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DEK modulates both expression and alternative
splicing of cancer-related genes
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Abstract. DEK is known to be a potential proto-oncogene
and is highly expressed in gastric cancer (GC); thus, DEK is
considered to contribute to the malignant progression of GC.
DEK is an RNA-binding protein involved in transcription,
DNA repair, and selection of splicing sites during mRNA
processing; however, its precise function remains elusive
due to the lack of clarification of the overall profiles of gene
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transcription and post-transcriptional splicing that are regu-
lated by DEK. We performed our original whole-genomic
RNA-Seq data to analyze the global transcription and alterna-
tive splicing profiles in a human GC cell line by comparing
DEK siRNA-treated and control conditions, dissecting both
differential gene expression and potential alternative splicing
events regulated by DEK. The siRNA-mediated knockdown
of DEK in a GC cell line led to significant changes in gene
expression of multiple cancer-related genes including both
oncogenes and tumor suppressors. Moreover, it was revealed
that DEK regulated a number of alternative splicing in genes
which were significantly enriched in various cancer-related
pathways including apoptosis and cell cycle processes. This
study clarified for the first time that DEK has a regulatory
effect on the alternative splicing, as well as on the expression,
of numerous cancer-related genes, which is consistent with the
role of DEK as a possible oncogene. Our results further expand
the importance and feasibility of DEK as a clinical therapeutic
target for human malignancies including GC.

Introduction

Gastric cancer (GC) is one among the foremost common
malignant neoplasms within the digestive tract and is the
fourth common malignancy and the third leading cause of
cancer-related death worldwide (1,2). GC patients tend to be
diagnosed at advanced stages, and the 5-year survival rate is
no more than 40% in China (3). Although Helicobacter pylori
has been reported as the most significant risk factor for GC (4),
the exact etiology of GC is still unclear, and a detailed inves-
tigation of molecular mechanisms of GC is urgently needed
to identify novel therapeutic and diagnostic targets. Cancer
cells harbor a number of dysregulations in gene expression
due to multiple aberrations in both transcription and splicing
machinery and, at the same time, cancers are considered to rely
on such abnormal homeostasis of gene expression networks
for their survival. Thus, the importance of the clarification
of spectrums of gene expression and alternative splicing in
cancer cells, as well as the identification of potential master
regulators of such transcriptional networks are warranted (5).

The DEK proto-oncogene (DEK) protein was identified as
a fusion gene with nucleoporin 214 in a subset of patients with
acute myeloid leukemia (6,7). Literature findings suggest that
chromosomal aberrations at the DEK locus are also associated
with the occurrence of human solid tumors (8,9). DEK has two
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DNA binding modules, one of which is an SAP box, a domain
that DEK shares with some other chromatin proteins. DEK
plays a key role in various cellular processes and is involved
in multiple genomic pathways, for example, global heterochro-
matin integrity (10), transcriptional regulation (11), mRNA
splicing (12,13), DNA binding (14), DNA replication (15),
DNA damage response, and repair (16). It has no apparent
affinity to specific DNA sequences, but preferentially binds to
superhelical and cruciform DNA, and induces positive super-
coils into closed circular DNA; meanwhile, DEK participates
in the selection of splicing sites during mRNA processing (17).
Alternative splicing is one of the key molecular mechanisms
which contribute to the biologically functional complexity of
the human genome (18). It was reported that transcripts from
~95% of multiexon genes had alternatively spliced variants and
in major human tissues (19). Noncanonical and cancer-specific
mRNA transcripts produced by aberrant splicing can lead to
loss of function of tumor suppressors or gain of function of
oncogenes (20); thus, alternative splicing events play a pivotal
role in carcinogenesis. According to a report, in addition to
the regulation of splicing events, DEK is a candidate factor
that also controls post-splicing steps in gene expression (12).
The involvement of DEK in splicing has been reported. DEK
is a factor that interacts in vitro and in vivo with SR proteins
involved in pre-mRNA splicing and forms a splicing-dependent
interaction with exon-product complexes (12); intron removal
requires proofreading of the U2AF/3'splice site recognition by
DEK (13); and DEK also acts on the proofreading of the 3'splice
site (21). In view of the biological function, DEK is known to
suppress cellular senescence, apoptosis, and differentiation,
and thus promotes cell growth and survival (22). Importantly,
DEK is also known to play a role in chronic inflammation and
subsequent tumorigenesis by affecting nuclear factor (NF)-xB
signaling (23). High expression of DEK in GC has been
reported; furthermore, such overexpression of DEK was found
to be related to a worse prognosis of GC patients (24-26); thus,
DEK may be able to be used as a potential diagnostic marker
for GC. In GC cell lines, DEK can promote cell migration
and invasion (27-29), although the precise molecular mecha-
nisms remain elusive. Taken together, DEK is considered an
important oncogene in gastric carcinogenesis; however, its
molecular function, more specifically its oncogenic function,
as a regulator of gene expression and splicing events has not
been investigated on a whole-genome scale to date. Therefore,
it is urgent to clarify the effects of DEK on the overall gene
transcription and post-transcriptional splicing in GC cells.
The present study reveals a global picture of gene expression
and splicing profiles as well as functional pathways that are
regulated by DEK in a GC cell line and shows that DEK
can transcriptionally affect multiple cancer-related signaling
pathways.

Materials and methods

Cell culture and transfections. Human GC cell line AGS
(Procell Life Science & Technology Co., Ltd., China) was
cultured at 37°C with 5% CO, in Ham's F-12 with 100 pug/ml
streptomycin, 100 U/ml penicillin, and 10% fetal bovine serum
(FBS). Human GC cell lines MKN1 and NUGC4 derived
from well-differentiated and poorly differentiated GCs were

cultured in RPMI-1640 medium [FUJIFILM Wako Pure
Chemical Corp. (FUJIFILM), Japan] supplemented with
10% FBS (Sigma-Adrich; Merck KGaA), 1% sodium pyru-
vate (Thermo Fisher Scientific, Inc.), 1% glutamine and 1%
penicillin/streptomycin (both from FUJIFILM). 2.0 pg/ml
puromycin (Invitrogen; Thermo Fisher Scientific, Inc.) was
used for the selection of shRNA-infected cells. All siRNA
duplexes were purchased from Gemma (Suzhou, China):
non-targeting control siRNA (siCtrl): 5-UUCUCCGAACGU
GUCACGUTT-3' (sense), and siRNA targeting DEK (siDEK):
5'-GUCAGAUGA AUCUAGUAGUTT-3' (sense). The siRNA
transfection into AGS cells was performed using Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocol. Cells were harvested after 48 h of
siRNA transfection and applied to subsequent RNA-seq. The
above-mentioned siRNA sequence and another DEK shRNA
were constructed as lentiviral sShRNAs: shDEK 1, 5'-GTC
AGATGAATCTAGTAGT-3' and shDEK_2, 5-GAGAGA
TCAGGTGTAAATAGT-3". The shRNA-treated cells were
harvested after 48 h of puromycin selection for RT-qPCR,
immunoblot, and apoptosis assay.

Real-time quantitative polymerase chain reaction (RT-qPCR).
An RNeasy Mini Kit (Qiagen GmbH) was used to extract
RNA from the GC cell lines. RT-qPCR was performed
using the SYBR Green PCR Kit (Toyobo Life Science) on a
PicoReal Real-Time PCR system (Thermo Fisher Scientific,
Inc.). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control. The information in regards to
the primers is presented in Table SI. The concentration of each
transcript was then normalized to GAPDH mRNA level using
the 2-24% method (30). We used GraphPad Prism 5 software
(GraphPad Software, Inc.) to conduct Student's t-tests.

RNA extraction and high-throughput sequencing. For the
RNA-seq, total RNA of the siRNA-treated cells was extracted
with Trizol (Ambion; Thermo Fisher Scientific, Inc.) and
purified with phenol-chloroform treatments twice. The puri-
fied total RNA was treated with RQ1 DNase (RNase-free)
(Promega Corp.) to remove the contaminated DNA, and the
absorbance at 260/280 nm (A260/A280) was measured using
SmartSpec Plus (Bio-Rad Laboratories, Inc.) to determine its
quality and quantity. Then, 1.5% agarose gel electrophoresis
was used to verify the integrity of the RNA.

For each sample, we used 1.0 pug of total RNA
for RNA-seq library preparation by KAPA Stranded
mRNA-Seq Kit for Illumina® Platforms (#KK8544; Roche
Sequencing and Life Science, USA). Initially, VAHTS
mRNA capture beads (N401-01, Vazyme Biotech Co.,
Ltd.) were used to purify the polyadenylated mRNA. Then,
mRNAs were fragmented and converted into double-strand
cDNA using KAPA RNA HyperPrep KK8544 (Roche
Sequencing and Life Science, USA.). Following end-repair
and A tailing, the DNAs were ligated to the Roche Adaptor
(KK8726; Roche Sequencing and Life Science, USA.).
After purification, these ligated products corresponding
to 300-500 bp were amplified, purified, quantified, and
stored at -80°C before sequencing. The strand marked with
dUTP (the 2nd cDNA strand) was not amplified, allowing
strand-specific sequencing. We used the Illumina Novaseq
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6000 system (Illumina, Inc.) to collect data from the 150-nt
paired-end sequencing (ABlife Inc.).

RNA-Seq analytical pipeline. First, raw sequencing reads
containing more than 2 N-bases were discarded. Then, we used
the FASTX-Toolkit (version 0.0.13) (http://hannonlab.cshl.
edu/fastx_toolkit) to trim the adaptors and low-quality bases
from the raw sequencing reads, and we dropped short reads
which were less than 16 nt. After this, the remained sequencing
reads were aligned to the GRch38 genome by tophat2 (31)
allowing four mismatches. Uniquely mapped reads were used
for counting the gene reads, and the FPKM (fragments per
kilobase of transcript per million fragments mapped) value
was used as an expression level of each gene (32). We obtained
all the original sequencing data through our experiment.

Differentially expressed gene (DEG) analysis. We used FPKM
to evaluate the gene expression levels, and the R Bioconductor
package edgeR (33) was utilized with raw read counts to iden-
tify DEGs between the siCtrl and siDEK groups with a critical
cut-off at P-value <0.01 and fold changes >1.5 or <2/3.

Alternative splicing analysis. The alternative splicing events
(ASEs) and regulated alternative splicing events (RASEs)
were defined and quantified by using the ABLas pipeline
as described previously (34,35). In brief, ABLas can detect
10 types of ASEs based on splice junction reads, including
exon skipping (ES), alternative 5'splice site (A5SS), alter-
native 3'splice site (A3SS), intron retention (IR), mutually
exclusive exons (MXEs), mutually exclusive 5'UTRs
(5pMXEs), mutually exclusive 3'UTRs (3pMXEs), cassette
exon, A3SS&ES, and ASSS&ES. From the multiple anno-
tated transcripts of each gene, we selected one as the gene
model, namely the reference transcript, according to the
annotation order, and then analyzed the alternative spliced
transcripts relative to the gene model. If one gene splicing
site was detected, then multiple transcripts will be detected,
and the annotated transcript appearing in the first detection
will be used as the model. To assess RASEs, Student's t-test
was performed to evaluate the significance of the differences
of AS event frequencies between groups. Those events which
were significant at a false discovery rate (FDR) cutoff of 5%
were considered as RASEs. For the identification of wider
ranges of possible ASE candidates, we used simple t-test and
P<0.05 was considered as significant.

Functional enrichment analysis. To identify significantly
enriched functional categories of DEGs, enrichment of Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were compared between groups
using KOBAS 2.0 server (36). In the KOBAS 2.0 platform,
transcript length bias (37) was not considered. The enrich-
ment of each pathway (corrected P-value <0.05) was defined
using the hypergeometric test and Benjamini-Hochberg FDR
correction procedures.

Real time qPCR validation of DEGs and AS events. To
elucidate the validity of the RNA-seq data, RT-qPCR was
performed for selected DEGs as described above. The PCR
conditions consisted of denaturing at 95°C for 10 min, 40 cycles
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of denaturing at 95°C for 15 sec, annealing and extension at
60°C for 1 min. PCR amplifications were performed in tripli-
cate for each sample. Primers for the qPCR analysis are listed
in Table SII.

Immunoblot analysis. Total protein was obtained by RIPA
buffer on ice which was separated using 10% SDS-PAGE
and blotted onto a PVDF membrane (MilliporeSigma). After
blocking using 5% skim milk (FUJIFILM)/0.01% Tween
(MP Biomedicals)-TBS, the membranes were incubated with
primary antibodies, anti-DEK (1:1,000 dilution; ab166624,
Abcam), anti-tubulin (1:2,000 dilution; #62204, Invitrogen;
Thermo Fisher Scientific, Inc.) at 4°C overnight. Then, the
membranes were incubated with HRP-conjugated secondary
antibodies (anti-mouse IgG; and anti-rabbit IgG, #8460, MBL
International Co.) at 1:1,000 dilution for 1 h at room tempera-
ture. Signals were developed using Western HRP Substrate
(MilliporeSigma) and captured by the ChemiDoc Touch
(Bio-Rad Laboratories, Inc.).

Cell apoptosis assay. Cell apoptosis was detected using the
Annexin V-FITC Apoptosis Detection Kit (MBL International
Co.) according to the manufacturer's protocol. Harvested
cells were washed twice with cold PBS and resuspended
gently in 85 ul binding buffer, and incubated with 10 ul of
Annexin V-FITC and 5 pl propidium iodide (PI) at room
temperature for 15 min in the dark. Then, the signals were
detected using NovoCyte flow cytometer (ACEA Biosciences).

Statistical analysis. The GraphPad Prism 5 software
(GraphPad Software, Inc.) was used to carry out statistical
analysis. Each value was acquired from at least three inde-
pendent experiments. Data are presented as the mean + SD.
A two-tailed unpaired Student's t-test was used to analyze
statistical differences between two groups. P<0.05 and <0.01,
where appropriate, were considered statistically significant.
Where appropriate (Figs. 2A, 3C and D; 4F and G; and 6A-C),
one-way ANOVA with Newman-Keuls multiple comparisons
test was used to test the statistical significance between multiple
groups, and P<0.05 was considered statistically significant.

Results

Expression of DEK is upregulated in GC. In order to confirm
that the expression of DEK is upregulated in GC, we used
TNMplot web tool (38) to browse available microarray data in
the Gene Expression Omnibus (GEO) database (https:/www.
tnmplot.com/), which included 1,221 and 360 unpaired samples
from gastric cancer and normal gastric mucosae, accordingly.
The data displayed significantly higher expression in GC
tissues in the GEO dataset. Comparison between the normal
and tumor samples was performed using Mann-Whitney U
test (P=1.9x10%®) (Fig. 1A). We also used TNMplot web tool
(Bartha and Gyorffy, 2021) to browse available RNA-seq
data in the The Cancer Genome Atlas (TCGA) database and
GTEx database (https:/www.tnmplot.com/), which included
375 and 294 unpaired samples from gastric cancer and
normal gastric mucosae, accordingly. The data also displayed
significantly higher expression in GC tissues. Comparison
between the normal and tumor samples was performed using
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Figure 1. Analysis of DEK expression levels in GC and normal gastric tissues from the GEO, TCGA, and GTEx database. (A) Expression of DEK in 360
normal and 1,221 GC samples was plotted as a box-and-whisker plot. The boxplot shows the difference in expression levels between normal and tumor tissues
verified by the Wilcox test, and there was a statistically significant difference between the two (P=1.9x10%%). In the boxplot, green and red dots represent the
corresponding DEK gene expression levels of normal samples and tumor samples, respectively. In the box, the upper line of the box represents the upper
quartile of DEK gene expression, and the lower line represents the lower quartile of DEK gene expression. Between the upper line and lower line of the box,
the amount of DEK expressed in 50% of the normal and tumor samples is represented. The thick lines in the middle of the green and red boxes indicate the
median expression of the DEK gene in normal and tumor samples, respectively. (B) The expression of DEK in 294 normal and 375 GC samples was plotted
as a box-and-whisker plot as in A, and there was a statistically significant difference between the two (P=9.66x10-°). Statistical analysis was performed by
Student's t-test; P<0.001. (C) Kaplan-Meier curve of GC patients stratified by high or low expression of DEK. Data were obtained from the following datasets.
Expression levels of DEK (200934 _at) from GSE14210 (N=145), GSE15459 (N=200), GSE22377 (N=43), GSE29272 (N=268), and GSE51105 (N=94). The
difference was statistically tested using the log-rank test, P<0.05. GC, gastric cancer; GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas.

Mann-Whitney U test (P=9.66x107°%) (Fig. 1B). Moreover, Global gene expression profiles that are regulated by DEK.
higher expression of DEK was also revealed to be a signifi- To investigate DEK-mediated regulation of gene expression,
cant indicator of worse prognosis of GC patients, as revealed RNA-seq experiments were carried out to compare global
by the data from the Kaplan-Meier Plotter (http://kmplot.  gene expression profiles between siCtrl- and siDEK-treated
com/analysis/) (39) (Fig. 1C). human GC cell line AGS. We used two different knockdown
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sequences; namely, sShDEK _1 and shDEK_2, both of which
showed significant knockdown of DEK as shown by RT-qPCR
and Immunoblot analysis (Fig. 2A). We used the siRNA
containing shDEK _1 sequence for the initial RNA-seq anal-
ysis. The cDNA libraries of the siRNA-treated cells (three
biological replicates) were constructed which were then
sequenced on a next-generation sequencer. Gene expression
levels as determined by FPKM values were calculated by an
in-house pipeline (see Materials and methods). The effective
knockdown of DEK was further confirmed in our RNA-seq
analysis (Fig. 2B). FPKM values for all 60,498 gene tran-
scripts were used to calculate a correlation matrix based on
Pearson's correlation coefficient (Table SIII), and principal
component analysis (PCA) was used to display sample
patterns (Fig. 2C). We used logarithmic transformation
of expression values for the PCA plot. The PCA showed
clearly different distributions between groups; thus, DEK
was revealed to affect global and defined gene expression
patterns in AGS cells.

Then, we explored gene transcripts whose expression
was potentially regulated by DEK. Differentially expressed
genes (DEGs) between siCtrl- and siDEK-treated AGS cells
were identified with cutoff values at fold change (FC) >1.5
or <2/3 to identify upregulated and downregulated genes,
respectively. The DEGs related to siDEK are displayed in a
volcano plot in which genes marked in red and blue repre-
sent significantly upregulated and downregulated genes by
siDEK, respectively (Fig. 2D). A heatmap of the expression
patterns of the DEGs showed a high consistency of the
siDEK-induced transcription in the biologically triplicated
data sets (Fig. 2E). In total, 149 and 229 genes were identi-
fied as upregulated and downregulated, respectively, in the
DEK-knockdown cells (Table SIV). Differentially expressed
genes (DEGs) between the siCtrl- and siDEK-treated AGS
cells were identified with cutoff values at fold change (FC)
>3 or <1/3 to identify upregulated and downregulated genes,
respectively (Table SV). Differentially expressed genes
(DEGS) between siCtrl- and siDEK-treated AGS cells were
identified with cutoff values at fold change (FC) >4 or <1/4 to
identify upregulated and downregulated genes, respectively
(Table SVI).

To investigate the potential biological roles of DEK, all the
identified DEGs in the siDEK-treated AGS cells were subjected
to pathway enrichment analyses based on the annotations of
GO terms and KEGG pathways. The upregulated and down-
regulated genes in the siDEK-treated cells were enriched in
5 and 6 GO terms, respectively, consisting of 30 and 44 genes
including duplicates, respectively (Tables SVII and SVIII).
Among the terms of biological processes, the upregu-
lated genes were mainly enriched in ‘extracellular matrix
organization’, ‘cell adhesion’, ‘signal transduction’, and ‘trans-
membrane transport’ (Fig. 2F). The downregulated genes were
largely related to ‘nucleosome assembly’, ‘cellular nitrogen
compound metabolism’, ‘chromatin organization’, and ‘small
molecule metabolism’ (Fig. 2G). Among the terms of the
KEGG pathways, the upregulated genes were mainly related
to ‘cytokine-cytokine receptor interaction’, ‘EMC-receptor
interaction’, ‘hematopoietic cell lineage’, and ‘chemokine
signaling’ pathways (Fig. 2H). The downregulated genes were
largely related to ‘alcoholism’, ‘systemic lupus erythematosus’,
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‘viral carcinogenesis’, and ‘transcriptional misregulation in
cancer’ pathways (Fig. 2I).

DEK globally regulates the expression of multiple
cancer-related genes. The 149 upregulated and 229 down-
regulated genes were identified in the siDEK condition
(Table SIV). Among them, RNA-seq data of a representatively
selected 7 upregulated genes, ACTA2, CXCLI10, HMOXI,
SPRR2A, KIFC3, OSBPLS5, and CCDCS80, and 9 downregu-
lated genes, ASNS, CHACI, DDIT4, ERRFI1I, FAM3C, JDP2,
PSATI, PSPH, and RMRP are shown in Fig. 3A and B. These
genes were significantly upregulated or downregulated in
the siDEK condition as well as identified in the categories of
significantly enriched GO biological processes in our analysis
and have also been known to be linked to cancer development
with respect to apoptosis, invasion, proliferation, or migration
of cancer cells (40-55). In order to verify the RNA-seq results,
we conducted RT-qPCR analysis. The shRNAs containing
scramble control, shDEK 1, and shDEK_ 2 were infected
into AGS and NUGC4 cells. A representative upregulated
DEG and two representative downregulated DEGs, including
CCDC80, PSATI, and PSPH, were subjected to RT-qPCR
analysis. The results of this experiment are presented in
Fig. 3C and D. RNA-seq results were confirmed in all the
candidate genes investigated in both AGS and NUGC4 cells
treated with two different shRNA sequences (Fig. 3C and D).
Based on public datasets of gene expression profiles of GC
cases, it was revealed that some, if not all, of the representative
upregulated and downregulated genes identified in this study,
were negatively and positively correlated with DEK expression,
respectively, in clinical GC samples (Fig. 3E). Furthermore,
these representative genes were also significantly associated
with better and worse prognoses of GC patients, respectively,
in some, if not all, of the independent public datasets (Fig. 3F).
These results conclude that DEK globally regulates the expres-
sion of multiple oncogenes and tumor-suppressor genes. These
statistical correlations were only modest and more precise
investigation with larger cohorts will be necessary in future
research.

DEK globally regulates alternative splicing of multiple
cancer-related genes. To gain further insights into the role of
DEK on alternative splicing regulation, we analyzed RNA-seq
data to explore the DEK-mediated alternative splicing events
(ASEs) in the human GC cell line AGS. We detected 62.48%
(229,508 out of 367,321) of the annotated exons, confirmed
a total of 149,370 known splicing sites, and found 132,858
novel splicing sites (Tables SIX and X). We then analyzed the
ASEs and detected a total of 16,536 known ASEs in reference
genes and 42,229 novel ASEs, excluding intron retention (IR)
(Table SXI).

In order to further analyze the differences in frequencies of
the alternative splicing that were probably regulated by DEK
[named regulated ASEs (RASEs)], we statistically compared
the ASE profiles of siCtrl and siDEK conditions using a t-test
with a criterion of P-value <0.05. RASEs with t-values >0 and
<0 were marked as AS-up and -down, respectively. In total,
we identified 1,036 RASEs (Table SXII), which consisted of
218 IR RASEs (including 51 known RASEs) and 818 non-IR
(NIR) RASEs.
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Figure 2. Global picture of the DEK-regulated transcriptome in a human GC cell line AGS. (A) Relative mRNA expression levels of DEK (% of GAPDH) in
shRNA-infected cells as assessed by RT-qPCR are shown in the left panel. Statistical differences between groups (shScr and either shDEK_1 or shDEK_2)
were tested using one-way ANOVA with Newman-Keuls multiple comparisons test, and P<0.05 was considered statistically significant. Bars and error bars
represent the mean + SD, respectively (n=3), ““P<0.001. Protein levels of DEK and a-tubulin in shRNA-infected cells as assessed by immunoblots are shown
with their molecular sizes (kDa) in the right panel. (B) DEK expression (FPKM value) was quantified by RNA-seq. Error bars represent mean + SEM,
"*P<0.001. (C) Principal component analysis of the six samples consisting of the biological triplicates of siCtrl- and siDEK-treated cells based on the normal-
ized gene expression levels. The abscissa represents dimension 1, the ordinate represents dimension 2; the three small dots in the blue ellipse represent the
three samples of the siCtrl group, and the large dot in the middle is the normalization of the siCtrl group again. The three small triangles in the red ellipse
represent the three samples of the siDEK group, and the large triangle in the middle is the normalization of the siDEK group again. (D) A volcano plot for the
identification of DEK-regulated genes. Significantly upregulated and downregulated genes are labeled in red and blue, respectively. (E) Hierarchical clustering
of the DEGs in the siCtri- and siDEK-treated AGC cells. FPKM values are log2-transformed and then median-centered by each gene. Expression values are
indicated as gradient blue-to-red colors as indicated at the right side of the figure. (F and G) The five and six GO biological processes of the upregulated and
downregulated genes, respectively. Corrected P-values and annotated gene numbers in each category are indicated as colors and sizes of the dots, respectively,
as indicated at the right sides of each figure. (H and I) The top 10 representatives KEGG pathway of the upregulated and downregulated genes, respectively.
Corrected P-values and annotated gene numbers in each category are indicated as colors and sizes of the dots, respectively, as indicated at the right sides of

each figure. GC, gastric cancer; FPKM, fragments per kilobase of transcript per million fragments mapped; DEGs, differentially expressed genes; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 3. Representative genes whose expression is potentially regulated by DEK. (A and B) FPKM values of representative DEGs that were significantly
upregulated or downregulated in the siDEK condition in a human GC cell line AGS are shown as bar plots. Gray and purple bars show the FPKM values of
the siCtrl- and siDEK-treated AGS cells, respectively. Bars and error bars represent means and SEMs, respectively. “"P<0.01, ““P<0.001. (C and D) Relative
expression levels of DEGs (% of GAPDH) in shRNA-infected cells in AGS and NUGC4 cell lines were validated by RT-qPCR assay, respectively. Statistical
differences between groups (shScr and either shDEK_1 or shDEK _2) were tested using one-way ANOVA with Newman-Keuls multiple comparisons test, and
P<0.05 was considered statistically significant. Bars and error bars represent the mean + SD, respectively (n=3). “P<0.01, ““P<0.001. (E) Correlation of gene
expression levels between DEK and CCDC80, PSATI and PSPH from public datasets are shown as dot plots. Each dot represents a single GC case. All the
data were derived from the GEPIA2 database (http://gepia2.cancer-pku.cn/#correlation). (F) Kaplan-Meier curves of GC patients as stratified with high and
low expression levels of CCDC80, PSAT1 and PSPH. All of the data were obtained from the GSE22377 (N=43) dataset. (http://kmplot.com/analysis/index.
php?p=service&cancer=gastric). P-values were calculated by log-rank test. GC, gastric cancer; FPKM, fragments per kilobase of transcript per million
fragments mapped; DEGs, differentially expressed genes; ACTA2, alpha smooth muscle actin; CXCL10, chemokine (C-X-C motif) ligand 10; HMOX1, heme
oxygenase-1; SPRR2A, small proline-rich protein 2A; KIFC3, kinesin family member C3; OSBPLS, oxysterol binding protein like 5; CCDC80, coiled-coil
domain containing 80; ASNS, asparagine synthetase; CHACI, cation transport regulator 1; DDIT4, DNA damage-inducible transcript 4; ERRFI1, ERBB
receptor feedback inhibitor 1; FAM3C, FAM3 metabolism regulating signaling molecule C; JDP2, Jun dimerization protein 2; RMRP, RNA component of
mitochondrial RNA processing; PSAT1, phosphoserine aminotransferase 1; PSPH, phosphoserine phosphatase.
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Figure 4. DEK-regulated ASEs of the different gene transcripts. (A-E) IGV-sashimi plots show the AS changes in the siDEK conditions compared to the
siCtrl. The y-axis represents the corresponding sequence reads; the larger the area, the more abundant the corresponding transcript is. Read distributions were
mapped either from 5'—3' (positive values) or from 3'->5' (negative values) according to the corresponding sequences of the human genome. The bottom of
each figure exhibits the annotated exons of the gene. The schematic diagram at the right upper panel of each figure depicts the structure of ASE, AS1 (shown
in green) and AS2 (shown in red). The exons and introns are denoted as boxes and lines, respectively, while the alternatively spliced exons are shown as blue
boxes. RNA-seq quantification of the ASEs is shown as a bar graph. The y-axis represents the altered ratio of ASEs calculated by the following formula: (alter-
native splice junction reads/total sequence reads of the splice junction). Student's t-test was performed to compare the values between the siDEK and siCtrl
conditions. "P<0.05, “P<0.01. (F and G) RT-qPCR validation of representative DEK-regulated alternative splicing events in CDK11A and PDXDCI transcripts
shown in A and B. Validating RT-qPCRs were performed in AGS and NUGC4 cell lines. The y-axis represents the altered ratio of ASEs calculated by the
following formula: (AS1 transcripts level/AS2 transcripts level). Statistical differences between groups (shScr and either shDEK_1 or shDEK_2) were tested
using one-way ANOVA with Newman-Keuls multiple comparisons test, and P<0.05 was considered statistically significant. Bars and error bars represent the
mean + SD, respectively (n=3). "P<0.05, “"P<0.001. ASEs, alternative splicing events; CDK11A, cyclin-dependent kinase 11A; PDXDCI, pyridoxal-dependent
decarboxylase domain-containing 1; SMEK1, SMEK homolog 1; EPB41L1, erythrocyte membrane protein band 4.1 like 1; APOBEC3H, apolipoprotein B

mRNA editing enzyme catalytic subunit 3H.

ASEs are mainly classified into various subtypes such
as alternative 5'splice site (A5SS), mutually exclusive exon
(MXE), mutually exclusive 5'UTR (SPMXE), exon skipping
(ES), alternative 3'splice site (A3SS), intron resist (IntronR),
mutually exclusive 3'UTRS (3PMXE), A3SS&ES, cassette
exon, and A5SS&ES (56). Representative schemas of the
ASEs in CDKI1IA (ASSS), SMEKI (ASSS), EPB4ILI (ES),
PDXDCI (A3SS), and APOBEC3H (3PMXE) transcripts
are displayed in Fig. 4A-E, where significant differences
in the frequency of ASEs between siDEK and siCtrl
conditions are shown. These representative genes have
been reported to be associated with multiple molecular
mechanisms related to carcinogenesis (57-61). To validate

DEK-regulated alternative splicing events identified from
the RNA-seq data in this study, we performed RT-qPCR to
quantify the frequencies of candidate splicing events, using
two different cell lines, AGS and NUGCA4, treated with two
independent shRNA sequences, shDEK_1 and shDEK_2
(Fig. 4F and G). PCR primer pairs are listed in Table SII,
which were designed to specifically amplify either longer
or shorter splicing isoforms. Candidate alternative splicing
events in CDKIIA and PDXDCI genes were clearly vali-
dated by RT-qPCR in agreement with the RNA-seq results
(Fig. 4F and G). Due to the technical difficulties such as
in designing primers which specifically amplify designated
splicing isoforms, further validation of other splicing events
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Figure 5. Global picture of the RASEs that are regulated by DEK. (A) Frequency distributions of different types of DEK-regulated ASEs. Red and blue bars
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between DEGs and DEK-regulated ASEs is shown as a Venn diagram. Numbers represent gene numbers in each category. (C) Hierarchical clustering of the
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side of the figure. (D and E) The top 10 most enriched pathways of GO biological processes and KEGG pathways among the RASGs. The corrected P-values
and number of genes in each category are indicated as colors and sizes of dots, as indicated at the right sides of the figures. RASEs, regulated alternative
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Figure 6. DEK knockdown induces apoptosis in GC cells. (A-C) Frequencies of apoptotic cells were assessed by flow cytometry in three different GC cell
lines. The x- and y-axis represent the signal intensities of Annexin V and PI, respectively. Quantitative data are shown at the right side. Statistical differences
between groups (shScr and either shDEK _1 or shDEK _2) were tested using one-way ANOVA with Newman-Keuls multiple comparisons test, and P<0.05 was
considered statistically significant. Bars and error bars represent the mean + SD, respectively (n=3). “P<0.05, “P<0.01, ““P<0.001. GC, gastric cancer.

identified in the RNA-seq remains to be conducted in the
next research plan.

Among the various subtypes of ASEs, the majority of the
RASEs identified in this study were A5SS (231 events), A3SS
(209 events), and ES (142 events) (Fig. 5A). These data clearly
indicated that DEK globally regulates ASEs in the human GC
cell line AGS. To investigate whether or not DEK simultane-
ously regulates gene expression and alternative splicing on the
same set of target genes, we explored the overlaps of the RASEs
and DEGs identified in our analyses. It was revealed that only
10 genes commonly exhibited significant differences in both
expression levels and splicing events (Fig. 5B and Table SXIII),

suggesting that DEK regulates gene expression and alterna-
tive splicing in different mechanisms. A heat map analysis of
the frequencies of RASEs in affected genes clearly showed
substantially high consistencies of the siDEK-induced ASEs in
the biologically triplicated cells (Fig. 5C). Pathway enrichment
analyses were further conducted to identify possible biological
impacts of these DEK-mediated RASGs (regulated alternative
splicing genes) in a global manner, revealing that the RASGs
in the siDEK condition were highly enriched for genes related
to ‘mitotic cell cycle’, ‘gene expression’, and ‘apoptotic process’
pathways among others based on the GO biological process
terms (Fig. 5D and Table SXIV). In regards to the KEGG
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pathways, RASEs were likely enriched in ‘p53 signaling’,
although statistically not significant (Fig. 5SE and Table SXV).

The whole genomic profiling of the RASGs by the
RNA-seq of a human GC cell line AGS with or without DEK
knockdown revealed that DEK globally regulates not only gene
expression but also alternative splicing in multiple important
cancer-related genes and pathways. Thus, DEK possibly plays
important role in gastric tumorigenesis.

DEK knockdown induces apoptosis in gastric cancer cells. To
examine whether DEK knockdown affects apoptotic pathways
as revealed by the GO analysis above, we examined frequen-
cies of apoptosis in cells treated with shRNAs for DEK. As
shown in Fig. 6A, in all the gastric cancer cell lines investi-
gated, AGS, NUGC4, and MKN1, the frequencies of apoptotic
cells were significantly increased in both the shDEK _1-treated
and shDEK_2-treated cells (Fig. 6A-C). These data robustly
reveal that DEK knockdown significantly induces apoptosis
in GC cells.

Discussion

The present study, for the first time, clarified whole-genomic
images of DEK-mediated gene regulations both from tran-
scription and alternative splicing levels in a human GC cell
line. Although DEK has been thought to play oncogenic roles
in various malignancies (6,7,27,62-64), its precise mechanisms
of gene regulation remain elusive. This study confirmed
previous knowledge that DEK is overexpressed in GC as well
as is a prognostic marker for GC patients; moreover, our results
showed that DEK simultaneously affects a number of genes in
important cancer-related pathways, supporting its oncogenic
roles in gastric carcinogenesis.

Focusing on important cancer-related genes which we found
are positively regulated by DEK, expression of phosphoserine
aminotransferase 1 (PSAT/) and phosphoserine phosphatase
(PSPH), for instance, also showed mild but significant posi-
tive correlations with DEK expression among GC samples in
public datasets; moreover, higher expression of those genes
indicated significantly worse prognoses of GC patients.
These observations are consistent with the molecular func-
tions of these genes. In that, PSAT1 overexpression has been
observed in multiple tumor types and is associated with poorer
clinical outcomes, related to EGFR activation (65), and PSAT1
contributes to lung cancer cell migration in part by promoting
nuclear PKM?2 translocation (65). PSPH promotes melanoma
growth and metastasis by metabolic deregulation-mediated
transcriptional activation of NR4A1 (54). On the other hand,
among genes that we discovered to be negatively regulated
by DEK, negative correlations of expression with DEK and
prognostic significance of coiled-coil domain containing 80
(CCDC80) were confirmed in public datasets of GC cases.
CCDC80 is known to be a pro-apoptotic molecule and its
expression is positively correlated with that of E-cadherin in
thyroid carcinoma and is also identified as a strong suppressor
for colitis and colorectal carcinogenesis (40,66). Therefore, it
can be concluded that DEK regulates the expression levels of
important oncogenes and tumor-suppressor genes.

However, since DEK simultaneously regulates a substan-
tially wide variety of target genes at a time, functional
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inconsistencies were also identified; such that DEK could
positively and negatively regulate the expression of tumor
suppressors and oncogenes, respectively. For example, and
not limited to, KIFC3 and OSBPLS5 which were negatively
regulated by DEK, where siDEK upregulated their expres-
sion, are well-known oncogenes (44,46,67). DEK has been
reported to inhibit cell differentiation, senescence, and
apoptosis, and to promote cell survival and proliferation
in cancer cells (22). Based on the finding in this study, it
is considered that these oncogenic phenotypes exerted by
DEK are the consequences of the combinations of the global
gene regulatory network of DEK that can work providing
both oncogenic and tumor-suppressive potential. Further
investigations focusing on not only molecular functions of
each target gene but also the context-dependent interac-
tions of DEK-mediated global modifications of signaling
pathways will be required to fully clarify the oncogenic
function of DEK.

Our study is the first one where DEK-mediated alterna-
tive splicing events were investigated in a whole-genomic
manner, revealing that DEK affected substantially large
numbers of alternative splicing in a GC cell line. In the
present study, it was revealed that at least 832 transcripts
were significantly regulated by DEK in a GC cell line.
Many of the DEK-mediated alternative splicing events
(ASEs) were identified as A5SS and A3SS, which is consis-
tent with the function of DEK in which DEK enforces
discriminations by U2AF between 3'splicing cites AG and
CG (13). Importantly, we found that many ASEs were found
in transcripts of important oncogenes and tumor-suppressor
genes, including CDKI1IA, SMEKI, EPB4IL1, PDXDCI,
and APOBEC3H. SMEK homolog 1 (SMEK1) was reported
to exert its antitumor role by inhibiting the phosphoryla-
tion of Akt/mTOR in ovarian cancers (58). Erythrocyte
membrane protein band 4.1 like 1 (EPB4ILI) plays
a tumor-suppressive role by affecting Wnt/f-catenin
signaling in non-small cell lung cancers (59). On the other
hand, among such RASEs of DEK, cyclin-dependent
kinase 11A (CDKIIA) is a well-known oncogene (57).
Pyridoxal-dependent decarboxylase domain-containing 1
(PDXDC1I) is reported to be somatically mutated in renal
cell cancers (60), although its cancer-related function has
not been established. Apolipoprotein B mRNA editing
enzyme catalytic subunit 3H (APOBEC3H) is known to
regulate the integrity of the genome (61). Importantly, func-
tional consequences of the alternative splicing in genes are
biologically difficult to predict. If the alternative splice site
events (e.g., ASSS and A3SS which we found frequently in
our dataset) result in frameshifts of the affected transcripts,
it would be considered to result in loss-of-function of the
gene. However, if alternative splicing created in-frame
variants of genes, their molecular functions are not easily
assumed and require extensive biological investigations of
the affected transcript. Thus, although we could identify a
global catalog of ASEs that were regulated by DEK, their
molecular consequences should be investigated further to
fully clarify the molecular functions of affected genes as
well as the context-dependent regulatory networks of those
DEK-mediated ASEs in view of global signaling pathways
in cancer cells.
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The sequence organization and DNA-binding and
RNA-binding properties of DEK suggest that it could have
dual functions in the mRNA synthesis at the transcriptional
and post-transcriptional levels. An intriguing question is
whether or not DEK regulates both gene expression and alter-
native splicing on the overlapped targets. In the present study,
it was revealed that the overlaps between the DEK-mediated
regulations of gene expression and those of ASEs are almost
negligible, indicating that the molecular mechanisms of
DEK-mediated transcription regulation and post-transcrip-
tional splicing modification should be exerted in different
types of machinery. It would be a scientifically important
issue to identify various subsets of protein-protein complexes
of DEK-related machinery and reveal their molecular function
in either transcriptional and post-transcriptional regulations.

In the present study, we successfully applied RNA-seq
technology to investigate the role of DEK in a human GC
cell line, demonstrating that DEK regulates both transcrip-
tion and alternative splicing in a number of genes some of
which are significantly enriched in important cancer-related
pathways. DEK has been reported to play pivotal oncogenic
roles in various malignancies, and our study at least in part
shed light on its molecular mechanisms. Further molecular
investigations of the target genes of DEK that our RNA-seq
pointed out would further help develop DEK as a diagnostic
and therapeutic target for GC.
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