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Abstract
Background: Aberrant alternative splicing (AS) contributes to tumor progression. Previous studies have
shown that apurinic-apyrimidinic endonuclease-1 (APEX1) is involved in tumor progression. It is unknown
whether APEX1 functions in tumor progression by regulation of AS. It is also unknown whether APEX1
can regulate non-small-cell lung cancer (NSCLC) proliferation and apoptosis.

Methods: We analyzed APEX1 expression levels in 517 lung NSCLC samples from the TCGA (Cancer
Genome Atlas) database. The impact of APEX1 over expression on A549 cell proliferation and apoptosis
was detected by the methyl thiazolyl tetrazolium assay and by �ow cytometry. The transcriptome of A549
cells with and without APEX1 over expression was determined by Illumina sequencing, followed by
analysis of AS. RT-qPCR validated APEX1 in A549 cells.

Results: We have successfully applied RNA-seq technology to demonstrate APEX1 regulation of AS.
APEX1 expression was shown to be upregulated in NSCLC samples and to reduce cell proliferation and
induce apoptosis of A549 cells. Further, APEX1 regulated AS of key tumorigenesis genes involved in
cancer proliferation and apoptosis within the MAPK and Wnt signaling pathways. Each of these
pathways are involved in lung cancer progression. Validated AS events regulated by APEX1 were located
in key tumorigenesis genes; AXIN1 (axis inhibition protein 1), GCNT2 (N-acetyl glucosaminyl transferase
2), and SMAD3 (SMAD Family Member 3). These genes encode signaling pathway transcription
regulatory factors.

Conclusions: We found that increased expression of APEX1 in NSCLC is an independent prognostic factor
related to tumor progression. Therefore, APEX1 regulation of AS may serve as a molecular marker or
therapeutic target for NSCLC treatment.

Introduction
With increasing worldwide incidence and mortality, lung cancer has become the major cause of cancer
death and a serious clinical issue [1, 2]. Non-small-cell lung cancer (NSCLC) is the most prevalent and
heterogeneous subtype of lung cancer comprised of adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma [3]. Improved patient prognosis and survival requires improvements in screening for
early lung cancer biomarkers, development of therapeutic e�cacy predictors, and new treatment drugs
[4]. These improvements would greatly enhance patient outcomes for this malignant disease.

Alternative splicing (AS) is a major means by which protein diversity is generated [5]. Data from genome-
wide studies suggest that more than 90% of human genes undergo AS [6]. It has become apparent that
coordinated splicing networks regulate tissue and organ development, and that AS is important to
physiological function and to human developmental processes [7].

Evidence suggests that AS contributes to cell differentiation, lineage determination, tissue-identity
acquisition, tissue maintenance, and organ development [7]. Systematic and coordinated AS alterations
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of functionally linked RNA-binding proteins (RBPs) could impact carcinogenesis [8]. Hence, AS as a
model of cancer, may provide new insights into cancer treatment targets. Furthermore, AS and the RBPs
which control this process are often deregulated in cancer [9].

RBPs are important regulators of AS and have important roles: in cancer progression, they are key
components of RNA metabolism and regulate the temporal, spatial and functional dynamics of RNAs.
Altering the expression of RBPs has profound implications for cellular physiology by affecting RNA
processes from pre-mRNA splicing to protein translation. Recent genetic and proteomic studies of animal
models demonstrated RBPs to be involved in many human diseases ranging from neurologic disorders to
cancer [10]. RBPs are known modulators of cell growth and proliferation; thus, their dysfunction is likely
to have cancer implications. Furthermore, using mass spectrometry, more than 1000 RBPs have been
identi�ed in eukaryotic cells, many of which regulate splicing [11]. Thus, exploration of RBP regulatory
mechanisms associated with AS will deepen our understanding of cancer.

Altered expression of apurinic-apyrimidinic endonuclease-1 (APEX1) APEX1, known as a RBP, is often
observed in human tumors [12]. Accumulating evidence indicates that aberrant APEX1 expression is a
general phenomenon of human cancer [13]. Further, APEX1 has been shown to play an important role in
the progression of lung cancer, as well as genome stability maintenance [14]. Elevated and ectopic
expression of APEX1 in tumor tissue is closely linked to a poor prognosis for lung cancer [12, 15].

Although previous studies have suggested involvement of APEX1 in tumor progression, it remains unclear
whether APEX1 regulates AS in NSCLC. The aim of this study is to determine whether APEX1 indirectly
regulates proliferation and apoptosis of NSCLC through AS. To accomplish this aim, we assessed the
relationships among APEX1, cellular proliferation, apoptosis regulation, and cancer progression through
speci�c signaling pathways. The approach was to analyze APEX1 expression levels in 517 lung NSCLC
samples from the TCGA (Cancer Genome Atlas) database and as well, the impact of APEX1 on A549 cell
proliferation and apoptosis. Transcriptomes of A549 cells with and without APEX1 overexpression were
evaluated by Illumina sequencing, followed by analysis of AS regulation. Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) was performed to validate APEX1 in A549 cells and
clinical NSCLC samples. We found that APEX1 expression was upregulated in NSCLC samples, and that
APEX1 overexpression led to reduced cell proliferation and apoptosis. Further, APEX1-regulated AS of
many genes, which are related to cancer proliferation and apoptosis pathways, the Wnt signaling
pathway and the MAPK signaling pathway. Taken together, these results provide major insight into
APEX1-regulated AS and the development of NSCLC. Further analysis of APEX1-regulated AS will focus
on a precise understanding of the signaling networks that direct tumorigenesis and which may serve as
potential APEX1-targeted therapies. In summary, these �ndings provide mechanistic insight into the
means by which AS contributes to NSCLC tumorigenesis and may also serve as the basis for
identi�cation of relevant cancer treatment biomarkers.

Materials And Methods
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Cloning and plasmid construction

The primer pairs used for thermal fusion were designed using CE Design V1.04. Each primer contains a
gene-speci�c fragment and a 17–30 bp sequence of pIRES-hrGFP-1a vector.

F-primer: agcccgggcggatccgaattcATGCCGAAGCGTGGGAAA.

R-primer: gtcatccttgtagtcctcgagCAGTGCTAGGTATAGGGTGATAGG.

The pIRES-hrGFP-1a vector was digested with EcoRI and XhoI (NEB, Ipswich, MA, US) at 37oC for 2h~3h.
The enzyme-digested vector was then electrophoresed in a 1.0% agarose gel and puri�ed with a Qiagen
column kit. Total RNA was isolated from A549 cells using Trizol (Life Technology, Carlsbad, CA, USA).
The puri�ed RNA was transcribed by oligo dT primers to obtain cDNA. The synthetic insert was then
ampli�ed by PCR. The linearized vector was digested with EcoRI and XhoI (NEB, Ipswich, MA, USA) and
the PCR insert were added to PCR microtubes to connect with a ClonExpress® II One Step Cloning Kit
(Vazyme, Nanjing, China). Plasmids were introduced into Escherichia coli by chemical transformation.
The cells were seeded onto LB agar plates containing 1 µL/mL ampicillin and incubated overnight at
37°C. Colonies were screened by colony PCR (28 cycles) using universal primers (located on the
backbone vector). The inserted sequence was veri�ed by Sanger sequencing.

Cell culture and transfections

NSCLC A549 cells (Procell Life Science & Technology Co., Ltd., Wuhan, China) were cultured in Dulbecco's
Modi�ed Eagle Medium (DMEM) at 37°C, containing 10% fetal bovine serum (FBS), 100 µg/mL
streptomycin, and 100 U/mL penicillin in a 5% CO2 incubator. Cell growth was observed with a light
microscope, with digestion and passage performed when the cell con�uence reached 80% or more.
According to the manufacturer's protocol, Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used
to transfect A549 cells with a plasmid overexpressing APEX1 and an empty plasmid. The transfected
cells were harvested after 48 h for RT-qPCR analysis.

RNA extraction and sequencing

Before extracting RNA, A549 cells were ground to a �ne powder. Total RNA was extracted with Trizol (Life
Technology, Carlsbad, CA, USA). The RNA was further puri�ed with two phenol-chloroform treatments and
then digested with RQ1 DNase (Promega, Madison, WI, USA) to remove DNA. The quality and quantity of
puri�ed RNA was measured at 260 nm/280nm (A260/A280) using a Smartspec Plus (BioRad,
Sacramento, CA, USA). The integrity of RNA was further veri�ed by 1.5% agarose gel electrophoresis. For
each sample, 1 μg of total RNA was used for RNA-seq library preparation with a VAHTS Stranded mRNA-
seq Library Prep Kit (Vazyme, Nanjing, China). The polyadenylated mRNAs were puri�ed and fragmented,
and then converted into double-stranded cDNA. After end repair and A tailing steps, the DNA was ligated
to the VAHTS RNA adaptor (Vazyme, Nanjing, China). The puri�ed ligation product corresponding to 200-
500 bps was digested with heat-labile UDG, and the single-stranded cDNA was ampli�ed, puri�ed,
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quanti�ed, and stored at -80°C before sequencing. For high-throughput sequencing, the library was
prepared according to the manufacturer's instructions and analyzed with the Illumina HiSeq X Ten system
for 150 nt paired-end sequencing.

Assessment of APEX1 overexpression

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as a control gene to assess the effects
of APEX1 overexpression. cDNA synthesis was completed by standard procedures and RT-qPCR was
performed with a Bio-Rad S1000 with Bestar SYBR Green RT-PCR master mix (DBI Bioscience, Shanghai,
China). Primer information is provided in Attachment 1. The 2-ΔΔCT method was then used to normalize
the concentration of each transcript to GAPDH mRNA levels [16]. With GraphPad Prism software (version
TM, GraphPad software, San Diego, CA, USA), paired Student t tests were performed.

RNA-Seq raw data cleaning and alignment

Original reads containing more than 2-N bases were discarded. Then adaptors and low-quality bases
were trimmed from raw sequencing reads using the FASTX-Toolkit (Version 0.0.13). Short reads less than
16 nt were deleted. After that, tophat2 [17] aligned the clean reads with the GRch38 genome, allowing four
mismatches. Uniquely mapped reads were used for gene read counts and FPKM calculations (fragments
per kilo base of transcripts per million fragments mapped).

Differentially expressed genes (DEGs) analysis

The R Bioconductor package edgeR [18] was utilized to identify the differentially expressed genes (DEGs).
A false discovery rate of <0.05 and fold change > 2 or < 0.5 were the cut-off criteria for identifying DEGs.

Alternative splicing analysis

Alternative splicing events (ASEs) and regulated alternative splicing events (RASEs) between the samples
were de�ned and quanti�ed using the ABL pipeline[19]. In short, the detection of ABL, as ten types of
ASEs, is based on splice junction reads, including exon skipping (ES), alternative 5' splice site (A5SS),
alternative 3'splice site (A3SS), intron retention (IR), mutually exclusive exons (MXE), mutually exclusive
5'UTRs (5pMXE), mutually exclusive 3'UTRs (3pMXE), cassette exon, A3SS&ES, and A5SS&ES. In order to
evaluate the ASE regulated by RNA-binding proteins, a Student’s t-test was performed to assess the
importance of ratio alteration of AS events. The events that were signi�cant at the cut-off p value
(corresponding to the cut-off of the 5% false discovery rate) were considered ASE for RBP control.

Reverse transcription qPCR validation of DEGs and AS events

To validate the RNA-seq data, qRT-PCR was performed on some DEGs. Primer information is found in
Additional �le 1. Total RNA remaining from RNA-seq library preparation was used for RT-qPCR. M-MLV
reverse transcriptase (Vazyme, Nanjing, China) was used to reverse transcribe RNA to cDNA. According to
the manufacturer's instructions, real-time PCR was performed by SYBR Green PCR Reagents Kit (Yeasen,
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Shanghai, China). PCR ampli�cations were performed in triplicate for each sample. The RNA expression
levels of all the genes were normalized relative to GAPDH. qRT-PCR assays were also performed for ASE
validation. To detect alternative isoforms, we used crossover primers. This sequence covers the
connection of constitutive exons and the relative primers in constitutive exons. Design boundary-
spanning primers for alternative exons according to "model exons" was used to detect model splicing, or
"altered exons" to detect altered splicing.

Methyl thiazolyl tetrazolium (MTT) assay

A549 cells were dissociated enzymatically, quanti�ed, and then incubated in a 96-well plate (3000
cells/well) for 24 h. After treatment, 20 μL of MTT solution (Sigma-Aldrich, St. Louis, MO, USA, 5 mg/mL)
was added to each well and incubated for another 4 h. Then, the supernatant was discarded carefully and
dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) added to each well and incubated for 10
min, followed by slight shaking for 15 min. Absorbance at 490 nm was assessed with a microplate reader
(Molecular Devices, Sunnyvale, CA, USA). All processing groups were repeated at least three times.

Flow cytometry

More than 1 × 105 cells were harvested and analyzed using a FACS Calibur �ow cytometer (Becton
Dickinson, Canton, MA, USA). Apoptotic cells were identi�ed using �ow cytometry with FITC-Annexin V
Staining Detection Kits in accordance with manufacturer’s instruction. Numerical values were analyzed
with CELL Quest 3.0 software (BD, Canton, MA, USA). Results were averages of three independent
experiments.

Western blot analysis

A549 cells were obtained from each experimental treatment group and solubilized on ice for 30 min in
radio immunoprecipitation assay (RIPA) buffer. The protein was stored at 4°C after the protein
concentration was determined using a BCA Protein Assay kit (Thermo Scienti�c, Rockford, IL, USA).
Fifteen µg of protein for each group were boiled for 10 min with protein denaturants, separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to PVDF
membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% skim milk diluted in
phosphate-buffered saline containing 0.1% Tween-20 (PBST) for 1h at room time. The membranes were
incubated at 4°C overnight with primary antibodies. After washing with PBST three times (5 min each),
the membranes were incubated with horseradish peroxidase (HRP)-conjugated antibodies for 45 min. An
ECL analysis system (Santa Cruz, Piscataway, NJ, USA) was used for detection following the
manufacture’s protocol. Western blot quanti�cation was performed using Image Processing and Analysis
software.

Functional enrichment analysis
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To assess the functional categories of DEGs, Gene Ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways were identi�ed with a KOBAS 2.0 server [20]. The Hypergeometric
test and the Benjamini-Hochberg FDR controlling procedure were used to de�ne enrichment terms.

Downloading RNA-seq data for NSCLC samples

RNA-seq data for NSCLC samples were downloaded from the Cancer Genome Atlas (TCGA) database for
analysis of APEX1 expression and regulation of AS in NSCLC. The data presented in this publication are
available using GEO Series accession number GSE146875.

Results
APEX1 expression is upregulated during all NSCLC stages

The TCGA database is an open-access tumor database that provides detailed and comprehensive
genomic datasets for download and analysis. In order to investigate APEX1 differential expression and
clinical relevance for all NSCLC stages, we used the clinical and transcriptomic data from the TCGA
database (https://cancergenome.nih.gov/), which included 517 NSCLC and 59 normal samples. We
found APEX1to be signi�cantly upregulated in 517 NSCLC samples compared to 59 normal tissue
samples (Log-rank test, p < 0.01, Fig. 1A and Additional �le 2). The 517 NSCLC samples were classi�ed
into different stages, including stage I (5), IA (132), IB (140), IIA (50), IIB (71), IIIA (73), IIIB (11), and IV (26)
(Fig. 1B). Collectively, these data demonstrate APEX1 to be upregulated and its levels to be correlated
with malignant features of human NSCLCs.

Overexpression of APEX1 induces apoptosis and inhibits proliferation of A549 cells.

To analyze the effect of APEX1 on cell proliferation and apoptosis, A549 cells were transfected with
control and APEX1 overexpression vectors (Fig. 2A. Primer sequence information is shown in Materials
and Methods). As shown in Fig. 2A and 2D, over expression of APEX1 in A549 cells was con�rmed by RT-
qPCR and western blot analysis. As presented in Fig. 2B, cell proliferation was signi�cantly reduced by
APEX1 overexpression when compared with control (p < 0.05), suggesting that APEX1 overexpression
inhibits cell proliferation. Conversely, overexpression of APEX1 increased apoptosis of A549 cells (p < 
0.05, Fig. 2C) as judged by staining with two �uorescent dyes, Annexin V/FITC and PI, and detection by
�ow cytometry. Over expression of APEX1 resulted in apoptosis of 14.5% of A549 cells whereas only
2.74% of control A549 cells were apoptotic (Fig. 2E, p < 0.05). These results demonstrated that
overexpression of APEX1 promoted apoptosis in the NSCLC cell line, A549. The molecular basis for these
effects requires further investigation at the molecular level.
Transcriptome Analysis Of Apex1-mediated AS

The successful overexpression of APEX1 was demonstrated by analyzing the FPKM (fragment per
kilobase per million reads) values as detailed in the Materials and Methods (Fig. 3A). In order to gain
insight into the role of APEX1 in AS regulation, we performed transcriptome sequencing of A549 cells
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with or without APEX1 overexpression. A total of 81M ± 1.06M uniquely mapped reads were obtained
from APEX1-OE (Overexpression) and control groups, in which approximately 49.75%~ 52.92% splice
events were junction reads (details can be found in Additional �le 3). These data allowed detection of
72.58% of annotated exons (266,614 out of 367,321 annotated exons), and 179,608 annotated and
254,897 novel splice junctions using Tophat2. To compare the gene expression patterns across
individuals, expression values in units of FPKM were calculated using an in-house pipeline. Effective
depletion of APEX1 was con�rmed in parallel by RNA-seq analysis (Fig. 3A). We further explored APEX1-
regulated AS events with the RNA-seq dataset using ABLas software [21]. We detected 36,086 known
ASEs and 55,088 novel ASEs, excluding intron retention (IR) (details can be found in Additional �le 4). By
applying a stringent cutoff of a p-value ≤ 0.05 and a changed AS ratio ≥ 0.2 (See Materials and
Methods), we identi�ed 611 high-con�dence APEX1-RASEs. Complete RASEs can be found in Additional
�le 5 and Fig. 3B, including 109 known IR RASEs and 502 non-IR (NIR) RASEs. The majority of RASEs
were within alternative 5′ splice sites (A5SS, 142 events), alternative 3′splice sites (A3SS, 122 events),
exon skipping (ES, 88 events), and cassette exons (CE, 53 events). The other event types included
mutually exclusive 5′UTR (5pMXE, 35), mutually exclusive 3′UTR (3pMXE, 9), mutually exclusive exon
(MXE, 25), alternative 5' splice site & exon skipping (A5SS & ES, 17), and alternative 3' splice site & exon
skipping (A3SS & ES, 11). These data suggest that APEX1 globally regulates AS events in A549 cells.

A total of 611 genes harbored APEX1-regualted ASEs, termed RASGs. To rule out the possibility that
APEX1-regulated AS events could be simply attributed to the APEX1-mediated transcriptional regulation,
we analyzed genes whose transcription levels were regulated by APEX1-OE by running edgeR package,
which resulted in 86 of such DEGs. As shown in Fig. 3C, only one RASG overlapped with a DEG. To
assess the potential biological function of APEX1-regulated AS, RASGs were subjected to GO and KEGG
analysis. The top ten GO biological terms were; activation of cysteine-type endopeptidase activity
involved in apoptosis, regulation of transcription, and G2/M transition of mitotic cell cycle (Fig. 3D).
Enriched KEGG pathways (p ≥ 0.05) included; MAPK signaling pathway, Wnt signaling pathway, and
carbon metabolism signaling pathway (Fig. 3E). Genes involved in each GO term or KEGG pathway are
found in Additional �le 6.

Identi�cation of APEX1-regulated AS of cancer-related genes in A549 cells

To validate APEX1-RASEs identi�ed by RNA-seq, 21 RASEs classi�ed into IR, ES, A5SS, and A3SS were
selected for q-PCR validation. Most of these genes in RASEs belonged to enriched functional terms or
KEGG pathways. Out of 21 tested events, three alternative splicing events validated by q-PCR agreed with
the RNA-seq results. The three validated splicing events were in the following genes, AXIN1 (axis
inhibition protein 1), GCNT2 (N-acetyl glucosaminyl transferase 2), and SMAD3 (SMAD Family Member
3). AS of CTBP2 (C-Terminal Binding Protein 2), PPARD (peroxisome proliferator-activated receptor), and
FBXW11 (F-Box and WD Repeat Domain Containing 11) were inversely regulated by APEX1 (Fig. 4. and
Additional �le 7). In summary, these results demonstrate con�dence in the APEX1-RASEs and AS data.

Validation of APEX1-regulated gene expression and alternative splicing in NSCLC clinical samples
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In order to validate con�dence in the DEGs and ASEs detected in this study, we performed additional
experiments with NSCLC clinical samples from the TCGA Lung study. We selected 40 cancer samples
with 20 high and 20 low APEX1 expression levels (Fig. 5A). A total of 125 M ± 49 M clean reads per
sample were downloaded from the TCGA database. Among these, 108 M ± 42 M reads per sample
uniquely aligned to the human genome, in which junction reads accounted for 14.14–25.10% (details can
be found in Additional �le 8). We then analyzed ASEs from the RNA-seq dataset and detected 36,086
known ASEs and 93,066 novel ASEs, without counting intron retention events. Published studies have
validated the e�cacy of ABas software for detection of ASEs from multiple pairs of samples [21, 22].

By applying a stringent cutoff of p ≤ 0.05, with changed AS ratio ≥ 0.2, we identi�ed 4,626 high-
con�dence RASEs that were associated with APEX1 expression levels in these 40 clinical samples
(Fig. 5B). These data suggest that APEX1 extensively regulates ASEs in NSCLC. Genes harboring APEX1-
RASEs were highly enriched in: apoptotic signaling pathway, cellular protein metabolic process, and
G2/M transition of mitotic cell cycle (GO biological process terms, Fig. 5C). Meantime Enriched KEGG
pathways (p ≥ 0.05) included; cell cycle, ubiquitin mediated proteolysis, and p53 signaling pathway
(Fig. 5D). Taken together, these results indicate that APEX1-RASEs may play a role in NSCLC genesis.
Because cancer tissues are complicated by multiple cell types and deregulated genes, these potential
APEX1-RASEs could contribute to oncogenesis. Further, APEX1 could globally regulate ASEs in NSCLC. To
illustrate the consistency of AS between clinical samples and the A549 cell line, we carefully analyzed the
expression levels of APEX1-RASs in NSCLC and A549 cells. We found overlap of the RASEs (Fig. 6), with
validation by RNA-seq and q-PCR. p-value: 3.638768e-146

Discussion
APEX1, known as a RBP closely associated with NSCLC, may play a critical role in cancer [23, 24].
However, the involvement of APEX1 in cancer progression, especially its impact on AS of genes within
functional signaling pathways, has not been fully elucidated. The main �nding of this study is that
APEX1 is upregulated in human NSCLC tissues, and that APEX1 increases cellular apoptosis and
decreases cellular proliferation by regulation of AS in A549 cells. Further, APEX1 was shown to affect key
tumorigenesis genes of the Wnt signaling pathway and the MAPK signaling pathway by regulating AS.
These genes include AXIN1, GCNT2, and SMAD3. These results were con�rmed in NSCLC tissues from
the TAGA database and as well in A549 cells. We believe our results demonstrate, for the �rst time in lung
cancer, the effects of APEX1 upon AS-related genes of the Wnt signaling and MAPK signaling pathways.

Recent evidence has demonstrated APEX1 upregulation in various cancers such as NSCLC and colorectal
cancer [25, 26]. However, the clinical signi�cance of APEX1 in cancer remains unclear, although APEX1
has been shown to be a positive regulator, contributing to the aggressive behavior of colon cancer
behaviors [27]. Many studies have suggested increased APEX1 levels to be diagnostic and prognostic for
cancer, and that APEX1 may be a therapeutic target for treatment of advanced cancer [28]. APEX1
expression has been inversely correlated with cellular senescence in human primary cells, while in cancer,
low levels of APEX1 expression have been associated with increased senescence [29]. Results of this
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study support the hypothesis that APEX1 is cancer-promoting and that AS of cancer-related genes has a
critical impact on lung cancer cell biology [30]. Further, the effect of APEX1 on lung cancer cell
proliferation and apoptotic pathway-related genes is due to AS. The speci�c mechanism by which APEX1
induces such effects requires further investigation.

Given the widespread AS perturbations in cancer, it is important to determine how AS events mediate
cancer progress [31]. Abundant evidence has shown AS to be associated with lung cancer [32]. Further,
evidence has demonstrated that AS alterations in cancer can be caused by changes in expression,
ampli�cation, and deletion of RBPs [31, 33]. A change in AS events can occur in cancer related genes,
which correlate with an increase in cell proliferation and metastasis, the basis for 90% of all human
cancer mortality [34]. It has been established that, in some cases, a relationship exists between a splicing
event and an increase in cancer cell proliferation and invasion [34, 35]. As such, AS may be a hallmark of
cancer [36]. By analysis of the GO biological process and KEGG functional pathways in A549 cells and
with con�rmation in clinical NSCLC samples, AS and APEX1 were found to play critical roles in the
regulation of signaling pathways that control cell proliferation and tumorigenesis, including the MAPK
and Wnt signaling pathways.

Previous studies found the MAPK signaling pathway to be critically involved in many important cellular
processes including protein biosynthesis, cell cycle control, apoptosis, and differentiation [37]. Once
activated, the MAPK signaling pathway exerts major effects on cell physiology. Given the many important
roles for MAPK pathway signaling, its activation is tightly regulated [38]. The activity of the MAPK
signaling pathway is critical to proliferation of normal and cancerous cells. Oncogenic mutations that
drive the development of NSCLC often activate this signaling pathway [39]. Sandra et al. found that
activation of the MAPK pathway may be bene�cial to the survival, proliferation, and spread of lung cells
in response to multiple stimuli, with evidence demonstrating high levels of MAPK pathway activity to be
detrimental to lung tumors by interference with the neuroendocrine system [39]. In NSCLC patients, other
studies found that resulting chimeric proteins functioned to promote cancer cell proliferation, invasion,
and anti-apoptosis through activation of MAPK signaling [40]. Herein, we found that greater expression of
APEX1 was regulated by AS of genes related to the MAPK signaling pathway, which may be detrimental
to NSCLC. The mechanistic basis could be APEX1 regulation of AS alterations that stimulate MAPK
signaling pathway components, including genes encoding kinases and transcription factors.

The Wnt signaling pathway is a main regulator of development within the animal kingdom. Dysregulation
of the Wnt signaling pathway results in multiple growth-related pathologies and cancer. Further, the Wnt
signaling pathway has been shown to be involved in cancer progression, differentiation, migration,
genetic stability, and apoptosis [41]. Constituents of Wnt signaling pathway can be either positive or
negative, wherein the negative constituents principally act to suppress tumorigenesis, which for cancer
can be mutation or loss of function [42]. AS related transcripts of RBPs have been detected in NSCLC and
breast tumor tissues and may contribute to altered Wnt signaling [43]. Lung cancer “stemness” can be
maintained by targeting negative regulators of the Wnt signaling pathway for degradation, thereby
increasing Wnt activity [44]. The mechanism may be, after abnormal activation of Wnt signaling,
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expression of downstream target genes accelerates cell proliferation, producing abnormal proteins and
accelerating tumor formation [45]. Collectively, these results suggest AS to be related to RBPs changes in
NSCLC, impacting cell signaling in a manner that likely contributes to tumorigenesis [43]. Our �ndings
indicate that suppression of the Wnt signaling pathway, by targeting AS by APEX1, could inhibit NSCLC
proliferation and promote apoptosis. Our results further support the concept that targeting differential AS
related to APEX1 may be a means by which to reduce cell proliferation and induce apoptosis of tumors in
patients with lung cancer. Further investigations are needed to elucidate the regulatory mechanisms by
which AS impacts genes related to the MAPK and Wnt signal pathways. These investigations could
provide for the development of new means by which to target malignant tumors.

Previous studies have suggested a relationship between AS and RBPs in cancer, which would change
expression, ampli�cation, and deletion of speci�c signaling pathway genes [46]. Based on this study, AS
events regulated by APEX1 were mostly located in genes encoding transcription regulation factors in the
MAPK and Wnt signaling pathways. By qPCR and RNA-seq we identi�ed several ASEs of cancer related
genes that were regulated by APEX1 including; AXIN1, GCNT2, SMAD3, CTBP2, PPARD, and FBXW11
(Fig. 6). Further, compared to the control group, the APEX1 related genes were upregulated and consistent
with APEX1-RASEs identi�ed by ABLas RNA-seq and qPCR. Further, several APEX1-RASEs were involved
in genes encoding protein kinases such as; AXIN1, GCNT2, SMAD3, CTBP2, PPARD, and FBXW11, which
play important roles in different signaling pathways or cellular processes. Mechanistically, we have
demonstrated APEX1 inhibition to induce a rapid downregulation of AXIN1. AXIN1 is an important
regulator of beta-catenin, which is frequently mutated in human hepatocellular carcinoma. Transduction
of wild-type (AXIN1) induces apoptosis of colon cancer cells [47]. AXIN1 has been found in various
human cancers, including those of the colon, liver, endometrium, ovary, prostate, and stomach [48].
Previously, reduced expression of AXIN1 was related to poor differentiation of lung cancer. Therefore,
AXIN1 may provide a new target for therapeutic intervention in lung cancer. In this study, we found
GCNT2 to be overexpressed in highly metastatic NSCLC samples. Functional studies showed that ectopic
expression of GCNT2 enhanced cell detachment, adhesion to endothelial cells, cell migration and
invasion in vitro, and lung metastasis of breast cancer cells in vivo [49]. So GCNT2 may be a novel gene
contributing to metastasis with preferential expression in lung cancer, implying that blocking the
TGFβ/GCNT2 signal pathway is a promising approach for targeting metastatic NSCLC. Furthermore, we
found that APEX1 can activate the TGFβ/SAMD3 signal pathway by promoting lung cancer cells
proliferation, as described previously [50]. For the TGFβ/SMAD3 signaling pathway, receptor-activated
SAMD complexes activate or repress their target gene promoters. SMAD cofactors are a group of SMAD-
binding proteins that promote recruitment of SMAD complexes to promoters [51]. The mechanistic basis
could be that APEX1 overexpression affects speci�c signaling pathways such as MAPK and Wnt, which
are very important to cancer progression, differentiation, and apoptosis by up-regulating SMAD3
expression.

These results con�rm that APEX1 can indirectly regulate development of NSCLC by affecting AS of the
above-mentioned genes, thereby controlling proliferation and apoptosis-related signaling pathways. In
point of fact, RBPs are overexpressed in a wide variety of cancers and the silencing of these genes
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induces apoptosis in cancer cells but not in normal cells [52]. AS of cancer-related genes may have a
critical impact on lung cancer cell biology. Considering that splicing machinery is changed in lung cancer,
it is important to keep in mind that many other AS found in lung cancer tissues may be “passengers”
rather than “drivers” of malignant transformation [32]. Previous studies have found that alterations in
genes encoding RBPs are pervasive in cancer, characterize different tumor types, and can explain many
of the AS changes observed in lung cancer. We con�rm that APEX1 plays a very important role in the
biology of NSCLC by regulating AS of key tumorigenesis genes related to proliferation and apoptosis
signaling pathways. Taken together, our results indicate that APEX1 may play a role in promoting cancer
by inducing the expression of many oncogenes, although identi�cation of the precise mechanism
requires further study.

Conclusions
In this study, we have successfully applied RNA-seq technology to demonstrate APEX1 regulation of AS,
which is consistent with its reported role as a signaling adaptor, a kinase, and a mRNA-associated
protein. We demonstrated APEX1 expression to be up-regulated in NSCLC samples, and that APEX1 over
expression may reduce cell proliferation and induce apoptosis. In addition, we con�rm that APEX1
regulates the AS of key tumorigenesis genes involved in cancer proliferation and apoptosis pathways, the
MAPK signaling pathway and the Wnt signaling pathway, which mediate lung cancer progression.
Therefore, APEX1 regulation of AS may serve as a molecular marker or therapeutic target for NSCLC
treatment. However, functional studies will be required to con�rm the biologic relevance of APEX1-
associated AS in lung cancer.
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Figures

Figure 1

APEX1 expression in NSCLC samples based on the TCGA database. (A) Column chart of APEX1
expression in 517 NSCLC samples and 59 normal samples. APEX1 was signi�cantly higher in lung cancer
tissues compared with normal tissue samples. (B) APEX1 distribution of expression levels during
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different stages of NSCLC samples. NSCLC was staged based on the standards of the International
Association for Lung Cancer Research (IASLC) stage (Log-rank test, p < 0.05).

Figure 1

APEX1 expression in NSCLC samples based on the TCGA database. (A) Column chart of APEX1
expression in 517 NSCLC samples and 59 normal samples. APEX1 was signi�cantly higher in lung cancer
tissues compared with normal tissue samples. (B) APEX1 distribution of expression levels during
different stages of NSCLC samples. NSCLC was staged based on the standards of the International
Association for Lung Cancer Research (IASLC) stage (Log-rank test, p < 0.05).
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Figure 2

Effects of APEX1 on the proliferation and apoptosis of A549 cells. (A) Expression levels of APEX1 in
A549 cells after transient transfection with APEX1 overexpression or control vectors, detected by RT-
qPCR. (B) Cell proliferation analysis. Proliferation of control and treated A549 cells was assessed with a
Luminometer after adding Cell Titer Glo reagent. (C) Apoptosis percentage of A549 cells transfected with
APEX1 was quanti�ed. Apoptosis was increased in cells with APEX1 over expression compared to control
A549 cells. (D) Western blot analysis showed high levels of APEX1 in cells transfected with the over
expression vector vs. the control vector. (E) APEX1 overexpression induced A549 cell apoptosis. APEX1
over expression or control vectors were transfected into A549 cells. The cells were stained with Annexin
V/FITC and PI with apoptotic cells detected by �ow cytometry. APEX1 OE, expression A549 cells. FITC,
�uorescein isothiocyanate; PI, propidium iodide, *p < 0.05.
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A549 cells. (D) Western blot analysis showed high levels of APEX1 in cells transfected with the over
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Figure 3

Identi�cation and functional analysis of APEX1-regulated splicing events in A549 cells. (A) APEX1
expression quanti�ed by RNA sequencing and qRT-PCR. FPKM values were calculated as described in
Materials and Methods. (B) Classi�cation of different AS types regulated by APEX1 protein. (C) Overlap
analysis between APEX1-regulated differentially expressed genes (DEG) and alternative splicing genes
(RASG). (D) The top 10 GO biological processes. (E) KEGG functional pathway analysis of AS genes.
Node size represents the number of genes in the pathways.
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Node size represents the number of genes in the pathways.
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Figure 4

Validation of APEX1-RAES. (Left panel) IGV-sashimi plots showed one ES (A) and two A5SS (B, C)
alternative splicing events in three different genes. Read distribution of each alternative splicing event
was plotted in the left panel with the transcripts of each gene shown below. The schematic diagrams
depict the structures of ASEs, AS1 (purple line) and AS2 (green line). The exon sequences are denoted by
boxes and intron sequences by horizontal lines (right panel, top). RNA-seq quanti�cation and RT-qPCR
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validation of ASEs are shown at the bottom of the right panel. The altered ratios of AS events in RNA-seq
were calculated using the formula: AS1 junction reads/AS1junction reads +AS2 junction reads; while the
altered ratio of AS events in q-PCR were calculated using the formula: AS1 transcripts level/AS2
transcripts level. (For interpretation of the references to color in this �gure legend, the reader is referred to
the web version of this article.)

Figure 4
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Validation of APEX1-RAES. (Left panel) IGV-sashimi plots showed one ES (A) and two A5SS (B, C)
alternative splicing events in three different genes. Read distribution of each alternative splicing event
was plotted in the left panel with the transcripts of each gene shown below. The schematic diagrams
depict the structures of ASEs, AS1 (purple line) and AS2 (green line). The exon sequences are denoted by
boxes and intron sequences by horizontal lines (right panel, top). RNA-seq quanti�cation and RT-qPCR
validation of ASEs are shown at the bottom of the right panel. The altered ratios of AS events in RNA-seq
were calculated using the formula: AS1 junction reads/AS1junction reads +AS2 junction reads; while the
altered ratio of AS events in q-PCR were calculated using the formula: AS1 transcripts level/AS2
transcripts level. (For interpretation of the references to color in this �gure legend, the reader is referred to
the web version of this article.)

Figure 5

Analysis of potential APEX1-RASEs and genes in NSCLC clinical samples. (A) Violin plot of APEX1
expression in two groups of samples with APEX1 differentially expressed. The samples were grouped
based on their APEX1 expression levels regardless of their pathological stage. (B) Bar plot of the
distribution of AS events showing signi�cant difference between the high- and low-APEX1 samples. The
regulated AS events (RASE) were classi�ed into 10 different types as detailed in Materials and Methods.
The red and blue bars indicate the number of AS events upregulated and downregulated, respectively, in
the high-APEX1 groups compared to the low-APEX1 group. (C) The top ten GO biological processes. (D)
KEGG functional pathway of RASE genes regulated by APEX1. Functional clustering of RASE genes
regulated by APEX1 within the TCGA data.
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Figure 6

Venn diagram showing overlapped RASE genes due to APEX1-regulation in the TCGA data set for NSCLC
cancer and A549 cells, p < 0.05.
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Figure 6

Venn diagram showing overlapped RASE genes due to APEX1-regulation in the TCGA data set for NSCLC
cancer and A549 cells, p < 0.05.
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