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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 func-
tions in tumor progression by regulation of AS. It is also unknown whether APEX1 can regulate non-small-cell lung
cancer (NSCLC) proliferation and apoptosis. 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 flow cytometry. The transcriptome of A549 cells with
and without APEXT over expression was determined by lllumina sequencing, followed by analysis of AS. RT-gPCR
validated expression of APEX1-related genes in A549 cells. We have successfully applied RNA-seq technology to dem-
onstrate APEX1 regulation of AS.

Results: APEX1 expression was shown to be upregulated in NSCLC samples and to reduce cell proliferation and
induce apoptosis of A549 cells. In addition, APEX1 regulated AS of key tumorigenesis genes involved in cancer prolif-
eration and apoptosis within MAPK and Wnt signaling pathways. Each of these pathways are involved in lung cancer
progression. Furthermore, validated AS events regulated by APEXT were in key tumorigenesis genes; AXINT (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 was an independent prognostic factor related to NSCLC
progression. Therefore, APEX1 regulation of AS may serve as a molecular marker or therapeutic target for NSCLC
treatment.
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Introduction lung cancer has become the major cause of cancer death
With increasing worldwide incidence and mortality, and a serious clinical issue [1]. Non-small-cell lung can-

cer (NSCLC) is the most prevalent and heterogeneous
TLi Peng and Yuwei Liu contributed equally to the manuscript as co-first subtype of lung cancer comprised of adenocarcinoma,
authors squamous cell carcinoma, and large cell carcinoma [2].
NSCLC is often is often diagnosed at an advanced stage,
leaving patients with little chance for effective and cura-
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The clinical treatments available in routine practice for
NSCLC patients include molecularly targeted therapeu-
tics, immune checkpoint inhibitors, and anti-angiogenic
agents, which have significantly improved patient out-
comes [5]. Therefore, improved patient prognosis and
survival requires improvements in screening for early
NSCLC biomarkers, development of therapeutic efficacy
predictors, and new treatment drugs.

Data from genome-wide studies suggest that more
than 90% of human genes undergo alternative splicing
(AS) [6]. Evidence suggests that AS contributes to cell
differentiation, lineage determination, tissue-identity
acquisition, tissue maintenance, and organ development
[7]. While, systematic and coordinated AS alterations of
functionally linked RNA-binding proteins (RBPs) could
impact cell carcinogenesis [8]. RBPs are important regu-
lators of AS and have important roles: in cancer progres-
sion, they are key components of RNA metabolism of
RNAs. Using mass spectrometry, more than 1000 RBPs
have been identified in eukaryotic cells, many of which
regulate splicing [9-11]. Thus, exploration of RBP regu-
latory mechanisms associated with AS will deepen our
understanding of cancer. Altered expression of apurinic-
apyrimidinic endonuclease-1 (APEX1), known as an RBP,
is often observed in human tumors [12]. Accumulating
evidence indicates that elevated and ectopic expression
of APEX1 in tumor tissue is closely linked to a poor prog-
nosis for lung cancer [12, 13].

Although previous studies have suggested involve-
ment of APEX1 in tumor progression, it remains unclear
whether APEX1 regulates AS in NSCLC. The aim of this
study was to determine whether APEX1 indirectly regu-
lated proliferation and apoptosis of NSCLC through AS.
To accomplish this aim, we assessed the relationships
among APEXI1, cellular proliferation, apoptosis regula-
tion, and cancer progression through specific signaling
pathways. The approach was to analyze APEX1 expres-
sion levels in 517 lung NSCLC samples from TCGA (The
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 transcrip-
tion-quantitative polymerase chain reaction (RT-qPCR)
was performed to validate APEX1 in A549 cells and clini-
cal NSCLC samples. We found that APEX1 expression
was upregulated in NSCLC samples, and that APEX1
overexpression led to reduced cell proliferation and
apoptosis. Furthermore, APEX1-regulated AS of many
genes, which were related to cancer proliferation and
apoptosis pathways.
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Materials and methods

Cloning and plasmid construction

The cloning and plasmid construction performed as pre-
viously reported [9]. The human APEX1 gene was cloned
by reverse transcription from total RNAs extracted from
multiple cancer and non-cancer cell lines, followed by
PCR amplification. The DNA fragment corresponding to
a complete cDNA length was purified from a gel (Min-
Elute PCR Purification Kit, Qiagen, 28004), and then
cloned into the pIRES-hrGFP-1a vector (240031, Agilent
Technologies) using the hot fusion method were designed
with CE Design V1.04 (Vazyme Biotech Co., Ltd). Each
of the primer comprises a fragment of gene specific
sequence and a 17-30 bp sequence of the pIRES-hrGFP-
la vector. Please be noted that this vector also harbored a
FLAG tag, which was fused to the 3’ end of APEX1. The
primers used for cDNA cloning were as follow,

APEX1 F Primer: agcccgggeggatccgaattcATGCCGAAG
CGTGGGAAA

APEX1 R Primer: gtcatccttgtagtectcgagCAGTGCTAG
GTATAGGGTGATAGG

The pIRES-hrGFP-la vector was digested by EcoRI
(NEB, 3101S) and Xhol (NEB R0146V) at 37 C for 2—3 h.
Then enzyme-digested vector was run on 1.0% agarose
gel and purified by Qiagen column kit (MinElute PCR
Purification Kit, Qiagen, 28004). Then the insert frag-
ment was synthesized by PCR amplification and PCR
insert were added to a PCR microtube for ligation (T4
DNA ligase, NEB, M0202V) with ClonExpress® II One
Step Cloning Kit (Vazyme, C112). Plasmids were intro-
duced into Escherichia coli strain by chemical transfor-
mation. Cells were plated onto LB agar plates containing
1 puL/ml ampicillin (sigma, 7177-48-2), and incubated
overnight at 37 ‘C. Colonies were screened by colony
PCR (28 cycles) with universal primers (located on the
backbone vector). The insert sequence was verified by
Sanger sequencing.

RNA extraction and sequencing

Before extracting RNA, A549 cells were ground to a
fine powder. Total RNA was extracted with TRIzol (Life
Technology, Carlsbad, CA, USA). The RNA was further
purified with two phenol-chloroform treatments. The
quality and quantity of purified RNA was measured at
260 nm/280 nm (A260/A280) using a Smartspec Plus
(BioRad, Sacramento, CA, USA). The integrity of RNA
was further verified by 1.5% agarose gel electrophoresis.
For each sample, 1 pg of total RNA was used for RNA-
seq library preparation with a VAHTS Stranded mRNA-
seq Library Prep Kit (Vazyme, Nanjing, China). For
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high-throughput sequencing, the library was prepared
according to the manufacturer’s instructions and ana-
lyzed 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. The 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 informa-
tion is provided in Additional file 1: Table S1.

Western blotting analysis

The western blotting analysis performed as previously
reported [9]. A549 cells line after 48 h transfection were
collected in each group, lysed on ice for 30 min in RIPA
buffer containing 50 mM Tris—HCl (pH 7.4), 150 mM
NaCl, 1.0% deoxycholate, 1% Triton X-100, 1 mM
EDTA and 0.1% SDS. The samples were centrifuged
(12,000 rpm, 5 min), and supernatants were stored sepa-
rately. The protein was stored and frozen in refrigerator
at 4 °C after the protein concentration of every sample.
Protein samples were loaded into 10% or 12% SDS-PAGE
gels depending on molecular weight and transferred onto
0.45 mm PVDF membranes. Then incubated with horse-
radish peroxidase-conjugated secondary antibody for 1 h
at room temperature, and membranes were visualized
through chemiluminescence. We also have quantitated
some of the WB bands by the software Image J. Anti-
bodies: The following antibodies were purchased from
commercial sources including anti-APEX1 (Polyclonal
Antibody, AB clonal; ab268072); anti-GAPDH (Poly-
clonal Antibody, AB clonal; AC001).

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 [14] 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 kb of transcripts
per million fragments mapped).

Differentially expressed genes (DEGs) analysis

and alternative splicing analysis

The R Bioconductor package edgeR was utilized to iden-
tify the differentially expressed genes (DEGs). Alternative
splicing events (ASEs) and regulated alternative splic-
ing events (RASEs) between the samples were defined
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and quantified using the ABL pipeline [15]. In short,
the detection of ABL, as 10 types of ASEs, was 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 5UTRs (5pMXE), mutually
exclusive 3’'UTRs (3pMXE), cassette exon, A3SS&ES, and
AS5SS&ES. Student’s ¢-test was performed to evaluate the
ASE regulated by RNA-binding proteins. The events that
were significant 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 and validation of DEGs

and AS events

To validate the RNA-seq data, qRT-PCR was performed
on some DEGs and ASE. Primer information is found in
Additional file 1: Table S1. According to the manufactur-
er’s instructions, real-time PCR was performed by SYBR
Green PCR Reagents Kit (Yeasen, Shanghai, China). To
detect alternative isoforms, we used crossover primers.
Design boundary-spanning primers for alternative exons
according to “model exons” was used to detect model
splicing, or “altered exons” to detect altered splicing.

Functional enrichment analysis and downloading RNA-seq
data for NSCLC samples

To assess the functional categories of DEGs, Gene Ontol-
ogy (GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were identified with a
KOBAS 2.0 server [16—18]. The Hypergeometric test and
the Benjamini—Hochberg FDR controlling procedure
were used to define enrichment terms. 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 pre-
sented in this publication are available using GEO Series
accession number GSE146875.

Statistical analysis

All experiments were repeated three times and presented
as the mean =+ standard deviation. The analysis was per-
formed by GraphPad Prism 7 software (GraphPad, Inc.
San Diego, CA, USA) and SPSS version 21.0 software
(SPSS, Inc., Chicago, IL, USA). Student’s ¢-test was used
to analyze two groups. One-way analysis of variance fol-
lowed by the Newman-Keuls test was used to compare
the differences among multiple groups. All p values were
two-sided, with the statistically significant level defined
as lower than 0.05.



Peng et al. BMC Medical Genomics (2022) 15:147

Results

APEX1 expression is upregulated during all NSCLC stages
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 that APEX1
was upregulated in 517 NSCLC samples compared to
59 normal tissue samples, with a statistically significant
difference between the two groups (p<0.01, Fig. 1a and
Additional file 2: Table S2). In addition, 517 NSCLC sam-
ples were classified into different stages, including stage
1(5), IA (132), IB (140), IIA (50), IIB (71), IIIA (73), IIIB
(11) and IV (26) (Fig. 1b). It was showed that APEX1 was
significantly upregulated in most stages compared with
the normal stage (p<0.01). Collectively, these data dem-
onstrated APEX1 to be upregulated and its levels to be
correlated with malignant features of human NSCLCs.
Therefore, it was necessary to study the intrinsic mecha-
nism of APEX1 on cancer cell proliferation or apoptosis.

Overexpression of APEX1 induces apoptosis and inhibits
proliferation of A549 cells

To analyze the effect of APEX1 on proliferation and
apoptosis of cancer cell, 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. 2, over expression of APEX1
in A549 cells was confirmed by RT-qPCR and western
blot analysis (Fig. 2a,d). Cell proliferation was signifi-
cantly reduced by APEX1 overexpression when com-
pared with the control (p<0.05, Fig. 2b). Conversely,
overexpression of APEX1 increased apoptosis of A549
cells (p<0.05, Fig. 2c,e). These results demonstrated that
overexpression of APEX1 reduced cell proliferation and
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promoted apoptosis in the NSCLC cell line, A549. The
molecular mechanism for these effects requires further
investigation at the molecular level.

Transcriptome analysis and identification

of APEX1-mediated AS of cancer-related genes in A549
cells

The successful overexpression of APEX1 was demon-
strated by analyzing the FPKM (fragment per kb per mil-
lion 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 with or without APEX1 overexpression. A total
of 81 M+1.06 M 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 file 3:
Table S3). Effective depletion of APEX1 was confirmed in
parallel by RNA-seq analysis (Fig. 3a). We further explored
APEX1-regulated AS events with the RNA-seq dataset
using ABLas software. We detected 36,086 known ASEs
and 55,088 novel ASEs, excluding intron retention (IR)
(details can be found in Additional file 4: Table S4). We
identified 611 high-confidence APEX1-RASEs. The com-
plete RASEs can be found in Additional file 5: Table S5 and
Fig. 3b. These data suggested that APEX1 regulated AS
events. Furthermore, we analyzed genes whose transcrip-
tion levels were regulated by APEX1-OE by running edgeR
package, which resulted in 86 of such DEGs. As shown in
Fig. 3¢, 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 three GO biological terms were: acti-
vation of cysteine-type endopeptidase activity involved
in apoptosis, regulation of transcription, and G2/M

p =1.83582E-23
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Fig. 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. 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 < 0.001, compared with normal samples)
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Fig. 2 Effects of APEX1 on the proliferation and apoptosis of A549 cells. a Expression levels of APEXT in A549 cells after transient transfection with
APEX1 overexpression or control vectors, detected by RT-qPCR. b Cell proliferation analysis. ¢ Apoptosis percentage of A549 cells transfected with
APEX1 was quantified. d Western blot analysis showed high levels of APEX1 in cells transfected with the over expression vector vs. the control
vector. e APEXT overexpression induced A549 cell apoptosis. **p <0.05, and ***p < 0.001

transition of mitotic cell cycle (Fig. 3d). The enriched
KEGG pathways included: the MAPK signaling path-
way and the Wnt signaling pathway (p > 0.05, Fig. 3e
and Additional file 6: Table S6). Furthermore, in order
to validate APEX1-RASEs, q-PCR was performed. 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 follow-
ing genes, AXINI (axis inhibition protein 1), GCNT2
(N-acetyl glucosaminyl transferase 2), and SMAD3
(SMAD Family Member 3), in the Fig. 3f-h. In sum-
mary, these results demonstrate confidence in the
APEX1 related RASEs and AS data.

Validation of APEX1-regulated gene expression

and alternative splicing in NSCLC clinical samples

In order to validate confidence in the DEGs and
ASEs detected in this study, we performed additional

experiments with NSCLC clinical samples from the
TCGA Lung study. Forty cancer samples were selected
from 20 high and 20 low APEX1 expression samples
(Fig. 4a). Reads per sample were downloaded from
TCGA database (details can be found in Additional file 7:
Table S7). We identified 4626 high-confidence RASEs
related to APEX1 expression levels in these 40 clini-
cal samples (Fig. 4b). These data indicated that APEX1
extensively regulated ASE in NSCLC. Genes carrying
APEX1-RASE were highly enriched in the following sig-
nal transduction pathways: apoptotic signaling pathway,
cellular protein metabolic process, and G2/M transi-
tion of mitotic cell cycle (GO biological process terms,
Fig. 4c). Meantime Enriched KEGG pathways (p >0.05)
included; cell cycle, ubiquitin mediated proteolysis, and
p53 signaling pathway (Fig. 4d). Taken together, these
results indicate that APEX1-RASEs may play a role in
NSCLC genesis. Because cancer tissues are complicated

(See figure on next page.)

Fig. 3 Identification and functional analysis of APEX1-regulated splicing events in A549 cells. a APEX1 expression quantification. b Classification of
different AS types. ¢ Overlap analysis between APEX1-regulated DEGs and RASGs. d The top 10 GO biological processes. e KEGG functional pathway
analysis. f-h Splicing events genes validation. RNA-seq quantification and RT-qPCR validation of ASEs are shown at the bottom of the right panel. *p
and **p <0.05, ***p <0.001
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by multiple cell types and deregulated genes, these
potential APEX1-RASEs could contribute to oncogen-
esis. Furthermore, to illustrate the consistency of AS
between clinical samples and the A549 cell line, we care-
fully analyzed the expression levels of APEX1-RASs in
NSCLC and A549 cells. We found overlap of the RASEs,
with validation by RNA-seq and q-PCR (Fig. 4e).

Discussion

APEX1, known as RBP, played a critical role in cancer
[12, 19, 20]. The APEX1 overexpression is correlated with
cancer progression in various human solid malignan-
cies [21]. However, the involvement of APEX1 in cancer
progression, especially its impact on genes within func-
tional signaling pathways, has not been fully elucidated.
The main finding of this study was that APEX1 was
upregulated in human NSCLC tissues, and that APEX1
increased cellular apoptosis and decreased cellular pro-
liferation by regulation of AS. Further, APEX1 affected
key tumorigenesis genes of Wnt signaling pathway and
MAPK signaling pathway by regulating AS. These genes
included AXIN1, GCNT2, and SMAD3. Our results were
confirmed in NSCLC tissues from the TAGA database
and as well in A549 cells.

Previous study reported that certain patients with
NSCLC who are eligible for newer targeted therapies or
immunotherapies are now surviving longer, with 5-year
survival rates ranging from 15 to 50%, depending on
the biomarker. Therefore, a predictive biomarker has a

corresponding specific targeted therapy that has been
shown to improve outcomes in patients with the predic-
tive biomarker (eg alectinib and brigatinib) [22]. Recent
evidence has demonstrated APEX1 upregulation in vari-
ous cancers such as NSCLC and colorectal cancer [23].
However, the clinical significance and concomitant role
of APEX1 in cancer remains unclear, although APEX1
has been shown to be a positive regulator, contributing
to the aggressive behavior of cancer behaviors. Wu et al.
[24] knocked-down and overexpressed p53 in various
lung cancer cells, their results showed that the cytoplas-
mic APEX1 expression elevated by p53 aberration may be
used to predict poor survival and recurrence of NSCLC
patients. In addition, as an emerging biomarker, serum
APEX1 was found to be a predictive marker of platinum-
based chemotherapy in NSCLS patients [25]. Further-
more, 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 [26, 27]. Our research has analogous
findings that APEX1 was cancer-promoting and that AS
of cancer-related genes had a critical impact on lung can-
cer cell biology [28]. However, the specific 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 can-
cer progress. Evidence has demonstrated that AS altera-
tions in cancer can be caused by changes in expression,
amplification, and deletion of RBPs [29, 30]. It has been
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established that, in some cases, a relationship exists
between a splicing event and an increase in cancer cell
proliferation and invasion [31, 32]. As such, AS may be a
hallmark of cancer [33]. Our research found that AS and
APEX1 were critical in the regulation of signaling path-
ways that control cell proliferation and tumorigenesis,
including the MAPK and Wnt signaling pathways, which
may be detrimental to NSCLC. The mechanism could
be that APEX1 regulated AS of key tumorigenesis genes
involved in cancer proliferation and apoptosis within
the MAPK and Wnt signaling pathways, including genes
encoding kinases and transcription factors. Our results
further supported the concept that targeting differen-
tial 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.

In addition, by qPCR and RNA-seq we identified sev-
eral cancer-related genes that regulated by AS of APEXI,
which included AXIN1, GCNT2, SMAD3, CTBP2,
PPARD, and FBXW11. Compared to the control group,
these APEX1 related genes were upregulated and consist-
ent with APEX1-RASEs identified. Mechanistically, we
have demonstrated APEX1 inhibition to induce a rapid
downregulation of AXIN1. AXIN1 is an important reg-
ulator of beta-catenin, which has been found in various
human cancers [34]. A previous study found that reduced
expression of AXIN1 was related to poor differentiation
of lung cancer. Therefore, AXIN1 may provide a new tar-
get for therapeutic intervention in lung cancer. In this
study, we found GCNT2 to be overexpressed in highly
metastatic NSCLC samples. Previous functional stud-
ies showed that ectopic expression of GCNT2 enhanced
cell migration and invasion in vitro, and lung metastasis
of breast cancer cells in vivo [35]. So GCNT2 may be a
novel gene contributing to metastasis with preferential
expression in lung cancer. Furthermore, we found that
APEX1 activated the TGFB/SAMD3 signal pathway by
promoting lung cancer cells proliferation, which may
activate or repress their target gene promoters.

These results confirmed that APEX1 indirectly regu-
lated development of NSCLC by affecting AS of the
above-mentioned genes, thereby controlling prolifera-
tion and apoptosis-related signaling pathways. In point
of fact, RBPs are overexpressed in a wide variety of can-
cers and the silencing of these genes induces apoptosis in
cancer cells [36]. AS of cancer-related genes have a criti-
cal impact on lung cancer cell biology. Previous studies
have found that alterations in genes encoding RBPs are
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pervasive in cancer, characterize different tumor types.
Our results demonstrated, for the first time, that APEX1
played a very important role in the biology of NSCLC by
regulating AS of key tumorigenesis genes related to pro-
liferation and apoptosis signaling pathways. The APEX1
may play a role in promoting cancer by inducing the
expression of many oncogenes, although identification of
the precise mechanism requires further study.

However, several limitations of this study should be
mentioned. Firstly, we collected 517 lung NSCLC sam-
ples detailed from the database and used the A549 cell
line to verify our observations, but the specific mecha-
nism by which APEX1 induces such effects requires fur-
ther investigation. Secondly, this study focused attention
on the functions of APEX1 in A549 cells due to the time
and resource limitation. We will further verify and extend
discovery in other cell lines in future studies. Finally,
more functional researches will be performed in futures,
which are important to confirm the biological relevance
of APEX1-associated AS in lung cancer.

Conclusions

In conclusion, our study successfully applied RNA-seq
technology to demonstrate APEX1 regulation of AS. We
demonstrated APEX1 expression was up-regulated in
NSCLC samples, and that APEX1 over expression may
reduce cell proliferation and induce apoptosis. In addi-
tion, we confirmed that APEX1 regulated the AS of key
tumorigenesis genes involved in cancer proliferation
and apoptosis pathways, mediating NSCLC progression.
Further investigation to clarify molecular mechanisms is
necessary. Additional studies in other cancer types may
be investigated to test whether the modulation of AS by
targeting APEX1 could be broadly applied as novel thera-
peutic strategy for cancer.

Abbreviations

A3SS: Alternative 3'splice site; A5SS: Alternative 5'splice site; APEX1: Apurinic-
apyrimidinic endonuclease-1; AS: Aberrant alternative splicing; ASEs: Alterna-
tive splicing events; AXIN1: Axis inhibition protein 1; CE: Cassette exon; CTBP2:
C-Terminal Binding Protein 2; DEGs: Differentially expressed genes; DMEM:
Dulbecco’s modified eagle medium; DMSO: Dimethyl sulfoxide; ES: Exon
skipping; FBS: Fetal bovine serum; FBXW11: F-Box and WD repeat domain
containing 11; FPKM: Fragments per kilo base of exon model per million
fragments mapped; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase;
GCNT2: N-acetyl glucosaminyl transferase 2; GO: Gene ontology; HRP: Horse-
radish peroxidase; IR: Intron retention; KEGG: Kyoto encyclopedia of genes
and genomes; MEX: Mutually exclusive exons; SpMXE: Mutually exclusive
5'UTRs; 3pMXE: Mutually exclusive 3'UTRs; NSCLC: Non-small-cell lung cancer;
MTT: Methyl thiazolyl tetrazolium; OE: Overexpression; PPARD: Peroxisome
proliferator-activated receptor; RASEs: Regulated alternative splicing events;
RBPs: RNA-binding proteins; RIPA: Radio immunoprecipitation assay; RT-qPCR:
Quantitative reverse transcription polymerase chain reaction; SDS-PAGE:
Sodium dodecyl sulfate polyacrylamide gel electrophoresis; SMAD3: SMAD
family member 3; TCGA: The cancer genome atlas.



Peng et al. BMC Medical Genomics (2022) 15:147

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512920-022-01290-0.

Additional file 1: Table S1. The primers for detecting alternative splicing
events (ASEs).

Additional file 2: Table S2. HiSeqV2 APEX1 expression box.

Additional file 3: Table S3. Mapping of clean reads on the reference
genome.

Additional file 4: Table S4. All known AS events detected by type.

Additional file 5: Table S5. Classification of all RASE events between
sample groups.

Additional file 6: Table S6. Ras KEGG pathway identify.

Additional file 7: Table S7. Mapping of clean reads on the reference
genome.

Additional file 8: Figures Control and OE-APEX1 flag original, unpro-
cessed version.

Additional file 9. The original western blotting image of OE-APEX1 flag.

Acknowledgements
We thank International Science Editing (http://www.internationalscienceediti
ng.com) for editing this manuscript.

Author contributions

LP.YL, JCand XY contributed to the study design. MC, YW, MC, YZ, DS
performed the experiment and/or performed data analysis. LP, LC and XY
prepared the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the Zhongnan Hospital of Wuhan University
Science, Technology, and Innovation Seed Fund (Grant No. znpy2019084),
and the Fundamental Research Funds for the Central Universities (Grant No.
2042019kf0138).

Availability of data and materials

The datasets generated and/or analyzed during the current study are available
in the GEO database, submission number GSE159360 (https://www.ncbi.nlm.
nih.gov/geo/).

Declarations

Ethics approval and consent to participate
All human related data and experiments were performed in accordance with
the declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Internal Medicine and Geriatrics, Zhongnan Hospi-

tal of Wuhan University, Wuhan University, No. 169 Dong Hu Road,

Wuhan 430071, Hubei, China. 2Department of Cardiology, Zhongnan Hosipital
of Wuhan University, Wuhan University, Wuhan 430071, Hubei, China.

Received: 9 February 2022 Accepted: 6 June 2022
Published online: 02 July 2022

Page 9 of 10

References

1.

2.

22.

23.

24.

25.

Boumahdi S, de Sauvage FJ. The great escape: tumour cell plasticity in
resistance to targeted therapy. Nat Rev Drug Discovery. 2020;19(1):39-56.
Sanchez-Cespedes M. Lung cancer biology: a genetic and genomic
perspective. Clin Transl Oncol. 2009;11(5):263-9.

Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA Cancer J Clin.
2010;60(5):277-300.

Herbst RS, Morgensztern D, Boshoff C. The biology and management of
non-small cell lung cancer. Nature. 2018;553(7689):446-54.

Alexander M, Kim SY, Cheng H. Update 2020: management of non-small
cell lung cancer. Lung. 2020;198(6):897-907.

Wang ET, Sandberg R, Luo S, Khrebtukova |, Zhang L, Mayr C, Kingsmore
SF, Schroth GP, Burge CB. Alternative isoform regulation in human tissue
transcriptomes. Nature. 2008;456(7221):470-6.

Baralle FE, Giudice J. Alternative splicing as a regulator of development
and tissue identity. Nat Rev Mol Cell Biol. 2017;18(7):437-51.

XiongY, Deng Y, Wang K, Zhou H, Zheng X, Si L, Fu Z. Profiles of alterna-
tive splicing in colorectal cancer and their clinical significance: a study
based on large-scale sequencing data. EBioMedicine. 2018;36:183-95.
Song Q,Yi F, Zhang Y, Jun Li DK, Wei Y, Yu H, Zhang Y. CRKL regulates
alternative splicing of cancer-related genes in cervical cancer samples
and Hela cell. BMC Cancer. 2019;19(1):499.

. LiRZ, Hou J,WeiY, Luo X, Ye Y, Zhang Y. hnRNPDL extensively regulates

transcription and alternative splicing. Gene. 2019,687:125-34.

. Song X, Zeng Z, Wei H, Wang Z. Alternative splicing in cancers: from aber-

rant regulation to new therapeutics. Semin Cell Dev Biol. 2018;75:13-22.

. Wang D, Xiang DB, Yang XQ, Chen LS, Li MX, Zhong ZY, Zhang YS. APE1

overexpression is associated with cisplatin resistance in non-small cell
lung cancer and targeted inhibition of APE1 enhances the activity of
cisplatin in A549 cells. Lung Cancer. 2009;66(3):298-304.

. Yoo DG, Song YJ, Cho EJ, Lee SK, Park JB, Yu JH, Lim SP, Kim JM, Jeon BH.

Alteration of APE1/ref-1 expression in non-small cell lung cancer: the
implications of impaired extracellular superoxide dismutase and catalase
antioxidant systems. Lung Cancer. 2008;60(2):277-84.

. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2:

accurate alignment of transcriptomes in the presence of insertions, dele-
tions and gene fusions. Genome Biol. 2013;14(4):R36.

. YaoY,Deng Q, Sun C, Song W, Liu H, Zhou Y. A genome-wide analysis

of the gene expression profiles and alternative splicing events during
the hypoxia-regulated osteogenic differentiation of human cartilage
endplate-derived stem cells. Mol Med Rep. 2017;16(2):1991-2001.

. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.

Nucleic Acids Res. 2000;28(1):27-30.

. Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M.

KEGG: integrating viruses and cellular organisms. Nucleic Acids Res.
2021;49(D1):D545-51.

. Kanehisa M. Toward understanding the origin and evolution of cellular

organisms. Protein Sci. 2019;28(11):1947-51.

. Kim WC, King D, Lee CH. RNA-cleaving properties of human apurinic/apy-

rimidinic endonuclease 1 (APE1). Int J Biochem Mol Biol. 2010;1(1):12-25.

. Abbotts R, Madhusudan S. Human AP endonuclease 1 (APE1): from

mechanistic insights to druggable target in cancer. Cancer Treat Rev.
2010;36(5):425-35.

. Tell G, Quadrifoglio F, Tiribelli C, Kelley MR. The many functions of

APE1/Ref-1: not only a DNA repair enzyme. Antioxid Redox Signal.
2009;11(3):601-20.

Ettinger DS, Wood DE, Aisner DL, Akerley W, Bauman JR, Bharat A, Bruno
DS, Chang JY, Chirieac LR, D’Amico TA, et al. NCCN guidelines insights:
non-small cell lung cancer, version 2.2021. J Natl Compr Canc Netw.
2021;19(3):254-66.

Kim HB, Lim HJ, Lee HJ, Park JH, Park SG. Evaluation and clinical signifi-
cance of jagged-1-activated notch signaling by APEX1 in colorectal
cancer. Anticancer Res. 2019;39(11):6097-105.

Wu HH, Chu YC, Wang L, Tsai LH, Lee MC, Chen CY, Shieh SH, Cheng YW,
Lee H. Cytoplasmic Ape1 expression elevated by p53 aberration may
predict survival and relapse in resected non-small cell lung cancer. Ann
Surg Oncol. 2013;20(Suppl 3):5336-347.

Berghmans T, Pasleau F, Paesmans M, Bonduelle Y, Cadranel J, Cs Toth |,
Garcia C, Giner V, Holbrechts S, Lafitte JJ, et al. Surrogate markers predict-
ing overall survival for lung cancer: ELCWP recommendations. Eur Respir
1.2012;39(1):9-28.


https://doi.org/10.1186/s12920-022-01290-0
https://doi.org/10.1186/s12920-022-01290-0
http://www.internationalscienceediting.com
http://www.internationalscienceediting.com
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/

Peng et al. BMC Medical Genomics

26.

27.

28.

29.

30.

(2022) 15:147

Tummanatsakun D, Proungvitaya T, Roytrakul S, Limpaiboon T, Wong-
kham S, Wongkham C, Silsirivanit A, Somintara O, Sangkhamanon 'S,
Proungvitaya S. Serum apurinic/apyrimidinic endodeoxyribonuclease 1
(APEX1) level as a potential biomarker of cholangiocarcinoma. Biomol-
ecules. 2019,26(9):413.

Al-Attar A, Gossage L, Fareed KR, Shehata M, Mohammed M, Zaitoun AM,
Soomro |, Lobo DN, Abbotts R, Chan S, et al. Human apurinic/apyrimidinic
endonuclease (APE1) is a prognostic factor in ovarian, gastro-oesopha-
geal and pancreatico-biliary cancers. Br J Cancer. 2010;102(4):704-9.
Ben-Dov C, Hartmann B, Lundgren J, Valcarcel J. Genome-wide analysis of
alternative pre-mRNA splicing. J Biol Chem. 2008;283(3):1229-33.

LiY, Sahni N, Pancsa R, McGrail DJ, Xu J, Hua X, Coulombe-Huntington
J,Ryan M, Tychhon B, Sudhakar D, et al. Revealing the determinants

of widespread alternative splicing perturbation in cancer. Cell Rep.
2017,21(3):798-812.

Sveen A, Kilpinen S, Ruusulehto A, Lothe RA, Skotheim RI. Aberrant RNA
splicing in cancer; expression changes and driver mutations of splicing
factor genes. Oncogene. 2016;35(19):2413-27.

31. Oltean S, Bates DO. Hallmarks of alternative splicing in cancer. Oncogene.
2014;33(46):5311-8.

32. Hagen RM, Ladomery MR. Role of splice variants in the metastatic pro-
gression of prostate cancer. Biochem Soc Trans. 2012;40(4):870-4.

33, Ladomery M. Aberrant alternative splicing is another hallmark of cancer.
Int J Cell Biol. 2013;2013:463786.

34, Sunaga N, Kohno T, Kolligs FT, Fearon ER, Saito R, Yokota J. Constitutive
activation of the Wnt signaling pathway by CTNNB1 (beta-catenin) muta-
tions in a subset of human lung adenocarcinoma. Genes Chromosom
Cancer. 2001;30(3):316-21.

35. Zhang H, Meng F, Wu S, Kreike B, Sethi S, Chen W, Miller FR, Wu G.
Engagement of I-branching {beta}-1, 6-N-acetylglucosaminyltransferase
2 in breast cancer metastasis and TGF-{beta} signaling. Can Res.
2011;71(14):4846-56.

36. Martinez-Montiel N, Rosas-Murrieta NH, Anaya Ruiz M, Monjaraz-Guzman
E, Martinez-Contreras R. Alternative splicing as a target for cancer treat-
ment. Int J Mol Sci. 2018;19(2):545.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	APEX1 regulates alternative splicing of key tumorigenesis genes in non-small-cell lung cancer
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Cloning and plasmid construction
	RNA extraction and sequencing
	Assessment of APEX1 overexpression
	Western blotting analysis
	RNA-Seq raw data cleaning and alignment
	Differentially expressed genes (DEGs) analysis and alternative splicing analysis
	Reverse transcription qPCR and validation of DEGs and AS events
	Functional enrichment analysis and downloading RNA-seq data for NSCLC samples
	Statistical analysis

	Results
	APEX1 expression is upregulated during all NSCLC stages
	Overexpression of APEX1 induces apoptosis and inhibits proliferation of A549 cells
	Transcriptome analysis and identification of APEX1-mediated AS of cancer-related genes in A549 cells
	Validation of APEX1-regulated gene expression and alternative splicing in NSCLC clinical samples

	Discussion
	Conclusions
	Acknowledgements
	References


