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ABSTRACT ARTICLE HISTORY
DEAD-box helicase (DDX) family exerts a critical effect on cancer initiation and progression Received 2 March 2022
through alternative splicing, transcription and ribosome biogenesis. Increasing evidence has Revised 20 May 2022
demonstrated that DEAD-box helicase 56 (DDX56) is over-expressed in several cancers, which ~ Accepted 25 May 2022
plays an oncogenic role. Till the present, the impact of DDX56 on gastric cancer (GC) remains KEYWORDS
unclear. We conducted high-throughput sequencing (RNA-seq) to demonstrate aberrant DDX56 DDX56; gastric cancer;
levels within 10 GC and matched non-carcinoma tissue samples. DDX56 levels were detected FOX01/p21 Cip1/c-Myc
through gRT-PCR, western blotting (WB) and immunochemical staining in GC patients. We con- signaling pathway;
ducted gain- and loss-of-function studies to examine DDX56's biological role in GC development. proliferation; apoptosis
In vitro, we carried out 5-Ethynyl-2-deoxyuridine (EdU), scratch, Transwell, and flow cytometry

(FCM) assays for detecting GC cell growth, invasion, migration and apoptosis. Additionally, gene

set enrichment analysis (GSEA), WB assay, and Encyclopedia of RNA Interactomes (ENCORI) were

carried out for analyzing DDX56-regulated downstream genes and signaling pathways. In vivo,

tumor xenograft experiment was performed for investigating how DDX56 affected GC develop-

ment within BALB/c nude mice. Functionally, DDX56 knockdown arrested cell cycle at G1 phase,

invasion and migration of AGS and MKN28 cells, and enhanced their apoptosis. Ectopic DDX56

expression enhanced the cell growth, migration and invasion, and inhibited apoptosis.

Knockdown of DDX56 suppressed GC growth in the tumor models of BALB/c nude mice.

Mechanistically, DDX56 post-transcriptionally suppressed FOXO1/p21 Cip1 protein expression,

which could activate its downstream cyclin E1/CDK2/c-Myc signaling pathways. This sheds lights

on the GC pathogenic mechanism and offers a potential anti-cancer therapeutic target.
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Highlights

e High expression of DDX56 is associated with
poor prognosis of GC patients.

e Ectopic DDX56 expression enhances the GC
cell growth, migration and invasion, and
inhibited apoptosis.

e DDX56 promotes the progression of GC
through the FOXO1/p21 Cipl/c-Myc signal-
ing pathway.

Introduction

More than one million people across the world are
diagnosed with gastric cancer (GC) every year [1].
GC morbidity and mortality rates show a declining
trend worldwide in the last decade, accounting for the
3" Jeading cause of cancer-associated mortality and
ranking the 5™ place in term of its morbidity world-
wide [2]. More than 40% of new cases and deaths in
China are attributed to GC annually [3]. Apart from
that, a lot of factors are considered to be related to the
dismal prognosis. The essential factors are inadequate
early prediction, high degree of malignancy, and a lack
of individualized therapeutic intervention [4]. As
a result, it is urgent to further explore the mechanism
of GC occurrence and development at molecular level,
so as to formulate the effective treatments.

RNA helicases play essential roles in transi-
tionally, transcriptionally and post-
translationally regulating cell cycle regulator
levels [5]. DEAD (Asp-Glu-Ala-Asp)-box RNA
helicases represent the greatest largest group
with 57 RNA helicases in human [6]. The dereg-
ulation of DEAD-box is related to tumor occur-
rence and development, such as cell growth,
invasion and migration [7]. Existing evidence
indicates that DDX5, DDX27, and DDX39
played a major role as oncogenes in gastric can-
cer and hepatocellular carcinoma (HCC). Recent
in vitro studies have strongly suggested that
DDX5 and DDX27 knockdown suppressed GC
cell proliferation [8] and apoptosis [9]. In addi-
tion, DDX39 knockdown inhibited hepatocellu-
lar carcinoma (HCC) cell progression via the
activation of Wnt/p-catenin pathway [10].
However, not all members of the DDX family
have a positive role in promoting cancer. Some
studies have reported that the expression of
DDX20 was elevated in GC [11] and HCC [12]
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cells, which significantly inhibited cancer pro-
gression and improved patient prognosis.
Recent studies targeting DDX56 in cancer is
still in its infancy. Relevant studies have pointed
out that DDX56 promoted cancer progression in
colorectal cancer (CRC) [13], osteosarcoma cells
[14] and squamous cell lung carcinoma [15].
Unfortunately, it remains largely unclear regard-
ing DDX56’s biological functions in GC and its
mechanisms.

The transcription factor (TF) family of fork-
head box (FOX) has pleiotropic functions in phy-
siology and physiopathology, such as cell cycle
regulation, aging, tumor suppression, multiple
apoptotic activities, autophagy and oxidative
stress tolerance [16,17]. Most studies have
demonstrated that the dysfunction of the
FOXO1 signaling pathway is associated with
numerous complex molecular cascades in cancer
pathophysiology [18,19]. The cyclin-dependent
kinase inhibitor p21 Cipl, which serves as
a critical downstream effector of FOXO1, is one
of the most studied CDK inhibitors and it regu-
lates cell proliferation, cell motility, and apoptosis
[19,20]. The p21 Cipl can bind to CDK2, leading
to the inactivation of CDK2/cyclin E1 at the G1-S
phase DNA damage checkpoint, thereby arresting
cells at the G1-S phase during DNA repair [21].
The recent study shows that FOXOI1 induces
irreversible G1 arrest and cellular senescence
through the PR-B/FOXO1/p21 Cipl axis in endo-
metrial cancer [22]. Previously studies should be
recognized that FOXOI can promote the apopto-
sis signaling by the activation or repression of
apoptosis-related  genes  (ARGs) [18,23].
Moreover, FOXO1 reduces the Bcl-2/BAX ratio
induced by curcumin in pancreatic cancer [24].

In this study, we identified DDX56 by high-
throughput sequencing in order to explore those
differentially expressed genes between GC and
adjacent normal gastric tissues. Besides, the biolo-
gical functions of DDX56 within GC cell lines
(AGS, MKN28) were analyzed, which indicated
that DDX56 enhanced cell growth and aggressive
phenotypes, while inhibiting in-vitro apoptosis of
cells. Additionally, we also constructed the nude
mouse model of xenograft to determine the effect
of DDX56 on GC cell proliferation in vivo.
Mechanistically, we proposed that the FOXO1/
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p21 Cipl/c-Myc signaling pathway was involved in
the regulation of DDX56.

Materials and methods
Patients and tissue samples

In this study, we acquired GC samples and
matched non-carcinoma samples in 70 GC cases
divided into three cohorts at the First Affiliated
Hospital of Guangxi Medical University (Guangxi,
China). Cohort 1 included 10 patients who under-
went  surgery from January 2019 to
December 2019, and their tumors were collected
for high-throughput sequencing. Cohort 2 con-
sisted of 30 patients undergoing surgery between
June 2019 and December 2020. Their tumors were
collected for histological studies. Cohort 3
involved 30 patients who received surgery from
June 2013 to December 2013, and their tumors
were adopted for immunohistochemical (IHC)
analysis.

The collected tissue samples were stored in the
RNA Keeper Tissue Stabilizer (R501-01; Vazyme,
Nanjing, China), put into an icebox and trans-
ferred to the —80°C refrigerator until RNA isola-
tion was performed. All patients were treated
without radiotherapy or chemotherapy before sur-
gery. The Ethics Review Committee of the First
Affiliated Hospital of Guangxi Medical University
approved the study protocol. Patients provided the
informed consent for tissue specimen collection.
This research followed all the guidelines outlined
in the Declaration of Helsinki.

Immunohistochemical analysis and scoring

Immunohistochemical specimens were fixed in
10% formaldehyde, which were then embedded
in wax blocks. This study obtained anti-DDX56
antibody in Santa Cruz Biotechnology (5A7: sc-
101,018, Santa Cruz, CA) and Ki-67 polyclonal
antibody in Proteintech Group (No. 26,593-
1-AP, ProteinTech, Wuhan, China). Following
manufacturer’s instruction, the endogenous per-
oxidase blocking reagent (SP-9000, Zhongshan
Golden Bridge, Beijing, China), goat serum (SP-
9000, Zhongshan Golden Bridge), anti-DDX56
antibody, Ki-67 polyclonal antibody, goat anti-

mouse IgG  (SP-9000, Zhongshan Golden
Bridge), goat anti-rabbit IgG  (SP-9000,
Zhongshan Golden Bridge), HRP-labeled avidin
working fluid (SP-9000, Zhongshan Golden
Bridge) and Diaminobenzidine (DAB; ZLI-9018,
Zhongshan Golden Bridge) were added in
a regular sequence. Finally, the tissue sections
were stained, and then a light microscope
(Olympus Corporation, Tokyo, Japan) was
employed for observation. Tumor histology was
independently reviewed by an experienced pathol-
ogist. The DDX56 levels were rated as 0-3, indi-
cating negative, low, moderate, and high
intensities, respectively. The scores regarding the
extent of staining were 0 (0%), 1 (1-25%), 2 (26-
50%), 3 (51-75%), and 4 (76-100%). In addition,
a score of >4 was suggested as high.

Cell culture

This study obtained the human GC cells (AGS,
HGC27, and MKN28), and normal human gastric
epithelial Ges-1 cells from the Institute of
Biochemistry and Cell Biology (Shanghai
Institute of Biological Sciences, Chinese
Academy of Sciences). AGS cells were cultured
in Ham’s F12 medium (Procell Life Science &
Technology Co., Ltd., Wuhan, China) with 10%
fetal bovine serum (FBS; Gibco, Shanghai,
China), streptomycin (50 ug/ml), and penicillin
(50 U/ml) (Solarbio, Beijing, China). With 10%
FBS (Gibco) and penicillin-streptomycin
(Solarbio), HGC27, and MKN28 cells were cul-
tured in RPMI-1640 supplemented (Gibco). Ges-
1 cells were cultured in DMEM high glucose
medium (Gibco), including 10% FBS (Gibco)
and penicillin-streptomycin (Solarbio). In line
with specific protocols, we maintained cells
within the humid incubator under 37°C and 5%
CO, conditions.

Construction of DDX56 cell lines with plasmid
transfection and lentivirus-based plasmid
infection

The negative control (NC) plasmid, silencing plasmid,
empty control plasmid, and overexpression plasmid
of DDX56 were purchased from GeneCopoeia
(Guangzhou,  China). LipofectamineTM 3000



Transfection Reagent (Invitrogen, USA) was adopted
for transient transfection in AGS and MKN28 cells in
line with specific protocols. In order to silence DDX56
expression, these two cell lines were transfected with
DDX56-silencing plasmid (HSH105032-LVRU6MP-
¢; sh-DDX56) or NC plasmid (CSHCTRO001-
LVRU6MP; NC-DDX56). Additionally, cells were
transiently transfected with DDX56-overexpressing
plasmid (EX-T0449-Lv206; OE-DDX56) or empty
control plasmid (pEZ-Lv206; Vector). To generate
the AGS cell line with stable DDX56 knockdown,
cells were transfected with shRNA-DDX56-LV (sh-
DDX56-LV) or scramble-DDX56-LV (NC-DDX56-
LV) lentiviral particles. The total RNA and cellular
protein of DDX56 in transfected cells were extracted
for subsequent experiments.

RNA isolation and Quantitative real-time
polymerase chain reaction (qRT-PCR)

In brief, we isolated total tissue and cellular RNAs
using the NucleoZOL Kit (Macherey-Nagel,
Diiren, Germany). Subsequently, total RNA (1000
ng) was prepared into cDNA with the HiScript III
RT SuperMix for qPCR (R323-01, Vazyme,
Nanjing, China) through reverse transcription, fol-
lowed by preservation under -80°C. Using
ChamQ Universal SYBR qPCR Master Mix
(Q711-02, Vazyme), this study then conducted
quantitative RT-PCR with the 7500 Real-time
PCR system (ThermoFisher, USA). The 2-AACt
method was applied in calculating relative gene
levels as fold-change (FC), followed by normaliza-
tion based on GAPDH expression. In quantitative
QRT-PCR, the primers used were shown below:
DDX56, 5-CCGCTTATGCTATTCCGATGC-3
(F), 5-GCTCCTTGGTAGGAACAAGAACA-3
(R); GAPDH, 5-GGAGCGAGATCCCTCCAAA
AT-3° (F), 5-GGCTGTTGTCATACTTCTCA
TGG-3 (R). The normalized value of mRNA
level was set to 1 for cells transfected with control
plasmid.

Western blotting (WB) assay

The whole cell lysates were extracted from tis-
sues, Ges-1, AGS, and MKN28 cells using RIPA
lysis buffer containing PMSF and phosphatase
inhibitor (P0100, Solarbio). Protein content was
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measured by BCA Protein Detection kit
(P0012S, Beyotime Biotechnology, Shanghai,
China) to equalize protein loading. After
separation by electrophoresis, proteins were
transferred  onto  polyvinylidene fluoride
(PVDF) membranes (Merck  Millipore,
Darmstadt, Germany), which were later blocked
using 5% skim milk for 30-60 min. Then, we
further incubated PVDF membranes based on
DDX56 (1:200; 5A7; sc-101,018, Santa Cruz,
CA), Bcl-2  (1:1000, No. 26,593-1-AP,
ProteinTech), BAX (1:5000, No. 60,267-1-Ig,
ProteinTech), FOXO1 (1:1000, No. 18,592-
1-AP, ProteinTech), p21 Cipl (1:1000,
No. 10,355-1-AP, ProteinTech), CDK2 (1:1000,
No. 10,122-1-AP, ProteinTech), and GAPDH
(1:2000, No. HRP-60004, ProteinTech). After
washing with TBST, PVDF membranes were
subsequently incubated using HRP-conjugated
secondary  antibody  (ProteinTech) for
a 1-h period under ambient temperature. The
ECL chemiluminescence kit (Thermo Fisher
Scientific, Waltham, MA, USA) was adopted
for visualizing blots. Image J (1.8.0, NIH,
USA) was utilized for performing image analy-
sis. Protein expression was normalized to
GAPDH and the mean value of the group was
plotted in a bar chart.

5-Ethynyl-2-deoxyuridine (EdU) assay

The cells were co-incubated with EdU working
solution (C0071S, Beyotime, Shanghai, China) for
a 2-h period under 5% CO, and 37°C conditions.
Subsequently, using Alexa Fluor 488 (Beyotime),
we achieved EdU fluorescence labeling with the
EdU Cell Proliferation Kit, and cell nucleuses
dyed with Hoechst solution (C1025,
Beyotime) at room temperature in dark. The pro-
liferating cells were stained green, whereas the
nuclei of all cells were stained blue. The images
of EdU-positive cells were captured at
a magnification of 100x using an inverted fluores-
cence microscope (Olympus). Cell counting was
conducted by Image] software. The percentage of
EdU-positive cells were calculated by the following
formula: EdU-positive rate = EdU-positive cell
count/(EdU-positive cell count + EdU-negative
cell count) x 100%.

were
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CCK8 cell proliferation assay

The AGS and MKN28 cells transfected with plas-
mids (2000-3000 cells/well) were cultivated in five
96-well plates with four replicate wells. Afterward,
a CCK8 Cell Proliferation Kit (C0037, Beyotime) was
utilized following the manufacturer’s suggestions.
Thereafter, this study added CCK-8 solution to
each well at 24/48/72/96 h, followed by 2-h incuba-
tion at 37°C. Then, each cell plate was assayed using
a Varioskan LUX Multimode Microplate Reader
(Thermo) at a wavelength of 450 nm. The experi-
ment was performed independently in triplicate.

Cell cycle and Cell apoptosis analysis

We adopted the Cell Cycle and Apoptosis
Detection Kit (C1052, Beyotime) to measure cell
cycle by flow cytometry (FCM). After staining
using PI solution (500 uL) under 37°C for
30 min, we conducted FCM analysis on cells
based on the FACSVerse flow cytometer (BD
Biosciences). The percentages of cells within var-
ious phases of the cell cycle were calculated using
FlowJo software (Treestar, Ashland, OR).

Apoptosis of AGS cells was measured through
FCM using the Annexin V-APC/7-AAD (Annexin
V-Allophycocyanin/7-aminoactinomycin D (APC/
7-AAD)) Apoptosis kit (No.70-AP105-100, Multi
Science, Hangzhou, China). Annexin V-FITC/PI
(Annexin V-Fluorescein isothiocyanate/Propidium
Iodide (FITC/PI)) Apoptosis Kit (No.70-AP101-100,
Multi Science) was later utilized to stain MKN28 cells.
In line with specific protocols, we incubated different
cell lines using Annexin V-APC, FITC, 7-AAD, or PI
in the dark centrifuge tubes for a 5-min period under
ambient temperature. All procedures for FCM analy-
sis were performed as described above.

Transwell assay

The 24-well Transwell chambers (Corning, NY,
USA) were adopted for performing Transwell
invasion and migration experiments. The upper
chamber was precoated with Matrigel (M8370,
Solarbio) to assess the cell invasive ability. AGS
and MKN28 cells were resuspended into a single-
cell suspension in Ham’s F12 or RPMI-1640

medium containing 1% FBS, and then cells
(3x10* cells/well) were seeded into the upper
chamber in triplicate. Subsequently, we added
100 ul Ham’s F12 or RPMI-1640 medium that
contained 15% FBS (as the chemoattractant) in
bottom chambers. After at least 24-h incubation,
membrane fixation, and 1-h of 0.5% crystal violet-
methanol staining were performed. Then, we
eliminated those non-migratory cells within the
top chambers gently using PBS and cotton swabs.
Without Matrigel within the upper chamber, this
work conducted Transwell assays for detecting
migration of AGS and MKN28 cells. The subse-
quent steps were done as mentioned in the cell
invasion assay section. We calculated cell numbers
from four representative fields per membrane
using light microscopy to determine the mean
value in each field.

Wound healing assay

The cell migration activity was performed in
wound healing assay. Straight vertical and hori-
zontal lines were scratched in the cell monolayers
using a 200 pl pipette tip. After the initial scratch,
the cells were allowed to migrate and images of the
scratch width were taken at 0 h and 24 h, respec-
tively. Then, the area occupied by migrating cells
was measured by using Image] software. Cell
mobility rate (%) = (original scratch area - 24 h
scratch area)/original scratch area x 100. Each
experiment consisted of three sets of replicates.

Xenograft nude mouse models

Ten 4-week-old female SPF BALB/c nude mice were
obtained at Nanjing Junke Biological Engineering
Co. Ltd. (Nanjing, China). Each mouse was given
subcutaneous injection of AGS cells stably trans-
fected with shRNA-DDX56-LV (sh-DDX56-LV)
and scramble-DDX56-LV (NC-DDX56-LV) via
right flank. Under deep anesthesia, mice were eutha-
nized through cervical dislocation after 29 days. We
determined tumor volume below, tumor volume
(mm?®) = [length (mm) x width (mm) [2]] /6.
The use of animals was performed strictly according
to the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals [25].



High-throughput sequencing technology

RNA-seq transcriptome high-throughput sequencing
and subsequent bioinformatics analysis were per-
formed by Sangon Biological Engineer Technology
(Shanghai, China). In line with specific protocols,
RNA-seq library was established with the
VAHTSTM mRNA-seq V2 Library Prep Kit for
IMumina® (San Diego, CA, USA). Prior to high-
throughput sequencing, libraries and their purity
were validated on an Agilent Technologies 2100
Bioanalyzer (Santa Clara, CA, USA). We then con-
ducted high-throughput sequencing with the
MMumina HiSeq TM2500 Sequencing System. The
sequencing output consisted of generating raw reads
as the starting materials, so as to analyze the mRNA-
seq data.

Statistical analysis

Computation was conducted by SPSS22.0 (SPSS,
Inc., Chicago, IL, USA) and GraphPad Prism soft-
ware (GraphPad Prism Software, Inc., San Diego,
CA). The ‘ggpubr’ package in R (https://cran.r-pro
ject.org/web/packages/ggpubr/index.html) was
employed to perform statistical analyses and
draw boxplots. The Encyclopedia of RNA
Interactomes (ENCORI, https://starbase.sysu.edu.
cn/index.php) [26] was utilized to predict the
potential relationship of DDX56 expression with
relevant cell cycle genes in STAD. GSEA (https://
www.broadlnstitute.org/gsea/) was adopted to
investigate the underlying mechanism of the
expression of DDX56 in GC. We performed
a student’s t-test for analyzing significant differ-
ence of 2 groups. Thereafter, we compared multi-
ple groups by one-way or two-way ANOVA.
Clinicopathological characteristics were detected
through chi-square tests. P < 0.05 stood for statis-
tical significance. All experiments described above
were performed in triplicate.

Results

The purpose of this study was to explore the poten-
tial role of DDX56 in gastric cancer. In vivo and
in vitro experiments indicated that DDX56 was
associated with GC cell proliferation, apoptosis,
invasion and migration. The public databases and
western blotting assay were chosen to verify the
functional role of DDX56 and the expression
changes of key signaling molecules.
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High expression of DDX56 in GC and its relation
with poor prognosis

According to our results, the DDX56 expression
showed statistically significant difference in DDX
family genes (Figure 1(a), p < 0.001). High-
throughput  sequencing (RNA-seq) results
reflected that the TPM of DDX56 within GC
samples increased compared with non-carcinoma
samples (Figure 1(b), p < 0.01). The similar result
was also observed in the TCGA-STAD cohort
(Figure 1(c), p < 0.05). Furthermore, according
to the Kaplan-Meier survival curve, GC cases
with DDX56 up-regulation showed the worse
outcome in comparison with those with DDX56
down-regulation (Figure 1(d), p < 0.0001).
Subsequently, qRT-PCR and WB assays revealed
that DDX56 expression increased within cancer-
ous tissues compared with adjacent non-
cancerous tissues in 30 pairs of GC patients
(Figure 1(e-g), p < 0.05, P < 0.01). This study
classified IHC staining sections as low or high
group based on the score (Figure 1(h)). Clinical
data and clinicopathological characteristics are
detailed in Table 1. The relation of DDX56
expression with clinicopathological features was
evaluated, revealing the relation of DDX56 with
lymph node metastasis (P < 0.01). DDX56 protein
levels were not significantly different in stage I-II
compared with stage III-IV tumors according to
IHC staining (Table 1).

Construction of DDX56 knockdown and
overexpression GC cell models

In AGS and MKN28 cells, DDX56 expression
increased compared with that in HGC27 cells
(Figure 2(a-c), p < 0.05, P < 0.01, P < 0.001, P <
0.0001). Therefore, we chose AGS and MKN28
cells in later analyses. The results of qRT-PCR
and WB assays showed that the sh-DDX56-2 had
a greater knockdown efficiency than other shRNAs
(Figure 2(d-j), p < 0.05, P < 0.01, P < 0.001, P <
0.0001, NS not significant, P > 0.05). Similarly, we
conducted qRT-PCR and Cell monolayers assays
to verify the successful construction of DDX56
overexpression (Figure 2(e-k), p < 0.05, P < 0.01,
P < 0.001).


https://cran.r-project.org/web/packages/ggpubr/index.html
https://cran.r-project.org/web/packages/ggpubr/index.html
https://starbase.sysu.edu.cn/index.php
https://starbase.sysu.edu.cn/index.php
https://www.broadlnstitute.org/gsea/
https://www.broadlnstitute.org/gsea/
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Figure 1. Identification and validation of a novel oncogenic DDX56 gene in human GC tissues. (a) The Box plot showing DDX family
gene expression within GC tissues and normal gastric mucosa using ‘ggpubr’ package in R. (b) A total of 10 paired GC tissues were
analyzed by high-throughput sequencing. RNA-seq data were reported as TPM to plot a dot line chart. (c) The Box plot presenting
the DDX56 gene expression levels in GC and normal tissues from the TCGA-STAD project. (d) K-M curve showing OS according to
different DDX56 expression levels using TCGA. (e) Relative DDX56 mRNA levels were compared between GC samples (n = 30) and
normal gastric tissues (n = 30). (f, g) Relative expression levels of DDX56 protein in GC and adjacent normal tissues were normalized
to GAPDH level. (h) IHC staining of DDX56 expression in human GC tissues and normal adjacent tissues. Asterisks stand for
statistically significant differences: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Abbreviations: TPM, Transcripts Per Million;
STAD, stomach adenocarcinoma; N, normal; T, tumor.



Table 1. Correlation between immunohistochemistry staining
intensity for DDX56 and clinicopathological features in 30 GC
patients.

DDX56 expression

Characteristics Case Low High p-value

Age (years)
<60 18 7 1" 1.000
>60 12 4 8

Gender
Male 19 7 12 1.000
Female 1 4 7

Tumor size (cm)

=5 1 2 9 0.140
<5 19 9 10

Tumor site
Cardiac 3 1 2 1.000
Non-cardiac 27 10 17

Differentiation
PD 29 1 18 1.000
MD 1 0 1

T grade
T+ T2 3 1 2 0.501
T3+ T4 27 10 17

Lymph node metastasis
Negative (NO) 8 6 2 0.028"
Positive (N1-N3) 22 5 17

TNM stage
-l 7 5 2 0.068
-1V 23 6 17

PD, poorly differentiated; MD, moderately differentiated.
#: Significantly different at p < 0.05.

Knockdown of DDX56 inhibits cell proliferation
and arrests in the G1/S phase

Based on results of EAU assay and CCK8 assay, the
cell proliferation of sh-DDX56-2 group was inhib-
ited compared with that of NC-DDX56 group. By
contrast, cell proliferation was obviously promoted
in cells of OE-DDX56 group relative to those of
Vector group (Figure 3(a-f), p < 0.05). To better
examine DDX56s impact on the proliferation of
AGS and MKN28 cells, we conducted FCM to detect
cell cycle. As a result, G1 phase cell proportion
increased when DDX56 was silenced, whereas the
proportion of S phase cells decreased (Figure 3(g-j),
p < 0.05). Besides, the proportion of G2 phase AGS
cells harboring the alteration exhibited no statisti-
cally significant difference (Figure 3(j)).

DDX56 stimulates migration and invasion of GC
cells

Results of Transwell assay demonstrated that
DDX56 knockdown inhibited AGS and MKN28

cell migration and invasion, while DDX56
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overexpression had opposite effects (Figure 4
(a-b), p < 0.01). This study conducted scratch
assay to better determine the action of DDX56 in
cell migration ability. As a result, DDX56 knock-
down led to reduced cell migration of sh-DDX56-2
groups. At the same time, scratch width narrowed
significantly in OE-DDX56 groups (Figure 4(c-d),
p < 0.05) (The quantitative results of wound heal-
ing assay are shown in the supplementary
document).

Knockdown of DDX56 promotes cell apoptosis

The FCM apoptosis assay indicated that DDX56
knockdown increased the number of apoptosis
cells compared with NC-DDX56 groups
(Figure 4(e-g), p < 0.01). Accordingly, results of
WB assay verified this observation in protein
levels. Knockdown of DDX56-induced cell apop-
tosis by down-regulating the expression of Bcl-2
protein and up-regulating that of BAX protein
(Figure 4(h-i), p < 0.05). Overexpression of
DDX56 increased Bcl-2 protein expression but
reduced BAX expression (Figure 4(h-i),
p < 0.05).

Pathway enrichment

According to GESA, DDX56 up-regulation
showed strong correlation with genes related to
the cell cycle, apoptosis, spliceosome, and RNA
degradation signaling pathways (Figure 5(a), |
NES| > 1, P < 0.05, FDR g-val < 0.25).
Thereafter, ENCORI predicted the mRNA inter-
action analysis on the above pathways for
DDX56. As a result, FOXO1 was negatively cor-
related with DDX56, but positively related to
CCNEL1 (cyclin El1), CDK2, and MYC (c-Myc)
(Figure 5(b), p < 0.0001). As revealed by WB
assay, the expression of CCNE1l, CDK2, and
MYC proteins decreased, while that of FOXO1
and p21 Cipl proteins increased by DDX56
knockdown (Figure 5(c, e), p < 0.05). In DDX56
overexpression cells, the expression of CCNE],
CDK2, and MYC proteins increased, while that
of FOXO1 and p21 Cipl proteins decreased
(Figure 5(d-f), p < 0.05).
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Figure 2. Construction of DDX56 knockdown and overexpression cell models. (a) gRT-PCR analysis on DDX56 levels within healthy
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DDX56 modulates tumor growth in vivo

Knockdown of DDX56 significantly inhibited the
subcutaneous tumors of AGS cells, which was
consistent with the results in vitro. Besides, the
results of subcutaneous xenograft tumors indi-
cated that the tumor volume and mean weigh of
NC-DDX56-LV group were significantly larger
than those of sh-DDX56-LV group (Figure 6
(a-c), p < 0.01). IHC experiments verified that
the DDX56 protein and Ki-67 protein expression
in nude mice of sh-DDX56-LV group was lower
than that of NC-DDX56-LV group (Figure 6(d)).

Discussion

As the hallmarks of cancer, evasion of growth
suppressors and persistence of proliferation signal

transduction remain the two parts of diverse can-
cers [27]. Increasing evidence has demonstrated
that the DDX family regulates cell proliferation,
which in turn affects tumor progression. DDX46
silencing arrested cell cycle at G1 phase in esopha-
geal squamous cell carcinoma (ESCC) cell lines
[28]. Moreover, the knockdown of DDX3 [29]
and DHX33 [30,31] inhibited cell cycle progres-
sion by blocking the entry into S phase of cancer
cells. However, some studies indicate that DDX5,
DDX21, and DDX3X exert tumor suppressor
function in different cancers, such as hepatocellu-
lar carcinoma (HCC) [32], breast cancer (BC) [33]
and colorectal cancer (CRC) [34]. In this study, we
first identified the differential DDX56 mRNA
expression between GC and matched non-
carcinoma tissue samples by high-throughput
sequencing. The boxplot showed that DDX56
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Figure 6. The effects of DDX56 modulation on the growth of xenografts in nude mice. (a) Typical photographs showing xenograft-

bearing BALB/c nude mice (n =

5 per group). (b) Growth curves for the xenografts within nude mice. (c) Tumor weights of

subcutaneous xenografts model in BALB/c nude mice were measured. (d) Expression of DDX56 protein and Ki-67 protein in tumor
tissues of tumor-bearing nude mice (IHC staining, 200x and 400x).



showed significant difference in DDX family genes
in STAD datasets. Subsequently, we investigated
30 GC and paired normal samples. As a result,
DDX56 levels increased within GC samples than
paired non-carcinoma samples via qRT-PCR and
WB assays. Images of IHC sections revealed that
DDX56 protein was mainly expressed in the
lamina propria of the stomach mucosa. The clin-
icopathological data indicated that the high levels
of DDX56 were related to lymph node metastasis.
Similarly, the results of wound healing and
Transwell assays suggested that silencing DDX56
impaired GC cell invasion and migration.
Consistently, Kaplan-Meier survival curve demon-
strated that the high DDX56 expression was cor-
related with the poor prognosis of patients with
GC in the current study. These results arouse our
great interest.

DDX56 is located on chromosome 7 and regulates
diverse RNA metabolic processes, including tran-
scription, translation, ribosome assembly, ribosome
maturation, pre-mRNA splicing, and mRNA degra-
dation [7,35]. According to results of EdU and CCK8
assays, knockdown of DDX56 suppressed GC cell
proliferation, while overexpression of DDX56 pro-
moted proliferation. Furthermore, the suppression
of tumor growth in DDX56 knockdown cells was
confirmed in nude mice. Several studies have pointed
out that DDX3 promotes G1/S transition by promot-
ing the translation of cyclin E1 and up-regulating the
expression of CDK2 [29,36]. DDX41 can bind to the
30 UTR of p21 Cipl mRNA to inhibit its translation
under basal and stress conditions [37]. DDX56 shares
common structures with the DDX family members,
and thus it may also regulate the process of cell cycle
[6]. The results of GSEA pathway enrichment analy-
sis indicated that DDX56 was strongly correlated
with the Apoptosis and Cell cycle pathways. To better
understand DDX56’s effect on the cell cycle, FCM
was conducted. As a result, down-regulating DDX56
level enhanced G1-phase cell percentage, but reduced
S-phase cell percentage. Similarly, WB results
revealed that down-regulating the protein level of
DDX56 increased the expression of p21 Cip1 protein,
but impaired that of cyclin E1, CDK2, and c-Myc.
C-Myc can be accumulated within GC, CRC, BC,
and lung cancer (LC), and it increases the expression
of numerous pro-proliferation genes, like transcrip-
tional cell apoptosis [38]. In LC, pathway enrichment
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analysis indicated that c-Myc signaling is positively
associated with DDX11, DDX55, and DDX56 [39].
The above results suggest that DDX56 may subse-
quently affect cell proliferation by regulating the cell
cycle G1/S checkpoint. It has been extensively
accepted that FOXOL1 is one of the critical molecules
regulating G1/S phase transition in tumor cells
[40,41]. FOXOT1’s anti-cancer role is associated with
the regulation of critical genes related to cell cycle
arrest and cell apoptosis such as p21 Cipl [16]. In this
study, based on WB assay, down-regulating DDX56
protein expression increased FOXO1 protein expres-
sion in AGS and MKN28 cells. By contrast, DDX56
overexpression suppressed FOXO1 expression. These
results suggested that DDX56 knockdown arrest cell
cycle at GI1-S phase through increasing FOXO1
expression. Furthermore, we found that DDX56
down-regulation led to elevated expression of
FOXO1 and BAX proteins, but down-regulated
expression of Bcl-2 protein in AGS and MKN28
cells according to WB assay. Meanwhile, using
FCM cell apoptosis assay, percentages of early apop-
totic combined with late apoptotic cells increased by
DDX56 knockdown. Consistently, an analysis based
on fluorescence-activated cell sorting (FACS) indi-
cates that, the apoptosis rates of human colon cancer
cells are higher in the presence of FOXOI than in
FOXO1 knockdown cells [18]. Additionally, Guan
et al. discovered that a high dose of PPIs induced
nuclear translocation of FOXOI1, thus mediating
apoptosis of GC [23].

However, some shortcomings should be noted in
this study. The sample size of the patient models was
relatively small in a single center. Although DDX56
is enriched primarily in the nucleolus, it disperses
throughout the cytoplasm upon treatment with
cytotoxic agents [42]. This phenotype predicts that
DDX56 may have different functions in different
cellular organelles. Future studies are needed to
elucidate DDX562019;s distribution in GC cells.

Conclusion

In conclusion, this study provides comprehensive
evidence for DDX56 as a pro-cancer agent and
a biomarker for gastric cancer prognosis. DDX56
overexpression was detected within GC cells and
tissues. Gain- and loss-of-function studies sug-
gested that DDX56 promotes gastric cancer
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progression by regulating cell proliferation, apop-
tosis, invasion and migration functions. Moreover,
the results of the study further elucidate the carci-
nogenic effects of the DDX56 via the FOXO1/p21
Cipl/c-Myc  signaling  pathway.  Therefore,
DDX56-FOXO1 signaling pathway may be consid-
ered to be the possible anti-GC therapeutic target.
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