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Impact of AQP-5 on the growth of colorectal
cancer cells and the underlying mechanism
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Abstract: Aquaporin 5 (AQP-5) is highly expressed in colorectal cancer tissue and associated with colorectal cancer
development and prognosis. Here, we explored the effects of AQP-5 on colorectal cancer cell proliferation and apop-
tosis and the underlying mechanism by inhibiting endogenous AQP-5 expression in the human colorectal cancer
cell lines COLO 205 and SW480. These cells were transfected with an AQP-5-siRNA, and transfection efficiency
and its effects on AQP-5 expression were assessed by immunofluorescence and PCR, respectively. Then, cell pro-
liferation was assessed via the MTT assay, apoptosis was assessed by Annexin V-FITC/Pl and TUNEL assays, and
expression changes in Bax and Bcl-2 were assessed by RT-PCR and western blotting. Transfection with AQP-5-siRNA
reduced AQP-5 expression by up to 62%. The MTT assay showed that cell proliferation was significantly inhibited
by AQP-5-siRNA transfection compared to that in NS-siRNA-transfected cells (P < 0.05). Flow cytometry analysis
revealed that the percentage of apoptotic AQP-5-siRNA-transfected cells was significantly higher than that of NS-
siRNA-transfected cells (P < 0.05). Real-time quantitative RT-PCR and western blotting showed that AQP-5-siRNA
significantly increased the Bax/Bcl-2 mRNA and protein ratios compared with those following NS-siRNA transfection.
Thus, AQP5-siRNA promotes apoptosis of colorectal cancer cells, which may be associated with Bax/Bcl expression.
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Introduction invasion, and metastasis of tumors is depen-
dent on the tumor microenvironment and

Colorectal cancer is the third most common metabolism [4]. Water channels play a signifi-

cancer and the fourth leading cause of cancer
death worldwide [1], and its incidence is
increasing each year. In China, the incidence
and mortality rates of colon cancer are also
increasing [2]. The first-line treatment for colon
cancer involves comprehensive treatment with
surgery and adjuvant chemotherapy; however,
recurrence and metastasis are major causes of
treatment failure [3]. Although some recent
progress has been made in both diagnosis and
treatment, colorectal cancer continues to have
a huge impact on human lives and health [3].
Therefore, new targeted therapeutic interven-
tions are greatly needed.

In recent years, an increasing number of stud-
ies has shown that the growth, development,

cant role in tumor development, and this finding
has been very important for the development of
antitumor therapies [5]. Aquaporins (AQPs) are
membrane water transport channels that play a
role in secretion and absorption in epithelial
cells. Some aquaporin subtypes also transport
other molecules, such as glycerol and urea.
Currently, there are 13 known types of AQPs
in mammals, which are mainly divided into 3
categories [6, 7]: 1. classical AQPs, which are
primarily water-selective channels, including
AQPO, AQP1, AQP2, AQP4, AQP5, AQP6, and
AQPS8; 2. aquaglyceroporins, including AQP3,
AQP7, AQP9, and AQP10, which can also trans-
port glycerol and other small solutes; and 3.
non-classical AQPs, including AQP11 and
AQP12, which have been localized within cells;


http://www.ijcep.com

AQP-5 and colorectal cancer

however, their selectivity has not been eluci-
dated. In recent years, the roles of AQPs in tu-
mor development have gained increasing atten-
tion. Previous studies have shown that AQPs
are strongly expressed in tumor cells of differ-
ent origins and play key roles in tumor biology,
including tumor-associated edema, tumor cell
migration, tumor proliferation, and tumor angio-
genesis [8, 9]. The expression of AQPs in vari-
ous tumor types differs because of their tissue-
specific localization. Recently, the expression
of AQP-5 was found to be upregulated in colon
cancer tissues. AQP5 expression in colon can-
cer tissues is related to tumor prognosis, sug-
gesting that AQP5 overexpression is involved in
the development of colorectal tumors [10].
AQP5 was reportedly involved in colorectal car-
cinogenesis [11, 12] and affected the phos-
phorylation of extracellular signal-regulated
kinase-1/2 [13] and p38 MAPK signaling [14] in
colorectal cancer cells. In this study, we deter-
mined the impact of an AQP-5-targeting siRNA
on the proliferation and apoptosis of colorectal
cancer cells in order to explore the roles of
AQP-5 in the treatment of colon cancer and its
regulatory mechanism.

Materials and methods
Materials

The human colorectal cancer cell lines COLO
205 and SW480 were purchased from ATCC
(Manassas, VA, USA). DMEM culture medium
was purchased from GIBCO (Grand Island, NY,
USA). Fetal bovine serum was purchased from
Lanzhou MinHai Biological Engineering Co., Ltd.
(Lanzhou, China). The anti-AQP-5, -Bcl-2, -Bax,
and -B-actin antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Annexin V-FITC and propidium iodide (PI)
were purchased from Yisheng Biotechnology
(Shanghai, China).

Cell culture and treatment

COLO 205 and SW480 cells were cultured in
DMEM high-glucose culture medium supple-
mented with 10% inactivated fetal bovine
serum at 37°Cin a 5% CO, incubator and treat-
ed prior to reaching 80% confluence. The cells
in the adherent cell culture were passaged
once every 2-3 days. Cells in the logarithmic
growth phase were used for experiments.
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Transfection of AQP-5-siRNA

An AQP-5-specific small interfering RNA (AQP-5-
siRNA) was designed and synthesized as the
following oligonucleotides: siRNA #1 sense
strand: 5-AAAACTCTGCGAACACGGCCCCTGTC-
TC-3' and antisense strand: 5-AAGGCCGTGT-
TCGCAGAGTTCCTGTCTC-3"; siRNA #2 sense
strand: 5-AAGAGCAGCCAGTGAAGTAGACCTGT-
CTC-3’ and antisense strand: 5-AATCTACTTC-
ACTGGCTGCTCCCTGTCTC-3'. The sequence of
the non-specific control siRNA (NS-siRNA) was
5-GGUCUCACUCCCCAUAGAGTT-3. The cells
were inoculated into 6-well plates at a density
of 4 x 10° cells/mL 24 h prior to transfection.
Before transfection, the cells were washed with
serum-free, antibiotic-free DMEM/F12 medi-
um. Next, the cells were transfected using the
liposome-mediated method. According to the
reagent instruction manual, the AQP-5-siRNA
complex or control NS-siRNA and the Lipo-
fectamine 2000 Transfection Reagent were
diluted with serum-free, antibiotic-free DMEM/
F12 medium. The two dilutions were mixed to
form a complex that was used to transfect the
cells. The transfection efficiency and expres-
sion of other molecules were determined 24 h
after transfection. The experimental groups
included normal cultures of COLO 205 and
SW480 cells (control group), NS-siRNA-trans-
fected COLO 205 and SW480 cells (NS-siRNA
group), and AQP-5-siRNA-transfected COLO
205 and SW480 cells (AQP-5-siRNA group).

Cell proliferation assay

Cell proliferation was assessed by the MTT
assay. A 96-well plate was inoculated with 5 x
108 cells, 200 L of culture medium was added
to each well, and the plate was incubated over-
night. The cells were cultured for 24 h after
transfection, and then MTT reagent (5 mg/mL)
was added. The supernatant was discarded
after 4 h of incubation. Then 150 pL of dimethyl
sulfoxide was added to each well, and the
absorbance was measured. The assay was
repeated three times.

Flow cytometry assay for apoptosis

Apoptosis was detected by using the Annexin
V-FITC/PI Apoptosis Detection Kit according to
the manufacturer’s instructions. Each well of
the 6-well plate was inoculated with 10° cells.
The medium was discarded after 24 h of incu-
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Figure 1. Transfection efficiency of AQP-5-siRNA. Transfection efficiency was assessed 24 h after AQP-5-siRNA and non-specific control siRNA (NS-siRNA) were
transfected into COLO 205 and SW480 cells. A, C: Determination of AQP-5 expression in control, AQP-5-siRNA-transfected, and NS-siRNA-transfected cells by using
western blotting and RT-PCR. B-actin was used as housekeeping gene for standardisation in this analysis. B, D: Results of statistical analysis. The results relative to
control cells are presented as a standard ratio. *indicates P < 0.05.
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Figure 2. Reduction of cell proliferation by AQP-5-siRNA. The cell proliferation
of control, AQP-5-siRNA-transfected, and NS-siRNA-transfected cells was as-
sessed using the MTT assay at 2, 12, 24, 36, and 48 h after AQP-5-siRNA and
non-specific control siRNA (NS-siRNA) were transfected into COLO 205 and

SW480 cells. *indicates P < 0.05.

bation, and the wells were washed once with
PBS, followed by transfection and a second
24-h incubation. The cells were trypsinized and
centrifuged, and then stained with Annexin V
and propidium iodide in the dark for 15 min.
The percentage of apoptotic cells in each sam-
ple was determined by flow cytometry.

Transmission electron microscopy (TEM)

After washing, treated cells were incubated in
2.5% pentanediol at 4°C for 2 h. Next, the cells
were treated with 1% osmium tetroxide and
dehydrated with a graded series of ethanol. The
cells were then embedded in epoxy, and 70-nm
ultrathin sections were prepared using a micro-
tome (Leica, Wetzlar, Germany). After counter-
staining with uranyl acetate and lead citrate,
the cells were observed under a HITACHI H-
7650 transmission electron microscope (TEM;
Hitachi, Ltd., Tokyo, Japan) at an acceleration
voltage of 80 kV.

61

12

12

SW480

TUNEL assay

Twenty-four hours after
transfection, the cells were
fixed in 4% paraformalde-
hyde for 30 min, and endo-
genous peroxidase activity
was inactivated by treat-
ment with 3% H,0,. Termi-
nal deoxynucleotidyltrans-
ferase was added to the
slides and incubated at
37°C in a humid chamber
for 1 h for in situ hybridi-
zation of DNA fragmen-
ts. After diaminobenzidine
(DAB) staining and counter-
staining with hematoxylin,
the slides were observed
and photographed under a
microscope.

24 36 48(h)

48(h)

RT-PCR

Total RNA was extracted
from the cells using TRIzol
reagent. In total, 2 pg of
RNA was reverse transcri-
bed into first-strand cDNA
using the RevertAid First
Strand cDNA Synthesis Kit.
The primer sequences were
as follows: Bcl-2 (376 bp) forward primer: 5-
CCGGGAGATCGTGATGAAGT-3’ and reverse pri-
mer: 5’-ATCCCAGCCTCCGTTATCCT-3’; Bax (284
bp) forward primer: 5’-CCAAGAAGCTGAGCGAG-
TGTC-3’" and reverse primer: 5-TGAGGACTCCA-
GCCACAAAGA-3’; B-actin (179 bp) forward pri-
mer: 5-ATCGTGCGTGACATTAAGGAGAAG-3’ and
reverse primer: 5-AGGAAGGAAGGCTGGAAGA-
GTG-3. The PCR conditions were as follows:
an initial incubation at 42°C for 1 h to synthe-
size cDNA, followed by denaturation at 94°C
for 5 min and 22 cycles of 94°C for 30 s, 61°C
(Bcl-2) or 62°C (Bax, B-actin) for 30's, and 72°C
for 30 s. After the last cycle, the reaction was
incubated at 72°C for 10 min. The housekeep-
ing gene B-actin was used as an internal re-
ference.

24 36 48(h)

Western blotting

In total, 5 x 105 cells in logarithmic growth pha-
se were added to 0.5 mL of pre-chilled cell lysis

Int J Clin Exp Pathol 2018;11(1):58-67
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Figure 3. Promotion of cell apoptosis of AQP-5-siRNA transfection by flow cytometry. The apoptotic rate of samples
measured by flow cytometry 24 h after AQP-5-siRNA and non-specific control siRNA (NS-siRNA) were transfected into
COLO 205 and SW480 cells. The results showed the following: control COLO 205 cells, 3.5%; NS-siRNA transfected
COLO 205 cells, 3.2%; AQP-5-siRNA transfected COLO 205 cells, 35.7%; control SW480 cells, 2.0%; NS-siRNA
transfected SW480 cells, 1.8%; AQP-5-siRNA transfected SW480 cells, 24.6%. The transfection of AQP-5-siRNA
significantly increased the percentage of apoptotic cells (P < 0.05).

buffer and incubated on ice for 30 min. After
centrifugation, the supernatant was collected
and the protein content was measured. The
proteins were separated by 10% SDS-PAGE and
blotted onto a nitrocellulose membrane by
semi-dry transfer. Next, the membrane was
blocked by immersion in Tris-buffered saline
with Tween 20 (TBST) containing 5% skim milk
and overnight incubation with the primary anti-
body at 4°C. On the following day, the mem-
brane was incubated with the secondary anti-
body conjugated to horseradish peroxidase
(1:2000; Santa Cruz) at 25°C for 2 h, and then
an enhanced chemiluminescence kit (Amer-
sham Pharmacia Biotech, Amersham, UK) was
used for staining. The membrane was photo-
graphed, and the results were analyzed.

Statistical analysis

Each experiment was repeated at least 3 times.
Data were expressed as means + SD and ana-
lyzed using ANOVA and Student’s t-test. P val-
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ues less than 0.05 were considered statistical-
ly significant.

Results

Transfection efficiency of AQP-5-siRNA and its
effects on AQP-5 expression

A synthetic AQP-5 small interfering RNA (AQP-
5-siRNA) was transfected into COLO 205 and
SW480 cells. Non-specific control siRNA (NS-
siRNA)-transfected cells were included as neg-
ative controls. The immunofluorescence resu-
Its indicated a transfection efficiency of 62%.
Western blotting and RT-PCR showed that AQP-
5 was highly expressed in NS-siRNA-transfe-
cted cells, whereas the expression of AQP-5 in
AQP-5-siRNA-transfected COLO 205 and SW-
480 cells was significantly down regulated (P <
0.05). These results indicate that the AQP-5-
siRNA used in this study efficiently inhibited
the expression of AQP-5. The difference in the
AQP-5 expression levels between the NS-siRNA-

Int J Clin Exp Pathol 2018;11(1):58-67
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Figure 4. Induction of cell apoptosis of AQP-5-siRNA transfectionby transmission electron microscopy. The subcel-
lular structures were observed by transmission electron microscopy (TEM) 24 h after AQP-5-siRNA and non-specific
control siRNA (NS-siRNA) were transfected into COLO 205 and SW480 cells. Apoptotic bodies were indicated by red
arrows. The subcellular structures of control cells and NS-siRNA transfected cells were normal. AQP-5-siRNA-trans-
fected cells appeared to have a high degree of chromatin condensation and marginalization, resulting in apoptotic

bodies.

transfected cells and untransfected control
cells was not statistically significant (P > 0.05,
Figure 1).

Impact of an AQP-5-targeting siRNA on COLO
205 and SW480 cell proliferation

The difference in the proliferation of COLO
205 and SW480 cells transfected with AQP-5-
siRNA or NS-siRNA was assessed by using the
3-(4,5)-dimethylthiazol (2 yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay. Proliferation of
AQP-5-siRNA-transfected COLO 205 and SW-
480 cells was significantly lower than that of
NS-siRNA-transfected cells and control cells (P
< 0.05). These results suggest that inhibition of
AQP-5 expression inhibits the proliferation of
COLO 205 and SW480 cells. The difference in
the proliferation of NS-siRNA-transfected and
control cells was not statistically significant (P >
0.05, Figure 2).

Apoptotic effects of AQP5-siRNA transfection

To investigate whether inhibition of cell prolif-
eration by AQP-5-siRNA was caused by apopto-
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sis, we first detected the apoptotic changes in
COLO 205 and SW480 cells using flow cytome-
try. The results showed that transfection with
AQP-5-siRNA significantly increased the per-
centage of apoptotic cells compared with that
in untransfected control cells (P < 0.05, Figure
3).

This finding was confirmed by transmission
electron microscopy (TEM) and a TUNEL assay.
AQP-5-siRNA-transfected cells exhibited a high
degree of chromatin condensation and margin-
alization, resulting in apoptotic bodies. These
findings were consistent with the flow cytome-
try results; AQP-5-siRNA transfection signifi-
cantly enhanced apoptosis (Figures 4, 5 and
Table 1).

Expression of Bax/Bcl-2

Bax and Bcl-2 are pro-apoptotic and anti-apop-
totic proteins, respectively. To investigate the
impact of AQP-5-siRNA transfection on the ratio
of Bax to Bcl-2, we used reverse transcription
(RT)-PCR and western blotting to determine the
ratio of Bax to Bcl-2 at the mRNA and protein

Int J Clin Exp Pathol 2018;11(1):58-67
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Figure 5. Induction of cell apoptosis of AQP-5-siRNA transfection by TUNEL assay. Cell apoptosis was assessed using
the TUNEL assay 24 h after AQP-5-siRNA and non-specific control siRNA (NS-siRNA) were transfected into COLO 205
and SW480 cells. The number of apoptotic AQP-5-siRNA transfected cells was significantly higher than the control

cells and NS-siRNA-transfected cells.

Table 1. Detection of apoptotic changes by
using TUNEL assay after AQP-5-siRNA trans-
fection

TUNEL-positive cells
(apoptotic index) (%)

COLO 205 SW480
Control 2.02+0.67 1.62 £ 0.30
NS-siRNA 3.82+£0.92 2.70+£0.15

AQP-5-siRNA 12.72+0.47°  14.00 £ 0.24"

All values are expressed as mean + S.D. “P < 0.05 Con-
trol or NS-siRNA VS AQP-5-siRNA group.

levels. The results showed that the ratio of Bax
to Bcl-2 at both the mRNA and protein level in
AQP-5-siRNA-transfected COLO 205 and SW-
480 cells was significantly higher than that in
the control cells (Figures 6 and 7).

Discussion

AQPs are specific channels for highly efficient
and selective transport of water molecules and
are widely present in the cell membranes of
prokaryotes and eukaryotes [15]. Tumor devel-
opment involves a loss of the normal regulation
of cell growth at the genetic level due to vari-
ous tumorigenic factors. Tumors rely on various
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metabolic processes involving water mole-
cules, and AQPs can rapidly and specifically
transport water molecules [16]. AQP1-12 is
widely expressed in the brain, skin, fat, liver,
Kidney, pancreas, muscle, ovary, testis, spleen,
lung, and tissues where body fluid absorption
and secretion occurs [17]. AQPs are also
involved in the reabsorption of water in the kid-
neys, gland secretion, intestinal lipid absorp-
tion, and function at the blood-air barrier,
blood-brain barrier, and in cerebrospinal fluid
formation [17]. Additionally, AQPs are involved
in the stress response, tissue injury, infection,
and tumor formation [16]. Different AQPs are
expressed in different types of tumors because
of their tissue-specific localization, for example,
AQP1 expression is often associated with brain
tumors [18]. In a study of AQP3-null mice, dele-
tion of the AQP3 gene induced resistance to
carcinogen-induced skin tumors [19]. In addi-
tion, AQP3-facilitated glycerol transport con-
tributes to ATP production during cell prolifera-
tion and tumorigenesis [19]. High expression
levels of AQP5 in breast [20], stomach [21],
liver [22], lung [23], and cervical [24] cancers
are associated with poor prognosis. The results
of our previous study [10] showed that AQP5

Int J Clin Exp Pathol 2018;11(1):58-67
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Figure 6. AQP-5-siRNA transfection significantly increased the mRNA expres-
sion ratio of Bax/Bcl-2. The mRNA expression increased 24 h after AQP-5-siRNA
and non-specific control siRNA (NS-siRNA) were transfected into COLO 205 and
SWA480 cells. A and B: The mRNA expression ratio of Bax/Bcl-2 in control COLO
205 and SW480 cells, AQP-5-siRNA-transfected COLO 205 cells, and NS-siRNA-
transfected COLO 205 cells were determined using RT-PCR. C and D: Results
of statistical analysis. The results relative to control cells are presented as a
standard ratio. *indicates P < 0.05.
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Figure 7. AQP-5-siRNA transfection significantly increased the protein expres-
sion ratio of Bax/Bcl-2. The protein expression ratio increased 24 h after AQP-
5-siRNA and non-specific control siRNA (NS-siRNA) were transfected into COLO

205 and SW480 cells. A and
B: The expression ratio of Bax/
Bcl-2 in control COLO 205 and
SW480 cells, AQP-5-siRNA-
transfected COLO 205 and
SWA480 cells, and NS-siRNA-
transfected COLO 205 and
SW480 cells were determined
by western blotting. C and D:
Results of statistical analysis.
The results relative to the con-
trol cells are presented as a
standard ratio. *indicates P <
0.05 in t-test.

expression was upregulat-
ed in colorectal cancer
cells. Furthermore, in this
study, we found silencing
AQP5 expression enhanced
cell apoptosis. These find-
ings increase our under-
standing of the role of AQP5
as a therapeutic target.

AQPs play a key role in
maintaining water balan-
ce and regulating various
physiological and patholog-
ical processes [25]. AQP5
is a 21-24-kDa protein that
was initially thought to be
the major structural protein
of caveolae in cell mem-
branes and was shown to
be a key molecule in onco-
genic transformation and
malignant progression [26,
27]. However, the specific
mechanism underlying the
promotion of tumor devel-
opment by AQP5 remains
unclear. Previous studies
have shown that high APQ5
expression can promote
cell proliferation, inhibit cell
apoptosis, reset the cell
cycle, and promote epitheli-
al-mesenchymal transition
and cell migration [28]. The
alterations in the biological
behaviors of tumors indu-
ced by AQP5 may be regu-
lated by several signaling
pathways leading to cell
transformation, including
the Src family of tyrosine
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kinases, epidermal growth factor receptor, Wnt
signaling pathway, and Erk1/2-mediated signal
transduction [28-30].

The clinical significance of AQP5 in colorectal
cancer has not yet been determined. In a previ-
ous study [10], we found that the AQP5 expres-
sion was significantly higher in colorectal tis-
sues than in paracancerous and normal muco-
sal tissues and that AQP5 expression was as-
sociated with a higher TNM stage, lymph node
metastasis, and distant metastasis. In addi-
tion, the expression level of AQP5 is related
to the number of circulating tumor cells in the
peripheral blood of patients [10]. Our current
findings indicate that in vitro inhibition of AQP5
expression can promote apoptosis of colorec-
tal cancer cells and that the mechanism is
associated with Bax/Bcl expression. Our pre-
liminarily study confirmed the possible roles of
AQP5 in colorectal cancer via interference of
AQP5 expression. However, the specific mecha-
nism underlying the effect of AQP5 on the de-
velopment of colorectal cancer requires further
analyses, including molecular biology, cell biol-
ogy, and animal experiments, which are the cur-
rent research focus for our group.

In conclusion, our results suggest that silenc-
ing of AQP5 expression through transfection of
AQP5-siRNA promotes apoptosis of colorectal
cancer cells in vitro and the underlying mecha-
nism is associated with Bax/Bcl expression.
Therefore, AQP5 is a potential therapeutic tar-
get for colorectal cancer.
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