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Abstract
BACKGROUND 
Esophageal squamous cell carcinoma (ESCC) is one of the most prevalent 
malignancies that seriously threaten people’s health worldwide. DEAD-box 
helicase 51 (DDX51) is a member of the DEAD-box (DDX) RNA helicase family, 
and drives or inhibits tumor progression in multiple cancer types.

AIM 
To determine whether DDX51 affects the biological behavior of ESCC.

METHODS 
The expression of DDX51 in ESCC tumor tissues and adjacent normal tissues was 
detected by Immunohistochemistry (IHC) analyses and quantitative PCR (qPCR). 
We knocked down DDX51 in ESCC cell lines by using a small interfering RNA 
(siRNA) transfection. The proliferation, apoptosis, and mobility of DDX51 siRNA-
transfected cells were detected. The effect of DDX51 on the phosphoinositide 3-
kinase (PI3K)/AKT pathway was investigated by western blot analysis. A mouse 
xenograft model was established to investigate the effects of DDX51 knockdown 
on ESCC tumor growth.

RESULTS 
DDX51 exhibited high expression in ESCC tissues compared with normal tissues 
and represented a poor prognosis in patients with ESCC. Knockdown of DDX51 
induced inhibition of ESCC cell proliferation and promoted apoptosis. Moreover, 
DDX51 siRNA-expressing cells also exhibited lower migration and invasion rates. 
Investigations into the underlying mechanisms suggested that DDX51 knock-
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down induced inactivation of the PI3K/AKT pathway, including decreased 
phosphorylation levels of phosphate and tensin homolog, PI3K, AKT, and 
mammalian target of rapamycin. Rescue experiments demonstrated that the AKT 
activator insulin-like growth factor 1 could reverse the inhibitory effects of DDX51 
on ESCC malignant development. Finally, we injected DDX51 siRNA-transfected 
TE-1 cells into an animal model, which resulted in slower tumor growth.

CONCLUSION 
Our study suggests for the first time that DDX51 promotes cancer cell prolif-
eration by regulating the PI3K/AKT pathway; thus, DDX51 might be a 
therapeutic target for ESCC.

Key Words: Esophageal squamous cell carcinoma; DDX51; PI3K/AKT pathway; Tumor 
growth; Therapeutic target

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Our study revealed that DEAD-box helicase 51 was upregulated in 
esophageal squamous cell carcinoma (ESCC) tumor tissues and promoted tumor prolif-
eration and development by upregulating the phosphorylation of phosphoinositide 3-
kinase/AKT pathway members. These data extend our knowledge of the function and 
molecular mechanism of the DEAD-box family in tumor biology and provide a 
potential therapeutic target for ESCC treatment.

Citation: Hu DX, Sun QF, Xu L, Lu HD, Zhang F, Li ZM, Zhang MY. Knockdown of DEAD-
box 51 inhibits tumor growth of esophageal squamous cell carcinoma via the PI3K/AKT 
pathway. World J Gastroenterol 2022; 28(4): 464-478
URL: https://www.wjgnet.com/1007-9327/full/v28/i4/464.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i4.464

INTRODUCTION
Esophageal squamous cell carcinoma (ESCC) is the sixth leading cause of cancer-
related deaths, causing approximately 300,000 deaths each year[1-3]. China has the 
highest incidence of ESCC globally, caused by multiple factors such as diet and the 
environment. At present, surgical treatment is the most effective means to cure ESCC. 
However, surgical treatment is highly challenging due to the close distance between 
the esophagus and life-supporting structures such as the respiratory system[4]. 
Chemotherapy and radiation therapy are commonly used as adjuvant treatments. The 
main problem with these two treatments is inherent resistance, and even local ESCC is 
often resistant[5,6]. Due to the extremely high tumor recurrence rate (about 40%) and 
frequent local lymph node metastases, the prognosis of ESCC patients is very poor, 
with a 5-year survival rate of only 10%-30%[1]. Molecular targeted therapy has shown 
good application prospects in ESCC patients in recent years. To improve the survival 
of ESCC patients, it is essential to explore effective molecular targets for ESCC 
treatment.

DEAD-box (DDX) RNA helicases, belonging to helicase superfamily 2, comprise the 
largest group of RNA helicases[7]. There are at least 31 members of DDX family in 
humans, including DEAD-box helicase 51 (DDX51). DDX proteins are highly 
conserved helicases that catalyze duplex unwinding and structural remodeling of 
RNA or ribonucleoprotein complexes[8]. They play important roles in nearly all 
aspects of RNA metabolism including RNA transcription, post-transcriptional splicing, 
ribosome assembly, and RNA degradation[9]. In recent years, DDX family members 
have been identified to be dysregulated and function as tumor oncogenes or 
suppressors in various tumor types[10]. For example, knockdown of DDX5 exerts 
inhibitory effects on the proliferation and epithelial-to-mesenchymal transition of 
ESCC cells by downregulating β-catenin, c-Myc, and cyclin D1[11]. DDX51 is a 
recently identified member of the DDX family. DDX51 is mainly responsible for 
maturation of the 3’ end of 28S and its proliferation-promoting activities have been 
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demonstrated in non-small cell lung cancer (NSCLC) and breast cancer[12,13]. 
However, whether DDX51 plays a role in the progression of ESCC is still unclear.

In this study, we investigated the function of DDX51 in ESCC cell proliferation and 
tumor growth by using a small interfering RNA (siRNA) silencing approach.

MATERIALS AND METHODS
Tumor specimen collection and immunohistochemistry analysis
ESCC tumor tissues and adjacent normal tissues (n = 118) were obtained from patients 
with ESCC between 2016 to 2020 in Shandong Provincial Hospital Affiliated to 
Shandong First Medical University (Shandong, China). The Research Ethics 
Committee approved all experimental procedures of Shandong Provincial Hospital 
Affiliated to Shandong First Medical University. Patients or their guardians wrote the 
informed consents. The clinicopathological parameters of ESCC patients were 
collected. Immunohistochemistry (IHC) staining was performed to investigate the 
expression of DDX51 in ESCC tissues and adjacent normal tissues, and the experi-
mental procedure is described in a previous report[14].

Cell culture and transfection
The ESCC cell lines Eca109 and TE-1 were purchased from the Cell Bank of the 
Chinese Academy. The cells were cultured in RPMI-1640 medium (Gibco, Carlsbad, 
CA, United States) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% 
penicillin/streptomycin in a 37 °C cell incubator. When cells were grown to 70% 
confluence, si-DDX51 or negative control siRNA (si-NC) was transfected into Eca109 
and TE-1 cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, United 
States) according to the corresponding experimental groups. The stable DDX51 
knockdown ESCC cell line was established by using lentivirus transfection. Lentivirus 
expressing si-DDX51 or si-NC was purchased from Genechem (Shanghai, China). 
After 48 h of transfection, cells were collected and analyzed for DDX51 expression 
using quantitative PCR (qPCR) and western blot analysis.

RNA extraction and qPCR
Total RNA was extracted from ESCC tumor tissues and cell lines using Trizol reagent 
(Thermo Fisher Scientific, Waltham, MA, United States). Then 1 μg total RNA was 
reverse-transcribed to cDNA using the PrimeScript RT Master Mix (Takara Biotech-
nology Co., Ltd., Dalian, China). The expression of DDX51 was determined via qPCR 
with the FastStart Universal SYBR Green Master (Roche, Germany). The experiment 
was performed on the C1000 Thermal Cycler (Bio-Rad, Hercules, CA, United States). 
The PCR reaction conditions were as follows: Pre-degeneration at 95 °C for 5 min, 
followed by 45 cycles of 95 °C for 5 s, 60 °C for 10s, and 72 °C for 10 s. GAPDH was 
used as an internal control.

Cell Counting Kit-8 assay
After transfection, Eca109 and TE-1 cells were seeded into 96-well plates at a density of 
3000 cells per well. Each group had three wells. The Cell Counting Kit-8 (CCK-8; 
Dojindo, Kyushu, Japan) was used to detect the cell viability of transfected cells. At 
specific time points (24, 48, 72, and 96 h), 10 μL CCK-8 reagent was added to each well 
and incubated at 37 °C for 2 h. Cell viability was represented by the absorbance at 450 
nm, which was detected on a spectrophotometer (Molecular Devices, San Jose, CA, 
United States).

Flow cytometry 
Cell apoptosis was detected by using the Annexin V-FITC/Propidium Iodide (PI) 
Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, United States) following the 
manufacturer’s instructions. The transfected cells were digested with 0.25% EDTA-free 
trypsin and resuspended in binding buffer. Then 100 μL cell suspension was incubated 
with 5 μL AnnexinV-FITC and 5 μL PI for 30 min. The incubation was performed at 37 
°C in the dark. The apoptosis percentage was analyzed by flow cytometry (Becton 
Dickinson, Franklin Lakes, NJ, United States).

Scratch assay
A scratch assay evaluated the effect of cell transfection on its migration ability. Eca109 
and TE-1 cells were seeded in a 6-well plate at a density of 1 × 105 cells/mL. Then cells 
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were transfected as described as before. After 16 h, cell transfection was stopped and 
cells were continuously cultured to 100% confluence. Then a single-line scratch was 
created on the cell monolayer using a sterile micropipette tip. Phosphate-buffered 
saline was used to wash the cell debris, and serum-free medium was added to the 
plates. Cells were photographed at 0 and 24 h under an inverted fluorescence 
microscope (IX-71). The width of the scratch was measured. All experiments were 
performed in triplicate and repeated at least three times.

Transwell invasion assay
Cell invasion was detected using a transwell assay. Transwell inserts (6.5 mm, 8 μm 
pore size; CoStar Group, Washington, DC, United States) were added to the 24-well 
transwell plates. The inserts were coated with 50 μL of 1 mg/mL Matrigel matrix (BD 
Biosciences). Eca109 and TE-1 cells were transfected as described above and the cell 
density was adjusted to 106 cells/mL. Then 200 μL cell suspension was added to the 
upper chamber of the transwell inserts, while 600 μL medium with 10% FBS was 
added to the lower well. Cells were cultured at 37 °C for 24 h, followed by fixation and 
staining with 1% crystal violet. The invasive cells were observed under a light 
microscope, and five random fields were selected to take pictures.

Western blot
Total proteins from transfected ESCC cells were extracted using radioimmunoprecip-
itation assay buffer with a 1% protease inhibitor. The protein concentration in the 
extraction solution was determined using the bicinchoninic acid assay. Then 20 μg 
total protein was separated by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and proteins were electrotransferred to a PVDF membrane. The membrane 
was blocked in 5% bovine serum albumin containing Tris-buffered saline with Tween 
20 (TBST) (10 mmol/L Tris–HCl, pH 7.4, 150 mmol/L NaCl, 0.05% Tween-20) at room 
temperature for 2 h, and then incubated with primary antibodies at 4 °C overnight. 
The primary antibodies included phosphatase and tensin homolog (PTEN) (1:1000, 
ab267787; Abcam, Cambridge, MA, United States), phosphoinositide 3-kinase (PI3K) 
(1:1000, CY5355; Abways, Shanghai, P.R. China), phosphorylated PI3K (p-PI3K) 
(1:1000, CY6427; Abways), AKT (1:1000, AF6261; Affinity Biosciences, Cincinnati, OH, 
United States), p-AKT (1:1000, AF016; Affinity Biosciences), mammalian target of 
rapamycin (mTOR) (1:1000, ab134903), p-mTOR (1:1000, ab137133; Abcam), and anti-
GAPDH (1:5,000; ab8245; Abcam). After washing with TBST buffer four times every 5 
min, the membrane was incubated with secondary antibodies (Santa Cruz, CA, United 
States) for 1 h at room temperature and washed with TBST another four times. Finally, 
proteins were visualized by chemiluminescence (Santa Cruz Biotechnology, Dallas, 
TX, United States).

In vivo tumorigenesis assay
Male nude mice (6-wk-old) were obtained from Shanghai SIPPR-BK Laboratory 
Animal Co. Ltd. (Shanghai, P.R. China). All animal experiments were approved by the 
Shandong Provincial Hospital Affiliated to Shandong First Medical University. The 
animals were maintained in specific pathogen-free conditions in accordance with the 
institutional animal care and use committee regulations. ESCC cells were transfected 
with lentivirus-NC or lentivirus-si-DDX51 for 48 h and then resuspended in a serum-
free medium. The cell density was adjusted to 2 × 107/mL. Each mouse was 
subcutaneously injected with 5 × 106 of ESCC cells. The tumor length and width were 
monitored every other day and length × width2/2 represented tumor volume. On day 
28, nude mice were sacrificed by carbon dioxide asphyxiation.

Statistical analyses
All experimental data are expressed as the mean ± standard deviation from three 
independent experiments. The difference between the two groups was analyzed using 
the Student’s t-test. The difference among multiple groups was evaluated using one-
way analysis of variance. P < 0.05 was considered statistically significant. GraphPad 
Prism 5 Software (GraphPad, San Diego, CA, United States) was used for all statistical 
analyses. All data in this study satisfied parametric test assumptions.
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RESULTS
DDX51 is highly expressed in ESCC tumor tissues and is associated with a poor 
prognosis in ESCC patients
DDX51 is upregulated in breast cancer. Here, we detected the expression of DDX51 in 
ESCC tissues, which might provide insights into its role in ESCC. As shown in 
Figure 1A, we performed IHC analysis of DDX51 expression in the tumor tissues and 
adjacent normal tissues of patients with ESCC. The results showed strong IHC staining 
of ESCC tissues, which was very weak in the normal controls. Meanwhile, DDX51 
expression was detected by qPCR, which also showed significantly higher expression 
in ESCC tumor tissues than in normal adjacent tissues (Figure 1B). Furthermore, the 
correlation between DDX51 expression with patients’ clinicopathological features was 
analyzed. As shown in Table 1, DDX51 expression did not correlate with patients’ age, 
sex, tumor size, or T stage, but was associated with tumor differentiation degree, N 
stage and tumor-node-metastasis (TNM) stage. Survival analysis results indicated that 
ESCC patients with high expression of DDX51 had lower survival rates compared to 
those with low expression of DDX51 (Figure 1C). These results suggest that DDX51 
exhibits high expression in ESCC tumor tissues and may be associated with a poor 
prognosis in patients with ESCC (Table 2).

Knockdown of DDX51 plays an anti-tumor role in ESCC cells
To investigate the function of DDX51 in ESCC progression, we performed a 
knockdown experiment in Eca109 and TE-1 cells using siRNA transfection. The 
transfection efficiencies are shown in Figure 2A-C. The qPCR results indicated that, 
compared with the NC group, the mRNA expression of DDX51 in the si-DDX51 group 
was decreased to 44.5% in Eca109 cells and 18.8% in TE-1 cells (Figure 2A and B, both 
aP < 0.05). Western blot analysis showed that si-DDX51 transfection led to a decrease in 
DDX51 protein expression to 49.2% in Eca109 cells and 52.7% in TE-1 cells (Figure 2C, 
both aP < 0.05), demonstrating the effective knockdown of DDX51 in both cell lines. 
Next, we investigated the effects of DDX51 knockdown on the malignant progression 
of ESCC cells. Cell viability and flow cytometry results suggested that the proliferation 
rates of Eca109 and TE-1 cells were significantly inhibited by DDX51 knockdown 
(Figure 2D and E), with a significant increase in cell apoptotic rates (Figure 3A and B). 
Furthermore, the wound healing rates and invasive cell number were significantly 
decreased in the si-DDX51 group compared with the NC group (Figure 3C-F). Taken 
together, these data show that DDX51 functions as an oncogene in ESCC progression.

The anti-tumor effects of DDX51 knockdown on ESCC are partly mediated by the 
PI3K/AKT signaling pathway
The PI3K/AKT signaling pathway is constitutively activated in multiple cancer types 
and extensively participates in tumor cell proliferation, apoptosis, metastasis, and 
other malignant phenotypes. Here, we determined whether the oncogenic function of 
DDX51 in ESCC involves the PI3K/AKT signaling pathway. As shown in Figure 4A-E, 
the expression of members in the PI3K/AKT signaling pathway including PTEN, p-
PTEN, PI3K, p-PI3K, AKT, p-AKT, mTOR, and p-mTOR was evaluated by western 
blotting. The results showed that DDX51 knockdown induced a significant decrease in 
the phosphorylation levels of PTEN, PI3K, AKT, and mTOR, while the total protein 
was not affected, suggesting that the PI3K/AKT signaling pathway was inactivated in 
DDX51-knockdown ESCC cells. To further elucidate the role of the PI3K/AKT 
signaling pathway in the function of DDX51, we applied an AKT agonist insulin-like 
growth factor 1 (IGF-1), which induced persistent activation of the AKT pathway. IGF-
1 treatment reversed the anti-proliferation and pro-apoptotic effects of DDX51 
knockdown in ESCC cells (Figure 4F and G). Meanwhile, the migration and invasion 
abilities were also increased to the NC level when ESCC cells were treated with both 
si-DDX51 and IGF-1 (Figure 5). These results suggest that the anti-tumor effects of 
DDX51 knockdown in ESCC are, at least in part, mediated by the PI3K/AKT signaling 
pathway.

Knockdown of DDX51 slows down the growth of ESCC cells
We further investigated the effects of DDX51 knockdown on ESCC tumor growth in 
vivo. TE-1 cells were transfected with lv-si-DDX51 or lv-NC for 48 h and 
subcutaneously injected into the right flanks of nude mice. Six repeats were designed 
for each group. The tumor volume was measured and analyzed every other day. At 
the end of the experiment, tumor weights were measured and DDX51 expression was 
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Table 1 Correlation of DDX51 expression with the clinicopathologic features of ESCC patients

DDX51 expression level
Characteristics Cases (n = 118)

Low (n = 52) High (n = 66)
P value

Age (yr) 0.740

< 50 30 14 16

≥ 50 88 38 50

Gender 0.201

Male 91 43 48

Female 27 9 18

Tumor size 0.194

< 30 mm 20 12 8

30-50 mm 66 29 37

≥ 50 mm 32 11 21

Differentiation degree 0.025a

High 26 11 15

Moderate 53 30 23

Low 39 11 28

pT 0.154

T1 8 6 2

T2 51 23 28

T3 + T4 59 23 36

pN 0.012a

N0 42 25 17

N1 + N2 76 27 49

pTNM 0.002a

I + II 37 24 13

III + IV 81 28 53

aP < 0.05 indicated statistical significance. Statistical analysis was performed using the chi-square test. TNM: Tumor-node-metastasis.

Table 2 Comparison of Kaplan–Meier survival curves

B SE Wald P value HR 95%CI

Differentiation 0.052 0.157 0.110 0.740 1.053 0.774-1.433

pN 0.029 0.451 0.004 0.949 1.029 0.425-2.491

pTNM 1.078 0.518 4.323 0.038 2.939 1.064-8.119

DDX51 0.893 0.241 13.686 < 0.01 2.443 1.522-3.921

analyzed by IHC analysis. The results are shown in Figure 6, which indicated that the 
tumor volume of the lv-si-DDX51 group (1639.35 ± 674.36 mm3) was significantly 
decreased compared with that of the NC group (1013.03 ± 264.51 mm3) on day 28. The 
weight of the NC group (0.442 ± 0.116 g) was also significantly higher than that of the 
lv-si-DDX51 group (0.715 ± 0.156 g). These results showed that DDX51 knockdown 
inhibited ESCC tumor growth in the mouse xenograft model.
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Figure 1 Expression and prognostic value of DEAD-box helicase 51 in esophageal cancer. A: Immunohistochemistry analysis of DEAD-box 
helicase 51 (DDX51) expression in tumor tissues and paired normal tissues of patients with esophageal squamous cell carcinoma (ESCC); B: Quantitative PCR 
detection of DDX51 mRNA expression in the tumor tissues (n = 118) and paired normal tissues (n = 118) of patients with ESCC, aP < 0.05; C: Survival curves of 
ESCC patients with high or low expression (P = 0.0036).

DISCUSSION
The DDX family, which has activities of RNA unwinding and structure remodeling, 
regulates nearly all aspects of RNA-related biology, from synthesis to degradation
[10]. Since mRNA serves as an intermediate between DNA genetic information and 
proteins, the DDX family plays crucial roles in multiple cellular processes such as cell 
proliferation, apoptosis, and malignant transformation[15-19]. DDX proteins 
ordinarily exert their function by forming a large multi-protein complex. Therefore, 
their exact function is probably impacted by their interacting partners and is 
profoundly context dependent[20,21]. The most important characteristic of a tumor is 
heterogeneity, which might explain the diverse functions of DDX proteins in tumors, 
as an oncogene or tumor suppressor[22,23]. DDX51 is a recently identified member of 
DDX family, which shows pro-proliferation activity in the progression of NSCLC and 
breast cancer[12,13].

Here we demonstrated that DDX51 was upregulated in ESCC tumor tissues and 
promoted tumor proliferation and metastasis. The results also suggested that the 
oncogenic function of DDX51 in ESCC was a result of activation of the PI3K/AKT 
signaling pathway, which is consistent with previous reports that revealed the 
regulatory action of other DDX proteins on the AKT pathway.

DDX family members are dysregulated in various tumor types, including ESCC
[10]. For example, gene microarray data of breast cancer showed that DDX1 upregu-
lation is associated with tumor occurrence and early recurrence and serves as an 
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Figure 2 Anti-proliferation effects of DEAD-box helicase 51 in esophageal cancer. Negative control (NC) small interfering RNA (siRNA) and DEAD-
box helicase 51 (DDX51) siRNA were synthesized and transfected into Eca109 and TE-1 cells. A and B: Quantitative PCR assay was used for the detection of 
knockdown efficiencies; C: Western blot analysis of DDX51 expression in DDX51 siRNA-expressing cells; D and E: The effects of DDX51 on the viability of 
esophageal squamous cell carcinoma cells. aP < 0.05. All data were obtained from at least three independent experiments. NC was a scrambled siRNA.

independent prognostic biomarker for patients’ survival[24]. Wang et al[12] invest-
igated the expression of DDX51 in NSCLC patients. The results showed that DDX51 
expression was associated with patient age but no other risk factors. In breast cancer, 
DDX51 also exhibits high expression in tumor tissues and predicts a high TNM stage 
and poor prognosis in patients[13]. Here, our results showed that DDX51 was 
upregulated in ESCC tumor tissues and was negatively correlated with patient 
survival, which was consistent with previous studies on DDX51 in tumors. Our study 
identified that the upregulated expression of DDX51 in ESCC is associated with the 
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Figure 3 Effects of DEAD-box helicase 51 small interfering RNA on cell apoptosis, migration, and invasion of esophageal squamous cell 
carcinoma cells. A and B: Cell apoptosis percentage of DEAD-box helicase 51 (DDX51) small interfering RNA (siRNA)-expressing esophageal squamous cell 
carcinoma (ESCC) cells; C and D: Scratch assays for cell migration analysis of the DDX51 siRNA-expressing ESCC cells; E and F: Transwell assays for cell invasion 
analysis of DDX51 siRNA-expressing ESCC cells. aP < 0.05. All data were obtained from at least three independent experiments. Negative control was a scrambled 
siRNA.

degree of differentiation, pathological N stage, and pathological TNM stage. The 
above findings suggest that DDX51 overexpression may serve as an independent 
prognostic factor in ESCC. However, it is currently unclear if this is an indication of 
the severity of the cancer itself. Further study should be performed to investigate the 
prognostic value of DDX51 in a larger number of specimens.

As RNA synthesis and decay involve the regulation of broad-spectrum protein 
expression, it is not surprising that the dysregulation of DDX proteins in tumors 
affects different signaling pathways. In a review reported in 2021, the signaling 
regulation network of DDX family in tumorigenesis was summarized including Wnt/
β-catenin pathway, Snail/E-cadherin pathway, hypoxia inducible factor 1 
alpha/DDX3/E-cadherin and so on[10]. For DDX51, microarray analyses revealed that 
DDX51 siRNA-expressing cells expressed higher levels of transforming growth factor 
beta receptor, interleukin 1 receptor, and c-FOS in NSCLC[12]. The Wnt/β-catenin 
pathway is also downregulated by DDX51 siRNA in breast cancer[13]. Here, we found 
that DDX51 siRNA resulted in the inactivation of the PI3K/AKT pathway, including 
decreased phosphorylation levels of PTEN, PI3K, AKT, and mTOR. The PI3K/AKT 
pathway is constitutively activated in many tumor types including ESCC, and 
participates in tumor cell proliferation, apoptosis, and progression[25-27]. In a 
previous study, DDX5 was demonstrated to occupy the AKT promoter with β-catenin 
as well as nuclear factor kappa B, and induces the mRNA and protein expression of 
AKT[28]. However, in gastric cancer miR-5590-3p targets DDX5, which further 
decreases the phosphorylation levels of AKT and does not affect AKT protein 
expression[29]. These results suggest that DDX proteins can regulate the AKT pathway 
through either protein expression or phosphorylation level. In the future, we intend to 
investigate the effects of DDX51 on transcriptome and proteome expression in tumor 
progression, which will provide more information on the mechanism of action of this 
protein.

CONCLUSION
This study had some limitations. First, in vivo experiments were not performed to 
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Figure 4 Knockdown of DEAD-box helicase 51 induced inactivation of the phosphoinositide 3-kinase/AKT signaling pathway. A-E: 
Expression of phosphoinositide 3-kinase (PI3K)/AKT pathway members, including phosphatase and tenin homolog (PTEN), phosphorylated PTEN (p-PTEN), PI3K, p-
PI3K, AKT, p-AKT, mammalian target of rapamycin (mTOR) and p-mTOR, was detected by western blot analysis; F: AKT activator insulin-like growth factor 1 (IGF-1) 
reversed the inhibitory effect of DDX51 knockdown on the proliferation of TE-1 cells; G: AKT activator IGF-1 reversed the pro-apoptotic effect of DDX51 knockdown 
on the proliferation of TE-1 cells. aP < 0.05. All data were obtained from at least three independent experiments. Negative control was a scrambled small interfering 
RNA.
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Figure 5 Anti-migration and anti-invasion effects of DEAD-box helicase 51 knockdown was mediated by the AKT pathway. A and B: AKT 
activator insulin-like growth factor 1 (IGF-1) reversed the anti-migration effect of DDX51 knockdown on the proliferation of TE-1 cells; C and D: AKT activator IGF-1 
reversed the anti-invasion effect of DDX51 knockdown on the proliferation of TE-1 cells. aP < 0.05. All data were obtained from at least three independent 
experiments. Negative control was a scrambled small interfering RNA.

further confirm the effect of DDX51 knockdown on lung and lymph node metastases. 
Second, the exact regulatory mechanism of DDX51 in ESCC was not explored. Future 
studies are required to further confirm the potential of DDX51 as a therapeutic target 
for the targeted treatment of ESCC.
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Figure 6 DEAD-Box helicase 51 knockdown inhibited the tumor growth of esophageal squamous cell carcinoma in vivo. TE-1 cells 
transfected with lentivirus-small interfering-negative control (lv-si-NC) (n = 6) or lv-si-DEAD-box helicase 51 (DDX51) (n = 6) were injected into nude mice and tumor 
volumes were monitored. A: The photographs of mice with esophageal squamous cell carcinoma tumor of TE-1 cells transfected with lv-si-NC or lv-si-DDX51; B: 
Tumor growth curves; C: At the end of experiments, mice were executed, tumors were excised and tumor weights were measured. aP < 0.05. Negative control was a 
scrambled siRNA.

ARTICLE HIGHLIGHTS
Research background
Esophageal squamous cell carcinoma (ESCC) is one of the most prevalent 
malignancies that seriously threatens people’s health worldwide. DDX51 is a member 
of the DEAD-box (DDX) RNA helicase family, which drives or inhibits tumor 
progression in multiple cancer types.

Research motivation
To identify the role of DDX51 in ESCC and the molecular mechanisms involved.

Research objectives
To explore the effect of DDX51 on ESCC progression.

Research methods
The expression of DDX51 in ESCC tumor tissues and adjacent normal tissues was 
detected by immunohistochemistry analysis and quantitative PCR (qPCR). We 
knocked down DDX51 in ESCC cell lines using small interfering RNA (siRNA) 
transfection. The proliferation, apoptosis, and mobility of DDX51 siRNA-transfected 
cells were detected. The effects of DDX51 on the phosphoinositide 3-kinase 
(PI3K)/AKT pathway were investigated using western blot analysis. A mouse 
xenograft model was established to investigate the effects of DDX51 knockdown on 
ESCC tumor growth.

Research results
DDX51 exhibited high expression in ESCC tissues compared with normal tissues and 
was associated with a poor prognosis in patients with ESCC. Knockdown of DDX51 
induced inhibition of ESCC cell proliferation and promoted apoptosis. Moreover, 
DDX51 siRNA-expressing cells also exhibited lower migration and invasion rates. 
Investigation into the mechanism of action suggested that DDX51 knockdown induced 
inactivation of the PI3K/AKT pathway including decreased phosphorylation levels of 
PTEN, PI3K, AKT and mTOR. Rescue experiments demonstrated that the AKT 
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activator insulin-like growth factor 1 could reverse the inhibitory effects of DDX51 on 
ESCC malignant development. Finally, we injected DDX51 siRNA transfected TE-1 cell 
into an animal model, which resulted in slower tumor growth.

Research conclusions
Our study suggests for the first time that DDX51 contributes to ESCC cell proliferation 
by regulating the PI3K/AKT signaling pathway.

Research perspectives
DDX51 may serve as a potential therapeutic target for the treatment of ESCC.
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