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Abstract. The water channel protein aquaporin 5 (AQP5) is 
highly expressed in numerous tumors. However, its expres-
sion pattern and functions in lung cancer in humans remain 
unknown. In the present study, the role of AQP5 in the devel-
opment of lung malignancies was examined. A short hairpin 
RNA construct targeting AQP5 mRNA was transfected into 
A549 cells to generate a lung cancer cell line in which AQP5 
expression was stably silenced. In vitro and in vivo experi-
ments were then performed to establish the effects of AQP5 on 
A549 cell apoptosis, proliferation and cell cycle progression. 
The results demonstrated that AQP5 silencing significantly 
inhibited the proliferation and promoted the apoptosis of A549 
lung cancer cells in vitro and in vivo. In addition, it resulted 
in decreased activation of the extracellular signal-regulated 
kinase 1/2 signaling pathway in A549 cells, and reduced levels 
of the downstream proteins c‑Fos and phosphorylated cAMP 
response element-binding protein. Furthermore, inhibition of 
AQP5 expression effectively reduced the tumorigenicity of 
A549 cells in vivo. In conclusion, silencing of AQP5 suppressed 
the growth of A549 cells in vitro and in vivo, suggesting that it 
may serve as a therapeutic target in lung cancer.

Introduction

In recent years, lung cancer has been ranked among the 
primary malignant tumors associated with the highest 
morbidity and mortality worldwide  (1-3). Non‑small-cell 
lung cancer (NSCLC) is the most common type of this 
disease, accounting for ~80% of all lung malignancies (4,5). 
Treatment regimens vary and may include radiotherapy, 
chemotherapy, molecular targeted therapies and surgery, 
alone or in combination. However, the 5-year survival rate 

among NSCLC patients remains poor (6,7). Recent techno-
logical advances have allowed researchers to identify genetic 
factors that play essential roles in the pathophysiology of 
NSCLC, providing novel approaches for the development of 
treatments for this disease (8,9). Therefore, elucidation of the 
molecular mechanisms underlying NSCLC and identification 
of new genetic targets for its treatment should be urgently 
conducted.

Aquaporins (AQPs), a family of small (30 kDa/monomer) 
transmembrane water channel proteins, were first described 
in the late 1950s in red blood cells and later in renal epithelia, 
and have been identified as key potential targets for novel 
antitumor therapies (10-12). AQP5, one of the most important 
members of this protein family, is expressed in virtually all 
normal tissues and contributes to cellular regulation of water 
homeostasis (13,14). Malignant tumor cells have been reported 
to take advantage of this process to facilitate their proliferation 
and development (15,16). In addition, AQP5 gene silencing 
has been reported to inhibit such proliferation, suggesting 
that altered AQP5 expression is crucial in tumor progres-
sion (17,18). Numerous studies have demonstrated that AQP5 
is upregulated in NSCLC, and that AQP5-overexpressing 
tumor cells are associated with increased tumor growth rates 
and progression owing to heightened proliferation (19-21). 
However, the association between the AQP5 gene and NSCLC 
is yet to be fully elucidated.

The aims of the present study were to establish whether 
AQP5 serves an important role in NSCLC and how AQP5 
gene silencing may influence cell proliferation and apoptosis 
in this malignancy. Furthermore, the underlying molecular 
mechanisms were examined to provide a new direction for the 
treatment of NSCLC.

Materials and methods

Cell culture. The cell lines A549, H358, HCC827 and H1299 
were obtained from the Cell Bank of the Type Culture Collection 
of the Chinese Academy of Sciences (Shanghai, China). The 
MRC-5 cell line was also purchased from Guangzhou Jinnio 
Biotechnology Co., Ltd. (Guangzhou, China). All cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.) in a humidified atmosphere 
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containing 5% CO2 at 37˚C. Cells in the exponential phase of 
growth were used in subsequent experiments.

Generation of an AQP5-silenced lung cancer cell line. The 
AQP5 short hairpin RNA (shRNA) expression construct, 
namely AQP5-pGCH1/Neo, and the non‑targeting control 
construct, namely NC-pGCH1/Neo, were designed and 
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). 
The sequences of the AQP5 and NC shRNA molecules were 
5'-CCGGCCATCATCAAAGGCACGTATGCTCGAGCATA 
CGTGCCTTTGATGATGGTTTTTG-3' and 5'-GATCCCACT 
ACCGTTGTTATAGGTGTTCAAGAGACACCTATAACAA 
CGGTAGTTTTTTTCCAAA-3', respectively. A549 cells, in 
which AQP5 was found to be highly expressed (Fig. 1A and B), 
were transfected with AQP5-pGCH1/Neo or NC-pGCH1/Neo 
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. At 
24 h after transfection, the cells were exposed to 200 µg/ml 
G418 (Invitrogen; Thermo Fisher Scientific, Inc.) for over a 
week in order to select clones stably expressing the constructs. 
Positive clones were selected for further identification.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). Total RNA was extracted from cultured cells with 
TRIzol reagent (Tiangen Biotech Co., Ltd., Beijing, China) 
according to the manufacturer's protocol, and cDNA was then 
synthesized by reverse transcription. The total PCR reaction 
volume was 20 µl and consisted of 1 µl of cDNA, 0.5 µl of each 
primer, 10 µl of SYBR-Green master mix, and 8 µl of ddH2O. 
The PCR reaction program was as follows: 95˚C for 10 min; 
40 cycles of 95˚C for 10 sec, 60˚C for 20 sec, 72˚C for 30 sec; 
and 4˚C for 5 min. The primers used to amplify AQP5 and 
β-actin cDNA were as follows: AQP5 sense, 5'-CTATGAG 
TCCGAGGAGGATT-3', and antisense, 5'-GCTTCGCTGTC 
ATCTGTT‑3'; β-actin sense, 5'-CCTGTACGCCAACACAG 
TGC-3', and antisense, 5'-ATACTCCTGCTTGCTGATCC-3'. 
the relative mRNA levels in each sample were calculated using 
the 2-ΔΔCq method (22), using β-actin as a reference. qPCR was 
performed using SYBR-Green Master Mix (Tiangen Biotech 
Co., Ltd.) in an Exicycler™ 96 quantitative fluorescence 
analyzer (Bioneer Corporation, Daejeon, Korea).

Western blotting. Cells were lysed (Beyotime Institute of 
Biotechnology, Haimen, China), and the concentration of 
protein in lysates was determined by bicinchoninic acid 
assays (Beyotime). Total proteins (40 µg) from each sample 
were separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (5% acrylamide and 10% separating 
gel) and then electroblotted onto a polyvinylidene fluoride 
membrane (EMD Millipore, Bedford, MA, USA). Subsequent 
to blocking with evaporated milk 37˚C, the membrane was 
incubated at 4˚C overnight with primary antibodies against 
the following: AQP5, cleaved caspase-3, B-cell lymphoma 2 
(Bcl-2), Bcl-2‑associated X protein (Bax), extracellular signal-
regulated kinase (ERK), phosphorylated (p)-ERK, c‑Fos, or 
p‑cAMP response element-binding protein (p‑CREB) (all 
diluted 1:1,000; Abcam, Cambridge, MA, USA). Next, the 
membranes were exposed to a horseradish peroxidase-labeled 
secondary antibody (1:5,000; Abcam) at room temperature 
for 45  min. Proteins were visualized using an enhanced 

chemiluminescence reagent (Beyotime), and band intensities 
were analyzed with Gel-Pro Analyzer software version 4 
(Media Cybernetics, Inc., Rockville, MD, USA) for comparison 
of the gray densities.

Colony formation assay. Cells were seeded onto 35-mm dishes 
at a density of 200 cells per dish and incubated for 14 days 
at 37˚C in a humidified atmosphere containing 5% CO2. The 
resulting colonies were rinsed with PBS, at room temperature 
and fixed with paraformaldehyde for 20 min, and then stained 
with Giemsa solution (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) for 5-8 min. The number of colonies 
consisting of at least 50 cells was then counted under a micro-
scope. Colony formation efficiency was calculated as follows: 
(Number of colonies / number of inoculated cells) x 100%.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. Cells were seeded into 96-well microplates at a 
density of 2x103 cells/well and with each well containing 200 µl 
DMEM supplemented with 10% FBS. The cells were allowed 
to adhere prior to the addition of MTT (Sigma-Aldrich; Merck 
KGaA, Darmstadt, Germany) to each well at a final concentra-
tion of 0.2 mg/ml at various time‑points (12, 24, 48, 72 and 
96 h). Subsequent to incubation at 37˚C for 4 h, the optical 
density at 490 nm was measured using an ELx800 microplate 
reader (BioTek Instruments, Inc., Winooski, VT, USA).

Flow cytometry for cell cycle progression and apoptosis 
analyses. For cell cycle analysis, cells were fixed in 70% cold 
ethanol at 4˚C for 3 h, washed in PBS, and then resuspended 
in staining buffer containing 25 µl propidium iodide (PI) and 
10 µl RNaseA (Abcam). The cell suspension was incubated 
for 45 min in the dark at 37˚C, and then subjected to cell cycle 
distribution analysis by flow cytometry using a FACSCalibur 
instrument (BD Biosciences, Franklin Lakes, NJ, USA).

In addition, apoptotic cells were identified using fluo-
rescence-activated cell sorting and an apoptosis detection 
kit (Beyotime Institute of Biotechnology, Nanjing, China), 
according to the manufacturer's protocol. Cells were harvested, 
centrifuged at 4˚C, 503 x g, 5 min, and then washed with PBS 
prior to resuspending in 400 µl binding buffer. Next, 5 µl 
Annexin V-fluorescein isothiocyanate was added to the cell 
suspensions, which were then incubated at 2-8˚C for 15 min 
in the dark. PI (10 µl) was subsequently added, and the cell 
suspensions were incubated at 28˚C for 5 min in the dark. The 
cells were then analyzed by flow cytometry within 1 h of this 
treatment.

In vivo experiments. A total of 18 BALB/c nude mice 
(4-6-week‑old; weight, 20 g) were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, 
China). The animals were maintained under pathogen-free 
conditions at 22˚C and 40-50% humidity with a 12/12-h light/
dark cycle, and had ad libitum access to food and water. Their 
care and treatment and all animal experiments were approved by 
the Experimental Animal Ethics Committee of Jilin University 
(Changchun, China). Each mouse was randomly assigned to 
one of following three groups (6 mice in each group): A549 
(untransfected cells), vector (non‑targeting control construct) 
or AQP5 shRNA groups. Cells (1x106) were suspended in 
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0.2 ml normal saline and inoculated subcutaneously into the 
right breast pads of the mice; and the A549 group with 0.2 ml 
saline only. Tumor volumes in mice were determined using the 
following formula: Tumor volume = (a x b2)/2, where a and b 
are the larger and smaller of the two dimensions, respectively. 
Mice were sacrificed after 30 days, and tumor tissues were 
removed and fixed in polyformaldehyde after imaging of the 
tumors for further examination.

Detection of apoptosis using terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay. Apoptosis in 
the xenograft tumor tissue was detected using an In Situ Cell 
Death Detection kit (Roche Diagnostics GmbH, Mannheim, 
Germany) according to the manufacturer's protocol. Briefly, 
paraffin sections (1 cm2) were treated with a solution of H2O2 
in order to inactivate endogenous peroxidases, and incubated 
with 50 µl TUNEL reaction solution at 37˚C for 60 min. 
Subsequently, the sections were washed with PBS and incu-
bated with 50 µl Converter-POD working solution at 37˚C for 
30 min. Following development using 3,3'-diaminobenzidine 
and staining of nuclei with hematoxylin, the sections were 
observed under a microscope and images were captured.

Statistical analysis. Data are presented as the mean ± stan-
dard deviation. Comparisons between groups were performed 
using one-way analysis of variance, and multiple comparisons 
were performed using the Bonferroni post hoc test. GraphPad 
Prism version 5.0 software (GraphPad Software, Inc., La Jolla, 
CA, USA) was used to analyze data and generate graphs. 
Differences associated with P-values of <0.05 were considered 
as statistically significant.

Results

AQP5 silencing by stable expression of shRNA. In order to 
examine the function of AQP5 in lung cancer cells, western 
blotting was used to measure its expression in various human 
lung cancer cell lines and lung fibroblast cells. Of the cell lines 
tested, AQP5 expression was observed in all the experimental 
cell lines, with the highest expression observed in the A549 
cells compared with the MRC-5 cell line (Fig. 1A and B). 
Western blotting also revealed that transfection of the A549 
cells with AQP5 shRNA resulted in the significant inhibition 
of AQP5 protein expression to only 26% of that in the A549 
(untransfected) group (Fig. 1A and C; P<0.001). These results 
were further confirmed by RT-qPCR, which indicated that the 
expression of AQP5 mRNA was also significantly inhibited in 
the AQP5 shRNA group and was only 49% of that in the A549 
group (Fig. 1D; P<0.001).

AQP5 downregulation inhibits A549 cell proliferation and 
cell cycle progression. A colony formation assay was used 
to investigate the possible role of AQP5 in A549 cell growth. 
The clonogenicity of AQP5 shRNA cells was found to be 
significantly reduced compared with that of the A549 and 
vector groups (Fig. 2A and B; P<0.01). Furthermore, the MTT 
assay demonstrated that proliferation of AQP5 shRNA cells at 
72 h (P<0.05) and 96 h (P<0.01) of culture was markedly lower 
compared with that of cells in the A549 group (Fig. 2C).

To further explore the effect of AQP5 silencing on cell 
cycle progression, flow cytometry was used to evaluate the 
distribution of cells in each phase of the cell cycle (Fig. 2D 
and E). In the AQP5 shRNA group, numerous cells were in 

Figure 1. Stable expression of AQP5 shRNA plasmid. (A) Western blot analysis, with GADPH used as an internal control for grayscale analysis. (B) Quantified 
results of AQP5 protein expression levels in multiple human lung cancer cell lines and in human lung fibroblast MRC-5 cell line. (C) Protein expression levels 
in cells stably transfected with non‑targeting control (vector) or AQP5 shRNA constructs. (D) Reverse transcription-quantitative polymerase chain reaction 
analysis was conducted to measure AQP5 expression in stably transfected cells. Data representative of three independent experiments are shown, and are 
presented as the mean ± standard deviation. #P<0.001, ###P<0.001 vs. the MRC-5 group. ***P<0.001, vs. the A549 control group. AQP5, aquaporin 5; shRNA, 
short hairpin RNA.
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G0/G1 phase (P<0.001), whereas the number of those in S 
(P<0.01) and G2/M (P<0.001) phases was significantly reduced 
as compared with the A549 control group. No evident differ-
ence in cell cycle distribution was noted between the A549 and 
vector groups.

AQP5 downregulation induces A549 cell apoptosis. Flow 
cytometry was employed to establish whether AQP5 down-
regulation significantly affected A549 cell apoptosis. The 
apoptotic ratio in the AQP5 shRNA group was observed to 
be 1.54-fold higher compared with that in the A549 group 
(Fig. 3A and B; P<0.001); thus, apoptosis of A549 cells was 
significantly increased by AQP5 silencing. Western blotting 
was subsequently used to measure the expression levels of the 
apoptosis suppressor Bcl-2 and the downstream executioners 
of apoptosis, Bax and cleaved caspase-3. The expression levels 

of cleaved caspase-3 and Bax in cells of the AQP5 shRNA 
group was 2.68-fold (Fig. 3C and D; P<0.001) and 2.31-fold 
(Fig. 3C and E; P<0.001) higher, respectively, when compared 
with those in cells of the A549 group. In addition, the expres-
sion of Bcl-2 in the AQP5 shRNA group was only 56% of that 
in the A549 group (Fig. 3C and F; P<0.001). These findings 
further indicated that downregulation of AQP5 was able to 
induce A549 cell apoptosis.

AQP5 downregulation inhibits ERK signaling. The mecha-
nism by which AQP5 silencing affects A549 cell behavior 
was investigated using western blotting. It was observed 
that the protein levels of p‑ERK, c‑Fos and p‑CREB in the 
AQP5 shRNA group were 31% (P<0.001), 41% (P<0.001) 
and 53% (P<0.001) of those in the A549 group, respectively 
(Fig. 4). These findings indicated that the downregulation of 

Figure 2. AQP5 downregulation inhibits A549 cell proliferation and cell cycle progression. (A) Colony formation assay was conducted to evaluate the tumorige-
nicity of AQP5-silenced cells. (B) Colony formation efficiency is shown. (C) An MTT assay was performed to assess cell proliferation in vitro. (D) Percentage 
of cells in each cell cycle phase and (E) flow cytometry results are presented. Cultured cells were fixed, stained with PI, and subjected to flow cytometry for cell 
cycle analysis. Cells in the lower right quadrant were considered to be early apoptotic cells and were statistically analyzed. Data representative of three experi-
ments are shown, and data are presented as the mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001, vs. the A549 control group. AQP5, aquaporin 5; 
shRNA, short hairpin RNA; OD, optical density.
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Figure 3. AQP5 downregulation induces apoptosis of A549 cells. (A) Flow cytometry results and (B) apoptotic ratio of cells are presented. The apoptosis of 
cultured cells was tested by double-staining with FITC-conjugated Annexin V and PI, followed by flow cytometry analysis. (C) Western blot analysis results, 
with β-actin used as an internal control for grayscale analysis. (D) Cleaved caspase-3, (E) Bax and (F) Bcl-2 relative protein levels in AQP5-silenced cells. 
Data representative of three experiments are shown, and data are presented as the mean ± standard deviation. ***P<0.001, vs. the A549 control group. AQP5, 
aquaporin 5; shRNA, short hairpin RNA; FITC, fluorescein isothiocyanate; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

Figure 4. AQP5 downregulation inhibits the ERK signaling pathway. (A) Western blot analysis was performed to determine levels of ERK, p‑ERK, c‑Fos 
and p‑CREB proteins in AQP5-silenced cells. β-actin was used as an internal control for grayscale analysis. (B) p‑ERK, (C) c‑Fos and (D) p‑CREB protein 
levels are displayed. Data representative of three experiments are shown, and data are presented as the mean ± standard deviation. ***P<0.001, vs. the A549 
control group. AQP5, aquaporin 5; shRNA, short hairpin RNA; ERK, extracellular signal-regulated kinase; CREB, cAMP response element-binding protein; 
p‑, phosphorylated.
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AQP5 inhibited the activation of the ERK signaling pathway 
by altering the phosphorylation levels of important ERK 
pathway proteins, Fos and CREB.

AQP5 downregulation inhibits A549 cell growth in vivo. Based 
on the results of the in vitro experiments, the present study 
next investigated the role of AQP5 in A549 cell growth in vivo. 
The results revealed that tumor volumes and weights in the 
AQP5 shRNA group were significantly lower in comparison 
with those in the A549 group (Fig. 5A-C). Furthermore, the 
TUNEL assay revealed that the number of apoptotic cells 
was higher in the tumor tissues of the AQP5 shRNA group 
as compared with those of the A549 groups (Fig. 5D). Thus, 
downregulation of AQP5 expression may delay lung cancer 
progression.

Discussion

Lung cancer remains one of the most common malignan-
cies worldwide, and morbidity and mortality associated 

with this disease have been increasing (3). Despite advances 
in various treatment options and systemic therapy, such as 
chemotherapy, in combination with surgery and radiotherapy, 
the 5-year survival rate of lung cancer patients remains poor 
(6). AQP5 is one of the most important members of the AQP 
family, a group of water-transporting transmembrane proteins. 
Previous studies have demonstrated that due to the particular 
structure and characteristics of AQP5, its overexpression can 
have oncogenic effects (11,21,23), including in cancer of the 
ovary (24), cervix (25) and colon (26), as well as in ovarian 
epithelium (27) and gastric carcinoma cells (28). However, in 
lung cancer, it remains to be determined whether the silencing 
of AQP5 expression affects lung cancer development and the 
underlying mechanisms remain to be elucidated. In the present 
study, the effects of AQP5 silencing on the proliferation, cell 
cycle progression and apoptosis of A549 lung cancer cells 
through the regulation of ERK signaling, as well as on the 
promotion of apoptosis in lung cancer xenograft tumors in 
nude mice, were investigated. It was observed that silencing of 
AQP5 inhibited the proliferation and promoted the apoptosis 

Figure 5. AQP5 downregulation inhibits A549 cell growth in vivo. Non‑transfected, non‑targeting shRNA‑transfected or AQP5 shRNA‑transfected A549 cells 
(1x106 cells each) were subcutaneously inoculated into 4-6-week-old nude mice. (A) Tumor volume assay, (B) tumor weight assay and (C) xenograft tumor 
images are displayed. (D) Xenograft tumor tissues were embedded in paraffin, sectioned and subjected to a terminal deoxynucleotidyl transferase dUTP nick 
end labeling assay to detect apoptotic cells. Data are representative of all of the animals examined. *P<0.05 and **P<0.01, vs. the A549 control group. AQP5, 
aquaporin 5; shRNA, short hairpin RNA.
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of A549 cells in vitro and in vivo, suggesting that it may consti-
tute a promising target in the development of novel drugs for 
lung cancer treatment.

Proliferation, cell cycle progression and apoptosis are the 
major mechanisms responsible for cell growth. Extension of 
the G1/S phase transition can effectively inhibit cell prolifera-
tion (29). The results of the present study demonstrated that 
AQP5 was highly expressed in A549 lung cancer cells and 
functioned as a negative regulator of cell cycle progression. 
Silencing of AQP5 in A549 cells by RNA interference resulted 
in cell cycle arrest, with an accumulation of cells in G0/G1 phase 
and reduced numbers of cells in S and G2/M phases observed. 
Apoptosis is a well-orchestrated cellular mechanism that helps 
maintain the balance between cell proliferation and death, the 
disruption of which is considered to be an early and impor-
tant event in cancer (30). Apoptosis is regulated by multiple 
genes at the cellular level, including cleaved caspase-3, Bcl-2 
and Bax. Caspase-3 is an effector caspase that initiates cell 
degradation in the final stages of apoptosis. In addition, Bax, a 
pro-apoptotic protein, and Bcl-2, a survival-promoting protein, 
are members of the Bcl-2 family that serve key roles in the 
regulation of intrinsic apoptotic signaling (31-33). The current 
study revealed that silencing of AQP5 expression in A549 
cells effectively promoted non‑viable apoptotic cell increase 
in vitro and in vivo, downregulating the expression of Bcl-2, 
and elevating the levels of Bax and cleaved caspase-3.

The ERK1/2 pathway is a classic mitogen-activated protein 
kinase signaling cascade that regulates cell proliferation and 
growth  (34,35). In the present study, it was observed that 
silencing of AQP5 inhibited ERK1/2 signaling, consistent 
with the observations of prior studies (17,36). The downstream 
ERK signaling proteins c‑Fos and CREB, which are present in 
the eukaryotic nucleus, are phosphorylated upon the activation 
of ERK signaling (37). The current study results also demon-
strated that AQP5 silencing reduced the protein levels of c‑Fos 
and p‑CREB. These results suggest that AQP5 downregulation 
may exert an inhibitory effect on A549 lung cancer cell growth 
by reducing ERK1/2 signaling.

In conclusion, the present study demonstrated that AQP5 
silencing inhibited the proliferation and cell cycle progres-
sion of A549 lung cancer cells, and that it inducted induce 
cell apoptosis in vitro and in vivo. Furthermore, this inhibi-
tory effect may be brought about by restriction of ERK1/2 
signaling pathway activation. Nevertheless, as AQP5 is widely 
expressed, further studies of the mechanisms responsible for 
these effects should be conducted to assess its potential appli-
cation as a therapeutic target.
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