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Abstract. Aquaporins (AQPs) are known to be important 
in cancer progression. The present study used a cDNA 
microarray to demonstrate that AQP3, a member of the AQP 
family, was overexpressed in prostate cancer cells. In order 
to determine the role of AQP3 in prostate cancer, AQP3 
expression was silenced by transfection with small inter-
fering RNA, following which wound healing and invasion 
assays were conducted in DU-145 and PC-3 cells. Notably, 
the results showed that silencing of AQP3 suppressed 
prostate cancer cell motility and invasion. The possible 
mechanisms underlying the AQP3-enhanced motility and 
invasion of prostate cancer cells was also investigated. 
Knockdown of AQP3 expression was shown to reduce extra-
cellular signal-regulated kinase 1/2 (ERK1/2) activation in 
DU-145 and PC-3 cells. Blocking the ERK pathway inhibited 
AQP3-mediated motility and invasion of these cells. Finally, 
the results demonstrated that AQP3 upregulated matrix 
metalloproteinase-3 (MMP-3) expression and secretion in 
prostate cancer cells via activation of the ERK pathway. In 
conclusion, the present study suggests that AQP3 induces 
ERK1/2 activation, thereby increasing MMP-3 expression 
and secretion, which in turn promotes prostate cancer cell 
motility and invasion. Thus, AQP3 may be considered to be a 
potential therapeutic target for prostate cancer.

Introduction

Prostate cancer is one of the most common types of cancer 
in the USA, and has become the second leading cause of 
cancer-related mortality among males (1). The presence of 
invasive cells and of metastasis are the primary factors that 
contribute to the prognosis of patients with prostate cancer (2). 
Gene expression microarray technology, which can observe 
the expression of thousands of genes within a single experi-
ment, has been widely used in the study of cancer. Gene 
expression profiles have shown that numerous molecular 
pathways are activated persistently in metastatic processes, 
and multiple genes are significantly altered during tumor  
progression (3). Thus, identification of the functions of 
these pathways and the genes involved in them, may provide 
important information for use in the development of diag-
nostic tools and therapies for cancer.

The aquaporins (AQPs) are a large family of small 
membrane transport proteins that transport either water 
alone, or water together with small solutes, such as glyc-
erol (4). Thirteen homologous members of the AQP family, 
which have 25-60% homology in protein sequence, have 
been identified in mammalian cells. These AQPs may be 
further classified into two groups. The first group, includes 
AQP1, 2, 4, 5 and 8, which selectively transport water alone. 
The second group includes AQP3, 7, 9 and 10, which trans-
port water and small solutes, including glycerol (5). Recent 
evidence has shown that AQPs are upregulated in a number of 
tumors, such as cervical and colorectal cancer (6,7). Studies 
have shown that AQPs exert a significant impact on cancer 
metastasis and progression. It has been reported that silencing 
of AQP1 reduces tumor growth and angiogenesis in mice (8). 
In addition, knockdown of AQP4 was shown to lead to inhi-
bition of cell invasion in human glioma cells (9), whereas 
overexpression of AQP8 promoted invasion of cervical 
cancer cells (10). Studies have also demonstrated that the 
co-expression of AQP3 and AQP5 in esophageal squamous 
cell carcinoma correlates with aggressive tumor progression 
and a poor prognosis (11). Furthermore, silencing of AQP3 
has been shown to improve the efficacy of cryotherapy in 
prostate cancer treatment (12). However, the role of AQP3 in 
the invasion of prostate cancer cells remains unclear. In the 
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present study, the expression of AQP3 in prostate cancer cells 
was screened and validated. In addition, AQP3 expression 
was silenced by small interfering RNA (siRNA) in order to 
investigate the involvement of AQP3 in prostate cancer cell 
motility and invasion and the possible underlying molecular 
mechanisms.

Materials and methods

Materials. A rabbit monoclonal antibody against AQP3 
(cat no. sc-20811) and a mouse monoclonal antibody against 
β-actin (cat no. sc-8432) were obtained from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). An extracellular 
signal-regulated kinase 1/2 (ERK1/2) antibody (cat no. 1240S) 
and a phospho-ERK1/2 antibody (cat no. 1150S) were 
purchased from Cell Signaling Technology, Inc. (Danvers, MA, 
USA). U0126, a specific inhibitor of mitogen‑activated protein 
kinase 1/2 (MEK1/2), was obtained from Sigma-Aldrich 
(St. Louis, MO, USA).

Cell culture. Cell lines were obtained from the Cell Bank 
of Chinese Academy of Medical Sciences (Beijing, China). 
The human PrEC prostate epithelial cell line was grown in 
PrEMB medium (Clonetics-Biowhittaker, Walkersville, MD, 
USA) supplemented with 10% fetal bovine serum (FBS; 
Sigma-Aldrich). Human LNCap, DU-145, PC-3 and 22RV1 
prostate cancer cell lines obtained from the Cell Resource 
Center of Chinese Academy of Medical Sciences (Beijing, 
China) were grown in RPMI-1640 (Sigma-Aldrich) supple-
mented with 10% FBS. All cell lines were cultured in a CO2 
incubator with 5% CO2 at 37˚C.

cDNA microarray. Total RNA was extracted from PrEC, 
DU-145 and PC-3 cells. Fluorescently-labeled cDNA was 
obtained using the Illumina TotalPrep RNA Amplification kit 
(Ambion Life Technologies, Austin, TX, USA). Hybridization 
reactions were conducted using Human HT-12 v4 BeadChip 
(Illumina, San Diego, CA, USA), according to the manufac-
turer's instructions. The BeadChips were imaged using an 
Illumina BeadArray reader (Illumina), and the raw data were 
normalized using an averaging algorithm. The cDNA micro-
array was conducted by Gene Tech Co., Ltd. (Shanghai, China). 
The expression of gene transcripts in PrEC cells were defined 
as 1, and the expression of transcripts in the DU-145 and PC-3 
cells was subsequently compared with that of the PrEC cells. 
Variations >two‑fold were taken as a significant difference in 
gene expression between cell lines. Gene ontology analysis 
and pathway analysis were then conducted in order to further 
cluster and analyze these differentially expressed genes.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Cells were harvested and total 
RNA was isolated using TRIzol® reagent (Invitrogen 
Life Technologies, Carlsbad, CA, USA). RNA (2 µg) was 
reverse-transcribed into cDNA using M-MLV Reverse 
Transcriptase (Promega Corporation, Madison, WI, 
USA). qPCR was then conducted on the cDNA under the 
following conditions: 95˚C for 5 min; 95˚C for 15 sec and 
60˚C for 1 min, for 40 cycles. Primers used in the qPCR 
were as follows: Forward: CCGTGACCTTTGCCATGTG 

and reverse: CGAAGTGCCAGATTGCATCATAA for 
AQP3; forward: AGACCTGGGCAGATTCCAAAC and 
reverse: CGGCAAGTCTTCCGAGTAGT for MMP-3; and 
forward: CTGGAACGGTGAAGGTGACA and reverse: 
AAGGGACTTCCTGTAACAATGCA for β-actin. The 2-ΔΔCt 
method was used to quantify the expression of AQP3 and 
MMP-3.

Western blot analysis. Cells were washed with ice-cold 
phosphate-buffered saline (PBS) three times and then lysed in 
radioimmunoprecipitation assay buffer with protease inhibitor 
and phosphatase inhibitor cocktails (Roche Applied Science, 
Mannheim, Germany). The protein concentrations of cell 
lysates were measured using a Bicinchoninic Protein Assay 
Reagent kit (Applygen Technologies Inc., Beijing, China). 
Total protein was boiled with 2X loading buffer, separated 
by 10% SDS-PAGE gel, and transferred to a polyvinylidene 
difluoride membrane (Invitrogen Life Technologies). The 
membrane was then blocked with 5% non-fat milk in 
Tris-buffered saline with Tween® 20 (TBST) for the detection 
of AQP3, β-actin and ERK1/2 [or 5% bovine serum albumin 
(BSA) in TBST for detection of p-ERK1/2]. The membrane 
was incubated with the primary antibodies against AQP3, 
β-actin, ERK1/2 and p-ERK1/2 overnight at 4˚C. Following 
1 h incubation with the mouse polyclonal secondary antibody 
(1:3,000; Sigma-Aldrich), the membrane was visualized using 
an enhanced chemiluminescence detection system (Applygen 
Technologies Inc.). The densitometry of each band was quanti-
fied with Quantity One 4.0 software (Bio‑Rad Laboratories, 
Hercules, CA, USA).

Small interfering (si)RNA. The AQP3‑specific siRNA was 
synthesized by Genepharma (Shanghai, China). A scramble 
siRNA was used as a control. The sequence of the AQP3 
siRNA was CGAUCAAGCUGCCCAUCUU. DU-145 and 
PC-3 cells were seeded (1.0x103 cells/ml) onto a dish or a 
plate, and incubated at 37˚C with 5% CO2 overnight. Cells 
were then transfected with siRNA using Lipofectamine® 2000 
(Invitrogen Life Technologies), according to the manufac-
turer's instructions. The knockdown efficiency was tested 48 h 
later.

Wound healing assay. Cells were seeded onto a 6-well plate at 
a density of 8.0x105 cells/ml. Cells were further incubated for 
24 h until they had reached ~90% confluence. A 200‑µl filtered 
tip was used to create an artificial wound on the confluent cell 
monolayer. Cells were washed with PBS three times and then 
cultured in fresh medium without FBS. Images were captured 
at 0 and 24 h with a Sony CCD-TR56 (Sony Corporation, 
Tokyo, Japan) under a microscope (BX51, Olympus, Tokyo, 
Japan). Five random fields were analyzed in each group and all 
groups were assayed in triplicate.

Invasion assay. An invasion assay was performed using 
a 24-well Transwell plate (Costar, San Diego, CA, USA). 
Briefly, cells were trypsin ized and suspended in 200 µl 
serum-free medium at a concentration of 1x105 cells/ml. The 
upper chambers were coated with Matrigel (Sigma-Aldrich). 
Cells were then layered in the upper chambers, while 
RPMI-1640 medium containing 30% FBS was placed in the 
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lower chamber. Following incubation in the CO2 incubator for 
24 h, cells that had invaded the lower chamber of the wells 
were fixed with 4% formaldehyde and stained with crystal 
violet (Boster Biological Tech Ltd., Wuhan, China). Images 
from seven visual fields of each well were captured (Sony 
CCD-TR56) and counted randomly under a light microscope 
(BX51, Olympus). The mean value for each group was then 
calculated.

MMP‑3 ELISA assay. A matrix metalloproteinase-3 (MMP-3) 
ELISA assay was performed according to the manufacturer's 
instructions, in order to assess the level of MMP-3 protein in 
the culture supernatant. Briefly, following transfection with 
siRNAs or incubation with U0126 for 24 h, cell supernatant 
was collected and subjected to the ELISA assay, using an 
MMP-3 ELISA kit (Calbiochem, Darmstadt, Germany). BSA 
was used to create a standard curve. Absorbance values were 
read at 450 nm, and the concentration of MMP-3 was deter-
mined by comparing the absorbance values against those of 
the standard curve.

Statistical analysis. All experiments were repeated three 
times and data are expressed as the mean ± standard deviation. 
Statistical analysis was performed with GraphPad Prism soft-
ware 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) using 
Student's t-test or analysis of variance. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Overexpression of AQP3 is present in prostate cancer cells. In 
order to screen the genes that may be involved in the progres-

sion of prostate cancer, a cDNA microarray was produced with 
PrEC, DU-145 and PC-3 cells. Genes expressed in PrEC cells 
were used as controls. The expression of 685 genes was signifi-
cantly changed in DU-145 and PC-3 cells compared with PrEC 
cells (Fig. 1A). Among these genes with significantly altered 
levels of expression, AQP3 was found to be upregulated in 
DU-145 and PC-3 cells. In order to validate the cDNA micro-
array data, qPCR was performed in PrEC, DU-145 and PC-3 
cells. The results demonstrated that AQP3 was overexpressed 
in DU-145 and PC-3 cells compared with PrEC cells (Fig. 1B). 
Furthermore, increased levels of the AQP3 protein in LNCap, 
DU-145, PC-3 and 22RV1 cells was also observed by western 
blot analysis (Fig. 1C). These data indicate that AQP3 may be 
involved in prostate cancer development and progression.

AQP3 is involved in prostate cancer cell motility. Tumor 
motility and invasion are essential to the progression and 
metastasis of prostate cancer (13). Given that AQP3 expression 
was found to be upregulated in prostate cancer cells, the role 
of AQP3 in the motility and invasion of prostate cancer cells 
was further investigated. DU-145 and PC-3 cells were initially 
transfected with AQP3 siRNA or scramble control siRNA, 
and the knockdown efficiency was observed using RT‑qPCR 
and western blot analysis (Fig. 2A and B). A wound healing 
assay was then conducted with AQP3 siRNA-transfected 
and control cells. The results showed that silencing of AQP3 
inhibited the motility of DU-145 and PC-3 cells, indicating an 
involvement of AQP3 in the regulation of prostate cancer cell 
motility (Fig. 2C and D).

AQP3 contributes to the invasion of prostate cancer cells. The 
effect of AQP3 on prostate cancer cell invasion was further 

Figure 1. AQP3 expression was elevated in prostate cancer cells. (A) A cDNA microarray was produced, and the genes which were differentially expressed 
between prostate epithelial cells (PrEC) and prostate cancer cells (DU-145 and PC-3) were clustered. A heatmap was generated from these deferentially 
expressed genes. (B) RT-qPCR and (C) western blot analysis were conducted to detect the expression of AQP3 in prostate cancer cells. *P<0.05, compared with 
PrEC cells. AQP3, aquaporin 3; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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investigated using an invasion assay. The results showed 
that AQP3 siRNA-transfected cells exhibited lower invasion 
capabilities compared with the control cells. This suggests that 
AQP3 expression affects the invasiveness of prostate cancer 
cells (Fig. 3).

ERK pathway is required for AQP3‑mediated motility and 
invasion. In order to explore which pathways may be involved 
in AQP3-mediated motility and invasion of prostate cancer 
cells, the activation of ERK1/2 in DU-145 and PC-3 cells was 
detected. As shown in Fig. 4A, the phosphorylation of ERK1/2 
was markedly suppressed in AQP3 siRNA-transfected cells 
compared with that in control cells, suggesting that AQP3 is 
involved in the activation of the ERK pathway in prostate cancer 
cells. The function of the ERK pathway in AQP3-mediated 
motility and invasion was also investigated. A MEK1/2 
inhibitor, U0126 (20 µM), was used to specifically suppress the 
activation of the ERK pathway. Notably, U0126 treatment was 
shown to inhibit the motility and invasion of DU-145 and PC-3 
cells (Fig. 4B and C), supporting the hypothesis that the ERK 
pathway is required for AQP3-mediated motility and invasion.

AQP3 upregulates the expression and secretion of MMP‑3 
via the ERK pathway. MMP-3 is an important member of the 
MMP family that is secreted by cancer cells and is known to 
be involved in invasion and metastasis of cancer cells (14). 
Therefore, the expression and secretion of MMP-3 was 
compared between control cells and AQP3 siRNA-transfected 
cells. RT-qPCR analysis showed that silencing of AQP3 down-
regulated the expression of MMP-3 mRNA in DU-145 and PC-3 
cells (Fig. 5A). In accordance with this finding, the ELISA assay 
demonstrated that MMP-3 secretion was reduced in AQP3 
siRNA-transfected cells compared with control cells (Fig. 5B). 
These data suggest that AQP3 regulates the expression and 
secretion of MMP-3 in prostate cancer cells. The role of the 
ERK pathway in AQP3-mediated MMP-3 expression was 
further investigated through inhibition of the ERK pathway 
by U0126. The results showed that U0126 treatment decreased 
the expression and secretion of MMP-3 in prostate cancer 
cells (Fig. 5C and D). As AQP3 regulates the ERK pathway and 
MMP-3 secretion in DU-145 and PC-3 cells, the results suggest 
that AQP3 increases MMP-3 expression and secretion of pros-
tate cancer cells via regulation of the ERK pathway.

Figure 2. Silencing of AQP3 inhibited the motility of prostate cancer cells. Cells were transiently transfected with siAQP3 or siCtl for 48 h. (A) RT-qPCR and 
(B) western blotting were performed to detect AQP3 expression in siAQP3 cells and siCtl cells. (C and D) Confluent cell monolayers were wounded with a 
pipette tip. Representative images were captured at 0 h and 24 h. The wound closure was quantified and normalized to that of control cells. *P<0.05, compared 
with siCtl. AQP3, aquaporin 3; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; siAQP3, cells transfected with AQP3‑specific small 
interfering RNA; siCtl, cells transfected with control siRNA.
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Discussion

The AQP family is composed of 13 homologous members in 

mammalian cells. AQP3 has been shown to be upregulated 
in human gastric carcinoma (15). In the present study, AQP3 
was shown to be overexpressed in prostate cancer cells, which 

Figure 3. Silencing of AQP3 suppressed the invasion of prostate cancer cells. (A and B) Following transfection with siAQP3 or siCtl, cells were allowed to 
invade the Transwell plate for 24 h. Results obtained from seven random fields showed that siAQP3 cells exhibited reduced invasion abilities compared with 
siCtl cells. *P<0.05, compared with siCtl. AQP3, aquaporin 3; siAQP3, cells transfected with AQP3‑specific small interfering RNA; siCtl, cells transfected 
with control siRNA.

Figure 4. ERK pathway was involved in AQP3-mediated motility and invasion. (A) Cells were tranfected with siAQP3 or siCtl. After 48 h, western blotting 
was performed to detect the phosphorylation of ERK1/2. DU-145 and PC-3 cells were treated with U0126 (20 µM) or DMSO. Then (B) a wound healing assay 
and (C) an invasion assay were performed to compare the motility and invasion abilities between the DMSO group and the U0126 group. *P<0.05, compared 
with siCtl. ERK, extracellular signal‑regulated kinase; AQP3, aquaporin 3; siAQP3, cells transfected with AQP3‑specific small interfering RNA; siCtl, cells 
transfected with control siRNA; DMSO, dimethyl sulfoxide.
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indicates an involvement of AQP3 in prostate cancer progres-
sion. Previous studies have shown that AQP3 is required for 
EGF-enhanced pancreatic cancer cell migration (16), and is 
important for cell proliferation in esophageal and oral squa-
mous cell carcinoma (17). Clinical studies have reported that 
AQP3 expression is associated with lymph node metastasis 
in gastric and colorectal carcinoma (15,18). However, little is 
currently known regarding the function of AQP3 in prostate 
cancer. The present study demonstrated that AQP3 may regu-
late the motility and invasion of prostate cancer cells, further 
confirming the association between AQP3 and a number of 
types of malignancy.

AQP3 has been implicated in the regulation of numerous 
signaling pathways. It has been reported that AQP3 induces the 
activation of the phosphoinositide 3-kinase/protein kinase B 
signaling pathway in human gastric carcinoma cells (19). 
Knockdown of AQP3 markedly suppresses the p38 MAPK 
pathway in keratinocytes (20). In the current study, AQP3 
was shown to promote the activation of ERK1/2 in DU-145 
and PC-3 prostate cancer cells. The ERK signaling pathway, 
which has been widely investigated in a number of cancer 
types, contributes to regulation of diverse cellular processes, 
such as proliferation, survival, differentiation, invasion and 
metastasis (21). The present study showed that blocking 
ERK1/2 activation attenuated prostate cancer cell motility and 
invasion, suggesting a possible role for the ERK pathway in 
AQP3-mediated motility and invasion.

It is now well-established that the MMP family of proteins 
enhance tumor invasion and metastasis via degradation of 

the extracellular matrix (22). As the prominent member of 
the MMP family, MMP-3 expression has been reported to be 
associated with metastasis and a poor prognosis in a number 
of tumors, including prostate cancer (23,24). Studies have 
shown that AQP3 positively regulates MMP-9 expression in 
SGC7901 human gastric carcinoma cells (19). The present 
study demonstrated that AQP3 upregulates the expression 

Figure 5. AQP3 increased MMP-3 expression and secretion by activating the ERK pathway. DU-145 and PC-3 cells were transfected with siAQP3 or siCtl, and 
further incubated in the CO2 incubator for 48 h. (A) MMP-3 mRNA expression was examined by RT-qPCR. (B) MMP-3 secretion was detected by an ELISA 
assay. DU-145 and PC-3 cells were incubated with U0126 (20 µM) or DMSO for 12 h, MMP-3 expression and secretion were examined by (C) RT-qPCR 
and (D) ELISA assay. *P<0.05, compared with control. AQP3, aquaporin 3; MMP-3, matrix metalloproteinase; ERK, extracellular signal-regulated kinase; 
siAQP3, cells transfected with AQP3‑specific small interfering RNA; siCtl, cells transfected with control siRNA; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction; DMSO, dimethyl sulfoxide.

Figure 6. Scheme for the possible pathway of AQP3 in the regulation of 
prostate cancer cell motility and invasion. AQP3, aquaporin 3; ERK 1/2; 
extracellular signal-regulated kinase; MMP-3, matrix metalloproteinase-3.
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and secretion of MMP-3 in prostate cancer cells. The ERK 
pathway has been reported to be respond to the expression of 
MMPs in numerous types of cancer cells (25,26). In the present 
study, the results showed that inhibition of the ERK pathway 
by U0126 treatment decreased the expression and secretion 
of MMP-3 in prostate cancer cells, suggesting that the ERK 
pathway is involved in AQP3-mediated MMP-3 expression 
and secretion in prostate cancer cells.

In conclusion, the present study demonstrated that AQP3 
is upregulated in prostate cancer cells. Knockdown of AQP3 
suppressed the motility and invasion of DU-145 and PC-3 
prostate cancer cells. Furthermore, AQP3 promoted ERK1/2 
activation and increased the expression and secretion of 
MMP-3 in prostate cancer cells. The ERK pathway and 
MMP-3 are important in prostate cancer cell invasion and 
metastasis. Blocking of the ERK pathway decreased MMP-3 
expression and secretion, and attenuated AQP3-mediated 
motility and invasion. Therefore, it is possible that AQP3 
promotes prostate cancer cell motility and invasion via regula-
tion of ERK1/2-mediated MMP-3 secretion (Fig. 6). In vivo 
studies are required in order to further determine the effect of 
AQP3 on tumor cell metastasis.
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