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DEAD (Asp-Glu-Ala-Asp) box protein 5 (DDXS5), a prototypical member of the DEAD/H-box protein family,
has been involved in several human malignancies. However, the expression and biological role of DDXS5 in
esophageal cancer (EC) remain largely unknown. In this study, we examined the role of DDXS in regulating EC
cell proliferation and tumorigenesis and explored its possible molecular mechanism. We found that DDX5 was
overexpressed in human EC cell lines. In addition, knockdown of DDXS5 significantly inhibited the prolifera-
tion of EC cells in vitro and the growth of EC xenografts in vivo. Knockdown of DDXS also suppressed the
migration/invasion and epithelial-to-mesenchymal transition (EMT) phenotype in EC cells. Furthermore, we
observed that knockdown of DDX5 inhibited the expression of B-catenin, c-Myc, and cyclin D1 in EC cells.
In conclusion, our findings provide the first evidence that siRNA-DDXS inhibited the proliferation and inva-
sion of EC cells through suppressing the Wnt/B-catenin signaling pathway. Therefore, DDX5 may be a novel
potential therapeutic target for the prevention and treatment of EC.
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INTRODUCTION

Esophageal cancer (EC) is a major cause of cancer
death in the world. It often leads to dysphagia, pain, and
other symptoms. It is more common in developing coun-
tries, especially China'. Despite improvements in therapy,
including radical surgery, chemotherapy, and radiotherapy,
EC frequently shows fast local invasion or regional lymph
node metastasis at diagnosis, and the 5-year survival rate
of EC patients is less than 30%"”. Thus, there is an urgent
need to further understand the molecular mechanisms
underlying EC tumorigenesis for the treatment of EC.

DEAD (Asp-Glu-Ala-Asp) box protein 5 (DDXY) is
a prototypical member of the DEAD/H-box protein fam-
ily, which is characterized by a region of nine conserved
amino acid motifs including DEAD (Asp-Glu-Ala-Asp)°.
Several studies have shown that DDXS5 is expressed in
all dividing cells of different vertebrates and participates
in nearly all aspects of RNA metabolism, including RNA
splicing, translation, ribosome biogenesis, and miRNA

processing’”’. DDXS5 also plays an important role as a
transcriptional coactivator of transcription factors that
are themselves highly regulated'’. More recently, DDX5
was found to be involved in tumor progression by pro-
moting cell proliferation and epithelial-to-mesenchymal
transition (EMT)". For example, Wang et al. confirmed
that DDX5 was significantly overexpressed in non-small
cell lung cancer (NSCLC) tissues, and overexpression of
DDXS5 promoted proliferation of NSCLC cells in vitro
and growth of NSCLC xenografts in vivo'>. However, the
expression and biological role of DDX5 in EC remain
largely unknown. In this study, we examined the role of
DDXS in regulating EC cell proliferation and tumorigen-
esis and explored its possible molecular mechanism.

MATERIALS AND METHODS
Cell Culture

Four human EC cell lines (EC9706, EC109, TE13,
and ECA109) and human esophageal epithelial cells
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(HEEC) were purchased from the American Type Culture
Collection (ATCC; Manassas, VA, USA). The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Grand Island, NY, USA) containing 10% fetal
bovine serum (FBS; Gibco, Rockville, MD, USA) and 1%
(v/v) penicillin—streptomycin (Sigma-Aldrich, St. Louis,
MO, USA) under standard conditions at 37°C in a 5%
CO, humidified atmosphere.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from the cells using the
TRIzol reagent kit (Invitrogen, Carlsbad, CA, USA).
Total RNA (1 pg) was then reverse transcribed with the
RevertAid™ First-Strand cDNA Synthesis Kit. PCR ampli-
fication was carried out by ABI PRISM 7900 thermo-
cycler using SYBR Premix Taq (Applied Biosystems,
Foster City, CA, USA). The following primer pairs
were used for the PCR amplification: DDX5, 5-CACA
TCAATCATCAGCCATTCCT-3" (forward) and 5'-CAAA
CAAATAGGCCCATCGC-3’ (reverse); GADPH, 5’-ATC
CCATCACCATCTTCCAG-3’ (forward) and 5-CCATC
ACGCCACAGTTTCC-3’ (reverse). The PCR procedure
was as follows: 94°C for 5 min; 94°C for 20 s, 55°C for
30 s, and 72°C for 20 s; 2 s for plate reading for 35 cycles;
melting curve, 65°C-95°C. GAPDH was used as a control
for normalizing the gene expression. The data obtained
were analyzed by the 27**Ct method.

Western Blot

EC cells were harvested and washed twice with PBS
and then lysed in RIPA buffer (Cell Signaling Technology,
Danvers, MA, USA) with protease and phosphatase
inhibitors on ice for 10 min. The protein concentration
was determined using a Bradford protein assay (Takara
Biotechnology, Dalian, PR. China). Equal amounts of pro-
tein sample were separated by 10% SDS-PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Boston, MA, USA). Proteins on PVDF mem-
branes were blocked with a 5% skim milk solution and
then incubated with various primary antibodies [DDXS5,
E-cadherin, N-cadherin, vimentin, B-catenin, c-Myc, and
cyclin DI or GAPDH from Santa Cruz Biotechnology
(Santa Cruz, CA, USA)] at 4°C overnight. Subsequently,
membranes were washed extensively with TBST and incu-
bated with a horseradish peroxidase (HRP)-conjugated
secondary antibody (Santa Cruz Biotechnology) for 1 h at
room temperature. The membranes were visualized using
enhanced chemiluminescence (ECL) reagent. Developed
films were digitized by scanning, and the optical densities
were analyzed using the ImageJ software.

Short Hairpin RNA and Cell Transfection

DDXS5 short hairpin RNA (shRNA-DDXS5) and con-
trol shRNA (scramble) were purchased from Shanghai
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Sangon Co., Ltd. (Shanghai, P.R. China). For in vitro
transfection, EC cells were seeded in each well of 24-well
microplates, grown for 24 h to reach 50% confluence,
and transfected with shRNA-DDXS5 or scramble using
Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions.

Cell Proliferation Assay

The cell counting kit-8 (CCK-8) assay was performed
to determine cell proliferation. In brief, EC cells trans-
fected with shRNA-DDXS5 or scramble were seeded into
96-well plates (1x10* cells/well) and cultured at 24-h
intervals for 4 days, and then incubated with WST-8 dye
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Figure 1. DDXS5 is highly expressed in human EC cell lines.
(a) The mRNA expression levels of DDXS5 were determined by
qRT-PCR in four human EC cell lines (EC9706, EC109, TE13,
and ECA109) and human esophageal epithelial cells (HEEC).
(b) The protein expression levels of DDXS were determined
by Western blot in four human EC cell lines (EC9706, EC109,
TE13, and ECA109) and human esophageal epithelial cells
(HEEC). The values shown represent the mean+SD. *p<0.05
versus HEEC group.
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at 37°C. Optical density was determined at a wavelength
of 490nm using microplate spectrophotometer (BioTek
Instruments, Inc., Winooski, VT, USA).

Cell Migration and Invasion Assays

Cell migration was measured using the Transwell
assay. In brief, EC cells transfected with shRNA-DDX5
or scramble suspended in DMEM were added to the upper
chamber. The lower chamber was filled with 600 pl of
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DMEM containing 10% FBS. After incubation at 37°C,
nonmigrating cells on the upper side of the filter were
wiped off. The cells that migrated through the membrane
were fixed in absolute methanol for 10 min, stained with
0.1% crystal violet for 30 min, and quantified by count-
ing five independent visual fields under a microscope
(Olympus, Tokyo, Japan). The cell invasion assay was
performed by the same procedure, except that the mem-
brane was coated with Matrigel to form a matrix barrier.
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Figure 2. Knockdown of DDXS5 inhibits EC cell proliferation. EC9706 and ECA109 cells were transfected with shRNA-DDXS or
scramble for 48 h, respectively. The corresponding transfection efficiency was detected by Western blot in EC9706 (a) and ECA109
cells (b). Cell proliferation was examined by the CCK-8 assay at the indicated time in EC9706 (c) and ECA109 cells (d). The values

shown represent the mean+SD. *p<0.05 versus scramble group.
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In Vivo Xenograft Tumor Assay

Five-week-old BALB/c female nude mice were pur-
chased from the Experimental Animal Centre of The
Second Affiliated Hospital of Medical School, Xi’an
Jiaotong University (P.R. China). The mice were housed
under specific pathogenic-free conditions and were
allowed to adjust to local conditions for 1 week before
injection. All experimental procedures were approved
by the Institutional Animal Care and Use Committee
at The Second Affiliated Hospital of Medical School,
Xi’an Jiaotong University (P.R. China). For the in vivo
study, EC9706 cells at 1x10° cells/0.1 ml transfected
with shRNA-DDXS or scramble were resuspended in
PBS (0.1 ml) and injected subcutaneously into the flank
of nude mice. The size of the tumors was measured
once every 5 days and calculated according to the for-
mula [tumor volume=(Lx W?)x0.5] using digital cali-
pers. Approximately 26 days following implantation,
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mice were euthanized by subcutaneous injection with
sodium pentobarbital (40 mg/kg), and the tumors were
weighed.

Statistical Analysis

The results are expressed as mean=SD. A one-way
ANOVA followed by a Student’s #-test was used to deter-
mine if the results were statistically significant. A value
of p<0.05 was considered to be statistically significant.

RESULTS

DDX5 Is Highly Expressed in Human EC Cell Lines

We first examined the mRNA expression of DDX5
in four EC cell lines and a normal human esophageal
epithelial cell line (HEEC) by qRT-PCR assay. The
results demonstrated that the mRNA expression levels of
DDXS5 were higher in EC cell lines compared to HEEC
(Fig. 1a). Similarly, Western blot revealed that DDX5
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Figure 3. Knockdown of DDX5 inhibits EC cell migration and invasion. EC9706 and ECA109 cells were transfected with sShRNA-
DDXS or scramble for 48 h, respectively. The migratory potential of EC9706 (a) and ECA109 cells (b) was detected by Transwell
assay. The invasive ability of EC9706 (c) and ECA109 cells (d) was detected by the Transwell assay with Matrigel. The values shown

represent the mean+SD. *p <0.05 versus scramble group.
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protein levels in the EC cell lines were higher than that in
the HEEC cells (Fig. 1b).

Knockdown of DDX5 Inhibits EC Cell Proliferation

To investigate the critical role of DDXS5 in regulat-
ing EC, we transfected shRNA-DDXS or scramble into
EC9706 and ECA109 cells, respectively, finding that the
shRNA-DDXS5 significantly reduced the expression of
DDXS in EC9706 and ECA109 cells (Fig. 2a and b).

In addition, the results of the CCK-8 assay showed
that knockdown of DDXS35 dramatically inhibited prolif-
eration in EC9706 and ECA109 cells (Fig. 2c and d).

a

e cadherin [
N-cadherin -
vimentin S

GAPDH

E-cadherin

N-cadherin

vimentin

GAPDH

Relative protein expression

Relative protein expression

891

Knockdown of DDX5 Inhibits EC Cell Migration
and Invasion

We then performed Transwell assays and a Matrigel
invasion assay to assess the effects of DDX5 on cell
migration and invasion. The Transwell migration assay
indicated that, compared to control parental cells, knock-
down of DDXS5 markedly decreased the cell migration
rate in both EC9706 and ECA109 cells (Fig. 3a and b).
Moreover, the invasion assay showed that the invasive-
ness of cells was significantly lower in EC9706 and
ECA109 cells (Fig. 3¢ and d) transfected with siRNA-
DDXS or scramble than that of control parental cells.
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Figure 4. Knockdown of DDXS inhibits the epithelial-to-mesenchymal transition (EMT) phenotype in EC cells. EC9706 and
ECA109 cells were transfected with shRNA-DDXS5 or scramble for 48 h, respectively. (a) The protein expression levels of E-cadherin,
N-cadherin, and vimentin were determined by Western blot in EC9706 cells. (b) The protein expression levels of E-cadherin,
N-cadherin, and vimentin were determined by Western blot in ECA109 cells. The values shown represent the mean+SD. *p<0.05

versus scramble group.
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Knockdown of DDX5 Inhibits the Epithelial-
to-Mesenchymal (EMT) Phenotype in EC Cells

Given that shARNA-DDXS inhibits EC cell metasta-
sis, we wonder whether DDXS5 plays an important role
in regulating the EMT phenotype in EC cells. To test this
hypothesis, we evaluated the expression of EMT-related
markers using Western blot. Knockdown of DDXS in
EC9706 cells led to an increase in epithelial cell mark-
ers, such as E-cadherin, and a decrease in mesenchymal
cell markers, such as N-cadherin and vimentin (Fig. 4a).
Similar results were observed in ECA109 cells (Fig. 4b).

Knockdown of DDX5 Inhibits EC Tumor Growth

To further confirm the effects of DDXS5 on tumor
growth in vivo, EC9706 cells infected with shRNA-
DDXS5 or scramble were implanted subcutaneously into
the flank of nude mice. We found that knockdown of
DDXS5 significantly inhibited the weight of the EC tumor
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(Fig. 5a), as well as reduced the volume of EC tumors
(Fig. 5b).

Knockdown of DDX5 Inhibits the Activation
of Wnt/B-Catenin Pathway in EC Cells

To further elucidate the molecular mechanism by
which DDXS5 contributes to these malignant features,
we examined the effect of DDXS5 on the expression of
B-catenin, cyclin D1, and c-Myc involved in the Wnt/
[-catenin signaling pathway. Western blot analysis revealed
that knockdown of DDXS5 dramatically decreased the
expression of B-catenin, cyclin D1, and c-Myc in EC9706
cells, compared with the scramble group (Fig. 6).

DISCUSSION

In this study, we found that DDX5 was overexpressed
in human EC cell lines. In addition, knockdown of DDX5
significantly inhibited the proliferation of EC cells in vitro
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Figure 5. Knockdown of DDX5 inhibits EC tumor growth. EC9706 cells infected with stRNA-DDXS5 or scramble were implanted
subcutaneously into the flank of nude mice. (a) Tumor weights of the two groups. (b) Growth curves of tumor size. The values shown

represent the mean+SD. *p<0.05 versus scramble group.
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Figure 6. Knockdown of DDX5 inhibits the activation of the Wnt/B-catenin pathway in EC cells. EC9706 cells were transfected with
shRNA-DDXS5 or scramble for 48 h. (a) The protein expression levels of B-catenin, cyclin D1, and c-Myc were determined by Western
blot. (b) Quantitative analysis of protein expression levels of B-catenin, cyclin D1, and c-Myc using the Image-Pro Plus 6.0 software
and normalized to GAPDH. The values shown represent the mean+SD. *p<(0.05 versus scramble group.

and the growth of EC xenografts in vivo. Knockdown
of DDXS5 also suppressed the migration/invasion and
EMT phenotype in EC cells. Furthermore, we observed
that knockdown of DDXS5 inhibited the expression of
B-catenin, c-Myc, and cyclin D1 in EC cells.

Emerging evidence supports the finding that DDX5
functions as an oncogene in several tumors”™'°. DDX5
was found to be highly expressed in prostate cancer
compared with matched normal tissues'’. Another study
showed that the expression of DDX5 was significantly
increased in colon cancer, and knockdown of DDXS5 in
colon cancer cells inhibits their proliferation and dimin-
ishes their ability to form tumors in vivo'’. In accordance
with these reports, in the present study we demonstrate
that DDXS5 was overexpressed in human EC cell lines,
and knockdown of DDXS5 significantly inhibited the pro-
liferation of EC cells in vitro and EC tumor growth in vivo.
Collectively, these results further support the notion that

DDXS5 functions as an oncogene in the development and
progression of EC.

EMT plays an important role in EC metastasis'®". It is
characterized by the loss of epithelial differentiation and
acquisition of mesenchymal-like cellular competence of
tumor cells. Previous studies have demonstrated that an
increased level of EMT is associated with the progres-
sion and metastasis of tumors®™*'. In the present study, we
found that knockdown of DDXS significantly inhibited
the migration and invasion of EC cells. In addition, we
observed that knockdown of DDXS led to an increase in
E-cadherin and a decrease in N-cadherin and vimentin.
These data suggest that DDX5 might be an important
contributor to EMT progression in EC cells, thus facili-
tating the migration and invasion of EC cells.

The Wnt/B-catenin signaling pathway regulates mul-
tiple fundamental cellular processes including cell prolif-
eration, migration, and tumorigenesis* >, B-Catenin is a
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multifunctional protein that mediates cell-extracellular
matrix adhesion and promotes tumor proliferation and
metastasis™*’. Reduced B-catenin expression was observed
in patients with EC***. Recently, cyclin D1 and c-Myc
have been identified as target genes of B-catenin®®’'.
Therefore, it is reasonable to assume that inhibition of the
Whnt/B-catenin signaling pathway may be a good way to
prevent the development and progression of EC. It was
reported that Wnt2 could promote EC cell growth by acti-
vating the Wnt/B-catenin signaling pathway and, subse-
quently, upregulated cyclin D1 and c-Myc expression®.
Furthermore, studies have shown that DDXS5 directly inter-
acted with B-catenin, promoted its nuclear translocation,
and coactivated the expression of cyclin D1 and c-Myc in
NSCLC cells"?. DDX5 was also involved in breast cancer
progression by maintaining a positive feedback loop with
the B-catenin/transcription factor 4 signaling pathway™.
In the present study, we found that knockdown of DDX5
significantly inhibited the expression of the Wnt/B-catenin
pathway components (B-catenin, c-Myc, and cyclin D1)
in EC cells. These results suggest that siRNA-DDXS sup-
presses the proliferation and invasion of EC cells medi-
ated through the Wnt/B-catenin signaling pathway.

In conclusion, our findings provide the first evidence
that DDX5 may play an important role in EC growth
and metastasis. Therefore, DDXS5 may be a novel poten-
tial therapeutic target for the prevention and treatment
of EC.
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