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Abstract. Cryoablation is an emerging type of treatment for 
cancer. The sensitization of tumors using cryosensitizing 
agents prior to treatment enhances ablation efficiency and may 
improve clinical outcomes. Water efflux, which is regulated 
by aquaporin channels, contributes to cancer cell damage 
achieved through cryoablation. An increase in aquaporin 
(AQP) 3 is cryoprotective, whereas its inhibition augments 
cryodamage. The present study aimed to investigate aqua‑
porin (AQP1, AQP3 and AQP5) gene expression and cellular 
localization in response to cryoinjury. Cultured breast cancer 
cells (MDA‑MB‑231 and MCF‑7) were exposed to freezing 
to induce cryoinjury. RNA and protein extracts were then 
analyzed using reverse transcription‑quantitative PCR and 
western blotting, respectively. Localization of aquaporins was 
studied using immunocytochemistry. Additionally, cells were 
transfected with small interfering RNA to silence aquaporin 
gene expression and cell viability was assessed using the 
Sulforhodamine B assay. Cryoinjury did not influence gene 
expression of AQPs, except for a 4‑fold increase of AQP1 
expression in MDA‑MD‑231 cells. There were no clear differ‑
ences in AQP protein expression for either cell lines upon 
exposure to frozen and non‑frozen temperatures, with the 
exception of fainter AQP5 bands for non‑frozen MCF‑7 cells. 
The exposure of cancer cells to freezing temperatures altered 
the localization of AQP1 and AQP3 proteins in both MCF‑7 
and MDA‑MD‑231 cells. The silencing of AQP1, AQP3 and 
AQP5 exacerbated MDA‑MD‑231 cell damage associated 
with freezing compared with control siRNA. This was also 
observed with AQP3 and AQP5 silencing in MCF‑7 cells. 

Inhibition of aquaporins may potentially enhance cryoinjury. 
This cryosensitizing process may be used as an adjunct to 
breast cancer cryotherapy, especially in the border area 
targeted by cryoablation where freezing temperatures are not 
cold enough to induce cellular damage.

Introduction

Cancer is a leading cause of mortality and morbidity, with 
9.6 million cancer‑related deaths in 2018 worldwide (1), and 
approximately 18.1 million newly diagnosed cancer cases (2). 
Patients with cancer currently have multiple treatment options 
available, including surgery, cytotoxic‑chemotherapy, radio‑
therapy and immunotherapy (3,4), as well as cryoablation, 
which is considered a treatment option for certain types of 
cancer (5). It is most commonly used to treat liver, kidney, lung, 
prostate and breast cancer (6). This minimally invasive percu‑
taneous procedure is emerging as an alternative to surgery in 
patients with early‑stage breast cancer (7). Although cryoabla‑
tion has yet to be established as a standard‑of‑care procedure 
for breast cancer management, it should be considered an 
appropriate therapy during periods where there are changes 
in standard procedures due to shifts in healthcare policies 
and practices  (8,9). It was argued that this non‑operative, 
resource‑saving strategy was pragmatic and appropriate for 
managing localized breast cancer during the height of the 
2020 COVID‑19 pandemic (9).

Cryoablation is a percutaneous ablation technique that 
targets neoplastic tissue destruction through freeze/thaw cycles 
at low temperatures (5,10). The process involves inserting a cryo‑
probe into a tumor mass guided by imaging devices (6,11,12). 
Once the lesion is targeted, the cryoprobe is cooled by passing 
liquified gas through the probe, which expands into a gaseous 
state at the tip to create low temperatures <‑40˚C (5,13). In 
clinical cryoablation, temperatures below ‑40˚C are main‑
tained to eradicate all cancer cells (12). Multiple freeze‑thaw 
cycles are performed to obtain an effective ablation  (13). 
This approach for nodule destruction does not allow time for 
defensive mutations to occur in cancer cells (14). The delivery 
of cryotherapy, combined with the anatomy of the breast 
presents technical challenges for its clinical application (10). 
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Achieving critically low temperatures throughout the entire 
tumor mass is difficult  (12). The thermal gradient that 
spreads out from the inserted freezing probe may not fully 
and completely penetrate the entire mass of the tumor with 
the desired freezing temperature (12). In addition, proximity 
to blood vessels can interfere with the freezing process (15). 
Hence, the destruction of tumor cells may not be achieved at 
the freeze margin. Incomplete ablation of cancerous tissue 
results in therapeutic failure (12). The sensitization of cells to 
freezing has been suggested as a way to overcome the problem 
of under‑freezing at the freeze margin (16,17). Previous studies 
have revealed the synergistic effect of administering cryosen‑
sitizing agents, such as 5‑fluorouracil, vitamin D3 and cisplatin 
prior to cryotherapy to improve ablation efficiency (18‑20). 
The aim of cryosensitization as an adjunct to cryoablation, 
is to increase the ablated area achieved by each freeze‑thaw 
cycle (21). Cellular injury resulting from both freezing and 
thawing is associated not merely with simple freeze rupture 
but also with molecular‑based cell death processes (apoptosis, 
autophagy and necrosis) as well as immune responses to cell 
damage (17). Therefore, ablation could be augmented with the 
use adjuvants, such as pro‑apoptotic, pro‑inflammatory and 
antiproliferative chemicals (17). The use of cryosensitizing 
agents and the ensuing cellular damage results in biochemical 
events associated with cell death (13,17).

There is a clinical need to enhance the efficacy of cryo‑
therapy using adjunctive cryosensitizing agents and the 
candidate agents are diverse (12). Cellular damage resulting 
from freezing involves various processes that could be consid‑
ered targets for cryosensitizing agents (17). These processes 
include both structural stress events, such as rupture of 
membranes and cytoskeletal disassembly and chemical stress 
events, such as metabolic uncoupling, ATP depletion, ionic 
imbalances, cellular acidosis and free radical generation (17). 
When freezing is initiated, ice formation creates a hyperos‑
molar extracellular environment, which draws water out of 
the cell and in turn causes cellular dehydration (7,11,17). This 
exposes cells to potentially lethal osmotic pressures (14,15). 
Central to this cellular passage of water are the aquaporin (AQP) 
integral proteins (22). These transmembrane channels allow 
water to flow through cell membranes in response to osmotic 
gradients in cells (23). The presence of AQPs increases plasma 
membrane permeability to water by 5‑50 times compared with 
that of the plasma membrane alone (24). Freezing of cancer 
cells in vivo has been demonstrated to induce an increase 
in the expression of AQP3 and this has been suggested to 
be an underlying mechanism for overcoming osmotic stress 
created by the formation of ice crystals outside the cell and 
the subsequent movement of water from the interior to the 
exterior of the cell (22). In relation to cold temperature stress, 
AQP proteins may be considered cryoprotective  (25‑28). 
Hence, AQP proteins are potential pharmacological targets for 
enhancing the efficiency of cryotherapy (22).

AQP proteins are localized to the cytosol of cancer cells 
in vivo  (29‑31). However, these proteins must be precisely 
positioned in the plasma membrane in order to function as 
transporters  (22). In prostate cancer cells, AQP3 has been 
found to translocate from the cytosol to the plasma membrane 
in response to cryoinjury  (22). This cellular localization 
process involves a dynamic sequential cascade of events from 

transcription to translation and post‑translational modifica‑
tions followed by recruitment as vesicular cargo transported 
to appropriate plasma membrane domains and finally ending 
in precise docking and fusion with the cell membranes (29‑31). 
These complex events are induced as part of the adaptation 
mechanisms to cryoinjury (32). In vitro interference with any of 
these cellular events may alter AQP function and, in turn, alter 
cellular adaptation to freezing temperatures (22). Blockade 
of AQP activity may therefore be a cryosensitizing process, 
i.e., inhibition of AQPs may enhance the damage caused by 
freezing (17). An increase in AQP3 activity is cryoprotective, 
while inhibition of AQP3 has been demonstrated to increase 
cryodamage (22,26,33). However, to the best of our knowledge 
the role of AQP activity in human breast cancer cells has not 
been reported in relation to cryoinjury.

Breast cancer cells express AQP1, AQP3 and AQP5, and 
it has been reported that this expression is associated with 
severity of histological tumors and patient prognosis  (34). 
It has been demonstrated that AQP3 has a key role in the 
migration of breast cancer cells (35), and it has been further 
suggested that the level of increased expression of AQP3 
and AQP5 may serve as biomarkers of cancer severity (36). 
AQP1 expression is significantly associated with poor clinical 
prognosis amongst patients with early breast cancer (37,38). 
Disease severity is related to various subtypes of breast cancer, 
which are classified based upon defined features  (39‑41). 
Triple‑negative breast cancer (TNBC) is characterized by 
the absence of estrogen receptors (ER) and progesterone 
receptors (PR) and a lack of excess human epidermal growth 
factor receptor‑2 (HER2). Clinically TNBC is associated with 
poorer prognosis compared with non‑TNBC types of breast 
cancer (42‑45). TNBC is also associated with the upregulation 
of AQP3 and AQP5 (36). MDA‑MB‑231 is a TNBC cell line 
that is used as an in vitro model of TNBC (46,47). In contrast, 
MCF‑7 cells express ER, PR and low levels of HER2 and are 
used as an in vitro model of hormone‑responsive breast cancer 
types (48). The utilization of these 2 cell lines in experiments 
allows for the comparison of both breast cancer types (49‑52).

It was hypothesized that the inhibition of AQPs may func‑
tion as a possible adjuvant process to cryotherapy that may 
enhance cryoablation. The current study aimed to investigate 
changes in AQP gene expression and cellular localization of 
AQPs in response to cryoinjury. This was performed using 2 
breast cancer cell lines (MDA‑MB‑231 and MCF‑7). In addi‑
tion, the current study investigated the synergistic antitumor 
effect of cryoinjury in conjunction with aquaporin blockade 
on breast cancer cells. The findings of the present study 
reported a synergy that may bring about a cryosensitization 
which may be used as an adjunct to cryotherapy. This has 
particular therapeutic importance in the border area targeted 
by cryoablation where freezing temperatures are not cold 
enough to induce cellular damage.

Materials and methods

Cell culture. Human breast cancer cell lines MDA‑MB‑231 
and MCF‑7 were obtained from the American Type Culture 
Collection. Cells were cultured in advanced Dulbecco's modi‑
fied Eagle's medium (Advanced DMEM; cat. no. 12491015; 
Thermo Fisher Scientific, Inc.) supplemented with 2.5% 
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fetal bovine serum (FBS; cat. no.  F2442; Sigma‑Aldrich; 
Merck KGaA), 1% 10,000  U/ml penicillin G sodium 
salt/10  mg/ml streptomycin sulphate (cat. no.  15070063; 
Thermo Fisher Scientific, Inc.) and 1% 200 mM L‑glutamine 
(cat. no. G7513; Sigma‑Aldrich; Merck KGaA) and maintained 
at 37˚C in a humidified atmosphere containing 5% CO2.

Cryoinjury. MDA‑MB‑231 and MCF‑7 cells were placed at 
‑13, 0 or 37˚C for 10 min. The lowest temperature that could be 
used to accomplish freezing while maintaining cell viability 
was ‑13˚C. In a previous study, a temperature of ‑10˚C resulted 
in a high cell survival rate, whereas ‑15˚C led to >80% cell 
death (53). In addition, 0˚C degree was used as the control 
temperature for non‑freezing conditions. Freezing for 10 min 
was the time necessary for the media to be frozen while 
preserving the integrity of the cells (53). A temperature of 
0˚C was achieved by placing the cells on a MyBlock™ Mini 
dry bath with cooling (Benchmark Scientific, Inc.) and ‑13˚C 
temperature was achieved by placing the cells in a Sanyo 
temperature calibrated freezer (Sanyo Electrical Co. Ltd.), 
while the control temperature was achieved by maintaining 
the cells in a humidified 5% CO2 atmosphere at 37˚C. After 
cold exposure of ‑13˚C and 0˚C temperatures, cells were 
placed back in a humidified 5% CO2 atmosphere at 37˚C for 
either 2, 6 or 24 h.

Cell treatment and collection for RNA and protein analysis. 
Expression levels of AQP1, AQP3 and AQP5 were assessed 
by seeding 1x106 cells in 60‑mm tissue culture dishes. After 
24 h, cells were exposed to either‑13, 0 or 37˚C for 10 min and 
placed back at 37˚C in a humidified atmosphere containing 5% 
CO2. Cells were collected after 2, 6 and 24 h incubation. Cells 
were scraped and pelleted by centrifugation at 238 x g for 
5 min at 4˚C and then washed twice with phosphate‑buffered 
saline (PBS; Sigma‑Aldrich; Merck KGaA). The pellet was 
subsequently used for RNA or protein extraction.

RNA extraction and cDNA synthesis. Total RNA was isolated 
using the RNeasy Mini kit (Qiagen GmbH) according to the 
manufacturer's instructions. RNA concentration and purity 
were measured spectrophotometrically at 260 and 280 nm 
using a NanoDrop™ 2000 (Thermo Fisher Scientific, Inc.). 
cDNA was synthesized using the High‑Capacity cDNA 
Reverse Transcription kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocols. 
Each reaction consisted of 1 µg total RNA, 2 µl RT buffer, 
2 µl random primer, 0.8 µl dNTP, 1 µl MultiScribe™ reverse 

transcriptase and 20 µl QSP of nuclease‑free water. Reverse 
transcription conditions were as follows: 25˚C for 10 min, 
37˚C for 120 min and then 85˚C for 5 min.

Reverse transcription‑quantitative (RT‑q) PCR. RT‑qPCR 
was performed to determine the mRNA expression levels of 
AQP1, AQP3 and AQP5, which were normalized to GAPDH 
expression. Primers were synthesized by Macrogen, Inc., as 
shown in Table I. A reaction volume of 20 µl, which included 
1  µl cDNA, 25  nmol forward and reverse primers, 7  µl 
nuclease‑free water and 10 µl SYBR™ Green PCR Master mix 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) was used. 
Each reaction was run in duplicate on the Applied Biosystem 
7500 system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) in MicroAmp™ Optical 96‑well reaction plates (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Samples were 
initially denatured for 10 min at 95˚C, each cycle was 15 sec 
at 95˚C, followed by annealing and elongation for 1 min at 
60˚C for 50 cycles. Relative gene expression was represented 
by fold‑change relative to GAPDH. This fold‑change was 
calculated based on the threshold cycle (Ct) using the 2‑ΔΔCq 
method (54). Fold‑change was defined as the normalized gene 
expression (2‑ΔCq) in the test sample/by the normalized gene 
expression (2‑ΔCq) in the control sample (vehicle).

Western blotting. Cell pellets were lysed in a protein extrac‑
tion buffer composed of 150 mM NaCl, 50 mM Tris HCl, 
1  mM ethylenediaminetetraacetic acid, 10% glycerol, 1% 
Triton‑X‑100, 0.5% sodium deoxycholate and 0.1% sodium 
dodecyl sulphate (SDS) supplemented with 1X protease 
inhibitor cocktail (Sigma‑Aldrich; Merck KGaA), 2  mM 
phenylmethanesulfonylfluoride and 0.01 M sodium fluoride. 
Cells were sonicated for 10  sec every 30  sec 3  times for 
2 cycles. Following sonication, cell lysates were centrifuged 
at 13,362 x g for 10 min at 4˚C and then the supernatant was 
collected. Total proteins were quantified using a bicinchoninic 
acid protein assay (Sigma‑Aldrich; Merck KGaA) following 
the manufacturer's instructions. For western blotting, 300 µg 
MDA‑MB‑231 and 400 µg MCF‑7 proteins were resolved 
on 12% SDS‑PAGE gels and subsequently transferred to 
polyvinylidene difluoride membranes. Non‑specific binding 
proteins were blocked in 1% bovine serum albumin (BSA) 
(Cell Signaling Technology, Inc.) for 1 h at room temperature. 
After blocking, membranes were incubated with polyclonal 
rabbit antibodies against AQP1 (cat. no. bs‑1506R), AQP3 (cat. 
no. bs‑1253R) and AQP5 (cat. no. bs‑1554R) (all 1:1,000; all 
BIOSS) in 1% BSA, and monoclonal mouse antibody against 

Table I. Forward and reverse primer sequences used for RT‑qPCR.

Gene	 Forward Primer (5'‑3')	 Reverse Primer (5'‑3')

AQP1	 TATGCGTGCTGGCTACTACCGA	 GGTTAATCCCACAGCCAGTGTAG
AQP3	 CCGTGACCTTTGCCATGTGCTT	 TTGTCGGCGAAGTGCCAGATTG
AQP5	 TACGGTGTGGCACCGCTCAATG	 AGTCAGTGGAGGCGAAGATGCA
GAPDH	 GTCTCCTCTGACTTCAACAGCG	 ACCACCCTGTTGCTGTAGCCAA

RT‑q, reverse transcription‑quantitative; AQP, aquaporin.
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β‑actin (1:1,000; cat. no. bsm‑51011M; BIOSS) with shaking 
overnight at 4˚C. Subsequently, membranes were washed with 
0.1% Tween‑20 in Tris‑buffered saline (TBTS) prior to and 
after the membranes were incubated in 5% milk with IgG 
horseradish peroxidase‑conjugated secondary antibodies 
(1:1,000; cat. nos. 7074 and 7076; Cell Signaling Technology, 
Inc.) for 1  h with shaking at room temperature. Protein 
bands were detected on the C‑DiGit® Blot Scanner (LI‑COR 
Biosciences) using SignalFire™ ECL reagent (Cell Signaling 
Technology, Inc.). Band intensities were quantified using 
ImageJ analysis software version 1.46r (National Institutes 
of Health) and normalized to loading control (β‑actin) band 
intensity in each lane.

Immunocytochemistry. MDA‑MB‑231 and MCF‑7 cells 
(3x105) were grown on coverslips in 6‑well plates and incu‑
bated for 48 h in a humidified atmosphere containing 5% CO2 
at 37˚C. After cryoinjury, cells were fixed with 4% paraformal‑
dehyde overnight at 4˚C. Then, cells were washed with TBST 
3 times, followed by permeabilization with 0.5% Triton‑X‑100 
in TBST for 30 min at room temperature. Cells were then 
blocked with 1.5% goat serum (cat. no. ab7481; Abcam) in 1% 
BSA for 1 h at room temperature. Subsequently, cells were 
incubated overnight at 4˚C with rabbit monoclonal antibodies 
against AQP1 (1:200; cat. no. ab168387; Abcam) and AQP5 
(1:200; cat. no. cab92320; Abcam), and a rabbit polyclonal 
against AQP3 (cat. no. ab125219; 1:200; Abcam). Then, cells 
were washed with TBST 3 times prior to and after incubation 
in the dark with a goat polyclonal Alexa Fluor® 488 secondary 
antibody (1:200; cat. no. ab150077; Abcam) in 1% BSA for 
1 h at room temperature. Slides were then mounted using 
Fluoroshield™ with DAPI (Sigma‑Aldrich; Merck KGaA) and 
kept in the dark at 4˚C before visualization at x40 magnifica‑
tion using a ZEISS LSM 710 confocal microscope (Zeiss AG).

Transfection of cells with small interfering (si)RNA. siRNAs 
against AQP1 (cat. no. sc‑29711), AQP3 (cat. no. sc‑29713) and 
AQP5 (cat. no. sc‑29717; all from Santa Cruz Biotechnology, 
Inc.) consisting of 3 target‑specific 19‑25 nucleotides were used 
to knock down gene expression for 6 h in a humidified 5% CO2 
atmosphere at 37˚C. Control siRNA (cat. no. sc‑37007; Santa 
Cruz Biotechnology, Inc.) consisting of a scrambled sequence 
was used as the negative control. MDA‑MB‑231 and MCF‑7 
cells were transfected with Lipofectamine® 3000 (Invitrogen; 

Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocols. The concentrations of siRNA, including the control 
siRNA, used for each transfection were: RT‑qPCR, 10 µg/ml; 
immunocytochemistry, 1.5 µg/ml; and cell viability assay, 
0.12 µg/ml (Table II). After 6 h, the media was aspirated and 
fresh Advanced DMEM was added. After 48 h, cells were 
cryoinjured for 10 min at ‑13˚C and processed the following 
day. The transfection efficiency was assessed by RT‑qPCR as 
described above.

Cell viability assay. Cell viability was assessed using a 
Sulforhodamine B (SRB) assay (Sigma‑Aldrich; Merck KGaA) 
as described by Skehan et al (55). Cells were seeded (1x104) 
in 96‑well plates in triplicate for 24 h followed by transfec‑
tion for 48 h. At 24 h post cryoinjury, cells were fixed with 
10% trichloroacetic acid (TCA) for 30 min at 4˚C. TCA was 
then aspirated and dried in a 37˚C oven before the cells were 
stained with 0.4% SRB dissolved in 1% acetic acid for 10 min 
at room temperature. To remove the unbound dye, cells were 
washed with 1% acetic acid and then dried in a 37˚C oven. The 
bound dye was then solubilized with 10 mM Tris base solu‑
tion (pH 10.5) and shaken before measuring the absorbance. 
Absorbance was measured at a wavelength of 540 nm with a 
reference wavelength of 650 nm using a microplate reader. Cell 
viability was calculated according to the following formula: 
Cell viability=100‑[(absorbance of treated cells/absorbance of 
untreated cells) x100].

Statistical analysis. Data are presented as the mean ± SD of at 
least 3 repeats. Means were compared using one‑way ANOVA 
with the post hoc Tukey's test used for pairwise comparisons. 
All statistical tests were carried out using IBM SPSS Statistics 
v.25 (IBM Corp). Graphs were drawn using Microsoft Excel 
v.2002 (Microsoft Corporation). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Changes in mRNA expression levels of AQP1, AQP3 and 
AQP5 in breast cancer cells upon cryoinjury after 2, 6 and 
24 h. Breast cancer cells (MCF‑7 and MDA‑MB‑231) were 
incubated at ‑13, 0 and 37˚C for 10 min. A temperature of 0˚C 
was chosen as the control for non‑freezing condition, while 
‑13˚C was the lowest temperature capable of achieving freezing 

Table II. Volumes, cell densities and conditions used for RT‑qPCR, immunocytochemistry and the cell viability assays.

		  Cell	 Solution A: 	 Solution B: 	 Reduced serum
Method	 Plate	 density/well	 siRNA (µl)	 Lipofectamine (µl)	 media (µl)

RT‑qPCR	 6-well	 2.0x105	 8.0+125.0 µl	 3.7+125.0	 750
		  	 Opti‑MEM	 Opti‑MEM	
Immunocytochemistry	 24-well	 2.5x105	 1.2+25.0 µl 	 0.7+25.0 µl 	 250
		  	 Opti‑MEM	 Opti‑MEM	
Cell viability assay	 96-well	 1x104	 0.1+5.0 µl 	 0.2+5.0 µl 	   80
		  	 Opti‑MEM	 Opti‑MEM	

RT‑q, reverse transcription‑quantitative; si, small interfering.
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whilst maintaining cell viability. Following this, AQP1, AQP3 
and AQP5 mRNA expression levels were analyzed at 2, 6 and 
24 h of incubation. Several different time points were used 
as the rate of gene expression varies depending on the gene. 
With the exception of AQP1 expression in MDA‑MD‑231 
cells (P<0.05), no significant fold‑change in AQP expression 
was observed in the MCF‑7 and MDA‑MB‑231 upon treat‑
ment at different temperatures or incubation times (Fig. 1). A 
4‑fold increase in the AQP1 gene expression was observed in 
MDA‑MB‑231 cells, 2 h following freezing at ‑13˚C (P<0.05), 
while a 2‑fold increase was seen at 0˚C when compared with 
control cells kept at 37˚C (Fig. 1).

Changes in AQP1, AQP3 and AQP5 protein expression levels 
in breast cancer cells upon cryoinjury as determined via 
western blotting. AQP1, AQP3 and AQP5 protein expression 
levels in MCF‑7 and MDA‑MB‑231 cells were quantified 
following exposure to frozen (‑13˚C) and non‑frozen (37˚C) 
temperatures (Fig. 2). No clear difference in AQP‑3 protein 
content was observed for either cell line at the two tempera‑
tures (Fig.  2A  and  B). Following exposure to freezing 
temperature, AQP‑1 protein content was increased in both cell 
lines by 7‑ and 3‑fold in MDA‑MB‑231 (P<0.001) and MCF‑7 
(P<0.05) cells, respectively, when compared with non‑frozen 
cells maintained at 37˚C (Fig. 2B). AQP5 protein content was 
increased by 20‑fold (P<0.001) following exposure to freezing 
temperature only in MCF‑7 cells (Fig. 2B).

Localization of AQP1 AQP3 and AQP5 in breast cancer 
cells. The intracellular localization of AQP proteins in both 
cell lines was determined by immunocytochemistry. The 

exposure to freezing temperature altered the localization of 
AQPs in MDA‑MB‑231 cells (Fig. 3A), but not in MCF‑7 cells 
(Fig. 3B), when compared with non‑frozen cells maintained 
at 37˚C. With regards to MDA‑MB‑231 cells, a strong AQP1 
staining was observed within the cytosol in non‑frozen cells 
and within the plasma and nuclear membranes in frozen 
cells (Fig. 3A). However the staining was more intense in the 
nuclear membrane when compared with the plasma membrane 
in MDA‑MB‑231 cells exposed to freezing. Similar staining 
for AQP3 expression was observed in the plasma membrane 
following freezing of MDA‑MB‑231 cells (Fig. 3A). Whereas 
AQP5 protein expression was clustered and localized in the 
nucleus in both treatment conditions (Fig. 3A). No observable 
difference in intensity was seen between the plasma and nuclear 
membranes for AQP3 and AQP5 staining in MDA‑MB‑231 
cells when compared to non‑frozen cells (Fig. 3A). In MCF‑7 
cells, staining for AQP1 demonstrated that the freezing 
temperature affected the protein localization (Fig. 3B). AQP1 
had a diffused cytoplasm staining and accumulated in the 
plasma membrane when compared with AQP1 localization in 
non‑frozen cells (Fig. 3B). Few cells had an intense nuclear 
staining as presented by the arrows (Fig. 3B). AQP3 proteins 
formed small clusters localized at the plasma membrane 
in MCF‑7 cells exposed to the freezing temperature when 
compared to non‑frozen cells maintained at 37˚C. (Fig. 3B). 
The staining of AQP5 in MCF‑7 cells revealed a similar 
clustering pattern observed previously in MDA‑MB‑231 cells 
(Fig. 3A) and was not affected by the freezing temperature 
(Fig. 3B). However, the plasma membrane localization was 
more intense following exposure to freezing temperature as 
presented by the arrows (Fig. 3A and B).

Figure 1. Aquaporin gene expression in response to temperature exposure at ‑13, 0 and 37˚C in 2 breast cancer cell lines (MDA‑MB‑231 and MCF‑7). 
Following temperature exposure cells were incubated at 37˚C for 2, 6 and 24 h. Expression levels of AQP1, AQP3 and AQP5 were then analyzed after 2‑, 
6‑ and 24‑h periods. *P<0.05. AQP, aquaporin.
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Assessment of gene knockdown following siRNA transfection. 
AQP gene silencing was assessed via RT‑qPCR. A successful 
knockdown was achieved after 48 h of transfection, with an 
efficiency of 90%. The expression of AQP genes was normal‑
ized to GAPDH and compared with control cells maintained 
at 37˚C. MDA‑MB‑231 cells demonstrated a reduction in gene 
expression for all 3 types of aquaporin siRNA transfected in 
both non‑frozen cells (P<0.05) maintained at 37˚C and frozen 
cells (P<0.05 for AQP1 and AQP3) exposed to ‑13˚C (Fig. 4). 
Similar reductions in gene expression were observed in MCF‑7 
cells (P<0.05 for AQP3 and AQP5; both frozen and non‑frozen 
exposures). However, this was not the case for AQP1 whose 
expression was increased following transfection of AQP1 
siRNA (Fig. 4).

Assessment of cell viability following siRNA transfection 
and exposure to freezing in breast cancer cells. Following 
transfection with AQP‑specific or control siRNA, cells were 

either exposed to freezing temperature or not. Cell viability 
was then assessed using the SRB assay and comparisons were 
made between non‑frozen and frozen cells. The percentage 
change in cell viability for each AQP‑specific siRNA group was 
calculated by normalizing the cell viability in the transfected 
cells to the cell viability in the cells transfected with scramble 
control siRNA. These were then represented as percentage 
differences. The exposure of both MCF‑7 and MDA‑MB‑231 
cells to freezing temperature did not affect their viability when 
transfected with the scrambled siRNA.

With regards to MDA‑MD‑231 cells, there was a signifi‑
cant decrease in cell viability for frozen cells transfected 
with AQP1, AQP3 and AQP5 siRNA compared with the 
non‑frozen cells (P<0.05; Fig. 5A). This reduction in cell 
viability was 32.6, 46.4 and 32.0% for AQP1, AQP3 and 
AQP5 siRNA transfected cells, respectively (Fig. 5A). There 
was a similarly significant reduction in the cell viability of 
MCF‑7 cells that were frozen compared with non‑frozen 

Figure 2. Effect of the exposure of breast cancer cells to frozen (‑13˚C) and non‑frozen (37˚C) temperatures on the expression of AQPs 1, 3 and 5. (A) Total 
cell lysates were analyzed by western blotting using AQP‑1, 3, and 5 antibodies and β‑actin as a loading control. (B) Quantification of the AQP‑1, 3, and 5 
normalized to β‑actin and expressed as fold of change. **P<0.05 and ****P<0.001. AQP, aquaporin.
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cells, for cells transfected with siRNA targeting AQP3 and 
AQP5 only (P<0.05; Fig. 5B). There was no statistical differ‑
ence between MCF‑7 cells transfected with siRNA against 
AQP1, which was the one transfection that failed to silence 
the test‑gene under investigation (Fig. 5B). The reductions 
observed in cell viability were 15.5, 15.7 and 40.8% for 
AQP1, AQP3 and AQP5 siRNA transfected cells, respec‑
tively (Fig. 5B).

Discussion

In the present study, cryoinjury did not have a major influence 
on gene expression of AQPs in breast cancer cells. Based upon 
RT‑qPCR results, the freezing of cells induced an increase in 
the gene expression of AQP1 only in the MDA‑MD‑231 cell 

line. In contrast in the present study, freezing did not appear 
to have a major effect on the expression of AQP3 and AQP5 in 
MDA‑MB‑231 cells or on AQP‑1, 3 and 5 in MCF‑7 cells. In 
addition to mRNA‑based gene expression, AQP protein levels 
were also assessed as part of the present study. Bands of immu‑
noreactivity were present on western blots, which indicated 
that freezing cells had no major influence on the expression 
of AQP3 protein. However, the AQP1 protein expression was 
sensitive to the variation of temperature in both cell lines as 
observed by the increase band intensity following the exposure 
to freezing temperature when compared with control cells 
maintained at 37˚C. The expression of AQP5 was sensitive 
to the exposure of freezing temperature only in MCF‑7, but 
not in MDA‑MB‑231 cells. This finding of the present study 
demonstrated the heterogeneity of breast cancers. The use of 
an additional quantitative assay to investigate the expression 
of this protein may further elucidate the effect of freezing 
on protein expression in these cell lines. In the present study, 
the measure of the presence or absence of AQP protein does 
not give an indication of the cellular location of the detected 
AQP protein immunoreactivity. Hence, these results should 
be evaluated in tandem with the immunocytochemistry 
images. Immunofluorescence staining in the present study 
demonstrated that freezing cells had the effect of translocating 
aquaporins from the cytosol to the plasma membrane and 
incorporating these protein channels in the cell membranes. 
This redistribution observed in the present study, may reflect 
the involvement of aquaporin in the movement of intercellular 
water associated with freezing. Results from the cell lines in 
the present study suggested that freezing did not only influence 
the amount of AQP protein expression in the cell, but also 
influenced the cellular localization of these proteins.

Cryoablation is considered an efficacious breast cancer 
treatment and this efficacy is due to the destructive effects 
of cold temperatures on the cellular ultrastructure of tumor 
tissue  (5). The destruction of neoplastic tissue is achieved 
though freeze/thaw cycles using a cryoprobe (12). The goal 
of the present study was to assess cryo‑damage in associa‑
tion with aquaporin downregulation using breast cancer cells 
in vitro. Clinically, the first freeze cycle in cryoablation has a 
duration of 5‑13 min (56,57). Hence, a freezing time of 10 min 
in the in vitro setting in the present study was considered 
appropriate. The time taken for the temperature to decrease 
from 37˚C to below 0˚C was 5 min and the actual freezing 
time of the cells at ‑13˚C was 5 min in the present study. In 
the present study, 10 min was the time needed for the media 
to freeze whilst still preserving the integrity of the cells. 
The present study replicated elements of the in vivo clinical 
application of cryoinjury. However, this study could not mimic 
or simulate the in vivo environment. The freezing protocols 
employed clinically use temperatures below ‑40˚C and 
consist of freeze/thaw cycles as freezing alone once does not 
uniformly damage the targeted tumor (12). Multiple freezing 
cycles extend the zone of destruction ensuring maximum 
lethality (17). However, on the margins of the targeted area, 
the cells are exposed to subzero temperatures where survival 
of the cancer cells is possible.

Cells that express AQPs acquire a tolerance to freezing 
by evading cell membrane damage  (33). It was previously 
reported that AQP3 gene silencing increased cryosensitization 

Figure 3. Representative results of immunocytochemistry of aquaporin 
proteins (AQP1, AQP3 and AQP5) in (A) MDA‑MB‑231 and (B) MCF‑7 cells. 
Upper panels show cells not exposed to freezing temperatures while lower 
panels show cells that were frozen at ‑13˚C. (A) Intense staining of AQP1 and 
AQP3 was seen within the plasma and nuclear membranes following freezing 
for MDA‑MB‑231 cells (Fig. 3A, arrows); indicating relocation of AQP1 and 
AQP3 to membranes. Similar staining for AQP3 expression was observed in 
the plasma membrane following the freezing of MDA‑MB‑231 cells (Fig. 3A, 
arrows). AQP5 protein expression was clustered and localized in the nucleus 
in both treatment conditions (Fig. 3A, arrows). (B) In MCF‑7 cells AQP1 
and AQP3 showed localization in membranes following freezing. AQP1 had 
a diffused cytoplasm staining and accumulated in the plasma membrane 
compared with AQP1 localization in non‑frozen cells (Fig. 3B, arrows); 
few cells had intense nuclear staining (Fig. 3B, arrows). Plasma membrane 
localization of AQP5 in MCF‑7 cells appeared more intense following expo‑
sure to freezing temperature (Fig. 3B, arrows). There were no discernible 
changes in staining and localization of AQP5 in both MDA‑MB‑231 and 
MCF‑7 cells in response to freezing. Scale bar, 25 µm. AQP, aquaporin.
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in prostate cancer cells and that freezing caused the reloca‑
tion of AQP3 from the cytosol to the membrane  (22). To 
the best of our knowledge, the present study is the first to 
report similar cellular responses to freezing in breast cancer 
cell lines. Fujita et al (58) previously found that enhanced 
expression of AQP3 in cancer cells was an attempt to 

overcome osmotic stress. An upregulation on exposure to 
mild hypothermia was reported in earlier studies  (58,59). 
It has also been demonstrated that cryoinjury leads to 
increased expression of AQP3 in prostate cancer cells (22). 
However, an increase in AQP3 expression was not observed 
in the 2 breast cancer cell lines used in the present study, 

Figure 4. Assessment of gene knockdown following small siRNA transfection. AQP gene silencing was assessed using RT‑qPCR in MDA‑MB‑231 and 
MCF‑7 breast cancer cells exposed to frozen and non‑frozen conditions. siRNA targeting AQP1, AQP3 and AQP5 were used to knock down gene expres‑
sion. In addition, untreated cells were used as a control as well as control‑siRNA. Following transfection of cells with siRNA, cells were cryoinjured for 
10 min at ‑13˚C. Gene expression was then assessed by RT‑qPCR relative to the housekeeping gene GAPDH. *P<0.05, Si, small interfering; RT‑q, reverse 
transcription‑quantitative; AQP, aquaporin.

Figure 5. Assessment of cell viability following siRNA transfection and exposure to freezing in MDA‑MB‑231 and MCF‑7 breast cancer cells. (A) MDA‑MB‑231 
and (B) MCF‑7 cells. Cell viability was assayed using the Sulforhodamine B assay following transfection with siRNA and exposure to freezing and non‑freezing 
conditions. Cells were transfected with siRNA targeting 3 aquaporins: AQP1, AQP3 and AQP5. The control group was the scrambled negative‑control siRNA. 
*P<0.05. Si, small interfering; AQP, aquaporin.
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as determined using RT‑qPCR and immunocytochemistry. 
A cellular redistribution of AQPs was observed following 
freezing at ‑13˚C with MDA‑MB‑231 cells, but not with 
MCF‑7 cells. This difference in localization between the 
2 cell lines may be related to differences in growth patterns 
between the two. Temperatures lower than ‑13˚C may have 
brought about a similar effect with MCF‑7 as was observed 
with MDA‑MB‑231 cells. However, the low temperatures of 
‑30˚C or ‑40˚C that are typically used clinically would likely 
destroy cells and alter the fluidity of the proteins within 
them (17). Temperatures of ~‑40 C cause both intra‑ and 
extra‑cellular water to solidify (17). Hence, a temperature of 
‑13˚C was chosen in the present study to mimic the behavior 
of cancer cells located near the zone targeted by the ultra‑cold 
temperatures administered during clinical cryotherapy 
procedures. Clinically, temperatures located on the margins 
of the cryo‑ablated area, such as ‑13˚C, will recover (12,22). 
This damage to cells may be influenced by the expression of 
aquaporins (12,22).

AQP expression is associated with numerous pathologies, 
which includes tumor metastasis (34,60,61). However, there 
are currently no definitive, small molecule AQP inhibitors 
available for therapeutic use (62). Heavy metal compounds, 
such as mercury, are effective AQP inhibitors (22), but in 
the present study they were considered inappropriate for use 
in a biological experiment due to their non‑specificity and 
toxicity. Hence, the present study employed a gene‑silencing 
technique to investigate the role of AQPs in cryosensitiza‑
tion. In the present study, the transfection of breast cancer 
cells with siRNA had an influence on cell viability following 
cryodamage. The viability of frozen MDA‑MD‑231 cells 
was decreased in the present study following transfection 
with AQP1, AQP3 and AQP5 siRNA when compared with 
MDA‑MB‑231 cells transfected with siRNA‑NC. A similar 
reduction in cell viability was observed in the present study 
with MCF‑7 cells transfected with AQP3 siRNA, which 
was more pronounced with AQP5 siRNA. In the present 
study, the transfection of AQP1 siRNA in MCF‑7 cells led 
to an increase in AQP1 mRNA expression probably due 
to the siRNA failing to target AQP1 mRNA efficiently in 
MCF‑7 cells. The aforementioned findings of the present 
study suggested that the silencing of AQP genes exacerbated 
cell damage associated with freezing. Notably the expres‑
sion levels of some aquaporins were significantly higher 
in the control siRNA groups as compared to those in the 
untransfected control groups. The process of transfection 
may have had an impact on the aquaporin expression which 
in turn resulted in the increase expression of aquaporin in 
the present study as transfection effects the permeability of 
cells (63).

It has been demonstrated that AQP1 is upregulated in 
breast cancer cells, which is associated with poor patient 
prognosis resulting from the induction of angiogenesis 
which leads to metastasis (64). It is speculated that AQP1 
upregulation is stimulated by estrogen acting via the 
ER (34). MDA‑MB‑231 cells are lacking in these recep‑
tors (65). However, freezing these ER‑deficient cells in the 
present study increased AQP1 expression. This implied that 
the underlying mechanism of induction was independent of 
ER. In addition, an increase in the expression of AQP1 was 

not observed in the MCF‑7 cells in the present study, which 
do possess an ER (65).

Previous studies have demonstrated AQP1 to be 
upregulated in breast cancer cells and this has been associ‑
ated with enhanced cell proliferation and invasion, which 
may make AQP1 a potential prognostic marker for breast 
cancer  (38,66). The increase of AQP1 in MDA‑MB‑231 
following freezing that was observed in the present study may 
promote the cell's tolerance to cryo‑damage as the knockdown 
of AQP1 expression decreased MDA‑MB‑231 cell viability. 
It is therefore reasonable to assume that increase expression 
of AQP1 allows the cells to recover from cryoinjury. The 
techniques employed in the current study measured quanti‑
tative fold‑changes in RNA and the presence or absence of 
aquaporin proteins. However, no measurement of aquaporin 
channel function activity was assessed. A functional assay of 
channel activity would add value to this investigation as cryo‑
injury and sensitization to injury are active processes (17). 
These processes depend upon the activity of the channels 
studied rather than the mere absences, presences or location 
of the protein (34,61,64). It has been demonstrated that AQP1 
activity is regulated by cyclic nucleotides, such as cAMP and 
protein kinase pathways, such as focal adhesion kinase (64). 
Post‑translational modifications, such as phosphorylation 
regulate AQP1 activity  (67). The methods adopted in the 
current study did not consider such necessary modifications 
to aquaporin proteins.

Clinically, multiple freeze‑thaw cycles are crucial to the 
therapeutic application cry‑injury (17). However, the labora‑
tory experimental setting employed in the present study did 
not allow for multiple freezing. This is a limitation of the 
laboratory approach to investigating cryoinjury using cell 
culture. The limitations of the present study also included 
the use of a cell monolayer instead of tissue. In addition, the 
in vitro system did not incorporate estrogen exposure as part 
of the experimental design. Future studies should examine the 
relationship between estrogen and AQP1 in this ER‑expressing 
cell line in the context of cryodamage.

In summary, in the present study, freezing breast cancer 
cells induced the redistribution of AQP proteins from the 
cytosol to the cell membrane. Inhibition of AQP function 
exacerbated cell damage associated with freezing. This 
indicated that reduced aquaporin function may be used as an 
adjunct to cryotherapy. The combination of cryotherapy and 
AQP inhibition may result in less aggressive freezing protocols 
whilst achieving more complete ablation of tumors and, ulti‑
mately, lower treatment failure for patients with breast cancer.
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