate Promoter (AP); (D) Alternate Terminator (AT); (E) Exon Skip (ES); (F) Mutually Exclusive Exons (ME); (G) Retained Intron (RI); and (H) All types of AS.
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AS and prognosis in patients with PDAC. However, our
results identified prognosis-related AS signatures as a powerful
complement that can be used to verify the link between AS events
and PDAC.

Studies have demonstrated that high-risk AS types are
associated with poor OS in multiple cancers, and predictive
models of each AS type performed reasonably well in
distinguishing between good and poor outcomes of patients
(21-23). Similarly, we filtered the OS-related AS events in
patients with PDAC, using univariate Cox regression analyses,
as well as RFS of patients. Our study identified 915 OS-related

and 480 RFS-related AS events and assessed their predictive
value in HCC prognosis using the top 10 AS events in each
type. Adjusted with prognosis-related clinical characteristics,
the results of multivariate Cox regression analyses suggest
that the OS and RFS-related signatures perform well as
independent indicators of PDAC. The time dependent ROC
curves present predictive models that harbor a noteworthy
ability in distinguishing between the outcome for patients,
including OS and short-term RES, which provides outcome
estimation and the opportunity to develop new therapies
for PDAC.
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In general, splicing factors are a crucial spliceosome catalyst ~ the most commonly used drug for chemotherapy in PDAC,
in regulating splicing reactions, a key mechanism of post-  achieves only minor benefits, as a result of the chemoresistance
transcriptional gene expression regulation. Defects in AS are  that stems from the development of chemotherapy escape
most frequently identified in human tumors and result either =~ pathways (48). Gemcitabine induces the expression of the
from mutations in splicing regulatory factors of cancer-specific ~ oncogenic splicing factor, which promotes the occurrence of
genes or from confusions in the AS regulatory machinery  AS events in upstream regulatory pathways, provoking a long-
(43). Cancer-specific AS events are intimately linked with  lasting feedback response to therapeutic treatments, and confers
tumorigenesis through the regulation of genes affecting tumor  increased drug resistance in PDAC cell lines (49). Calabretta
proliferation, metastasis and drug resistance (44). In this regard, et al. reported that chronic gemcitabine treatment led to
changes in the expression of some splicing factors have been  the isolation of drug-resistant PDAC cells that display higher
directly linked to the expression of oncogenic splice variants that  resistance to gemcitabine and cisplatin, due to confusions in
confer various advantages to cancer cells (45-47). Our results  splicing factor expression and the dysregulation of AS events,
of clinicopathological characteristics identified that the use of facilitating the restoration of sensitivity of PDAC cells to drug
target molecule therapy rapidly decreases the risk of negative  treatment (50). Therefore, identification of molecular pathways
clinical outcomes in patients with PDAC. Gemcitabine, currently  in splicing factors and AS events are proposed as new potential
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therapeutic targets that may improve the response of PDAC
to chemotherapy.

In order to investigate the association between splicing factors
and prognosis-related AS events, we carried out gene ontology
and pathway enrichment analysis using the tools BiNGO
and ClueGO. The angiogenesis and proliferation factor-related
pathways and splicing factors were identified in the enrichment
analysis, indicating that splicing factors influence oncogenic
processes by regulating the AS of many downstream target genes
during the relapse of tumors. In addition, a positive relationship
was found in the correlation analysis. Studies have reported that
splicing factors were associated with proliferation and invasion of
multiple tumors (51-54). The findings of this study shed light on
better understanding of the role of splicing factors in the splicing
machinery of PDAC and can be used to guide the targeting of
cancer-specific splicing isoforms as a cancer therapy.

However, there are several limitations in this study that
should be considered. Firstly, the total number of PDAC
patients included in our study was limited. Secondly, the
lack of independent cohorts of patients being used to verify
the prognostic models being proposed makes this study not
reproducible. Further studies are needed to clarify the role of
splicing factors in PDAC, while further functional experiments
and clinical trials are needed to identify pathways between
splicing factors and AS events.

In summary, our results highlight the prognostic value
of AS events and explore potential regulatory mechanisms
between splicing factors and prognostic signatures at the genome
level. The comprehensive portrait of transcription systematically
characterizes the prognostic value of AS, suggesting that the PSI
of AS events and its splicing signature are related. Splicing factors
represent novel outcome-predictor markers and the development
of opportunities for targeted therapies for PDAC.
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