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Background: Alternative splicing (AS) is a gene regulatory mechanism that drives protein
diversity. Dysregulation of AS is thought to play an essential role in cancer initiation and
development. This study aimed to construct a prognostic signature based on AS and
explore the role in the tumor immune microenvironment (TIME) in lung adenocarcinoma.

Methods: We analyzed transcriptome profiling and clinical lung adenocarcinoma data
from The Cancer Genome Atlas (TCGA) database and lists of AS-related and immune-
related signatures from the SpliceSeq. Prognosis-related AS events were analyzed by
univariate Cox regression analysis. Gene set enrichment analyses (GSEA) were performed
for functional annotation. Prognostic signatures were identified and validated using
univariate and multivariate Cox regression, LASSO regression, Kaplan–Meier survival
analyses, and proportional hazards model. The context of TIME in lung adenocarcinoma
was also analyzed. Gene and protein expression data of Cyclin-Dependent Kinase
Inhibitor 2A (CDKN2A) were obtained from ONCOMINE and Human Protein Atlas.
Splicing factor (SF) regulatory networks were visualized.

Results: A total of 19,054 survival-related AS events in lung adenocarcinoma were
screened in 1,323 genes. Exon skip (ES) and mutually exclusive exons (ME) exhibited the
most and fewest AS events, respectively. Based on AS subtypes, eight AS prognostic
signatures were constructed. Patients with high-risk scores were associated with poor
overall survival. A nomogram with good validity in prognostic prediction was generated.
AUCs of risk scores at 1, 2, and 3 years were 0.775, 0.736, and 0.759, respectively.
Furthermore, the prognostic signatures were significantly correlated with TIME diversity
and immune checkpoint inhibitor (ICI)-related genes. Low-risk patients had a higher
StromalScore, ImmuneScore, and ESTIMATEScore. AS-based risk score signature was
positively associated with CD8+ T cells. CDKN2A was also found to be a prognostic factor
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in lung adenocarcinoma. Finally, potential functions of SFs were determined by regulatory
networks.

Conclusion: Taken together, our findings show a clear association between AS and
immune cell infiltration events and patient outcome, which could provide a basis for the
identification of novel markers and therapeutic targets for lung adenocarcinoma. SF
networks provide information of regulatory mechanisms.
Keywords: lung cancer, lung adenocarcinoma, alternative splicing, prognosis, tumor immune
microenvironment, immunotherapy
INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide, with
non-small cell lung cancer (NSCLC) being the most prevalent type
(1). In recent years, targeted therapies and immunotherapies have
brought unprecedented clinical benefits to lung cancer patients.
Immune checkpoint inhibitors (ICIs) have emerged as a new
strategy for the treatment of lung cancer and in combination with
other anti-cancer therapies, such as chemotherapy and anti-
angiogenesis drugs; they have increased the effectiveness of
therapeutic regimens.

The pivotal role of the tumor microenvironment (TME) in
the tumorigenesis and progression of lung cancer has been well
established. The immune cells in the lung TME harbor both pro-
tumor and anti-tumor activities, which can help predict clinical
outcome. The positive effects of ICIs are easier to detect in
individual cancer patients, as intratumoral heterogeneity may
influence the anti-tumor immune response. Therefore, it is of
relevance to identify biomarkers that have prognostic value in
stratifying patients.

Alternative splicing (AS) of precursor mRNAs represents a
major mechanism in the maturation of mRNAs (2). AS enables
one gene to encode an array of proteins. AS contributes to
posttranscriptional gene regulation, which functions in
physiological and pathological processes, while dysregulated AS
events participate in tumor development and metastasis (3, 4).
The dysregulated expressed genes could serve as a prognostic
biomarker and therapeutic target. Splicing factors (SFs) bind to
gene-specific splice-regulatory sequence elements and comprise
a regulatory network (5, 6). Albeit aberrant, AS can transform
normal cells into malignant ones (6–8); still, its role on
tumorigenesis remains largely unknown. Thus, investigation
on dysregulated AS network may provide information on
prognostic biomarkers for cancer treatment (9–11). There have
been several studies investigating prognostic biomarkers based
on AS events (12–14); however, the relationship of AS prognostic
signatures with the tumor immune microenvironment (TIME)
is lacking.

In this study, the AS pattern of a TCGA-lung adenocarcinoma
(LUAD) cohort was delineated, and survival-associated AS events
were identified. Following, AS-based prognostic signatures were
constructed and validated. An AS-clinicopathologic nomogram
was generated to inform clinical decision-making. Moreover, the
relationship of prognostic signatures with TIME was explored,
2

while the role of CKDN2A in lung adenocarcinoma was further
investigated. Finally, an AS-SFs regulatory network was
constructed to demonstrate the potential mechanism of lung
adenocarcinoma progression.
METHODS AND MATERIALS

Multiomics Data Acquisition
Data of transcriptome information and survival of lung
adenocarcinoma patients were retrieved from The Cancer
Genome Atlas (TCGA) (http://cancergenome.nih.gov). Data of
AS of the TCGA LUAD-cohort were downloaded from SpliceSeq
(http://bioinformatics.mdanderson.org/TCGASpliceSeq).
Samples were selected if PSI (Percentage Of Spliced In) value >
75% as filter threshold. The flow chart of analysis was presented
in Supplementary Figure S1.

AS Profile Identification
The PSI values were calculated to quantify AS events. There are 7
subtypes of AS events delineated using Upset plot, e.g., alternate
acceptor site (AA), alternate donor site (AD), alternate promoter
(AP), alternate terminator (AT), exon skip (ES), mutually
exclusive exons (ME), and retained intron (RI). The splicing
type, ID number in the SpliceSeq, and the corresponding parent
gene symbol were used to annotate AS events. For example, in
“XAF1|38812|AA”, XAF1 indicates the corresponding parent
gene name, 38812 denotes the ID of splicing variant, and AA
represents the splicing type.

Identification of Survival-Related
AS Events
The AS data were excluded if the standard deviation of PSI value <
1%. Univariate Cox regression analysis was performed to analyze
the association between AS events and overall survival of lung
adenocarcinoma patients (Supplementary File: Table S1). The
top 20 most significant AS events of different subtypes
were displayed.

Construction and Validation of Prognostic
Signature
Firstly, candidates in each splicing pattern were detected using
Lasso regression analysis. Secondly, selected AS events were
submitted to Multivariate Cox regression analysis. The
December 2021 | Volume 11 | Article 778637
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identified AS events in each splicing subtype were integrated to
construct another prognostic signature. Then, risk scores were
calculated based on each prognostic predictor. The formula to
calculate the risk score is as follows:

Risk score =o
n

i=1
Coefi � PSIi

Where Coefi means the coefficients and PSIi is the percent-
spliced-in value of each AS. Patients were separated into a low-
risk group and a high-risk group based on the median value of
risk score. Kaplan–Meier survival curves were analyzed. Then,
the time-dependent receiver operating characteristic (ROC)
curves were generated. Univariate and multivariate Cox
regression were performed to determine whether the signature
can act as an independent factor for prognostic prediction.
Stratified survival analysis was performed to validate the
prognostic capability independent from clinical characteristics.

Construction of a Prognostic Nomogram
To investigate the prognosis predictive ability of risk signature,
age, grade, tumor stage, T/N/M category for 1-, 2-, and 3-year
overall survival, and time-dependent ROC curves were
performed to calculate the AUC (area under the curve) values.
A nomogram was established to estimate 1-, 2-, and 3- year
overall survival probability. The calibration curve was delineated.

Correlation of Risk Score With Infiltrating
Immune Cells in TIME
Information on immune infiltration and immune cell fraction
were retrieved from tumor immune estimation resource
(TIMER) (https://cistrome.shinyapps.io/timer/). The
correlation between infiltration of immune cell with the
prognostic risk score was performed. A single sample gene-set
enrichment analysis (ssGSEA) was performed to investigate the
enrichment of the two different risky subgroups in 29 immune
function-associated gene sets. Subsequently, tumor purity and
the extent and level of infiltrating cells were assessed. The
fraction of 22 immune cell types for each tumor specimen was
developed through CIBERSORT (https://cibersort.stanford.
edu/).

Role of Risk Score in Immune Checkpoint
Blockade Treatment
Herein, 6 key genes of ICI in lung adenocarcinoma were
extracted, e.g., programmed death ligand 1 (PD-L1 or CD274),
programmed death ligand 2 (PD-L2, or PDCD1LG2),
programmed death 1 (PD-1, or PDCD1), cytotoxic T-
lymphocyte antigen 4 (CTLA-4), T-cell immunoglobulin
domain and mucin domain-containing molecule-3 (TIM-3, or
HAVCR2), and indoleamine 2,3-dioxygenase 1 (IDO1). To
investigate the potential role of as-constructed risk signature in
ICI treatment of lung adenocarcinoma, AS-based prognostic
signature and expression level of 6 ICI key genes were
correlated. Finally, expression level of 47 ICI-related genes
between low- and high-risk groups were compared.
Frontiers in Oncology | www.frontiersin.org 3
Gene and Protein Expression Data
Information on gene expression were obtained from the
ONCOMINE website (https://www.oncomine.org/). Tumor
type was lung adenocarcinoma, and the expressions of
CDKN2A were obtained. The levels of CDKN2A between lung
adenocarcinoma specimens and normal controls were analyzed
by online tools. The protein expression level of CDKN2A was
verified by The Human Protein Atlas (https://www.proteinatlas.
org/).

Construction of Splicing Regulatory
Network
A list of 404 splicing factors (SFs) reported by a previous study
(7) was shown in Supplementary File: Table S2. The RNA-seq
profiles of SFs were retrieved from the TCGA database. The
association between SFs and survival-relevant AS events were
investigated by Spearman correlation analysis. The cutoff values
were p < 0.001 and correlation coefficient > 0.6. Finally,
Cytoscape (version 3.8.0) was used to build an SF-AS
regulatory network.

Statistical Analysis
The Wilcoxon test was performed to compare two groups,
whereas the Kruskal–Wallis test was used to compare more
than two groups. Risk scores, clinical variables, immune cell
infiltration, and immune checkpoints were correlated with
Pearson correlation test. p < 0.05 was considered as statistical
significance. Perl software (version 6.1.7601) was used to
perform expression analysis. R software (version 4.0.3) was
used for all statistical analyses.
RESULTS

Clinical Characteristics and Integrated AS
Events Profiles in Lung Adenocarcinoma
The profiles of AS events/genes of 572 TCGA-LUAD patients
were obtained, consisting of 513 tumor samples and 59
corresponding normal samples. A total of 551 lung
adenocarcinoma patients were obtained using the TCGA
database, and 65 patients with incomplete information were
excluded, with 486 patients enrolled.

In total, 43,948 splicing events were detected in 10,005 genes
using SpliceSeq. The different AS events were classified into 7
types: ES, AA, AP, AD, AT, ME, and RI, which are illustrated in
Figure 1A. ES and AT events are the most frequent. The
interaction numbers between genes and different AS classes are
shown in Figure 1B. ES is the highest AS events in number, while
ME is the rarest.

Identification of the Survival-Relevant
AS Events
A univariate Cox proportional hazards regression analysis was
performed by the Perl language (http://www.perl.org/). A total
of 19,054 survival-associated AS events were detected in 1,323
December 2021 | Volume 11 | Article 778637
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genes. The interaction between these genes and different AS
types is shown in Figure 1C. Eight AS events (AA, AD, AP, AT,
ES, ME, RI, and ALL) were associated with overall survival in
lung adenocarcinoma patients. The AS events (Supplementary
Table S3) were displayed in a volcano plot (Figure 2A). The top
20 significant survival-related AS events from the 7 subtypes are
summarized in Figures 2B–H. Among all the AS events, PSMF1|
58475|AA, AP2B1|40327|AD, CDKN2A|86004|AP, BEST3|
23330|AT, CA5B|98313|ES, TPM2|86278|ME, and TMSB4X|
88497|RI were the most significant events for AA, AD, AP,
AT, ES, ME, and RI, respectively.

Confirmation of the Prognostic Signature
Eight AS (AA, AD, AP, AT, ES, ME, RI, and ALL) prognostic
signatures were constructed. Lung adenocarcinoma patients
Frontiers in Oncology | www.frontiersin.org 4
were stratified into low- and high-risk subgroups based on the
cutoff value of median risk score. Lasso plot (Figure 3A) and
Lambda plot (Figure 3B) were performed to avoid overfitting.
Finally, 9 AS were selected for multivariate Cox regression
analysis, namely, HNRNPLL|53258|AT, CA5B|98313|ES,
MEGF6|315|ES, CDKN2A|86000|AP, BEST3|23330|AT,
TTC39C|44852|AP, AP2B1|40327|AD, LETM2|83399|AT, and
MKL1|62348|AP (Table 1). The results (Figure 3C) show the
survival probability of each group, indicating a significant
difference between them. Kaplan–Meier curve demonstrates
the reliability of the model with a p-value < 0.001. The risk
curve (Figure 3D) and scatterplot (Figure 3E) indicate that
high-risk lung adenocarcinoma patients have a shorter
overall survival. The heatmap reveals that HNRNPLL|53258|
AT, CA5B|98313|ES, MEGF6|315|ES, and CDKN2A|86000|AP
A B C D

G HE F

FIGURE 2 | The survival-relevant AS events. (A) Volcano plots of survival-relevant AS events. The most significant survival-relevant alternate acceptor site (B), alternate
donor site (C), alternate promoter (D), alternate terminator (E), exon skip (F), mutually exclusive exons (G), and retained intron (H) in the TCGA-LUAD cohort.
A B C

FIGURE 1 | Different AS types in lung adenocarcinoma. (A) Seven different AS types of genes. (B) Upset plot of interactions between different AS types in lung
adenocarcinoma. (C) Upset plot of different survival-associated AS types.
December 2021 | Volume 11 | Article 778637
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may have positive effects on lung adenocarcinoma while
BEST3|23330|AT, TTC39C|44852|AP, AP2B1|40327|AD,
LETM2|83399|AT, and MKL1|62348|AP can have adverse
effects (Figure 3F).

ROC curve was analyzed to investigate the prognostic value of
risk signatures in lung adenocarcinoma. AUCs of risk scores at 1,
2, and 3 years were 0.775, 0.736, and 0.759, respectively,
suggesting good sensitivity and specificity of the survival
predictive ability (Figure 3G). Univariate and multivariate Cox
regression analyses were applied to age, gender, stage, TNM
stage, and risk score. With both p-values < 0.001 of the risk score
in two analyses and hazard ratios of 1.364 [95% confidence
interval (CI): 1.287–1.445] and 1.320 (1.238–1.409), the risk
score proved to be a robust model (Figures 3H, I).
Consequently, SFs can act as a predictor for survival.
Frontiers in Oncology | www.frontiersin.org 5
Correlation of ALL Prognostic Signature
With Clinical Features and Construction of
AS-Clinicopathological Nomogram
Differences of risk score among clinical variables were explored.
The risk score increased significantly with tumor grade (most p <
0.05, Figure 4A), N category (most p < 0.05, Figure 4B), and T
category (most p < 0.05, Figure 4C), suggesting ALL risk score to
be positively correlated with tumor progression. To investigate
whether ALL prognostic signature was the best prognostic
indicator among clinical characteristics, several parameters were
extracted as potential prognosis/predictive factors, such as age,
gender, clinicopathological stage, and tumor grade. These clinical
parameters were combined to conduct AUC curve analysis for 1-,
2-, and 3-year overall survival, and risk signature had the most
AUC value (Figures 4D, E). Then, prognostic nomogram
TABLE 1 | Nine AS events selected for multivariate analysis.

ID Coefficient Hazard Ratio 95% Lower Limit 95% Upper Limit p-value

BEST3|23330|AT 1.390212 4.015703 1.374436 11.73272 0.011042
HNRNPLL|53258|AT −2.72959 0.065246 0.007077 0.601561 0.016023
TTC39C|44852|AP 0.94922 2.583693 1.033915 6.456501 0.042221
AP2B1|40327|AD 1.098875 3.000787 0.669683 13.44624 0.151001
CA5B|98313|ES −1.28079 0.277817 0.105584 0.731003 0.009466
MEGF6|315|ES −1.42567 0.240347 0.097459 0.592726 0.001964
CDKN2A|86000|AP −1.36077 0.256463 0.121138 0.542963 0.000377
LETM2|83399|AT 1.329962 3.780902 1.302816 10.97255 0.014422
MKL1|62348|AP 1.843278 6.317212 1.65184 24.15922 0.007075
Dec
ember 2021 | Volume 11 | Artic
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FIGURE 3 | Confirmation of ALL AS-based prognostic signature. (A) LASSO coefficient profiles of the whole AS events. (B) Ten-time cross-validation for tuning
parameter selection in Lasso regression. (C) Kaplan–Meier curve of survival in the high- and low-risk cohorts. (D) Heatmap of the ALL signature AS events PSI value
in lung adenocarcinoma. The color from red to green shows a trend from high to low expression. (E) Distribution of ALL signature risk score. (F) Heatmap of the ALL
signature AS events PSI value in lung adenocarcinoma. (G) ROC analysis of ALL risk scores for overall survival prediction. Univariate (H) and multivariate (I) Cox
regression results.
le 778637
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including risk score and clinicopathological stage were constructed
to predict prognosis of lung adenocarcinoma patients (Figure 4F).
Age, gender, and tumor grade were rejected out of the nomogram,
because of their AUCs being < 0.6. Calibration curves were
approximately diagonal, indicating robust ability of informing
prognosis (Figures 4G–I).

Correlation of Risk Score With TIME
Characterization
To further examine whether risk score can act as an immune
indicator, correlation analyses of prognostic risk score with
tumor-infiltrating immune cells (TICs) from TIMER,
St romalScore , ImmuneScore and ESTIMATEScore
(ESTIMATE algorithm), ssGSEA signatures, and TICs subtype
Frontiers in Oncology | www.frontiersin.org 6
and level (CIBERSORT method) were performed. The higher
score estimated in ImmuneScore or StromalScore were
represented for the larger amount of the immune or stromal
components in TME. ESTIMATEScore was the sum of
ImmuneScore and StromalScore, indicating the comprehensive
proportion of both components in the TME (15).

Firstly, TIMER results showed that the as-constructed signature
exhibited positive association with CD8+ T cells (r = 0.11; p = 0.02),
activated CD4+ memory T cells (r = 0.2; p = 4.5e−05), resting NK
cells (r = 0.13; p = 0.0066), M1 macrophages (r = 0.13; p = 0.0096),
and M0 macrophages (r = 0.28; p = 6.7e−09; Figures 5A–E),
indicating that high-risk samples were infiltrated by more
immune cells. A negative correlation was observed between risk
score and infiltration levels of the resting CD4+ memory T cells
A B C

D

G H I

E F

FIGURE 4 | Correlation of prognostic signature with clinical features and construction of AS-clinicopathological nomogram. (A–E) Correlation of risk score with stage
(A), N status (B), and T status (C). (D, E) AUCs for predicting 1-, 2-, and 3-year survival with different clinical characteristics. (F) Nomogram was assembled for
predicting survival of lung adenocarcinoma patients. (G–I) 1-, 2-, and 3-year nomogram calibration curves.
December 2021 | Volume 11 | Article 778637
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(r = −0.23; p = 1.4e−06), monocytes (r = −0.19; p = 6.5e−05),
resting mast cells (r = −0.23; p = 2.7e−06), and resting dendritic
cells (r = −0.26; p = 6.2e−08; Figures 5F–I). Likewise, low-risk
patients had a higher StromalScore, ImmuneScore, and
ESTIMATEScore (Figures 5J–L). There was higher tumor purity
in high-risk patients that represented less ESTIMATEScore
(Figure 5M). Subsequently, distinction of the immune-related
signatures between two subgroups was presented. Figure 5N
shows the immune-related signature of each patient with
corresponding ImmuneScore in low- and high-risk groups. The
results revealed that the infiltration of activated dendritic cells
(aDCs), B-cells, checkpoint, DCs, HLA, immature DCs (iDCs),
mast cells, neutrophils, pDCs, T-cell co-stimulation, T helper cells,
TIL (tumor-infiltrating lymphocytes), and type IFN response are
significantly decreased with increased risk score (Figure 5O).
CIBERSORT algorithm results indicated that the proportion of
CD8+ T cells andM0 andM1macrophages are positively associated
with risk score. However, the proportion of resting CD4+ memory
T cells, monocytes, resting dendritic cells, and resting mast cells are
negatively associated with risk score (Figure 5P). The above results
Frontiers in Oncology | www.frontiersin.org 7
revealed that ALL prognostic signature may provide a novel
approach to elucidate the characteristics of immunity regulatory
network in lung adenocarcinoma.

Correlation of ALL Signature with ICI
Key Molecules
ICIs have considerably transformed clinical decision-making in
cancer oncology. In our study, 6 key ICI genes (PDCD1, CD274,
PDCD1LG2, CTLA-4, HAVCR2, and IDO1) (16) were
evaluated. The correlation between ICI key targets and ALL
prognostic signature was analyzed to investigate the potential
role of risk signature in ICI treatment of lung adenocarcinoma
(Figure 6A). The results indicated that ALL prognostic signature
is negatively correlated to HAVCR2 (r = -0.17; p = 0.00029)
and CTLA4 (r = -0.17; p = 0.00028; Figures 6B, C). Further
correlation analysis suggested that 28 of 47 ICI-associated
genes’ expression levels are significantly upregulated in
patients with low risk (Figure 6D), suggesting that ALL
prognostic signature may serve as an unfavorable factor in
immunotherapy treatment.
A B C

D

G H

N O P

E

J K

L M

F

F

FIGURE 5 | Correlation between infiltrating immune cells and AS-based prognostic signature. (A–F) Relationship between this signature and CD8-positive T cells
(A), T cells CD4 memory activated (B), NK cells resting (C), macrophages M1 (D), macrophages M0 (E), T cells CD4 memory resting (F), monocytes (G), mast cells
resting (H), and dendritic cells resting (I). (J–M) Comparison of StromalScore (J), ImmuneScore (K), ESTIMATEScore (L), and tumor purity (M) between low- and
high-risk groups, respectively. (N) Red represent high activity, and blue represents low activity. (O) Distinct enrichment of immune-related signatures between low-
and high-risk groups. (P) Difference of infiltrating immune cell subpopulations and levels between low- and high-risk groups. *p <0.05, **p <0.005, ***p <0.001.
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CDKN2A Independently Affected
Prognosis and Correlated With ICI
Key Genes
CDKN2A was the only gene whose expression was upregulated
among the prognostic AS-related genes. Therefore, the role of
CDKN2A in lung adenocarcinoma was further explored.
CDKN2A expression levels between normal tissues and tumor
samples were compared using the TCGA data. Relative to tumor
tissues, the expression level of CDKN2A was lower in adjacent
normal specimens (Figure 7A). Analysis among major
pathological stages suggested that there is no significant
difference of CDKN2A expression levels among different stages
(Figure 7B). High expression has been detected in different
cancers according to the ONCOMINE website (Figure 7C),
while the protein expression l of CDKN2A was verified, as
shown in The Human Protein Atlas (Figures 7D, E). Kaplan–
Meier analyses were conducted between CDKN2A low- and high-
expressed patients. Lower CDKN2A expression levels suggested
longer overall survival period (p < 0.001, Figure 7F). Moreover, 15
of 47 ICI-associated genes’ expression levels between low- and
high-CDKN2A groups were significantly dysregulated between
subgroups (Figure 7G). The correlation between CDKN2A and
ICI key targets adjusted by tumor purity using TIMER was
analyzed to investigate the potential role of CDKN2A in ICI
treatment of lung adenocarcinoma. TIMER results revealed that
CDKN2A is positively correlated with CD274 (r = 0.162; p = 2.94e
Frontiers in Oncology | www.frontiersin.org 8
−04), PDCD1LG2 (r = 0.108; p = 1.6e−02), CTLA4 (r = 0.122; p =
6.64e−03), HAVCR2 (r = 0.102; p = 2.42e−02), IDO1 (r = 0.076;
p = 9.26e−02), and PDCD1 (r = 0.213; p = 1.55e−06; Figures 7H–
M), suggesting that CDKN2A plays a role in ICI treatment of
lung adenocarcinoma.

Role of CDKN2A in Context of TIME
To further investigate the relationship between CDKN2A and
TIME characteristics in lung adenocarcinoma, comprehensive
analyses were performed. Lung cancer patients were separated
into high- and low-CDKN2A subtypes based on the median
CDKN2A expression levels. ESTIMATE results indicated that
patients with high-CDKN2A expression have a significantly
higher ImmuneScore compared with patients in low- CDKN2A
group, suggesting the presence of fewer immune cells in low-risk
samples (Figure 8A). Subsequently, expression levels of CDKN2A
were negatively correlated with infiltration of CD4+ T cells
(Figure 8B) and positively correlated with infiltration of CD8+
T cells (Figure 8C). Results of ssGSEA revealed that the
infiltration fraction of APC co-inhibition, CD8+ T cells,
checkpoint, HLA, inflammation promoting, MHC-class, NK
cells, T cell co-inhibition, Tfh (T follicular helper cell), and Th1
cell expression are significantly decreased when risk score declines
(Figure 8D). CIBERSORT analysis results showed that the
proportion of plasma cells and resting CD4+ memory T cells
are significantly higher in low-risk patients and the proportion of
A B C

D

FIGURE 6 | (A) Association analyses between 6 key immune checkpoints and risk score. Association between risk score with HAVCR2 (B) and CTLA4 (C).
(D) Comparison of ICI-related genes expression levels between low- and high-risk groups. *p <0.05, **p <0.005, ***p <0.001.
December 2021 | Volume 11 | Article 778637

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. Alternative Splicing Events in Lung Adenocarcinoma
A

B

C D

G

H JI

K ML

E

F

FIGURE 7 | The clinical significance of CDKN2A in lung adenocarcinoma. (A) CDKN2A is higher expressed in lung adenocarcinoma tumor tissue. (B) No significant
correlation of CDKN2A with tumor grade. (C) Analyses from ONCOMINE website show high expression of CDKN2A. (D, E) The protein expression level of CDKN2A
was verified by The Human Protein Atlas. (F) Lower CDKN2A level predicts longer overall survival. (G) Comparison of ICI-related genes’ expression levels between
low- and high-CDKN2A group. (H–M) Correlation of risk score with CD274 (H), PDCD1LG2 (I), CTLA4 (J), HAVCR2 (K), IDO1 (L), and PDCD1 (M). *p <0.05,
**p <0.005, ***p <0.001.
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M1 macrophages and activated CD4+ memory T cells are
significantly higher in high-risk patients (Figure 8E).

Development of the SF-AS Regulatory
Network
A correlation network between the expression levels of SFs and
the PSI values of prognosis-related AS events was constructed.
Thirty-two upregulated AS events (red ellipses), 80
downregulated AS events (green ellipses), and 40 SFs
(Figure 9) were identified. In our regulatory network, the top 4
most significant nodes were termed hub SFs or AS events
(Supplementary Table S4), including 1 downregulated AS
event (ULK3|31757|RI), 1 upregulated AS event (UBXN11|
1250|AT), and 2 SFs (DDX39B and RBM5). Therefore, these
SFs exhibited potential to act as regulators, which was involved in
the dysregulation of AS in lung adenocarcinoma.
DISCUSSION

In our study, AS data were retrieved from TCGA SpliceSeq and
19,054 survival-associated AS events were identified. Then,
prognostic signatures for lung adenocarcinoma patients were
Frontiers in Oncology | www.frontiersin.org 10
constructed. Eight AS events’ (AA, AD, AP, AT, ES, ME, RI, and
ALL) signatures have good prognostic performance when lung
adenocarcinoma patients were separated into different cohorts
based on clinicopathological factors. Nine AS were selected for
multivariate Cox regression analysis, namely, HNRNPLL|53258|
AT, CA5B|98313|ES, MEGF6|315|ES, CDKN2A|86000|AP,
BEST3|23330|AT, TTC39C|44852|AP, AP2B1|40327|AD,
LETM2|83399|AT, and MKL1|62348|AP. Notably, these AS-
based prognostic signatures were robustly demonstrated by
survival analysis, ROC curve, and Cox regression analysis. A
nomogram was generated, indicating that the consistency
between predicted and actual outcome is good. Furthermore,
the associated SF-AS regulatory network was identified.

The role of AS events related to TIME in lung
adenocarcinoma was analyzed via several methods. Infiltrating
stromal and immune cells consist of the primary fraction of
normal cells in the tumor tissue and have a dual role during
cancer onset and progression. Of note, in our study, the
ESTIMATEScore in high-risk patients was lower than that in
the low-risk group. Since there was not enough information on
ICI treatment in the TCGA-LUAD cohort, the relationship
between risk score and response to ICI treatment could not be
analyzed. Risk score was positively correlated with two ICI key
targets (HAVCR2 and CTLA-4) and 15 ICI-associated genes’
A B C

D E

FIGURE 8 | The role of CDKN2A in TIME features. (A) Comparison of ImmuneScore between low- and high-CDKN2A groups. (B, C) Relationship between risk
score with CD4 T cells (B) and CD8 T cells (C). (D, E) Comparison of ssGSEA enrichment (D) and CIBERSORT results (E) between low- and high-CDKN2A groups.
*p <0.05, **p <0.005.
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expression levels (i.e., CD44), which implies that risk score might
contribute to tailored immunotherapy.

TIMER results showed that the AS-based risk score signature
exhibited positive association with CD8+ T cells, and the
proportion of CD8+ T cells is positively associated with risk
score. These results indicated that high-risk samples were
infiltrated by more activated cytotoxic immune cells.
Therefore, the risk score correlates with anti-cancer immune
response, and risk score might facilitate immunotherapy results
Frontiers in Oncology | www.frontiersin.org 11
prediction. AS regulates immune responses across a variety of
conditions (17). The AS events of specific genes could influence
tumor growth between tumor-immune cell interactions (18).
Studies have investigated how AS serves to modulate lymphocyte
activity (19). These highlight the importance of AS in the
adaptive immune response to tumor.

AS events are regulated by splicing factors that are
differentially expressed in cancer tissues (20). AS is increasingly
described to affect the immune system, including tumor
FIGURE 9 | The regulatory network between SFs and survival related AS events. The red or green ellipses indicate AS events that positively or negatively correlate
with survival (red represents high-risk AS, green represents low-risk AS). Blue ellipses represent SFs. The positive/negative correlations (r > 0.8 or r < −0.8) between
SFs and AS events are indicated with red/green lines. The top 4 most significant nodes were highlighted in yellow.
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immunology (19). AS promotes tumor resistance to ICIs. Studies
have demonstrated that there is a negative correlation between
AS changes and somatic mutations (3, 7). For example, TDP-43
(TAR DNA binding protein, also known as TARDBP) mutation
influences AS of PD-L1 pre-mRNA (21). The functional
importance of PD-L1 isoforms has been demonstrated in
mediating cancer immune evasion and progression (22).
Changes in AS were also found in the TME (20). AS variants
may be central in the interactions between tumor cells and
TIME. The CD44 gene undergoes extensive AS, which
generates multiple isoforms. CD44 AS-mediated positive
feedback loop promotes cancer migration and invasion
processes and interacts with extracellular matrix ligands (23).

The role of CDKN2A in lung adenocarcinoma has been
investigated previously. CDKN2A is a tumor suppressor gene
located at chromosome 9 that encodes p16 protein (24).
CDKN2A inactivation is frequent in lung cancer and occurs
via homozygous deletions, point mutations, or methylation of
promoter regions (25). CDKN2A is produced by AS of E1, E2,
and E3 (24). CDKN2A AS encodes for two tumor suppressors,
p14ARF and p16INK4A, which positively regulate TP53 and
RB1 (26). Mutant CDKN2A could regulate p16/p14 expression
by AS in metastasis of renal cell carcinoma (27). Lung cancer
patients with CDKN2A loss have poor overall and disease-free
survival (28). In our study, we found that CDKN2A expression is
negatively associated with tumor grade and ICI key genes.
Collectively, lung adenocarcinoma patients with lower risk
score or higher CDKN2A expression levels present more
immune cells in TIME, suggesting an activated immune
phenotype that results in longer overall survival. The
correlation between CDKN2A expression and response to ICI
treatment was also demonstrated in a recent study, highlighting
the association of non-immune pathways to the outcome of ICI
treatment (29). Nevertheless, further investigation is needed to
explore the biological roles of CDKN2A.

A large amount of AS events is orchestrated by a limited number
of SFs (30). In our study, two SFs were identified as hub SFs in the
regulatory network. SFs coordinate nuclear intron/exon splicing of
RNA, while SF disturbances can cause cell death. DDX39B is an
RNA helicase that tethers ALY, an essential mRNA export factor,
confirming the role of DDX39 in the RNA splicing/export process
(31). Overexpression of DDX39B predicts poor prognosis and
promotes aggressiveness of melanoma (32). DDX39B can also
predict adverse efficacy of immune checkpoint therapy in clear
cell carcinoma (33). DDX39B serves as a potential drug target for
the treatment of androgen receptor splice variant-positive prostate
cancer (34). RBM5 (RNA Binding Motif 5) has been identified as a
tumor suppressor in the lung (35, 36). RBM5 regulates AS of
apoptotic genes. Overexpression of RBM5 is reported to induce
autophagy in human lung adenocarcinoma cells (37). The altered
expression of SFs that regulate genes aberrantly spliced provides
new clues to lung cancer development and drug development.

The highlight of the current study was that we proposed
prognostic signatures based on AS events for monitoring the
prognosis of lung adenocarcinoma patients. Our findings
identified a panel of AS events that exert their biological
Frontiers in Oncology | www.frontiersin.org 12
functions in tumor immune regulation of lung adenocarcinoma.
Compared with previous papers investigating AS signature in lung
cancer (38, 39), this study has taken into consideration the
relationship of AS prognostic signature with TIME.

However, there are several limitations. First, all data come
from the TCGA database; therefore, selection bias may exist in
our study. There was no independent database verification of the
prognostic model due to the lack of transcriptome information in
other databases. Furthermore, as our study is solely based on
bioinformatics analysis, experimental validation is further
warranted. Second, due to the limited data on ICI treatment,
we could not confirm the ability of our signature to predict the
efficacy of ICI.

In summary, integrative analyses of splicing patterns in lung
adenocarcinoma were performed in our study, which was
designed to strengthen prognostic scoring in lung
adenocarcinoma. An AS-based prognostic nomogram was
established, which could be used to predict patient survival.
The comprehensive bioinformatic analyses of AS events linked
the AS atlas with TIME characteristics and immune checkpoints
in lung adenocarcinoma. Our study contributes to the
investigation of the potential roles of AS events in the context
of TIME complexity and diversity of lung adenocarcinoma. The
AS-SFs regulatory network also suggests promising targets for
anti-tumor therapy in lung adenocarcinoma.
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