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Abstract. To examine the potential role of aquaporin 1 (AQP1) 
in lung cancer progression, the effects of AQP1 expression and 
underlying mechanisms on cell proliferation and migration 
were investigated on LLC and LTEP-A2 cell lines in vitro. 
LLC and LTEP-A2 lung cancer cells with a discrepant AQP1 
expression level were used to determine the role of AQP1 in 
cancer cell proliferation and migration potential. An immuno
fluorescence assay was used to detect AQP1 expression levels 
in the LLC and LTEP-A2 cell lines. The method targeting the 
knockdown of AQP1 on lung cancer cell lines by siRNA was 
established and validated by RT-PCR and western blot analysis. 
The proliferation and migration abilities of AQP1 knockdown 
cell lines were detected by MTT, invasion and wound-healing 
assays. Moreover, the alteration of MMP-2, MMP-9, TGF-β 
and epidermal growth factor receptor (EGFR) expression, 
associated with the migration and metastasis potential of lung 
cancer cell lines, was identified by western blot analysis in 
transfected cells. In the tumor cell migration and invasion test, 
AQP1 knockdown significantly decreased the migration and 
invasion of AQP1-siRNA cells. Additionally, the expression 
levels of MMPs were markedly decreased after AQP1-siRNA 
treatment in the two cell lines. Moreover, the decrease of 
MMP-2/-9 expression on lung cancer cell lines was associated 
with AQP1-siRNA doses. However, AQP1 knockdown did 
not have a significant effect on TGF-β and EGFR. The results 
suggest that AQP1 may facilitate lung cancer cell proliferation 
and migration in an MMP-2 and-9-dependent manner.

Introduction

Lung cancer is the leading cause of global cancer‑related 
mortality, resulting in over a million deaths annually (1). 
Surgery, chemotherapy and radiotherapy are the major 
treatments for human non-small cell lung cancer (NSCLC). 

However, the response rate of chemotherapy for patients with 
advanced NSCLC is only 20‑35% with a median survival 
of 10-12 months (2,3). Although light has been shed on the 
genomic mutation of human lung cancer (4,5), the mechanisms 
involved in the proliferation and migration of lung cancer 
remain to be elucidated.

Aquaporins (AQPs) are a family of small (~30 kDa/monomer) 
membrane transport proteins that assemble in membranes as 
tetramers and act primarily as water-selective pores, facili-
tating osmotically driven water transport across cell plasma 
membranes (6,7). It has been reported that AQP was expressed 
in a variety of human tumors, which in some cases was corre-
lated with tumor grade (8-10). AQP has also been suggested to 
be of diagnostic and prognostic value (11,12). Previous find-
ings demonstrated that AQPs were involved in angiogenesis, 
tumor cell migration and proliferation (13-15). These results 
suggested that AQPs play a crucial role in tumor biology.

AQP1 is a member of the AQP family, and has been shown 
to be involved in cell migration in several cell types such as 
keratocytes (16), epithelial cells of the kidney (13), and gastric 
epithelial cells  (17), B16F10 melanoma, and breast cancer 
cells (18). However, the function of AQP1 in lung cancer remains 
largely unclear. Whether AQP1 facilitates proliferation and the 
metastastic potential of lung cancer remains to be determined. 
In the present study, we successfully used RNA interference 
(RNAi) technology to silence the expression of AQP1 in lung 
adenocarcinoma LTEP-A2 and LLC cell lines. The in vitro 
experiments demonstrated that the proliferation and migra-
tion of cancer cells was reduced in AQP1-siRNA-transfected 
LTEP-A2 and LLC cells. In addition, AQP1 knockdown partly 
inhibited the proliferation and migration of lung cancer cells in 
MMP-2 and MMP-9-dependent manner.

Materials and methods

Cell culture. LLC and LTEP-A2 cell lines were cultured in 
RPMI-1640 supplemented with 10% Hyclone fetal bovine 
serum (FBS; ThermoFisher Scientific, Fremont, CA, USA) in 
an atmosphere of 5% CO2 at 37˚C. The cells were grown in 
75-cm2 culture flasks and harvested in a solution of trypsin-
EDTA at the logarithmic growth phase.

Specific siRNAs and transfection. One scrambled non‑targeting 
siRNA (used for a negative control, mock) and one fluorescent 
siRNA were designed and produced by GenePharma Co., Ltd. 
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(Shanghai, China). The sequences used were:  SiAQP1, 
5'-GACCCGCTCGGACTTACT-3' (sense) and 5'-CTTCTGG 
ACCCATGCTCT-3' (antisense); mock, 5'-UUCUCCGAACG 
UGUCACGUTT-3' (sense) and 5'-ACGUGACACGUUCGGA 
GAATT-3' (antisense). The 25-, 50- and 100-nM siRNAs were 
transfected into culture cells with Lipofectamine 2000 reagent 
(Invitrogen‑Life Technologies, Carlsbad, CA, USA) according 
to the manufacturer's instructions. The cells were collected 24, 
48, 72 or 96 h after transfection for analysis. LTEP-A2 and 
LLC cells treated or untreated only with Lipofectamine 2000 
reagent served as controls.

Reverse transcription-PCR. Total RNA was isolated from 
transfected cells using TRIzol reagent (Invitrogen‑Life 
Technologies) according to the manufacturer's instructions. 
Briefly, 1 µg total cell RNA was reverse-transcribed by a First 
Strand cDNA Synthesis kit (Amersham, Buckinghamshire, 
UK). Primers used for PCR amplification of AQP1 were: 
forward, 5'-CTT ACC TCC AGG ACC CTT CC-3' and reverse, 
5'-TAG CTC ATC CAC ACG TGC TC-3', with an annealing 
temperature of 60˚C. The conditions used for PCR were: 94˚C 
for 30 sec, 58˚C for 30 sec, 72˚C for 40 sec; 30 cycles and 
72˚C for 5 min for the final extension. The PCR products 
were separated on 1% agarose gel, visualized under UV and 
photographed. The result was analyzed using Quantity One 
4.6.2 software for the optical density (OD).

Cell proliferation assay. Cell proliferative activities were exam-
ined using CCK-8. LTEP-A2 and LLC cells were seeded in 
96-well plates (1x103 cells/well). Following treatment, CCK-8 
was added to each well according to the manufacturer's instruc-
tions and incubated for 4 h at 37˚C. The OD value of each well 
was measured using a microplate reader (Spectra Thermo, 
Mannedorf, Switzerland) with a test wavelength of 450 nm.

Western blot analysis. Total protein was extracted from the 
cells using a RIPA kit (Pierce, Rockford, IL, USA). Protein 
was electrophoresed on a polyacrylamide gel and transferred 
to Hybond-C nitrocellulose membranes. The membranes 
were incubated with anti-AQP1 (Chemicon, Temecula, CA, 
USA) and MMP-2, MMP-9, TGF-β and epidermal growth 
factor receptor (EGFR) (all from Cell Signaling Technology) 
at 1:1,000 dilution at 37˚C for 2 h, and then with peroxi-
dase‑conjugated goat anti-rabbit IgG at room temperature for 
1 h. GAPDH was used as an internal control. Protein was visu-
alized using enhanced chemiluminescence (ECL) methods. 
The membranes were washed three times and then exposed to 
X-ray film. Western blot analysis and quantification analysis of 
blots were performed as previously described (19).

Immunofluorescence. The cells were fixed in 4% parafor-
maldehyde and embedded in paraffin or OCT for paraffin 
or frozen sections, respectively. Immunofluorescence (IF) 
staining of cells was performed as previously described (18). 
Anti-AQP1 primary antibody (1:100; Chemicon) and rabbit 
anti-mouse IgG antibody conjugated to Cy3 (1:100; Molecular 
Probes, Eugene, OR, USA) were used for IF staining.

Tumor cell migration and invasion assays. Assays to measure 
tumor cell migration were performed in a modified Boyden 

chamber (Transwell; Corning Costar, Tewksbury, MA, USA) 
containing a gelatin-coated polycarbonate membrane filter 
(8-µm pore size). BioCoat Matrigel (BD Biosciences, Bedford, 
MA, USA), which reconstitutes the basal membrane, was used 
to assess cell invasion. The degree of tumor cell migration 
and invasion was evaluated according to the manufacturer's 
instructions  (25). Non-migrated cells were removed from 
the upper side of the membrane by scrubbing and migrated 
cells from the lower side of the membrane. Cell counting was 
accomplished by Coomassie blue staining and the cells were 
visualized under a microscope (Leica, Germany).

Wound-healing assay. Cells were cultured to a confluent 
monolayer, synchronized in 1% FBS for 24 h, and wounded 
by removing ~400-µm wide strips of cells across the well 
with a standard 200-µl pipette tip. Wounded monolayers were 
washed twice with PBS to remove non-adherent cells. Wound 
healing was quantified by Image Plus software as a mean 
percentage of the remaining cell-free area, compared with the 
initial wound area (18).

Statistical analysis. Statistical analysis was performed using 
SPSS 10.0 software. Values are presented as mean  ± SD. 
Statistical analysis was performed using one-way analysis of 
variance (ANOVA) and the LSD post-hoc multiple comparison 
test. P-values were two-sided and differences at P<0.05 were 
considered to indicate statistical significance.

Results

Localization of AQP1 in LTEP-A2 and LLC cells. The AQP1 
expression and localization of LTEP-A2 and LLC cells was 
investigated by immunofluorescence microscopy and western 
blot analysis. Western blot analysis revealed that AQP1 was 
expressed in LLC and LTEP-A2 cell lines (Fig. 1A). Compared 
to the LTEP-A2 cell line, the expression of AQP1 was more 
prominent in the LLC cell line. Fig. 1B shows that AQP1 (red) 
was detected in the cytosol and membrane in the two cell lines. 
DAPI was used to stain the nucleus.

Effective downregulation of AQP1 using siRNA in LTEP-A2 
and LLC cells. LTEP-A2 and LLC cells were transfected with 
AQP1-siRNA and scrambled control siRNA. Treatment of the 
cells with AQP1-targeting siRNA (25, 50 and 100 nM SiAQP1) 
and the scrambled siRNA (mock, 100 nM) for 96 h resulted 
in a significant downregulation of the AQP1 mRNA level 
and protein expression of AQP1 at 96 h following transfec-
tion with AQP1-siRNA, as determined by RT-PCR (Fig. 2A) 
and western blot analysis (Fig. 2B). As shown in Fig. 2 , the 
mock did not affect the expression levels of AQP1. However, 
compared with the mock, the expression of AQP1 in the 25, 
50 and 100 nM siRNA groups decreased at the protein and 
mRNA levels. Specifically, 100 nM siRNA indicated an 80 
and 85% reduction of AQP1 expression in LTEP-A2 and 
LLC cells, respectively. At the same time, there was minimal 
expression of AQP1 (red) in the cells transfected with AQP1-
siRNA, whereas the expression of AQP1 was not altered in 
the control cells by immunofluorescence analysis (Fig. 3). The 
results demonstrated that the AQP1‑targeting siRNA was effi-
cient to knock down the expression of AQP1 in LTEP-A2 and 
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LLC cells. This downregulation was determined by western 
blot analysis using AQP1 antibody and the experiments were 
repeated three times (n=3).

Effects of AQP1 downregulation on LTEP-A2 and LLC migra-
tion and proliferation. A significant downregulation in the 
AQP1 mRNA and protein level occurred at 96 h, and 100 nM 
siRNA groups exhibited the largest reduction of AQP1 
expression in the LLC and LTEP-A2 cells, compared with the 
negative control (P<0.01, Fig. 2). siRNA groups (100 nM) were 
thus selected to investigate whether a decreased expression of 
AQP1 affected cell migration and invasion. Fig. 4A shows 
that, AQP1 downregulation by siRNA resulted in decreased 
cell migration at 6 h and reduced tumor cell invasion at 24 h. 
Moreover, the wound-healing assay showed significantly 
decreased wound closure in the AQP1 gene‑silencing group 
vs. the mock group after 24-h scratching (Fig. 4B and C). 
The assays described above were performed in the presence 
of 0.04% mitomycin C, an inhibitor of cell proliferation, and 
similar results were obtained. To determine the effect of AQP1 
downregulation on cell proliferation, a CCK-8 assay was 

performed. A significant decrease in cell proliferation was 
observed following AQP1 downregulation as determined by 
the CCK-8 proliferation assay (Fig. 4C). There was a signifi-
cant decrease in cell proliferation after 48 and 72 h following 
transfection with AQP1-siRNA.

Molecular mechanisms of the antitumor ef fects by 
AQP1‑siRNA. The protein from the transfected cells was 
extracted to examine the effects of AQP1-siRNA on certain 
cytokines and signaling molecules. After 96 h of transfection 
and treatment with high concentrations of 50 and 100 nM 
siRNA, the protein relative expression levels of MMP-2/-9 
were decreased in LTEP-A2 and LLC cells, whereas no 
differences were identified in the control and mock groups 
(Fig. 5A-F). Furthermore, it was found that the higher the 
doses of siRNA, the lower the level of MMP-2/-9 expression. 
The expression of MMP-2/-9 was highest in the 25 nM siRNA 
group, intermediate in the 50 nM siRNA group, and lowest in 
the 100 nM siRNA group. However, compared to the control 
and mock groups, transfection with high concentrations of 
50 and 100 nM AQP1-siRNA did not suppress the expression 

Figure 1. The expression of AQP1 in the LTEP-A2 and LLC cell lines by immunofluorescence localization and western blot analysis. (A) Expression of AQP1 
in the LTEP-A2 and LLC cell lines by western blot analysis. When compared to the LTEP-A2 cell line, the expression of AQP1 is more prominent on LLC cell 
line. (B) Expression of AQP1 in the LTEP-A2 and LLC cell lines by immunofluorescence localization analysis. AQP1 (red) was detected in the cytosol and 
membrane in the two cell lines. DAPI was used to stain the nucleus. AQP1, aquaporin 1. *P<0.05, compared with the control.
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Figure 2. Effective silencing of AQP1 using siRNA. Downregulation of AQP1 expression in LTEP-A2 and LLC cell lines using siRNA as determined by 
(A) RT-PCR and (B) western blot analysis. AQP1, aquaporin 1.*P<0.05, compared with the control. 

Figure 3. AQP1 expression in LLC and LTEP-A2 cells after siRNA transfection. Effective silencing of AQP1 using siRNA after 96 h post-transfection by 
immunofluorescence analysis. AQP1, aquaporin 1.
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of TGF-β and EGFR (Fig. 5G-L). These data demonstrated 
that the knockdown of AQP1 by siRNA may inhibit MMP-2/-9, 
which are important in tumor progression.

Discussion

Despite advances in medical and surgical treatments, lung 
cancer remains the worldwide leading cause of cancer 
mortality (20). Due to intrinsic properties of lung adenocarci-
noma in which cells show a high ability to progress rapidly, it 
has a poor prognosis in main histological types of lung cancer 
(21,22). Therefore, how to effectively inhibit the proliferative 
and metastatic biological behavior of lung adenocarcinoma 
cells is a key issue to be overcome in order  to improve the 
outcome.

As mentioned earlier, AQP1 has been found in tumors of 
different tissues, such as endometrioid adenocarcinoma and 
colon and breast cancer cells  (23-25). Additionally, AQP1 
expression in these tumor cells has been correlated with its 
metastatic potential (26,27). For example, Hu and Verkman 
found that AQP1 facilitated tumor cell migration and extra 
invasion across blood vessels in B16F10 melanoma cells (18). 
However, the roles of AQP1 in oncogenesis and metastasis 
have not yet to be clearly defined in lung cancer.

In the present study, we first used LTEP-A2 and LLC cell 
lines to investigate the localization of AQP1. Previous findings  
on localization of AQP1 have shown that AQP1 is localized in 
the cytosol and cell membrane, which is in concordance with 
those of a previous study (28). Our results demonstrate that 
the localization of AQP1 in the cytosol and membrane may be 
cell‑specific or a purely in vitro phenomenon. Furthermore, we 
have shown that chemically synthesized siRNAs specifically 
targeting AQP1 successfully knocked down the expression 
of AQP1 at the protein and mRNA levels from 80 to 85% in 
human lung adenocarcinoma LTEP-A2 cells and mouse lung 
adenocarcinoma LLC cells. The assays as described above 
were used to detect the effects on the biological behavior 
of LTEP-A2 and LLC cells in  vitro. Using the CCK-8 
assay, we were able to first show that the proliferation of 
AQP1‑siRNA‑transfected lung adenocarcinoma cells was 
significantly inhibited in vitro, although previous studies have 
failed to show this finding in colorectal cancer and B16F10 
melanoma cells (29-31). We hypothesized that the main reason 
for inhibition of proliferation in lung adenocarcinoma cells by 
AQP1-siRNA is that AQP1 has distinct roles in different cell 
lines and tissues.

The formation of metastases is the leading cause of 
mortality in cancer patients. Establishment of metastasis is 

Figure 4. AQP1 gene silencing shows decreased migration and invasion potential in cells. (A) Summary of percentage of cell migration across nude Transwell 
membrane at 6 h and percentage of cell invasion through Matrigel‑coated Transwell membranes at 24 h. The results showed decreased cell migration and 
invasion in the AQP1 gene silencing in the LLC and LTEP-A2 cell line groups, compared with the control group (n=6; *P<0.05).
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Figure 4. Continued. AQP1 gene silencing shows decreased migration and invasion potential in cells. (B) Summary of wound-healing assay associated with 
tumor cell migration. The scratched monolayer of the control and AQP1 gene‑silencing group in LTEP-A2 and LLC cell lines at 0 and 24 h after scratching 
(n=6; *P<0.01). (C) Effect of AQP1 gene silencing on proliferation in LTEP-A2 and LLC cell lines. Cell viability was estimated using the CCK-8 assay and 
results showed decreased cell viability in the AQP1 gene‑silencing groups. (n=6; *P<0.05). AQP1, aquaporin 1.
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a multistep process involving the dissociation of cancer cells 
from the primary tumor, invasion of extracellular matrix, 
angiogenesis, intravasation into the vasculature or lymphatic 
systems, survival at these sites, extravasation and prolifera-
tion at a distant site (32-34). Downregulation of AQP1 has 
been shown to be involved in decreased cell migration in 
several cell types including human melanoma cell lines 
and human microvascular endothelial, kidney epithelial 
and gastric epithelial cells. Overexpression of AQP1 has 
been reported in proliferating tumor vessels suggesting its 
involvement in tumor angiogenesis (15). In the present study, 
the downregulation of AQP1 in LTEP-A2 and LLC cells by 
AQP1 gene silencing showed significantly decreased migra-
tion and invasion. These in vitro studies provide evidence 
that AQP1 is important in the development of lung cancer. 
However, we did not observe any significant changes in cell 

size and morphology following AQP1 downregulation in the 
LTEP-A2 and LLC cells.

AQP1 has emerged as an important player in metas-
tasis. However, previous studies do not provide information 
regarding the downstream proteins induced by the inhibition 
of AQP1 expression via AQP1-siRNA in lung cancer or other 
cancer cells. Several MMPs are believed to be important in 
the process of angiogenesis, especially MMP-2 and MMP-9. 
These two MMPs are involved in lung cancer initiation, inva-
sion, angiogenesis and metastasis (35-37).

TGF-β and EGFR are crucial in many tumors. TGF-β 
supports tumor progression by stimulating the transdifferen-
tiation of epithelial cancer cells into migratory mesenchymal 
cells (38,39) by promoting cell invasion, and dissemination 
to distant sites (40), and enhancing angiogenesis (41).  EGFR 
is overexpressed in many epithelial-derived tumors and its 

Figure 5. Western blot analysis of MMP-2/MMP-9/TGF-β/EGFR after treatment of LTEP-A2 and LLC cell lines with AQP1-siRNA. (A-F) Representative 
images show that the 50 and 100 nM AQP1-siRNA groups suppressed the MMP‑2/-9 expression (n=6; *P<0.05). (G-L) Representative images show that there 
were no changes in the TGF-β/EGFR expression after treatment with AQP1-siRNA in any siRNA dose (n=6; *P<0.05). AQP1, aquaporin 1; EGFR, epidermal 
growth factor receptor.
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role in the migration and survival of NSCLC is widely docu-
mented (42-44).

Since migration and invasion alter following treatment 
with AQP1‑siRNA in lung cancer, whether changes of MMPs, 
TGF-β and EGFR would occur was determined. Our results 
show that MMPs decreased after AQP1-siRNA in the two cell 
lines. It was found that the higher the doses of AQP1-siRNA, 
the lower the level of MMP-2/-9 expression. The expression 
of MMP-2/-9 was highest in the 25 nM siRNA group, inter-
mediate in the 50 nM siRNA group and lowest in the 100 nM 
siRNA group. However, AQP1 knockdown did not have a 
significant effect on the TGF-β and EGFR, a finding that was 
consistent with results obtained by Zhang et al (45). These data 
indicate that AQP1 may produce a marked effect on tumor 
growth, vascularization and metastasis in lung adenocarci-
noma by inhibiting MMP-2/-9, which play an important role 
in tumor progression.

In summary, to the best of our knowledge, we are first to 
report that the ability of lung adenocarcinoma LTEP-A2 and 
LLC cell line growth and metastasis is reduced after treatment 
with AQP1‑siRNA. In addition, the expression of MMP protein 
decreased after LTEP-A2 and LLC cells were transfected with 
AQP1‑siRNA, whereas no changes were observed for TGF-β 
and EGFR. Our finidngs may therefore provide evidence for 
genetic therapy for lung adenocarcinoma.
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