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Aquaporin 1 knockdown inhibits triple-negative breast
cancer cell proliferation and invasion in vitro and in vivo
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Abstract. Aquaporin 1 (AQP1) contributes to the progres-
sion of several cancer types, but its potential involvement
in triple-negative breast cancer (TNBC) is unclear. The aim
of the present study was to examine the role of AQPI in
cell proliferation and invasion in TNBC. Reverse transcrip-
tion-quantitative PCR analysis and western blotting were
used to detect AQP1 expression in different cell lines. A short
hairpin (sh)RNA targeting AQP1 was established and trans-
fected into MDA-MB-231 breast cancer cells. To investigate
the effects of AQP1 knockdown, breast cancer cell prolifera-
tion, migration and invasion were evaluated by Cell Counting
Kit-8 and Transwell assays. Furthermore, the volume and
weight of tumor xenografts in mice were measured to evaluate
breast cancer growth ability. The results revealed that the
levels of AQP1 were higher in the MDA-MB-231 cell line
compared with those in other breast cancer cell lines (MCF-7
and SK-BR-3) and a normal mammary epithelial cell line
(MCF-10A). The shRNA targeting AQP1 effectively down-
regulated AQP1 expression at the mRNA and protein levels,
and markedly suppressed TNBC cell proliferation, migration
and invasion in vitro, and tumor growth in vivo. These results
suggested that AQP1 may serve as a potential therapeutic
target in TNBC.

Introduction
Breast cancer is the most commonly diagnosed cancer

worldwide and accounted for ~25% of new cancer cases
among women in 2018 (1); it is associated with a mortality
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rate of 15%, making it the most common cause of
cancer-related mortality among women (1). The prognosis
of numerous patients with breast cancer has improved
considerably over the last few years with advances in
hormone therapy, chemotherapy and targeted therapies (2).
However, triple-negative breast cancer (TNBC), the cells
of which do not express estrogen receptor, progesterone
receptor or human epidermal growth factor receptor 2,
does not respond well to hormone therapy, and no effec-
tive targeted therapy is currently available (3). In addition,
TNBC is aggressive and often metastasizes to distant
sites (4). Therefore, the prognosis of patients with TNBC is
worse compared with that of patients with other subtypes
of breast cancer, and further research is needed to identify
new therapeutic targets in TNBC.

Aquaporins (AQPs) are membrane proteins that transport
water and small solutes across cell membranes, and play a key
role in fluid homeostasis (5,6). Thus far, 13 mammalian AQPs
have been identified, the first of which was AQPI1, which is
highly expressed in the microvascular endothelium (5,6).
AQP1 upregulation has been reported in colon, gastric and
ovarian cancer, among others, and its upregulation is associ-
ated with tumor cell replication, invasion, migration and
metastasis (7-9).

AQPI1 upregulation has also been reported in breast
cancer, and its upregulation may be even more prominent
in TNBC (10,11). AQP1 may be an independent predictor of
prognosis in breast cancer, and it has been proposed as a novel
biomarker (12,13). However, the exact function of AQP1 in
breast cancer remains unclear. Therefore, the present study
was undertaken to investigate the effects of AQP1 knockdown
on TNBC cell proliferation, migration and invasion.

Materials and methods

Cell culture and transfection. The human breast cancer
MDA-MB-231, MCF-7 and SK-BR-3 cell lines, and the human
mammary epithelial MCF-10A cell line, were purchased from
the Shanghai Institute of Biochemistry and Cell Biology.
MDA-MB-231 and MCF-7 cells were cultured in complete
DMEM supplemented with 10% FBS (both Biological
Industries), 100 U/ml penicillin and 100 yg/ml streptomycin.
SK-BR-3 and MCF-10A cells were cultured in RPMI-1640
(Biological Industries) containing 1.5 mg/ml NaHCO;,
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10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin.
All cell lines were cultured at 37°C in a 5% CO, atmosphere.

Short hairpin RNA (shRNA) targeting AQPI
mRNA (sh-AQP1; 5'-CCATTATGCTGGTGTATGT-3')
(GV248-AQP1) and the corresponding negative control
shRNA with a non-targeting AQP1 sequence (sh-NC; 5-TTC
TCCGAACGTGTCACGT-3") (GV248-NC) were designed and
synthesized by Shanghai GeneChem Co., Ltd., and the concen-
trations were both adjusted to 1x10® TU/ml. The sh-AQP1 and
sh-NC (MOI=20) were transfected into MDA-MB-231 cells
(3.0x10° cells per well) using polybrene (Beyotime Institute of
Biotechnology) according to the manufacturer's protocol. The
duration of transfection was 12 h at 37°C followed by changing
the fresh medium. Transfected cells were used for subsequent
experiments after 72 h.

Reverse transcription-quantitative PCR (RT-gPCR) analysis.
Total RNA was extracted from breast cancer cells (MCF-7,
MDA-MB-231 and SK-BR-3) and normal mammary epithe-
lial cells (MCF-10A) using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), and 1 yg RNA was used
to generate cDNA using the ReverTra Ace qPCR RT kit
(Thermo Fisher Scientific, Inc.) according to the manufactur-
er's instructions. qPCR was performed using the SYBR Green
PCR Master mix (Takara Bio, Inc.). The following primer
pairs were used: AQP1 forward, 5'-CAGCCCAAGGACAGT
TCAGAG-3' and reverse, 5'-CCATCATGGCTAAGTGCA
CAG-3'; and f-actin forward, 5'"-TGGCACCCAGCACAA
TGAA-3' and reverse, 5'-CTAAGTCATAGTCCGCCTAGA
AGGA-3'". Thermocycling conditions were as follows: Initial
denaturation at 95°C for 30 sec, followed by 40 cycles of dena-
turation at 95°C for 5 sec, annealing at 60°C for 30 sec and
extension at 72°C for 20 sec, for 40 cycles. The levels of AQP1
mRNA were quantified relative to levels of -actin mRNA
using the 2"44%4 method (14).

Western blot analysis. Total protein was extracted from breast
cancer cells (MCF-7, MDA-MB-231 and SK-BR-3) and normal
mammary epithelial cells (MCF-10A) using RIPA lysis
buffer (Beyotime Institute of Biotechnology) and measured
using Pierce BCA Protein Assay kit (Beyotime Institute of
Biotechnology). A total of 20 ug of protein was loaded for
electrophoretic separation on 10% SDS/polyacrylamide gels
and transferred onto PVDF membranes (MilliporeSigma).
Membranes were blocked with 5% skimmed milk in
TBS/Tween-20 (0.1%) buffer at room temperature for 2 h. The
membranes were incubated overnight at 4°C with anti-AQP1
antibody (cat. no. 25287; 1:100 dilution) and anti-B-actin
antibody (cat. no. 8432; 1:200 dilution) (both Santa Cruz
Biotechnology, Inc.) as an internal control. Following the
primary incubation, membranes were incubated with horse-
radish peroxidase-conjugated anti-mouse IgG secondary
antibody (cat. no. sc-516102; 1:5,000 dilution; Santa Cruz
Biotechnology, Inc.) at room temperature for 2 h. The immu-
nocomplex was detected using the ECL Plus kit (Amersham;
Cytiva), and the band density was analyzed with Image Lab 5.0
(Bio-Rad Laboratories, Inc.).

Cell proliferation assay. Cell proliferation was measured
using the Cell Counting Kit-8 (CCK-8) kit (Dojindo

Molecular Technologies, Inc.) according to the manufacturer's
instructions. Untransfected MDA-MB-231 cells (blank control),
and cells transfected with sh-NC or sh-AQP1 were seeded into
96-well culture plates at a density of 4x10° cells/per well and
cultured at 24-h intervals for 4 days. Subsequently, 10 pul of
CCK-8 solution was added to each well and the cells were
incubated for 1 h at 37°C. A microplate reader (Thermo Fisher
Scientific, Inc.) was used to measure the absorbance at 450 nm.

Transwell migration and invasion assays. In the migration
assay, a total of 4x10* blank control, sh-NC or sh-AQP1 cells
were seeded into the upper chamber of a Transwell migration
insert with 8-um pores (Corning, Inc.) containing serum-free
DMEM. DMEM supplemented with 10% FBS (600:1) was
added to the lower chamber to serve as a chemoattractant.
Transwell plates were incubated for 24 h at 37°C, and cells that
migrated to the lower chamber of the insert were fixed with
4% paraformaldehyde, stained with Giemsa (1:10 dilution;
Beijing Solarbio Science & Technology Co., Ltd.) for 15 min at
37°C and counted under a light microscope (BX-42; Olympus
Corporation; magnification, x100).

The invasion assay was performed in the same manner,
except that 1 mg/ml Matrigel (BD Biosciences) was polymer-
ized in the upper chamber prior to cell seeding.

In vivo experiments. All animal handling and experimental
procedures were in compliance with and approved by the
Ethics Committee of Guangxi Medical University (Nanning,
China). A total of 42 female Balb/c nude mice (age, 5-6 weeks;
weight, 15-16 g; n=14 mice/group) were purchased from
Guangxi Medical University Animal Experiment Center
and maintained under specific pathogen-free conditions
at 22-25°C and a 12-h light/dark cycle, with free access to
water and sterile food. Previously transfected blank control,
sh-NC or sh-AQP1 cells were suspended in PBS, the density
was adjusted to 1x107 cells/ml and then 100 gl of the suspen-
sion was injected subcutaneously under the breast fat pad
of the nude mice. The tumor volume was measured every
5 days using a vernier caliper and calculated according to the
following formula: (Length x width?)/2. The maximum tumor
volume observed in the present study was 1,102.6 mm?. After
5 weeks, the mice were anesthetized by intraperitoneal injec-
tion with 60 ul 10% chloral hydrate (300 mg/kg; Beyotime
Institute of Biotechnology) and sacrificed by cervical
dislocation. No mice exhibited signs of peritonitis, pain or
discomfort. Death was verified by confirming respiratory and
cardiac arrest.

Statistical analysis. All data are reported as the mean + SD.
Multiple group comparisons were performed using a one-way
ANOVA followed by Bonferroni's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.
All statistical analyses were performed using SPSS 19.0
(IBM Corp.).

Results
AQPI expression in breast cancer cell lines. In the present

study, the expression levels of AQPI in the human breast
cancer MDA-MB-231, MCF-7 and SK-BR-3 cell lines, as
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Figure 1. AQP1 expression in breast cancer cell lines. (A) The mRNA expres-
sion of AQP1 in three human breast cancer cell lines, MCF-7, MDA-MB-231
and SK-BR-3, as well as the normal human mammary epithelial cell line,
MCF-10A, was evaluated using reverse transcription-quantitative PCR
analysis. (B) The protein expression of AQP1 in MCF-7, MDA-MB-231 and
SK-BR-3 cells, as well as in MCF-10A cells, was evaluated using western
blotting. Results were obtained from three independent experiments. "P<0.05.
AQPI, aquaporin 1.

well as in the normal human mammary epithelial MCF-10A
cell line, were determined by western blotting and RT-qPCR
analyses. As shown in Fig. 1A, AQP1 mRNA expression was
significantly higher in MDA-MB-231, MCF-7 and SK-BR-3
cells compared with that in MCF-10A cells. Similarly, western
blotting demonstrated higher protein expression levels of
AQPI in MDA-MB-231, MCF-7 and SK-BR-3 cells compared
with those in MCF-10A cells (Fig. 1B). The levels of AQP1
were higher in the TNBC MDA-MB-231 cell line compared
with those in the other breast cancer cell lines. Thus, the
MDA-MB-231 cell line was used to investigate the effect of
AQPI on breast cancer cell proliferation, invasion and migra-
tion.

AQPI knockdown inhibits TNBC cell proliferation, invasion
and migration in vitro. To assess how AQPI1 affects cell
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Figure 2. AQPI expression in MDA-MB-231 cells following transfection.
(A) Expression of AQP1 mRNA in untransfected MDA-MB-231 cells (blank
control), and cells transfected with sh-NC or sh-AQP1. (B) Expression of
AQP1 protein in blank control, sh-NC or sh-AQP1 MDA-MB-231 cells.
Results were obtained from three independent experiments. ‘P<0.05 vs. NC.
AQP1, aquaporin 1; NC, negative control; shRNA, short hairpin RNA.

proliferation in vitro, siRNA was used to knock down AQP1
expression in MDA-MB-231 cells. The expression of AQP1 at
the mRNA (Fig. 2A) and protein (Fig. 2B) levels was signifi-
cantly decreased in MDA-MB-231 cells post-transfection.
The CCK-8 proliferation assay was subsequently applied to
assess the effect of AQP1 knockdown on the proliferation of
breast cancer cells, and it was found that AQP1 knockdown
led to a significantly lower level of proliferation compared
with that in blank control cells and cells treated with sh-NC
(Fig. 3A).

Transwell migration and invasion assays were performed
to investigate the effects of AQP1 knockdown on the migra-
tion and invasion of breast cancer cells. Compared with that
in the blank control and sh-NC groups, a significant decrease
in the number of migrating (Fig. 3B) and invading (Fig. 3C)
MDA-MB-231 cells was apparent following transfection with
sh-AQPI.
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Figure 3. Knockdown of AQP1 inhibits the proliferation, migration and inva-
sion of breast cancer cells. MDA-MB-231 cells were untransfected (blank
control), or transfected with sh-NC or sh-AQP1 for 24 h. (A) Cell prolifera-
tion was evaluated using the CCK-8 proliferation assay. (B) Cell migration
was detected using the Transwell migration assay. (C) Cell invasion was
detected using the Transwell invasion assay. Results were obtained from
three independent experiments. "P<0.05 vs. NC. AQPI, aquaporin 1; NC,
negative control; shRNA, short hairpin RNA; OD, optical density; CCK-8,
Cell Counting Kit-8.

AQPI knockdown suppresses TNBC xenograft growth in vivo.
In order to confirm the potential antitumor effects of AQP1
downregulation in vivo, female BALB/c nude mice were
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Figure 4. Knockdown of AQP1 attenuates xenograft tumor growth in vivo.
Blank control, sh-NC or AQP1-shRNA cells were suspended in PBS, and
1x107 cells/ml in 100 1 was injected subcutaneously under the breast fat pad
of female, 6-week-old BALB/c nude mice. (A) Tumor size was monitored
weekly. (B and C) After 4 weeks, the mice were sacrificed, and tumors were
collected and weighed. "P<0.05 vs. NC. AQPI, aquaporin 1; NC, negative
control; shRNA, short hairpin RNA.

subcutaneously injected with MDA-MB-231 cells that were
stably transfected with sh-AQP1. When comparing tumor
sizes, the knockdown of AQP1 was found to significantly
decrease tumor growth compared with the blank control and
sh-NC groups (Fig. 4A and B). Furthermore, AQP1 knockdown
significantly decreased the weight of the xenografted tumors
(Fig. 4C).

Discussion

The findings of the present study confirmed that AQP1 was
overexpressed in breast cancer cells compared with that in
normal mammary epithelial cells, which was in agreement
with previous findings (15). It was also confirmed that AQP1
was expressed at higher levels in the TNBC MDA-MB-231
cell line compared with that in other types of breast cancer
cells, which was consistent with a previous study reporting a
strong association between AQP1 expression and high tumor
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grade and hormone receptor negativity (11). A previous
study showed that overexpression of AQP1 promoted the
proliferation and invasion of breast cancer cells (12). The
result suggested that AQP1 could be a potential prognostic
biomarker for breast cancer. However, it is not clear whether
AQP1 can be used as a potential therapeutic target in breast
cancer, particularly TNBC. Thus, to explore the antitumor
potential of downregulating AQP1, the present study inves-
tigated the effects of AQP1 knockdown on TNBC growth
in vitro and in vivo.

It was also demonstrated that AQP1 knockdown inhibited
the proliferation of TNBC cells, which was consistent with the
results of previous studies in which AQP1 knockdown mark-
edly suppressed the viability and promoted the apoptosis of
ovarian cancer cells (16), and suppressed the proliferation of
lung adenocarcinoma, osteosarcoma and glioma cells (17-19).
However, AQP1 downregulation did not alter the proliferation
of BI16F10 melanoma cells, although it did alter their water
permeability (20). These results suggest that AQP1 plays
different roles in different types of cancer.

Breast cancer invasiveness decreases patient survival and
doubles the mortality rate (21). The present study demonstrated
that AQP1 knockdown suppressed the migration and invasion
of TNBC cells in vitro, as previously reported for ovarian
cancer, lung adenocarcinoma, osteosarcoma and glioma cells
in culture (16-19), but not for melanoma cells (20). AQP1 over-
expression may help drive tumor cell migration by importing
water to fill cellular protrusions, creating more space for
actin polymerization at the leading edge of migration (22-24).
AQP1 may also promote tumor invasion by stimulating
angiogenesis (25-27).

Regardless of the underlying mechanism, AQP1 may serve
as a potential therapeutic target in TNBC by inhibiting the
proliferation, migration and invasion of tumor cells.
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