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Abstract
Background: Lung cancer is a common tumor and a leading cause of death world-
wide. DEAD/H box RNA helicases (DDX) include several family members which reg-
ulate mRNA translation in cancer cells. In this study, we demonstrated that DEAD/H
box RNA helicase 10 (DDX10) was significantly upregulated in lung cancer tissues
compared with adjacent nontumor tissues.
Methods: DDX10 expression was knocked down with shRNA in order to investigate
the impact on A549 lung cancer cell growth and related molecular mechanisms
in vitro and in vivo. DDX10 expression in lung cancer was assessed using online data-
bases and patient samples.
Results: DDX10 knockdown significantly inhibited the proliferation of lung cancer
cells in vitro and in vivo. Furthermore, the bioinformatic tool indicated the putative
downstream protein U3 small nucleolar ribonucleoprotein 4 (IMP4). Our data showed
a positive correlation between IMP4 and DDX10. We found that IMP4 overexpression
could reverse the effect of DDX10 knockdown on the proliferation and apoptosis
of A549 cells.
Conclusions: The findings of this study suggest that DDX10/IMP4 might be a novel
target for lung cancer diagnosis and treatment.
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INTRODUCTION

About 1.6 million lung cancer patients die every year. Lung
cancer is the most commonly diagnosed cancer and most
common cause of cancer death, and is a global problem and
public health issue.1 In recent years, a series of neoadjuvant
chemotherapies and immunotherapies have become avail-
able.2 With the development of personalized therapy (preci-
sion medicine), lung cancer screening, immune checkpoint,
and tumorigenic mechanism studies have been reported
with particular emphasis on new targeted therapies.3 Previ-
ous studies have identified several biomarkers for early diag-
nosis, predicting prognosis, and monitoring the treatment of
lung cancer. The development of new treatment is based on

explorations of the molecular mechanisms of cancer cell
proliferation, metastasis, and regulation.

DEAD/H box RNA helicases (DDX) are a group of pro-
teins with several family members regulating mRNA transla-
tion in cancer.4 Wang et al. previously reported that DDX5
is involved in lung cancer progression through direct inter-
action with β-catenin.5 Furthermore, gene mutation and
change in DDX10 expression have also been previously
investigated in osteosarcoma, hepatocellular carcinoma, leu-
kemia, and ovarian cancer.6–9 Accumulating evidence sug-
gests that DDX family proteins play a crucial role in
tumorigenesis of cancer cells and stem cell differentiation.10

However, little is known about the detailed molecular mech-
anisms of DDX protein regulation.
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Therefore, in this study, we knocked down DDX10 expres-
sion with shRNA to investigate the impact on A549 lung can-
cer cell growth and related molecular mechanism in vitro and
in vivo. We assessed the DDX10 expression in lung cancer
with online databases and patient samples, and found that
IMP4 overexpression could reverse the effect of DDX10 knock-
down on the proliferation and apoptosis of A549 cells.

METHODS

Patients and tumor samples

The formalin-fixed and paraffin-embedded tumor and adja-
cent nontumor tissues from 31 patients with lung cancer who
underwent primary surgical resection between 2015–2020 at
the Department of Thoracic Surgery, Beijing Friendship Hos-
pital, Capital Medical University, China, were analyzed.

Cell line and transfection

Human epithelial adenocarcinoma A549 cells and H1299
were purchased from American Type Culture Collection
(ATCC). A549 cells and H1299 were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) with 10% fetal
bovine serum (Gibco) at 37�C. Plasmid encoding IMP4,
DDX10, empty vector, or shRNA were purchased from Gen-
echem. Transfection with shRNAs or plasmid DNAs was
performed using Lipofectamine 2000 (Thermo) according to
the manufacturer’s instructions.

Animal model

Female Balb/c nude mice (6–8 weeks, Beijing Hfk Biosci-
ence) were used to establish an animal model by subcutane-
ous injection of A549 cells (107 cells/mouse, 4–5 mice/
group) into the back of mice. The tumor growth in the mice
were closely monitored every four days.

Gene expression profiling interactive analysis
(GEPIA)

GEPIA is a large-scale expression profiling and interactive
analysis web server designed by Tang et al.11 and updated to
GEPIA 2 in 201912 (http://gepia2.cancer-pku.cn/). In this
study, we employed the gene expression boxplot and sur-
vival analysis in lung squamous cell carcinoma (LUSC) and
lung adenocarcinoma (LUAD).

Immunohistochemistry

Tumor tissues and adjacent nontumor tissues were embed-
ded in paraffin and cut into 4 μm-thick sections. Slides were

deparaffinized and antigen retrieval was performed using
LPH Buffer (BioCare Medical) for 60 min at 93�C followed
by 20 min cooling. The DDX10 polyclonal antibody
(Thermo Fisher, 1:100) was incubated at 4�C overnight. The
slices were reacted with horseradish peroxidase-labeled anti-
rabbit secondary antibody (Beyotime Biotechnology) for 1 h
at room temperature. The slices were stained with hematox-
ylin and sealed with neutral gel.

Real-time PCR

Total RNA was extracted from cultured cells with a total
RNA kit (Qiagen), and cDNA was synthesized with a cDNA
reverse transcription kit (Takara). The primers (forward and
reverse) for ß-actin were: 50-CTGGAACGGTGAAGGT
GACA-30 and 50-AAGGGACTTCCTGTAACAATGCA-
30, for DDX10 were: 50-GTGCGGAGCTTCAATCGCT-30

and 50-CCTGCCATTCGGGTTTCTTCA-30 and for IMP4
were: 50-GAAAACCGCCTGATTCCCACT-30 and 50-GTG
GCTGGTCACACCTTCA-30. Quantitative real-time PCR
was performed using 7500 fast real-time system (Thermo).
The relative mRNA expressions were analyzed by the
comparative Ct method and normalized by the abundance
of ß-actin.

Cell proliferation assay

The proliferation of A549 cells was measured using the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
assay. To perform the MTT assay, A549 cells were incubated
in the medium containing MTT (5 mg/ml, Sigma) for 4 h at
37�C. The supernatants were then removed and the cells were
solubilized in DMSO (Sigma) for 10 min. Finally, the absor-
bance was determined using a microplate reader at 490 nm.

Flow cytometer

To assess the apoptosis of A549 cells, the apoptosis detection
kit (BD) was used according to the manufacturer’s protocol.
The cell cycle was analyzed using propidium iodide
(PI) staining. A549 cells were harvested and fixed in 70% ice-
cold ethanol for 12 h at 4�C. After being washed with PBS,
A549 cells were stained for DNA content by PI. The cells were
incubated at room temperature for 30 min. Stained cells were
immediately analyzed on a BD FACScanto II flow cytometer
and further analyzed with Flowjo software (Becton Dickinson).

GeneMANIA analysis

Pathway and network analysis of the DDX10 gene was per-
formed using GeneMania (http://www.genemania.org)13 with
the following network interactions: coexpression, pathway,
physical interaction, and shared protein domains. DDX10
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gene was submitted to the website to predict the related gene.
DDX10 was indicated with stripes; related genes added by
GeneMANIA are represented in black, and colored links rep-
resent the interactions between genes. The thickness of links
indicates the strength/weight of the interaction.

Statistical analysis

Data were compared using a one-way ANOVA or a Stu-
dent’s t test. p < 0.05 was considered statistically significant.

RESULTS

Lung tumor tissues express high levels of
DDX10

There was a tendency toward higher expression of DDX10 in
LUAD and LUSC tissues when compared with normal tissues
(Figure 1(a)). We further analyzed the potential associations

between the expression levels of DDX10 and the survival of
patients with lung cancer. As shown in Figure 1(b), high expres-
sion levels of DDX10 may contribute to a worse prognosis in
patients with LUAD (p < 0.01). Immunohistochemistry results
showed that DDX10 expression in tumor tissues was obviously
higher than that in adjacent nontumor tissues (Figure 1(c)). Sim-
ilarly, high levels of DDX10 mRNA expression were observed in
tumor tissues by real-time PCR (p < 0.01, Figure 1(d)).

DDX10 impacts the proliferation, apoptosis,
and cell cycle of lung cancer cells

To investigate the impact of DDX10 on lung cancer cells, we
transfected the A549 and H1299 cell lines with shDDX10 or
DDX10 overexpressed plasmid. The production of DDX10
mRNA was significantly reduced or increased after
shDDX10 or DDX10 overexpressed plasmid transfection
(Figure 2(a)). A549 proliferation was determined using the
MTT assay. As shown in Figure 2(b), DDX10 significantly
promotes the proliferation of A549 and H1299 cells (p < 0.05).
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Moreover, DDX10 significantly inhibited the apoptosis of
A549 and H1299 cells (p < 0.01, Figure 2(c) and (d)). To deter-
mine if cell cycle progression could possibly be regulated by
DDX10, we performed cell cycle analysis using propidium
iodide staining. A greater proportion of A549 and H1299 cells
transfected shDDX10 were engaged in the G0/G1-phase
(Figure 2(e)). Similarly, compared with control, DDX10 over-
expression promoted more DNA synthesis and cell division in
these two cell lines (Figure 2(f)).

DDX10 knockdown reduces the growth of A549
cells in vivo

The efficacy of DDX10 in vivo was evaluated using subcuta-
neously xenografted A549 cells. All nude mice injected with

shRNA transfected A549 cells developed subcutaneous
xenografted tumors (Figure 3(a)). The tumor volume and
weight of the shDDX10 group were lower than those of the
shCtrl group (Figure 3(b) and (c)), although we did not
observe a significant difference in bodyweight between the
two groups (Figure 3(d)).

DDX10 promotes the proliferation of A549 cell
via IMP4

To explore the molecular mechanism of DDX10 in lung
cancer cells, we generated the gene interaction network of
DDX10 using geneMANIA. The predicted network
showed that IMP4 and DDX10 may be highly coexpressed
in human cells (Figure 4(a)). The Cancer Genome Atlas
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(TCGA) database verified the positive correlation between
DDX10 and IMP4 in LUAD and LUSC tissues (Figure 4
(b)). Compared with normal lung tissue, the mRNA
expression of IMP4 was also higher in tumor tissue
(p < 0.05, Figure 4(c)). We also identified the significant
downregulation of IMP4 in shDDX10 transfected A549
cells compared to the shCtrl group (p < 0.001, Figure 4
(d)). Moreover, DDX10 overexpression increased the
expression of IMP4 (p < 0.05, Figure 4(e)). To investigate
the influence of IMP4 in the DDX10 induced tumor cell
proliferation, we overexpressed IMP4 in shDDX10 trans-
fected A549 cells. Compared to the shDDX10 group, the
shDDX10 + IMP4 group significantly recovered the pro-
liferation of A549 cells (p < 0.001, Figure 4(f )). Further-
more, IMP4 overexpression also reduced apoptosis and
promoted cell division of shDDX10 transfected A549 cells
(p < 0.05, Figure 4(g) and (h)).

DISCUSSION

Lung cancer is the most common tumor and a leading cause
of death worldwide.14 Lung cancer therapy has achieved
unprecedented progress in recent years. Recently, DEAD
box protein DDX5 has been reported to play a tumor-
promoting role in lung cancer progression.5 Furthermore,
several studies have demonstrated the crucial roles of DDX
family protein in tumorigenesis. In the current study, we
demonstrated that a high expression of DDX10 in tumor tis-
sue was related to the proliferation, apoptosis and cell cycle
of tumor cells. To investigate the underlying mechanisms of
DDX10, we predicted the protein IMP4 interacted with
DDX10 via online bioinformatic tools. In vitro experiments
verified the positive correlation between IMP4 and DDX10,
which showed the pivotal role of IMP4 in DDX10 promoted
proliferation of lung cancer cells.
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The U3 small nucleolar RNA (snoRNA) is required for
the early cleavage of pre-rRNA processing, which is essential
for the formation of the small ribosomal subunit RNA (18S
rRNA) and the survival of eukaryocytes.15 A number of pro-
teins have been identified that are specifically associated
with the U3 snoRNA, such as IMP4, IMP3, Dhr1, Lcp5,
Rcl1, and Sof1.16 IMP4 family is characterized by the
σ70-like motif that confers binding to RNA, and all the pro-
teins in this family interact with pre-rRNA processing inter-
mediates.17 Compared with other members of this family,
IMP4 protein is associated with the U3 snoRNA and is
required for the early cleavage of pre-rRNA processing.17,18

In the interaction of RNA helicase and small
nucleolar RNA, Soltanieh and his colleagues showed that
DEAD-box RNA helicase Dbp4 is required for small-
subunit processome formation and production of 18S ribo-
somal RNA, which are crucial in the translation of pro-
teins.19,20 Moreover, DEAD-box RNA helicase DHX37 and
Dhr1 promoted the maturation of the small ribosomal sub-
unit, which is linked to cancer and genetic diseases.21,22 In
this study, our data also indicated a positive correlation
between DDX10 and IMP4 in lung cancer patients. IMP4
overexpression reversed the suppressive effect of DDX10
knockdown on the proliferation of lung cancer cells. Related
studies have also unraveled the coexpression and protein–
protein interaction between DDX10 and IMP4.23,24 Thus, it
is possible that DDX10 participates in the RNA unwinding
of IMP4 and induces IMP4 protein production. Further
studies investigating the role of IMP4 and the interaction
between DDX protein and IMP4 on lung cancer are needed.

In this study, we discovered the different mortality
DDX10 caused between LUAD and LUSC. As summarized
in the study by Herbst et al., the most common genetic alter-
ations are disparate in LUAD and LUSC.23 The most com-
monly mutated genes in LUAD include KRAS and EGFR,
while TP53 and CDKN2A have been identified as the most
common mutated genes in LUSC. As DDX family proteins
participate in various biological processes, we suspect the
gene mutation status between the two kinds of NSCLC may
play a role in the function of DDX10. As an RNA helicase,
DDX family proteins participate in various biological pro-
cesses, which are important to normal cell metabolism and
maintenance. Wang et al. also indicated that DDX10 pro-
motes the activity of classical Wnt/β-catenin signaling in
HCC cell lines, which plays a central role in cell proliferation
and survival.7 There are concerns about normal cell toxicity
of translation inhibitors. To date, it has been previously
reported that DDX3 inhibitor RK-33 does not cause toxicity
in mice at effective dose levels.25 Thus, DDX family protein
inhibitors have the potential to be used in cancer therapy,
without unacceptable normal cell toxicity. However,
more clinical trials in humans and more studies in the
mechanisms involved need to be undertaken in the future.

In conclusion, the present study demonstrates that
DDX10 promotes the proliferation of lung cancer cells
in vitro and in vivo. Online databases and patient samples
verified the high expression of DDX10 and IMP4 in tumor

tissue. IMP4 overexpression could inhibit apoptosis of A549
cells induced by DDX10 silencing. These data show the role
of the DDX10/IMP4 pathway in lung cancer cells which
may provide a new target for lung cancer diagnosis and
therapy.
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