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Abstract: DHX9 has numerous functions regulating transcription, translation, RNA processing and transport, and 
DNA replication and maintenance of genomic stability. It is involved in human cancers as either an oncogene or tu-
mor suppressor. However, its role in the progression of lung cancer and underlying mechanisms remains unclear. In 
this study, we demonstrated that DHX9 is overexpressed in human lung cancer tissues and serum. Also, a favorable 
prognosis of lung adenocarcinoma is predicted when DHX9 is at a high level. DHX9 knockdown promoted cell prolif-
eration, migration, and invasion and inhibited apoptosis progression in A549 cells. Moreover, DHX9 knockdown led 
to a significant decrease of E-cadherin expression, an increase of vimentin and snail, and a significant increase in 
the phosphorylation of STAT3 in A549 cells. In summary, our studies identified a novel role of DHX9 in driving tumor 
growth and epithelial-mesenchymal transition progress of A549 cells. We propose that the STAT3 pathway may be 
implicated in the DHX9-related epithelial-mesenchymal transition of lung adenocarcinoma. Therefore, DHX9 may be 
a prognostic marker or potential therapeutic target for lung adenocarcinoma.
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Introduction

DHX9, also known as RNA helicase A (RHA), 
nuclear DNA helicase II (NDH II), or leukophysin 
(LKP), is an NTP-dependent RNA helicase 
belonging to the DExH-box family of helicase 
proteins. DHX9 can unwind double-stranded 
RNA and DNA in a 3’ to 5’ direction [1] and gen-
erate aberrant polynucleotide structures [2]. 
With multiple domains, DHX9 plays key roles at 
multiple levels of gene regulation, including 
transcription [3, 4], translation [5, 6], RNA pro-
cessing and transport [7, 8], microRNA pro-
cessing [9], DNA replication, and maintenance 
of genomic stability [2, 10]. In view of its in- 
dispensable position in cellular functions, 
researchers are increasingly concerned about 
its relationship with human diseases such as 
cancers or viral infections [11]. 

Evidence suggests that DHX9 plays different 
roles in different types of human cancers. 

DHX9 has been shown to be located down-
stream of SOX4 in prostate cancer [12]. 
Overexpression of truncated DHX9 peptides 
has been shown to result in loss of BRCA1 func-
tions such as DNA repair in breast cancer [13]. 
A study demonstrated that depletion of DHX9 
hinders osteosarcoma cell proliferation [14]. 
Gene expression profiles exhibit overexpression 
of DHX9 in osteosarcoma cells with high meta-
static ability [15]. In addition, mutation of DHX9 
in nonsmokers with lung adenocarcinoma indi-
cates a poor prognosis [16]. Studies have 
shown that DHX9 may be an oncogene, but 
some studies still indicate that DHX9 may act 
as a tumor suppressor. DHX9 binds directly to 
the p16 promoter, inducing upregulation of p16 
[17]; loss of p16 function is an early event in 
tumor progression [18]. Also, data show that 
KIF1Bβ interacts with DHX9, causing nuclear 
accumulation of DHX9 followed by apoptosis of 
cells [19]. 

http://www.ajtr.org
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Epithelial-mesenchymal transition (EMT), a cru-
cial mechanism in tumor metastasis, is charac-
terized by the loss of epithelial phenotype and 
gain of mesenchymal phenotype [20]. TGF-β 
[21], JAK/STAT3 [22], PI3K/AKT [23], MAPK/
ERK [24], Wnt [25], and NF-κB [26] are impli-
cated in the mechanisms of EMT in different 
types of human cancer. Data have shown that 
phosphorylation of STAT3 on Tyr705, not 
Ser727, drives a transcriptional program that 
converts an epithelial morphology to a migra-
tory mesenchymal one [22].

Previously, we identified DHX9 as an overex-
pressed protein in lung adenocarcinoma [27] 
and tested the level of DHX9 with 64 serum 
samples and 17 tissue samples of lung cancer 
patients [28]. In this study, we examined the 
expression of DHX9 in lung cancer tissues and 
serum with more samples and are the first to 
report that DHX9 is an essential factor in tumor 
proliferation, invasion, migration, and EMT in 
A549 cells, probably through regulation of the 
phosphorylation of STAT3. These data strongly 
suggest that DHX9 is an important suppressor 
in lung adenocarcinoma.

Materials and methods

Patients and specimens

From 2014 to 2015, 123 lung cancer serum 
specimens and 47 noncancerous (Table 1) 
serum specimens were obtained from the 
Respiratory Department of the Second Affiliated 
Hospital of Xi’an Jiaotong University. The diag-
noses were based on clinical and histological 
examinations using bronchoscopy or lung biop-
sy. Venous blood samples (2 to 5 ml) from each 
patient were collected and centrifuged at 1500 
rpm for 10 minutes. The supernatant was col-
lected and stored in a 100 μl EP tube at -80°C. 
No patients had autoimmune diseases, cirrho-
sis, or other metabolic diseases. All lung cancer 

Cell culture

Human lung adenocarcinoma cell line A549 
was incubated in RPMI-1640 (Hyclone, USA) 
containing 10% fetal bovine serum supple-
mented with 1% penicillin-streptomycin solu-
tion (Hyclone, USA) at 37°C in a 5% CO2 incuba-
tor. The cell line was purchased from the Cell 
Bank at the Chinese Academy of Science 
(Shanghai, China) in 2015. The cells were 
authenticated using short tandem repeat (STR) 
markers.

Lentivirus vector construction: lentivirus-medi-
ated small hairpin RNA (lenti-shRNA) targeting 
DHX9 

The sequences of the DHX9 gene for shRNA 
(Jiman, Shanghai, China) targeting are shown 
below: DHX9-shRNA 15’-gaaggattactactcaag- 
aaa-3’; DHX9-shRNA 25’-gggctatatccatcgaaa- 
ttt-3’; DHX9-shRNA 35’-acgacaatggaagcgga- 
tata-3’; DHX9-shRNA 45’-ttaaggaaaccaagcata- 
tag-3’.

The shRNA targeting sequence 5’-TTCTCCG- 
AACGTGTCACGT-3’ was used as a negative con-
trol (NC) to monitor the responses caused by 
shRNA. Lentivirus vectors pGMLV-SC5 RNAi 
containing DHX9 shRNA were used to infect 
A549 cells, then reverse transcription-poly-
merase chain reaction and Western blot were 
used to assess the expression level of stable 
DHX9.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from cells using 
RNAfast200 (Shaanxi Xianfeng Biotechnology, 
Shaanxi, China) according to the manufactur-
er’s instructions. Complementary DNA was syn-
thesized by reverse transcription reactions 
according to SYBR Premix Ex Taq II (TAKARA 
BIO INC). Then real-time PCR was performed in 

Table 1. Serum DHX9 level in different pathological types of 
lung cancer

Total (n=170) DHX9 (ng/ml) P value
Control 47 8.02 ± 0.44
Lung cancer 123 10.40 ± 0.72 0.007**

Lung adenocarcinoma 45 10.12 ± 0.72 0.012*

Lung squamous cell carcinoma 46 9.15 ± 0.55 0.122
*P < 0.05, **P < 0.01.

patients were newly diagnosed, 
and serum samples were collect-
ed before treatment. This study, 
as well as follow-up studies, was 
approved by the Ethics Com- 
mittee of the Second Affiliated 
Hospital of Xi’an Jiaotong Univ- 
ersity, and written informed con-
sents was obtained from all 
participants.
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triplicate with PrimeScript™RT Master Mix 
(Takara Bio, Inc.) in the ABI Step-One system. 
Primers were designed by Sangon Biotech Co. 
Ltd. (Shanghai, China) or AuGCT Biotech (Bei- 
jing, China). The primers used in real-time PCR 
were as follows: Forward primers: DHX9: 5’- 
CTGTGGCTACAGCGTTCGAT-3’, E-cadherin: 5’- 
GAACGCATTGCCACATACAC-3’, Vimentin: 5’-GA- 
AATTGCAGGAGGAGATGC-3’, Snail: 5’-CGAGTGG 
TTCTTCTGCGCTA-3’, GAPDH: 5’-GTCTCCTCTG- 
ACTTCAACAGCG-3’. Reverse primers: DHX9: 
5’-GATTCCTCGAATGCCTGCTTC-3’, E-cadherin: 
5’-GAATTCGGGCTTGTTGTCAT-3’, Vimentin: 5’- 
ATTCCACTTTGCGTTCAAGG-3’, Snail: 5’-CTGCT- 
GGAAGGTAAACTCTGGA-3’, GAPDH: 5’-ACCACC- 
CTGTTGCTGTAGCCAA-3’. GAPDH was used as  
a control. The relative gene expression levels  
of target mRNA were calculated based on the 
CT method (2-ΔΔCt).

Western blotting

Total cellular proteins were extracted using 
RIPA lysis buffer (Xi’an HEART Biotech). Protein 
(40 μg) was separated through 10% SDS-PA- 
GE and transferred to a polyvinylidene difluo-
ride (PVDF) membrane. The membranes were 
blocked in 5% (w/v) nonfat dry milk powder in 
0.1% Tris buffered saline/Tween 20 (TBST) and 
then probed with different antibodies over- 
night at 4°C. Antibodies against DHX9, NF-κB, 
β-actin, and ERK were obtained from Santa 
Cruz Biotechnology (Dallas, TX, USA). Antibodies 
against E-cadherin, vimentin, snail, AKT, p- 
AKT (Ser473), p-STAT3 (Tyr705), and p-ERK 
(Thr202/Thr204) were purchased from Cell 
Signaling Technology (Danvers, MA, USA), and 
antibodies against STAT3, GAPDH, and β- 
catenin were purchased from Wanlei Bio- 
technology (Shenyang, China). The blot was 
then detected with HRP-conjugated secondary 
antibodies (Cell Signaling Technology). Protein 
band signals were visualized using ECL chemi-
luminescence (Thermo Company, USA). The 
band densities were analyzed using Image  
Pro Plus software (Media Cybernetics, Inc., 
Bethesda, MD).

ELISA: detecting the level of DHX9 in serum

The expression level of DHX9 in serum was 
detected using a DHX9 ELISA kit (Elabscience 
Biotechnology, Wuhan, China) according to the 
manufacturer’s instructions.

Immunohistochemistry (IHC)

A total of 61 formalin-fixed, paraffin-embedded 
(FFPE) tissues (45 primary cancerous, 16 adja-
cent noncancerous tissues) were collected at 
the Second Affiliated Hospital of Xi’an Jiao- 
tong University and Shaanxi Provincial Cancer 
Hospital from 2014 to 2016; cancer was diag-
nosed in these samples based on histological 
examinations using bronchoscopy, lung biopsy, 
or surgery. IHC was performed to detect the 
protein expression of DHX9. Briefly, FFPE sec-
tions were deparaffinized with xylene, rehydrat-
ed in a series of graded ethanol, and heated 
with citrate buffer in a microwave oven for anti-
gen retrieval. After endogenous peroxidase 
blocking in 0.5% H2O2 and unspecific binding 
site blocking with normal goat serum for 15 
minutes, the sections were incubated with  
anti-DHX9 (1:500, Abgent, San Diego, CA, USA) 
at 4°C overnight. After incubating with bio- 
tinylated goat anti-mouse HRP-secondary anti-
body (Boster, Wuhan, China), the sections were 
stained with DAB and counterstained with 
hematoxylin. A semi-quantitative scoring sys-
tem was applied to evaluate the intensity of 
staining according to the positive staining cells 
ratio: 0% to 10% (-), 11% to 30% (+), 31% to 70% 
(++), 71% to 100% (+++).

Cell proliferation assay 

Cell proliferation ability was assessed using 
MTT assays. Briefly, 4 × 103 cells were seeded 
in 200 microliters of complete medium per well 
in 96-well plates. After incubation for 24, 48, 
and 72 hours, cells were further incubated with 
5 mg/ml, 20 microliters of MTT (Beyotime, 
Shanghai, China) for another four hours. The 
absorbance at 490 nm was measured on a 
spectrophotometer (Bio Tek, USA). MTT assays 
were performed with six replicates.

Cell cycle analysis

Cells (1 × 106) were fixed in 70% ethanol at 4°C 
for 24 hours and stained with propidium iodide 
(PI). After 30 minutes of incubation at 37°C, 
cells were analyzed using flow cytometry 
(Becton Dickinson FACSCalibur).

Apoptosis assay 

Cells were centrifuged at 800 rpm for five min-
utes and suspended in 250 microliters of 
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Binding Buffer. Cells (100 μl) were incubated at 
room temperature for five minutes with 5 μl of 
Annexin V/Alexa Fluor647 followed by addition 
of 20 μg/ml, 10 μl of PI, and then analyzed 
using flow cytometry (Becton Dickinson 
FACSCalibur).

“Wound” healing assay

To assess cell migration ability, scratches were 
made with 10-microliter pipette tips when cells 
grew to 100% confluence in six-well culture 
plates and the movement of cells into scraped 
areas was observed. Images were captured at 
zero, 24, and 48 hours. Three images were 
taken per well at a set time point, and the area 
of the scratch was measured with Image Pro 

scope in five random fields per chamber, and 
photographed. Data were summarized from 
three independent experiments.

Prognostic analyses

The KM Plotter Online Tool (http://kmplot.com) 
[29] was used to evaluate the relationship 
between DHX9 and patient clinical outcomes in 
non-small cell lung cancer.

Statistical analysis

Statistical analysis was performed using SPSS 
20.0 (SPSS, Inc., Chicago, IL). Data were pre-
sented as mean ± standard deviation from at 
least three experiments. Statistical compari-
sons were based on Student’s t-test or analysis 

Figure 1. DHX9 was upregulated in lung cancer serum and tissues com-
pared with controls. A. Serum level of DHX9 was overexpressed in lung 
cancer patients compared with those with benign lung diseases. Subgroup 
analysis showed that the level of lung adenocarcinoma was higher than that 
of controls, while the level of the lung squamous cell carcinoma group was 
not statistically different from the controls. *P < 0.05, **P < 0.01. B. Rep-
resentative images of DHX9 IHC staining in lung tumor tissues and normal 
lung tissues. IHC showed that DHX9 was highly expressed in lung tumor tis-
sues, and the expression level in lung adenocarcinoma tissues was higher 
than that of lung squamous cell carcinoma tissues.

Plus software (Media Cyber- 
netics, Inc., Bethesda, MD) in 
each image. Cell migration 
ability was calculated by sub-
tracting the wound area at 
each time point from the 
wound area at the zero-hour 
time point. The wound hea- 
ling assay was performed in 
triplicate.

Transwell migration and inva-
sion assays

Transwell migration assays 
were performed with a 24- 
well transwell plate (Corning, 
Inc., New York, NY, USA) 
according to the manufactur-
er’s instructions. For the ma- 
trigel invasion assay, the 
upper chambers of a 24-well 
transwell plate were precoat-
ed with 100 μl of 10% Matri- 
gel (BD Biosciences, Franklin, 
New Jersey, USA) in RPMI-
1640 for four hours. Medium 
with 10% FBS was added to 
the lower chambers, and ali-
quots of (1-2) × 104 cells in 
200 μl of FBS-free RPMI-1640 
were seeded into the upper 
chambers. After the 24-hour 
incubation, migrated and in- 
vaded cells were fixed and 
stained with 0.1% crystal vio-
let, counted under a micro-
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of variance (ANOVA). A P value < 0.05 was con-
sidered statistically significant.

Results

DHX9 was highly expressed in serum of hu-
man lung cancer patients

Our group has tested the serum level of DHX9 
in 64 lung cancer samples previously [28]. To 
verify the results, we detected the DHX9 pro-
tein level in the serum of 123 lung cancer 
patients and 47 non-cancer patients via EL- 
ISA. In line with our previous results, compared 
with controls, higher levels of DHX9 were 
detected in the serum of patients with lung 
cancer (10.40 ± 0.72 vs. 8.02 ± 0.44, P = 
0.007, Figure 1A). The serum DHX9 level of 
lung adenocarcinoma was higher than that of 
lung squamous cell carcinoma (10.12 ± 0.72 
vs. 9.15 ± 0.55, Figure 1A and Table 1). 
Meanwhile, the serum DHX9 level of lung  
squamous cell carcinoma was slightly elevated 
compared with controls, but the difference was 
not statistically significant (9.15 ± 0.55 vs. 
8.02 ± 0.44, P = 0.122, Figure 1A). We 
observed no statistical correlation of serum 

ly positive (+++: positive cell ratio was 71% to 
100%) (Figure S1). Accordingly, the summary 
results of IHC showed that DHX9 was highly 
expressed in lung cancer tissues compared 
with controls (Table 2). DHX9 expression level 
was correlated with histological type, and there 
were no statistical associations of DHX9 level 
with other clinical characteristics (Table 2).

DHX9 was associated with favorable prognosis 
in lung adenocarcinoma

To further study the role of DHX9 on lung ade-
nocarcinoma, effects of DHX9 on prognosis 
were predicted by the online tool KM Plotter 
(http://kmplot.com). Significant differences in 
overall survival (OS) and progression-free sur-
vival (PFS) were observed between the high-
DHX9 and the low-DHX9 group in lung adeno-
carcinoma (Figure 2A). Lung adenocarcinoma 
patients with high DHX9 have favorable OS and 
PFS compared with those with low DHX9 (HR: 
0.56, CI: 0.44-0.71, log-rank P = 1.7e-06 and 
HR: 0.73, CI: 0.53-1, log-rank P = 0.048, for OS 
and PFS, respectively). However, the expres-
sion level of DHX9 had no significant effect on 
the prognosis of typical patients with non-small 

DHX9 level with clinicopathological char-
acteristics (data not shown). 

DHX9 was highly expressed in tumor 
tissues of human lung cancer

Compared with our previous study with 
17 lung cancer samples [28], we further 
detected DHX9 protein levels in tumor 
tissues through IHC based on 45 primary 
lung tumor tissues and 16 non-tumor 
lung tissues. The results showed that 
DHX9 was strongly stained in lung tu- 
mor tissues. DHX9 staining was located 
both in the nucleus and the cytoplasm of 
tumor cells, and nuclear staining was 
stronger than the corresponding cyto-
plasmic staining (Figure 1B). Moreover, 
the DHX9 expression in lung adenocarci-
noma tissues was significantly higher 
than that of lung squamous cell carcino-
ma tissues (P = 0.034) (Figure 1B and 
Table 2). Based on the IHC results, the 
patients were designated to one of four 
groups: DHX9-negative (-: positive cell 
ratio was 0% to 10%), DHX9 weakly posi-
tive (+: positive cell ratio was 11% to 
30%), DHX9-positive (++: positive cell 
ratio was 31% to 70%), and DHX9 strong-

Table 2. The relationships between DHX9 levels and 
clinicopathological characteristics in lung cancer tis-
sues

Parameters Total
Expression levels 

of DHX9 P value
- + ++ +++

All case 45 7 5 16 17
Age
    < 60 24 6 1 10 7
    ≥ 60 21 1 4 6 10 0.194
Gender
    Male 31 3 5 10 13
    Female 14 4 0 6 4 0.365
Histology
    Control 16 13 3 0 0
    Lung cancer 45 7 5 16 17 0.000***

    LSCC 12 3 3 4 2
    Lung adenocarcinoma 33 4 2 12 15 0.034*

Lymphatic invasion
    N0 24 5 2 8 9
    N+ 21 2 3 8 8 0.719
TNM stage
    I+II 33 7 2 12 12
    III+IV 12 0 3 2 5 0.467
*P < 0.05, ***P < 0.001



DHX9 inhibits epithelial-mesenchymal transition in human lung adenocarcinoma

4886 Am J Transl Res 2019;11(8):4881-4894

cell lung cancer (Figure 2B), and further analy-
sis showed that DHX9 had no significant effect 
on the prognosis of patients with squamous 
cell carcinoma (data not shown).

DHX9 knockdown significantly promoted cell 
proliferation, migration, and invasion in A549 
cells

To investigate the effects of DHX9 on malignant 
growth potential, we knocked down DHX9 of 

lung adenocarcinoma cell line A549 using  
lenti-RNAs, as in Figure 3A, and SH1 cells  
were used for further investigation [28]. We 
then detected the knockdown efficiency using 
RT-PCR and Western blot, respectively. SH1 
has a significantly silencing effect of DHX9 
(Figure 3B-D). The CON, NC, and SH1 cells were 
used in the following experiment. MTT assay 
showed that DHX9 knockdown significantly  
promoted cell proliferation in A549 cells at 24, 
48, and 72 hours (Figure 4C). 

Figure 2. DHX9 was associated with good prognosis in lung adenocarcinoma. A. A high level of DHX9 in lung adeno-
carcinoma predicted good overall survival compared with the group with low levels, which was evaluated using the 
KM Plotter online tool based on the mRNA level of 720 patients (left line). Data showed that a high level of DHX9 in 
lung adenocarcinoma predicted good progression-free survival, according to the mRNA level of 461 patients (right 
line). B. DHX9 was not associated with overall survival and progression-free survival in non-small cell lung cancer, 
which was evaluated using the KM Plotter online tool based on the mRNA level of 1926 patients for overall survival 
study and 982 patients for progression-free survival study.
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DHX9 has been reported to be an important 
factor in cancer metastasis [15]. Therefore, we 
subsequently examined the effects of DHX9 on 
cell migration and invasion in A549 cells. In the 
“wound” healing assay (Figure 4A, 4B), SH1 
cells covered almost 73% of the scratch at 24 
hours and at least 85% at 48 hours. In con-
trast, the scratch was covered only by 18% at 
24 hours and 25% at 48 hours in the NC group. 
In addition, the transwell migration assay 
showed that SH1 cells migrated faster than 
control cells. Meanwhile, DHX9 knockdown 
facilitated the invasive abilities of A549 cells 
through the matrigel membrane (Figure 4D, 
4E).

DHX9 knockdown suppressed cell apoptosis 
and had no effect on cell cycle

Effects of DHX9 knockdown on apoptosis of 
LAC were evaluated using flow cytometry. The 

results showed that DHX9 knockdown inhibited 
apoptosis of LAC (Figure 5A). Cell cycle analysis 
showed that DHX9 had no effect on the cell 
cycle of LAC (Figure 5B).

DHX9 knockdown promoted EMT and the 
phosphorylation of STAT3 

Epithelial mesenchymal transition (EMT) is a 
major mechanism of invasion and migration of 
tumor cells. We further detected the levels of 
EMT markers, including the epithelial marker 
E-cadherin and the mesenchymal markers 
vimentin and snail in DHX9 knockdown cells. As 
shown in Figure 6A, E-cadherin mRNA expres-
sion dramatically decreased, while the mRNA 
levels of vimentin and snail significantly 
increased in DHX9 knockdown LAC. We further 
verified these trends at the protein level using 
Western blot (Figure 6B). These results indi-

Figure 3. DHX9 was significantly reduced by lenti-shRNA1 (SH1) in lung adenocarcinoma cell line A549. A. The plas-
mid for the construction of lentivirus mediated DHX9 shRNA. B. qPCR showed that the mRNA of DHX9 in A549 was 
decreased by SH1 compared with NC and CON. *P < 0.05. C, D. Western blot showed that DHX9 was decreased 
by SH1 compared with NC and CON. CON, control group without any infection; NC, infected with negative lentivirus; 
SH1, infected with lenti-shRNA1.
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cate that DHX9 may deregulate EMT and thus 
affect cell migration and invasion in LAC.

Given the evident effects of DHX9 on tumor 
proliferation and metastasis of LAC, signaling 
pathways involved in tumorigenesis that might 
be regulated by DHX9 were evaluated using 
Western blot to further explore the molecular 
mechanism. As shown in Figure 6C, the expres-
sion of signal transducer and activator of tran-
scription 3 (STAT3), p-STAT3; extracellular sig-
nal-regulated kinase (ERK1/2), p-ERK1/2; pro-
tein kinase B (AKT), p-AKT; and the levels of 
NF-κB and β-catenin were detected using 
Western blot. Results indicated that p-STAT3 
level increased in DHX9 knockdown LAC (Figure 
6C, 6D). These data showed that knockdown of 
DHX9 has an effect on the phosphorylation of 
STAT3. 

In summary, knockdown of DHX9 promoted 
A549 cell proliferation, migration, invasion, and 
EMT, and DHX9 regulated the phosphorylation 
of STAT3. Previous study showed that phos-
phorylation of STAT3 can drive the EMT [22]. 
We propose that DHX9 influences the biological 
behavior of A549 cells, perhaps in a DHX9/
STAT3/EMT manner.

Discussion

Tumorigenesis is a complex process that begins 
with genetic mutations and is accompanied by 
a series of disorders in gene expression, includ-
ing oncogene activation and tumor suppressor 
inactivation. The failure of tumor treatment is 
mainly due to metastasis and recurrence, 
resulting in organ dysfunction and eventually 
leading to death. Therefore, a better under-
standing of the mechanisms involved in lung 
cancer metastasis may provide a foundation 
for new treatments. Previous studies have 
shown that DHX9 plays a central role in cellular 
processes, especially the regulation of gene 
expression [3-5, 11]. Furthermore, DHX9 is one 

of the most important mutated genes in lung 
adenocarcinoma [16]. Whether DHX9 exerts its 
effects in tumorigenesis and development of 
lung adenocarcinoma is still unknown.

Accumulating evidence shows that DHX9 is 
involved in different types of human cancers 
and may act as either tumor suppressor or 
oncogene. DHX9 interacts with EGFR [30], 
BRCA1 [13], and NF-κB [15] and thereby func-
tions as an oncogene in different types of 
human cancer. In contrast, DHX9 was found to 
be a tumor suppressor by regulating expression 
of p53 [31], p16 [17], and KIF1Bβ [19]. Data 
from previous work suggest that DHX9 may 
have complex roles in different types of cancer 
in a variety of ways, possibly correlated with 
cellular context and/or levels or activity of its 
interacting partners. By comparing protein 
expression profiles between lung adenocarci-
noma and its paired adjacent normal lung tis-
sue using iTRAQ and 2D-LC-MS/MS, we identi-
fied 568 differentially expressed proteins. In 
particular, DHX9 was overexpressed in lung 
adenocarcinoma [27]. Consistent with our pre-
vious data, DHX9 was upregulated in both the 
tissues and serum of lung cancer patients. 
Moreover, compared with LSCC, the level of 
DHX9 in lung adenocarcinoma was more obvi-
ous (Figure 1). In addition, using an online tool 
(http://kmplot.com), we revealed that a high 
level of DHX9 in lung adenocarcinoma predicts 
a favorable prognosis (Figure 2). The dysregula-
tion of DHX9 expression in lung adenocarcino-
ma implies that it may play an important role in 
the tumorigenesis and metastasis of lung ade-
nocarcinoma and may be a prognostic marker. 
This possibility was further confirmed through a 
series of experiments. Knockdown of DHX9 
promoted cell proliferation, migration, and inva-
sion of LAC in vitro. Although DHX9 suppression 
had no significant effects on the cell cycle, we 
found that early cell apoptosis was inhibited by 
knockdown of DHX9 (Figures 4, 5).

Figure 4. DHX9 knockdown promoted the proliferation, migration, and invasion of lung adenocarcinoma. A. Cell 
migration monitored by “wound” healing assay at zero, 24, and 48 hours. Pictures showed that SH1 cells migrated 
more to the scratches at 24 and 48 hours than the control and negative control. B. Wound area was calculated us-
ing Image-Pro Plus. SH1 cells covered 73% of the gap at 24 hours and 85% at 48 hours, and NC cells covered 18% 
at 24 hours and 25% at 48 hours. C. Cells were seeded in 96-well plates. After incubation for 24, 48, and 72 hours, 
cells were treated with MTT for another four hours. The absorbance at 490 nm was measured. **P < 0.01, when 
compared with the control group. D, E. Transwell migration and invasion assays on the indicated cells. The migra-
tion assay showed that the migrated cells were 475.40 ± 57.05 for SH1 and 144.10 ± 5.77 for NC. The invasion 
assay showed that the invaded cells were 428.00 ± 11.07 for SH1 and 142.30 ± 11.74 for NC. DHX9 knockdown 
promoted cell migration and invasion of LAC. **P < 0.01, ***P < 0.001.
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Figure 5. DHX9 knockdown inhibited tumor apoptosis of lung adenocarcinoma. A. Apoptotic cells were stained with PI/Annexin Alexa Fluor 647, and cells were 
analyzed using flow cytometry. Quantification values are shown at the right. The early apoptosis rate of SH1 was lower than that of CON and NC. B. Representative 
images of cell cycle analysis of LAC (CON, NC, SH1) (left panel); the percentages of different cell phases were quantified and presented as mean ± SD (right panel). 
Data showed no statistical difference between SH1 and NC. *P < 0.05.
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Figure 6. DHX9 knockdown promoted the development of EMT and the phos-
phorylation of STAT3 in LAC. (A) The mRNA level of E-cadherin decreased, 
and that of vimentin and snail increased in DHX9 knockdown cells com-
pared with control cells, which were analyzed using real-time PCR. GAPDH 
was used as a control. (B) The protein levels of E-cadherin, vimentin, and 
snail were detected using Western blot. The protein level of E-cadherin de-
creased, and that of vimentin and snail increased while DHX9 was knocked 
down. GAPDH was used as a control. (C) Protein expression of p-STAT3, 
STAT3, p-ERK1/2, ERK1/2, p-AKT, AKT, NF-κB, β-catenin, and GAPDH were 
determined using Western blot in LAC (CON, NC, SH1). DHX9 knockdown 
promoted the phosphorylation of STAT3 and had no effect on other path-
way markers. (D) Densitometric analysis showing the relative p-STAT3:STAT3 
ratio in CON, NC, and SH1 cells from (C). Results showed that the STAT3 
phosphorylation level of SH1 was significantly higher than that of the control 
group. **P < 0.01, ***P < 0.001.

EMT promotes cancer cell local infiltration, 
which is the first step in metastasis [20]. In our 
study, we found that suppression of DHX9 was 
coupled with a significant decrease in epithelial 
marker E-cadherin and an increase of the mes-
enchymal markers vimentin and snail (Figure 
6A, 6B), suggesting that DHX9 may be a regula-
tor in the complex progression of EMT in lung 

adenocarcinoma. Loss of E- 
cadherin is a critical marker of 
EMT, resulting in weak cell-cell 
adhesion followed by invasion 
and migration of tumor cells 
[20]. However, due to the com-
plicated roles of EMT in differ-
ent types of cancer, it is diffi-
cult to explore the underlying 
mechanism by which DHX9 
regulates the EMT process 
and influences the migration 
and invasion of LAC. To better 
understand the mechanism, 
we then detected the poten-
tial signaling pathways by 
Western blot, including STAT3 
and p-STAT3, ERK1/2 and 
p-ERK1/2, AKT and p-AKT, 
NF-κB, and β-catenin and 
identified the significantly al- 
tered pathway JAK/STAT3. The 
levels of p-AKT, p-ERK1/2, 
β-catenin, and NF-κB did not 
obviously change after kn- 
ockdown of DHX9 (Figure 6C, 
6D), which may be correlated 
with cancer types, complex 
cellular context, or cellular 
localization. 

STAT3 is an important activat-
ing factor involved in the regu-
lation of immune response 
and tumor microenvironment. 
Activation of STAT3 promotes 
tumor cell proliferation, inva-
sion, and survival; inhibits 
tumor immunity; and medi-
ates tumor-associated inflam-
mation [32]. Our in vitro stud-
ies suggested that the STAT3 
signaling pathway was invol- 
ved in DHX9-mediated tumor 
proliferation and metastasis. 
Knockdown of DHX9 dramati-

cally increased the phosphorylation of STAT3. 
Similar to findings of a previous study, the JAK/
STAT3 pathway is one of the most important 
pathways associated with the oncogenesis of 
lung adenocarcinoma [3]. In addition, overacti-
vated STAT3 was reported to promote the EMT 
process [33]. STAT3 pathway-related EMT are 
involved in the progression of gastric, esopha-
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geal, and prostate cancer [34-36]. Our study 
demonstrated a novel connection between 
DHX9 and STAT3. Knockdown of DHX9 activat-
ed STAT3 and promoted EMT, leading us to 
believe that DHX9 may mediate the EMT via 
STAT3. Together, these findings stress the 
importance of DHX9 in tumor proliferation and 
metastasis and highlight its interconnection 
with STAT3 and its potential as a prognostic 
marker and therapeutic target to improve the 
clinical outcomes of lung adenocarcinoma.

In conclusion, our study showed that DHX9 is 
overexpressed in human lung cancer tissues 
and serum, and there is a strong correlation 
between DHX9 and tumor proliferation, migra-
tion, invasion, and EMT of LAC. Moreover, we 
revealed that knockdown of DHX9 promotes 
tumor progression and EMT of LAC, at least 
partly through activation of STAT3. Thus, DHX9 
may act as a tumor suppressor in lung adeno-
carcinoma. These findings enhance our under-
standing of the mechanism that drives the pro-
gression of lung adenocarcinoma. Our results 
highlight the potential value of DHX9 as a prom-
ising target for treatment and a biomarker for 
diagnosis of lung adenocarcinoma. 
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Figure S1. All collected tumor tissues were immunostained with a monoclonal anti-DHX9 antibody. Representative 
images of DHX9-negative (-: positive cell ratio was 0% to 10%), DHX9 weakly positive (+: positive cell ratio was 11% 
to 30%), DHX9-positive (++: positive cell ratio was 31% to 70%), and DHX9 strongly positive (+++: positive cell ratio 
was 71% to 100%) were shown.


