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Abstract: Gastric cancer (GC) has a poor prognosis and is a leading cause of cancer-related
death. Optimal therapeutic targets have not been identified. AQP3 is capable of transporting
glycerol across the cytomembrane. Previous studies have shown that AQP3 is involved in
proliferation, invasion and migration by regulating glycerol and lipid metabolism in diverse
cancer cell types. However, the potential roles of glycerol and lipid metabolism in AQP3-related
cell apoptosis in GC remain unclear. In this study, we observed that AQP3 expression was
upregulated in tumor tissues, and positively correlated with tumor size, lymph node metastasis
and glycerol concentration in human GC samples. Silencing of AQP3 resulted in decreased
glycerol intake and impaired lipid synthesis, which contributed to increased cell apoptosis.
Furthermore, inhibition of autophagy induced by AQP3 knockdown promoted cell apoptosis.
Administration of either glycerol or rapamycin restored cell viability, and overexpression of
AQP3 increased cell viability by upregulating cellular glycerol metabolism and autophagy. Our
study demonstrates that the increase in cell apoptosis of AQP3-deficient GC cells is a conse-
quence of reduced glycerol uptake and lipogenesis and is associated with autophagy inhibition
induced by AQP3 deficiency.
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Background
Gastric cancer (GC), a common and lethal malignancy worldwide, is a leading cause
of cancer deaths, especially in Eastern Asia.! The prognosis for GC patients is poor,
particularly for those diagnosed at an advanced stage.? Effective therapeutic targets
for GC are lacking.

AQP3, a member of the aquaporin family of integral transmembrane proteins, is
mainly expressed in the epithelial cells of the upper digestive tract.> ® AQP3 is primarily
responsible for transporting water and other small molecules such as glycerol and urea
across the plasma membrane.”!® AQP3 is also involved in several signal transduc-
tion pathways in cancer cells, such as epidermal growth factor receptor signaling and
the stress response via H,O, transport.'"'> Several studies have implicated abnormal
expression of AQP3 in dysregulation of intestinal barrier integrity and function'* and
in cell proliferation, invasion, migration and apoptosis of various cancer types, includ-
ing GC."*!7 In addition, functional inhibition of AQP3 has been reported to block cell
proliferation.!* We have previously demonstrated that AQP3 promotes proliferation
of GC cells by upregulating intracellular lipid metabolism, and the dysregulation of
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lipogenesis results in a reduction of energy production.’?
However, the pathogenic mechanism of AQP3-associated
cancer cell apoptosis has not been elucidated.

In cancer cells, lipids are essential for maintaining the
integrity of biological membranes, such as the cytomem-
brane, and for providing energy for malignant biological
behavior.'”? With the catalysis of glycerol kinase, glycerol
can be transformed into glycerol-3-phosphate, the primary
intermediate for generating lipids such as triacylglycerol
(TAG) and adenosine triphosphate (ATP).?'* We have also
demonstrated that glycerol transported by AQP3 is the key
material for TAG formation and subsequent ATP production,
which are required for cell proliferation, through a multistep
enzymatic reaction, and knockdown of AQP3 induces dys-
regulation of glycerol-related lipid and downstream energy
metabolism, which contributes to decreased cellular prolif-
eration activity in GC.3 Furthermore, AQP3 has been reported
to be correlated with autophagy,? which plays an important
role in regulating apoptosis in GC cells.**** As an autophagy
agonist, rapamycin has been used to activate autophagy in
alveolar epithelial cells.* ATG5 plays a critical role in pro-
moting cell autophagy progression, and knockdown of A7G5
reduces cell autophagy.?’” Given the reported relationship
between AQP3 and GC cell apoptosis, the purpose of our
study was to investigate whether loss of AQP3 can trigger
cell apoptosis via disorder of glycerol-associated lipogenesis
and illuminate the role of autophagy regulation in the process
of AQP3-related cell apoptosis in GC.

Materials and methods

Cell culture

The human GC cell lines BGC-823 and SGC-7901 were pur-
chased from the Shanghai Institutes for Biological Sciences
(Shanghai, People’s Republic of China) and cultivated in
Roswell Park Memorial Institute (RPMI) 1640 (Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA)
and 1% penicillin—streptomycin solution (10,000 units/mL
penicillin, 10,000 pg/mL streptomycin; HyClone, Logan,
UT, USA). Cells were cultured in a humid incubator at 37°C
supplemented with 5% carbon dioxide.

Human samples

Thirty pairs of samples of GC, including tumor tissues
and corresponding normal tissues, were collected post-
operatively from patients admitted at the First Affiliated
Hospital of Nanjing Medical University and immediately
stored at —80°C. All the patients signed informed consent
before sample collection. The study was approved by the

Institutional Ethical Board of the First Affiliated Hospital
of Nanjing Medical University.

Antibodies and reagents

Anti-AQP3, anti-glyceraldehyde 3-phosphate dehydrogenase,
anti-mouse [gG-horseradish peroxidase (HRP), and anti-
rabbit IgG-HRP antibodies were purchased from Santa Cruz
(Dallas, TX, USA). Anti-LC3 and anti-P62 were purchased
from Cell Signaling (Beverly, MA, USA). Anti-Ki-67 was
purchased from Abcam (Cambridge, UK). Glycerol and
rapamycin were purchased from Sigma (St Louis, MO, USA).
TRIzol was purchased from TaKaRa (Shiga, Japan).

Lentivirus, plasmid and siRNA

transfection

Short hairpin RNAs (shRNAs), including AQP3-targeting
shRNA (shAQP3) and control vectors (shCTL), were
packaged in lentiviral vectors by Genepharma (Shanghai,
People’s Republic of China). The shRNAs were purchased
from Genepharma and had the following sequences:
shAQP3, 5-GGATATGATCAATGGCTTCTT-3’;
shCTL, 5-TTCTCCGAACGTGTCACGT-3’; siATGS,
5"-GGATGAGATAACTGAAAGG-3’. The GFP-LC3
plasmid was purchased from Genepharma. Lipofectamine
2000 was purchased from Invitrogen (Carlsbad, CA, USA).
All transfections of GC cell lines were performed precisely
according to the manufacturer’s instructions.

Real-time polymerase chain reaction
(PCR) and primers

GC samples collected from 30 patients were employed
to analyze the correlation between clinicopathological factors
and AQP3 expression. Informed consent was signed by all
patients before sample collection. TRIzol was used to extract
AQP3 mRNA from cells or GC samples, followed by reverse
transcription (RT) into cDNA using RT reagents. Xenograft
model tissues were homogenized before extraction of AQP3
mRNA. FastStart Universal SYBR Green Master (Rox)
(Hoffman-La Roche Ltd., Basel, Switzerland) was used
in real-time PCR. Primers were purchased from Realgene
(Nanjing, People’s Republic of China) with the following
sequences: AQP3-F, 5-CCGTGACCTTTGCCATGTG-3;
AQP3-R,5-CGAAGTGCCAGATTGCATCATAA-3’. Beta-
actin was used as the reference gene. All procedures were
conducted according to the manufacturer’s guidelines.

Cell counting assay
Equal numbers of cells (5,000 cells per well) were plated into
96-well plates after transfection and starved (cultured
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in RPMI 1640 without supplementation with FBS and
penicillin—streptomycin solution) for 48 h. The cell number
was estimated with Cell Counting kit 8 (CCK-8; Dojindo,
Kumamoto, Japan) according to the manufacturer’s instruc-
tions. Glycerol was added at different concentrations (0.175,
0.35 and 0.70 mol/L).

Flow cytometry assay

Equal numbers of cells transfected with lentiviral vector
were cultivated in each well of a 6-well plate. All cells were
collected using trypsin solution (without EDTA, Nalgene,
Rochester, NY, USA) and stained with a fluorescein isothio-
cyanate Annexin V Apoptosis Detection kit (BD Pharmingen,
Franklin Lakes, NJ, USA). A flow cytometer (BD Biosci-
ences, San Jose, CA, USA) was employed to determine the
apoptosis ratio of the cells. Glycerol was supplemented at
the concentrations indicated above. Rapamycin was added
at concentration of 1 pmol/L.*

Oil Red O staining

After transfection, identical numbers of cells were cultured
in each well of a 6-well plate. Following starvation for 48 h,
the cells were fixed in 10% formaldehyde solution (Nanjing
Chemical Reagent Co. Ltd., Nanjing, People’s Republic of
China) for 1 h and then dyed with an Oil Red O staining kit
(Jiancheng Biotech, Nanjing, People’s Republic of China)
for 30 min according to the manufacturer’s instructions.
Images of the cells were acquired with a microscope (Nikon
Corporation, Tokyo, Japan).

Detection of cellular glycerol levels

After transfection, the cells were plated in 6-well plates
and cultured for 48 h. The cells were collected and lysed
by repeated freeze-thawing. The cellular glycerol level
was determined using a glycerol detection kit (Apply-
gen, Beijing, People’s Republic of China) according to
the manufacturer’s protocol. Human tissue samples and
xenograft model tissues were homogenized and lysed as
described above before determining the glycerol level. Cell
protein, which was used to normalize the glycerol level,
was quantified with the bicinchoninic acid assay method
using a protein quantitative reagent kit (Applygen, Beijing,
People’s Republic of China) in different cell groups and
tissue samples.

Cellular TAG level detection assay

Following transfection and cultivation in 6-well plates for
48 h, cells were collected and lysed as described above.
The TAG level in the cells was measured with a TAG

detection kit (Applygen) according to the manufacturer’s
instructions.

Western blot assay

After transfection, a protein extraction kit (Keygen Bio-
tech, Nanjing, People’s Republic of China) was used to
extract cell proteins from different groups of BGC-823 and
SGC-7901 cells. Gels were prepared with sodium dodecyl
sulfate polyacrylamide gel electrophoresis gel preparation
kit (Beyotime, Shanghai, People’s Republic of China). The
extracted proteins were separated by electrophoresis in a gel
of suitable acrylamide concentration and then transferred
onto polyvinylidene difluoride western blotting membranes
(Hoffman-La Roche Ltd.). The membrane with bound protein
was then blocked with 5% bovine serum albumin in Tris-
buffered saline with Tween-20 (TBST; Beyotime). Follow-
ing incubation with the corresponding primary antibodies
overnight at 4°C and washing three times with TBST for 30
min, the membranes were incubated with the relevant second-
ary antibodies for 2 h at room temperature and then washed
in TBST three times for 30 min. A chemiluminescent HRP
substrate (Millipore, Darmstadt, Germany) and an enhanced
chemiluminescence detection system were used to analyze
the protein blots.

Xenograft model of GC in nude mice
Female 4-week-old nude mice (BALB/c nude mice, Vital
River, Beijing, People’s Republic of China) were provided
by the Laboratory Animal Centre of Nanjing Medical
University. All experimental procedures in vivo complied
with the guidelines of the experimental animal care and use
committee. Cells stably transfected with shAQP3 or shCTL
were suspended in sterile phosphate-buffered saline (PBS;
Wisent, St-Bruno, Quebec, Canada) and injected subcutane-
ously into the bilateral armpits of mice, with a cell number of
109 per side. Glycerol dissolved in sterile PBS was injected
intraperitoneally into the mice every 3 days at a dosage of
2 g/kg body weight beginning 1 week after the injection of
cells.” Four weeks after injection of cells, the nude mice
were sacrificed, and xenograft tumors were dissected. The
formula for measuring tumor volume was as follows: Tumor
volume =0.5x length X width?.

Immunohistochemical staining

The xenograft tumor samples were fixed in 4% formaldehyde
solution. After embedding in paraffin, the tumor tissues were
sectioned into 4-um slices. The slices were incubated with
rabbit anti-Ki67 antibody (Abcam) overnight at 4°C and
then washed three times with PBS. Following incubation
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with HRP-polymer-conjugated secondary antibody at room
temperature for 1 h, the slices were dyed with diaminoben-
zidine solution for 3 min and then stained with hematoxylin.
Images of three random fields were acquired for each sample
using a microscope (Nikon).

TdT-mediated dUTP nick end labeling

(TUNEL) detection assay

A cell apoptosis detection kit (Roche) was used ina TUNEL
assay. Sections prepared from the paraffin mass were hydrated
in an ethanol gradient (100% for 5 min, 100% for 3 min, 95%
for 3 min, 85% for 3 min, 70% for 3 min and 50% for 3 min),
fixed in 4% formaldehyde solution, and then incubated with
Proteinase K for 15 min at room temperature. Endogenous
peroxidases were blocked with 3% H,O,. TUNEL reaction
solution containing rTdT was prepared immediately before
use according to the manufacturer’s protocol. After washing
with PBS, the slices were counterstained with hematoxylin.
Apoptotic cells in the slices were detected by microscopy
(Nikon).

Laser confocal imaging

Cells transfected with shAQP3 or shCTL were evenly seeded
into dishes for confocal imaging (2x10* cells per dish), fol-
lowed by transfection for 48 h with GFP-LC3 plasmid (Genep-
harma) for immunofluorescence. The cells were then fixed with
fixative solution (Beyotime) for 10 min, and cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (Beyotime) for
5 min in the dark. A confocal microscope (Carl ZeissLSM710;
Carl Zeiss Meditec AG, Jena, Germany) was used to detect the
number of LC3 puncta per cell. The average number of LC3
dots per cell was counted in at least three fields.

Detection by electron microscopy

After transfection, the cells were plated into 6-cm dishes
at 10° cells per dish. After 48 h, the cells from a dish were
collected in a 1.5-mL Eppendorf tube and centrifuged at
1,500 rpm for 15 min. The cell mass at the bottom of the tube
was fixed in 2.5% glutaraldehyde solution (provided by the
testing and analysis center of Nanjing Medical University)
overnight at 4°C after decanting the supernatant, followed
by fixation in 1% osmium tetroxide for 1 h. The samples
were dehydrated in an ethanol gradient (50%—100%) and
embedded in Epon. A Reichert ultramicrotome was used
to prepare ultrathin sections (50—70 nm) of the cell masses.
After counterstaining with 0.3% lead citrate solution for
15 min, the slices were analyzed using a JEM-1010 electron
microscope (provided by the testing and analysis center of
Nanjing Medical University).

Statistical analysis

All statistical analyses were performed using the SPSS
19.0 software package. Data were analyzed with unpaired
Student’s #-tests. Categorical data were analyzed with the
Chi-square test. At least three independent experiments
were performed for all procedures in this study, and the
data are expressed as the mean + standard error of the mean.
A P-value <0.05 was considered statistically significant.

Ethics approval

Our study was approved by the Institutional Ethical Board of
the First Affiliated Hospital of Nanjing Medical University.
All the animal experiments were performed according to
the guidelines of the Institutional Animal Care and Use
Committee of Nanjing Medical University.

Results

The AQP3 expression level is associated
with tumor size and lymph node
metastasis in GC patients

AQP3 expression levels were detected by real-time PCR
to analyze the correlation between clinicopathological
factors and AQP3 expression in 30 GC samples. The AQP3
expression level was positively associated with tumor
size and lymph node metastasis (Table 1). The expression
level of AQP3 was significantly higher in the group with
tumor size =2 cm than in the group with tumor size <2 cm

Table | Correlation between clinicopathological factors and
AQP3 expression level in gastric cancer patients

Factor Number (%) AQP3 P-value
expression level
High Low
Age (years) 0.510
>60 16 (53.3) I 5
=60 14 (46.7) 8 6
Gender 0.442°
Male 12 (40.0) 9 3
Female 18 (60.0) 10 8
Tumor size (cm) 0.023%
=2 17 (56.7) 14 3
<2 13 (43.3) 5 8
Stage 0.702*
Il 20 (66.7) 12 8
v 10 (33.3) 7 3
Lymph node metastasis 0.011*2
Present (NI-N3) 9 (30.0) 9 0
Absent (NO) 21 (70.0) 10 I

Notes: Real-time polymerase chain reaction was used to analyze the relationship
between clinicopathological factors and AQP3 expression level. AQP3 expression
level was positively associated with tumor size and lymph node metastasis. *P<<0.05,
“Fisher’s exact test.
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Figure |1 Knockdown of AQP3 promotes the cell apoptosis in vitro.

Notes: (A) AQP3 expression level was analyzed by real-time PCR in both tumor size =2 cm and <2 cm groups of human GC samples. (B) Cells were transfected with
shCTL and shAQP3 respectively. The expression level of AQP3 was analyzed by using western blot. (C) After transfection, real-time PCR was used to detect the relative
mRNA level of AQP3 in cells. (D) Same amount of cells were seeded into 96-well plates, after normal culture and starvation for 48 h respectively, the number of surviving
cells was assessed by employing a Cell Counting kit 8. The results were expressed as OD value. (E and F) Cells were planted into 6-well plates after being transfected.
Flow cytometry assay was used to analyze the cell apoptosis rates. Glycerol was supplemented in gradient concentrations (0.175 mol/L, 0.35 mol/L and 0.70 mol/L). All the
experiments were performed independently three times. The data are expressed as the mean + standard error of the mean. *P<<0.05, **P<<0.0| and #P<<0.001.

Abbreviations: FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GC, gastric cancer; Pl, propidium iodide; PCR, polymerase chain

reaction.

(Figure 1A). These differences suggest that AQP3 contributes
to the development of GC.

Loss of AQP3 promotes apoptosis

of GC cells
After transfection of GC cells with shCTL or shAQP3, we
confirmed the effect of AQP3 on the regulation of apoptosis.

Western blot analysis and real-time PCR showed that the
expression level of AQP3 was significantly lower in cells
transfected with shAQP3 than in cells transfected with
shCTL (Figure 1B and C). The CCK-8 assay revealed fewer
number of cells among shAQP3 cells than among shCTL
cells. In addition, after starvation for 48 h, cell viability was
significantly decreased in both groups. When starved cells
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were supplemented with glycerol at different concentrations,
cell viability was reversed in a glycerol concentration-
dependent manner (Figure 1D). Flow cytometry indicated
that the apoptosis rate of shAQP3 cells was much higher than
that of shCTL cells. Treatment with glycerol restored the cell
apoptosis ratios in shAQP3 cells in a glycerol concentration-
dependent manner (Figure 1E and F).

AQP3 inhibition impairs the cell viability
of GC cells in vivo
Real-time PCR was used to detect the expression level of
AQP3 in human tumor and corresponding normal mucosa
samples from 30 patients. The expression level of AQP3 was
obviously upregulated in the tumor tissues (Figure 2A).
Cells transfected with shCTL or shAQP3 were injected
subcutaneously into the bilateral armpits of nude mice to
assess the influence of AQP3 on tumor formation by GC
cells in vivo. Glycerol was injected intraperitoneally into the
mice every 3 days 1 week after cell injection to validate the
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Figure 2 (Continued)

correlation between glycerol supplementation and increased
cell viability. As shown in Figure 2B, compared with the
control group (shCTL), tumor volume was significantly
smaller in the xenograft group with impaired AQP3 expres-
sion, indicating a decreased number of tumor cells. However,
the tumor volume was remarkably enhanced in the glycerol-
supplemented group. Real-time PCR revealed a significant
difference in AQP3 expression levels between the shCTL
and shAQP3 groups (Figure 2C). The growth curves of the
xenograft models are shown in Figure 2D. The glycerol
level in xenograft tumor tissues was obviously lower in the
shAQP3 group compared with the other groups (Figure 2E).
Furthermore, Ki-67-positive immunohistochemical stain-
ing was significantly lower in the shAQP3 group compared
with the other groups (Figure 2F and G). TUNEL detection
assay showed that the proportion of cell apoptosis was much
higher in shAQP3 tumor tissues than in shCTL tumor tissues
and was obviously reversed in the tumor tissues from the
glycerol-administered mice (Figure 2H and I).
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Notes: (A) The AQP3 mRNA level in tumor tissues and corresponding normal mucosal tissues of human GC was detected by real-time PCR. (B-E) Cells were injected
subcutaneously into both armpits of nude mice. Glycerol (2 g/kg) was injected intraperitoneally into the nude mice every 3 days one week later since the cell injection.
Xenograft models were harvested after 4 weeks since cell injection. AQP3 expression level of xenograft models was validated. Tumor volumes were calculated and recorded,
and the glycerol level of tumor tissues was detected. (F and G) Immunohistochemical staining was used to assess the expression level of Ki-67 protein in tumor tissues. Scale
bar is 100 pm; magnification x200. (H and I) The cell apoptosis rates were detected by adopting TUNEL detection assay. Scale bar is 100 um; magnification x200. All the
experiments were performed independently three times. The data are expressed as the mean + standard error of the mean. *P<<0.05, **P<<0.0| and #P<<0.001.
Abbreviations: GC, gastric cancer; PCR, polymerase chain reaction; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.

AQP3 deficiency impairs glycerol uptake
and lipid synthesis

Glycerol is mainly transported across the cytomembrane
by AQP3 and is vital for lipid synthesis.**3' Lipids form
biological membranes and provide energy in cancer cells.?
We validated the correlation between AQP3 expression and
glycerol levels reported in our previous study in human GC
tissues.® As shown in Figure 3A, AQP3 mRNA levels were
positively correlated with glycerol levels. A glycerol detec-
tion kit and TAG detection kit were employed to evaluate
intracellular glycerol and TAG concentrations, respectively.
The glycerol levels of several normal GC cell lines were
detected, and moderate glycerol levels were observed in
BGC-823 and SGC-7901 cell lines (Figure 3B). In addi-
tion, cellular glycerol levels were obviously lower in cells
transfected with shAQP3 than in shCTL cells, and higher
supplementary glycerol concentrations resulted in higher
intracellular glycerol levels (Figure 3C). The results of the

TAG detection assays were similar to those for glycerol
detection in all cell groups (Figure 3D). Furthermore, Oil
Red O staining used to assess lipid storage in the cancer cells
revealed that the number of lipid droplets was remarkably
higher in shCTL cells than in shAQP3 cells. An obvious
increase in the number of lipid droplets was observed follow-
ing glycerol supplementation (Figure 3E and F).

Implication of autophagy in AQP3-related
apoptosis in GC cells

Autophagy plays a critical role in the regulation of cell
apoptosis. Lipid rafts have been correlated with autophagy
regulation,* and increased lipid synthesis contributes to the
generation of lipid raft.** However, whether AQP3 inhibi-
tion induces GC cell apoptosis through glycerol and lipid
metabolism-regulated autophagy remains unclear.
Autophagy can be evaluated at different levels using
many methods. LC3 and P62 are among the most important
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Figure 3 AQP3 inhibition induces decreased glycerol uptake and impaired lipid synthesis.

Notes: (A—C) A glycerol detection kit was used to quantify the glycerol levels of human GC tissues and cancer cells respectively. The AQP3 mRNA level was evaluated by
real-time PCR. (D) The cellular TAG concentration was quantified by employing a TAG detection kit. (E and F) The intracellular lipid droplets (vermeil dots) were dyed with
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autophagy-related proteins and are usually employed
to evaluate the autophagy level.3* Western blot analysis
(Figure 4A and B) confirmed that the LC3 expression level
was significantly lower in shAQP3 cells than in the cor-
responding shCTL cells and increased in a concentration-
dependent manner in glycerol-supplemented cells. By
contrast, compared with shCTL cells, P62 expression

increased obviously in the corresponding shAQP3 cells and
decreased gradually upon supplementation with increasing
concentrations of glycerol. We also validated the difference
in LC3 expression between the shCTL and shAQP3 groups
using a laser confocal imaging assay. The number of LC3
puncta was remarkably lower in shAQP3 cells compared
with shCTL cells, and the administration of glycerol reversed
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Figure 4 Suppression of autophagy is involved in the AQP3 deficiency-induced increased cell apoptosis.

Notes: (A and B) Western blot was used to analyze the expression levels of LC3 and P62 proteins in diverse group cells. And the LC3 and P62 expression levels were
normalized to GAPDH. (C and D) The shCTL and shAQP3 cells were respectively transfected with GFP-LC3 plasmid by using Lipofectamine 2000. Then the cellular
LC3 expression level was observed by adopting the laser confocal imaging. The average number of LC3 dots per cell was calculated for three times. Scale bar is 25 um;
magnification x400. (E) After being fixed, cells were sectioned into ultrathin slices. Electron microscope was employed to observe the intracellular autophagosomes. The
autophagosomes were indicated by the black arrows. Scale bars are 2 um and 500 nm respectively; magnification x2,500 and x9,000, respectively. (G and H) Equal numbers
of cells were cultured in 6-well plates. After supplementation of rapamycin (I wM), the cell apoptosis rates were detected by using flow cytometry assay. Glycerol was added
with gradient concentrations of 0.175, 0.35 and 0.70 mol/L in A and B and F and H, and at 0.35 mol/L in C, D and E. All the experiments were performed independently
three times. The data are expressed as the mean + standard error of the mean. *P<0.05, **P<0.01 and #P<<0.001.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Pl, propidium iodide.

the decrease in LC3 puncta (Figure 4C and D). Furthermore,
transmission electron microscopy revealed that the number of
autophagosomes was lower in shAQP3 cells than in shCTL
cells and that glycerol supplementation restored the number
of autophagosomes (Figure 4E).

A flow cytometry assay was employed to evaluate the role of
autophagy in regulating AQP3 inhibition-induced cell apoptosis.
Rapamycin, an autophagy activator, was added at a concentra-
tion of 1 wmol/L? to promote the autophagy of GC cells under
the basic culture conditions described in Figure 1E and F. The
cell apoptosis rate was obviously higher among shAQP3 cells
than among shCTL and glycerol-supplemented cells (Figure 4H
and G). However, compared with the corresponding results
shown in Figure 1E and F, the cell apoptosis rates were signifi-
cantly decreased in all cell groups (Figure 4F). These results
revealed that silencing of AQP3 resulted in autophagy inhibition,
which, in turn, has been implicated in the increase of AQP3
deficiency-induced cell apoptosis in GC cells.

Overexpression of AQP3 enhances cell
viability by increasing cellular glycerol
levels and autophagy in GC cells

AQP3 was overexpressed to further validate the results
described above. After transfection, real-time PCR revealed

that the AQP3 expression level was significantly higher in
cells overexpressing AQP3 compared with control cells
(Figure 5A). Evaluation of cell viability by the CCK-8 assay
showed that the number of cells in the AQP3-overexpressing
group was obviously higher than that in the control group.
In both groups, cell viability was decreased following starva-
tion for 48 h. Starvation followed by supplementation with
glycerol significantly reversed the decrease in cell viabil-
ity in both the AQP3-overexpressing and control groups
(Figure 5B). Compared with control cells, the increase of
glycerol levels in AQP3-overexpressing cells was remark-
able. Supplementation with glycerol further increased cellular
glycerol levels in both groups (Figure 5C). The expression
levels of LC3 and P62 were detected by western blot to
assess the effect of AQP3 overexpression on autophagy. As
shown in Figure 5D and E, LC3 expression was obviously
upregulated in AQP3-overexpressing cells compared with
the control cells and further increased in both groups after
supplementation with glycerol. By contrast, P62 expression
was significantly lower in AQP3-overexpressing cells than in
control cells, and glycerol supplementation further decreased
the P62 expression level in both groups.

The role of autophagy in regulating AQP3-related
cell apoptosis was further validated by flow cytometry.
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Knockdown of 4TG5, an autophagy-specific gene, can
inhibit autophagy.”” An interference sequence of ATGS5 was
used to regulate cell autophagy. The apoptosis rate of AQP3-
overexpressing cells was obviously lower than that of control
cells, and cell apoptosis rates decreased significantly in both
groups upon glycerol supplementation. By contrast, transfec-
tion of siATGS, which inhibits cell autophagy, resulted in
remarkable increases in the cell apoptosis rates in both groups

A

(Figure SF and G). Thus, overexpression of AQP3 enhanced
cell viability by upregulating cellular glycerol levels and
downstream autophagy.

Discussion

Despite developments in the treatment of GC, a common and
lethal malignancy, prognosis remains frustratingly poor.'?
Novel and effective therapeutic targets must be identified
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Figure 5 Overexpression of AQP3 enhances cell viability by upregulating glycerol uptake and autophagy.

Notes: (A) After transfection of AQP3 overexpression, the AQP3 expression level was analyzed by real-time polymerase chain reaction. (B) The same numbers of cells
were seeded in 96-well plates, surviving cells were evaluated by adopting a Cell Counting kit 8 after normal culture and starvation for 48 h respectively. The results were
expressed as OD value. (C) Cellular glycerol levels were quantified by using a glycerol detection kit. (D and E) Western blot was employed to detect the expression levels of
LC3 and P62 proteins. And LC3 and P62 expression levels were normalized to GAPDH. (F and G) Same numbers of AQP3 overexpression and control cells were cultured
in 6-well plates. The cell apoptosis rates were analyzed by flow cytometry assay after the supplementation of glycerol and transfection with siATGS5. Glycerol was added
with the concentration at 0.35 mol/L. All the experiments were performed independently three times. The data are expressed as the mean + standard error of the mean.

AQP3*: AQP3 overexpression, *P<<0.05, **P<0.01.

Abbreviations: FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; gly, glycerol; Pl, propidium iodide.

to enhance the clinical therapy of GC. We previously
demonstrated that upregulation of AQP3 expression contrib-
utes to the proliferative activity of GC cells.* AQP3 expression
has also been implicated in the regulation of cell apoptosis.>>3¢
But the association between AQP3 expression and cell apop-
tosis in GC has not been elucidated in detail. Therefore, the
aim of our study was to illuminate the pathogenic mechanism
of AQP3-related apoptosis in GC cells.

AQP3 can transport glycerol across the cytomembrane’
and is involved in the regulation of cell proliferation and
migration in both normal and tumor tissues.>!*"3 Overex-
pression of AQP3 has been reported in diverse tumors, includ-
ing GC,* colorectal cancer,* lung carcinoma*' and esophageal
and oral squamous cell carcinoma.’ Consistent with results
reported by Jiang et al,*> we observed that the expression level
of AQP3 was significantly higher in human GC tissues com-
pared with normal mucosal tissues, and positively associated
with tumor size and lymph node metastasis. Glycerol is critical
for the formation of lipids such as TAG, which is necessary
for the division, proliferation, and survival of cancer cells."
Consistent with our previous study,’ in this study, decreased
AQP3 expression resulted in inhibition of lipogenesis due to
impaired glycerol uptake, and this inhibition was ameliorated
by the administration of exogenous glycerol.

Xie et al*®* demonstrated that AQP3 contributes to the inhi-
bition of cell apoptosis in normal human skin fibroblasts by
upregulating the expression level of Bel-2, an anti-apoptosis
protein. Hou et al'” also reported that AQP3 knockdown
clearly induces cell apoptosis in non-small cell lung cancer
but failed to clarify the detailed pathogenic mechanism. We
speculate that the pathogenesis of AQP3-associated cell
apoptosis, which has rarely been investigated, is complicated.
Our study confirms the role of AQP3 deficiency in inducing

cell apoptosis via regulation of glycerol-mediated lipogenesis
in GC cells in vitro and in vivo.

Autophagy is the main protein degradation pathway in
eukaryotic cells and is responsible for eliminating impaired
cellular structures, senescent organelles and unnecessary
macromolecules, and for recycling cell segments for reuse.*
Some studies have shown that lipid rafts play an important
role in initiating autophagy,***> and lipids are involved in
the formation of lipid rafts.>* AQP3 has been implicated in the
regulation of cell autophagy . Moon et al*® and Pan et al*’ also
demonstrated that inhibition of autophagy enhances apoptosis
of GC cells. Similarly, in the present study, knockdown of
AQP3 resulted in partial suppression of autophagy by retard-
ing glycerol intake and lipid synthesis, and this autophagy
inhibition contributed to the increase in the apoptosis rate of
GC cells. Additionally, supplementation with rapamycin, an
autophagy activator, reversed the increase in cell apoptosis
induced by the AQP3 deficiency-mediated inhibition of
autophagy, and knockdown of 4TG5, an autophagy-related
gene, increased cell apoptosis. By contrast, overexpression
of AQP3 and glycerol supplementation inhibited cell apop-
tosis. While the detailed mechanism of AQP3-associated
autophagy regulation remains to be further clarified, we
speculate that lipid rafts, which are derived from glycerol and
lipids, mediate the initiation of AQP3-related autophagy.

Conclusion

We have illuminated the role of AQP3 in cell apoptosis regu-
lation as well as the related mechanism of AQP3-mediated
cell apoptosis. We demonstrated that silencing of AQP3
impairs glycerol uptake and downstream lipogenesis and
inhibits the initiation of autophagy, both of which contribute
to increased apoptosis of GC cells. Thus, the role of AQP3 in
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cancer progression has been further validated. Furthermore,
the AQP3-mediated glycerol and lipid metabolism pathways
might represent novel and effective therapeutic targets for
the treatment of GC.
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