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Abstract
Background The aquaporin (AQP) family of proteins has been implicated in the proliferation and growth of gliomas. 
Expression of AQP8 is higher in human glioma tissues than in normal brain tissues and is positively correlated with the 
pathological grade of glioma, suggesting that this protein is also involved in the proliferation and growth of glioma. 
However, the mechanism by which AQP8 promotes the proliferation and growth of glioma remains unclear. This 
study aimed to investigate the mechanism and role of abnormal AQP8 expression in glioma development.

Methods The dCas9-SAM and CRISPR/Cas9 techniques were used to construct viruses with overexpressed and 
knocked down AQP8, respectively, and infect A172 and U251 cell lines. The effects of AQP8 on the proliferation and 
growth of glioma and its mechanism via the intracellular reactive oxygen species (ROS) level were observed using 
cell clone, transwell, flow cytometry, Hoechst, western blotting, immunofluorescence, and real-time quantitative 
polymerase chain reaction assays. A nude mouse tumor model was also established.

Results Overexpression of AQP8 resulted in an increased number of cell clones and cell proliferation, enhanced cell 
invasion and migration, decreased apoptosis and phosphatase and tensin homolog (PTEN) expression, and increased 
phosphorylated serine/threonine protein kinase (p-AKT) expression and ROS level, whereas the AQP8 knockdown 
groups showed opposite results. In the animal experiments, the AQP8 overexpression group had higher tumor 
volume and weight, whereas the AQP8 knockdown group had lower tumor volume and weight compared with those 
parameters measured in the control group.

Conclusions Our results preliminary suggest that AQP8 overexpression alters the ROS/PTEN/AKT signaling pathway, 
promoting the proliferation, migration, and invasion of gliomas. Therefore, AQP8 may be a potential therapeutic target 
in gliomas.
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Background
Glioma is the most common primary intracranial tumor 
and one of the most diverse and complex cancers in 
humans [1]. Surgical resection of tumor tissue and che-
motherapy cannot achieve the ideal therapeutic effect 
because of glioma cells’ rapid proliferation and high inva-
siveness. Gliomas have a very high recurrence rate; there-
fore, the average life expectancy in patients with glioma 
is less than 15 months [2]. Given that water accounts 
for 80% of the brain volume, glioma often leads to brain 
edema and hernia, further increasing the risk of mortal-
ity. Aquaporins (AQPs), also called water channels, form 
a 13-member (AQP0–12) transmembrane protein fam-
ily. They can transport water quickly because their dis-
tinct protein structure enables them to form pores in cell 
membranes.

This rapid transport of water by AQPs is a key mecha-
nism in the development of glioma [3, 4]. Studies have 
shown that gliomas maintain their survival and prolif-
eration through some highly expressed AQPs [5]. For 
example, AQP1 contributes to the formation of new 
blood vessels around gliomas, accelerating invasion 
toward surrounding brain tissues [6]. Specifically, AQP1 
can increase the proportion of glioma-associated microg-
lia and macrophage infiltration. Thereafter, it causes 
microglia to secrete more interleukin-6 (IL-6), which can 
result in binding glioma stem cells and their cell mem-
brane receptors together, promoting the proliferation 
and growth of glioma stem cells through the IL-6/gp130/
STAT3 pathway [7–10].

Furthermore, AQP4 plays a key role in the blood-brain 
barrier destruction in glioma [11], whereas AQP5 is 
closely related to glioma-related brain edema [12]. AQP9 
participates in the oxidative phosphorylation process of 
cellular mitochondria in glioma and can accelerate the 
clearance of metabolic wastes such as glycerol and lac-
tic acid outside glioma cells, which is conducive to the 
rapid proliferation of glioma cells [13, 14]. The synergistic 
effects of these AQPs make the tumor microenvironment 
conducive to the growth of glioma cells and resist the 
effect of chemotherapy in clinical treatment [15].

Another important member of the AQP family, AQP8, 
is more frequently investigated in cancers of the repro-
ductive and digestive systems [16, 17], and less in those 
of the nervous system. However, previous studies have 
shown that the AQP8 expression level is abnormally high 
in human gliomas, especially glioblastoma. This high 
expression is positively correlated with the pathologi-
cal grade of gliomas, suggesting that AQP8 may also be 
involved in promoting the proliferation and growth of 
gliomas [18]. However, the mechanism by which AQP8 
exerts these effects remains unknown. Krüger et al. found 
that AQP8 participates in the transmembrane transport 
of H2O2 in RINm5F cells [19], and the concentration of 

H2O2 is a key factor affecting reactive oxygen species 
(ROS) level, which can regulate the growth state of cells. 
To determine if AQP8 plays a role in the maintenance of 
redox levels in glioma cell growth, this study aimed to 
investigate the role of abnormal AQP8 expression in the 
development of gliomas and its regulation by the ROS/
PTEN/AKT signaling pathway. Toward this goal, knock-
down and overexpression lentiviruses targeting AQP8 
were constructed using CRISPR/Cas9 gene-editing tech-
nology and dCas9-SAM technology, respectively. Glioma 
cell lines were then infected with the viruses, and the 
effect and mechanism of AQP8 on the proliferation and 
growth of glioma were investigated. The findings of this 
study may provide new insights into the diagnosis and 
treatment of glioma.

Methods
Cell culture of experimental groups
The A172 and U251 human glioma cell lines were pur-
chased from the Chinese Academy of Sciences Cell Bank 
(Shanghai, China). Cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM; HyClone, GE Health-
care Life Sciences, Logan, UT, USA) supplemented with 
10% fetal bovine serum (FBS, HyClone; GE Healthcare 
Life Sciences, USA), 100 U/mL penicillin-streptomycin 
(HyClone; GE Healthcare Life Sciences), and 2 mM gluta-
mine (HyClone; GE Healthcare Life Sciences). Cells were 
cultured at 37 °C in a humidified atmosphere containing 
5% CO2. AQP8 was detected by western blot (see details 
below). The cells were divided into four groups: (1) con-
trol group (no virus infection); (2) negative control group 
(infected with negative control lentiviruses and sgRNA, 
NC); (3) knockdown group (infected with lentiviruses 
containing Cas9 protein and corresponding sgRNA, 
K.D); and (4) overexpression group (infected with len-
tiviruses containing dCas9 protein and corresponding 
sgRNA, O.E). (Appended part: on the basis of the original 
4 groups, the overexpression group was supplemented 
with empty vector control as its negative control group to 
show that the negative control group had no significant 
effect on the growth viability of the cells after infection 
of two glioma cell lines through CCK-8 and MTT experi-
ments. The specific experimental methods and results 
of this part of the supplementary data can be found in: 
https://pan.baidu.com/s/1idLoUOclI8tivHg2ThImSw?pw
d=j476)

Virus construction and cell infection
The sgRNA interference target sequence of the AQP8 gene 
was designed containing the adhesive end of the restric-
tion site, and the single-stranded DNA oligo was synthe-
sized and purified by polyacrylamide gel electrophoresis 
(PAGE). Double-stranded DNA was formed by anneal-
ing and cloned into the Lenti-SgRNA-tagvectorGV371 

https://pan.baidu.com/s/1idLoUOclI8tivHg2ThImSw?pwd=j476
https://pan.baidu.com/s/1idLoUOclI8tivHg2ThImSw?pwd=j476
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(U6-SGRNA-SV40-EGFP). TOP10 receptive state trans-
formation was performed, and colony polymerase chain 
reaction (PCR) was used to detect positive clones. 
Clones with lentivirus knockdown were verified for 
correct expression after sequencing with the follow-
ing primers: lentivirus sgRNA sequence knockdown 1: 
5′-CTGCACAAACCGTTCGTACC-3′, sgRNA sequence 
knockdown 2: 5′-TGGTGATGCTCCTCCCGTAC-3′, 
and sgRNA sequence knockdown 3: 5′-TCCCATTCT-
CAATGACCACC-3′. Next, AQP8 was overexpressed 
by lentivirus vector GV468 (U6-SGRNA-SV40-MS2-
P65-HSF1-CMV-EGFP) in the SAM system and con-
firmed using primers sgRNA sequence overexpression 
1: 5′-GCGGCTCTGAGGCCCAGAAG-3′, sgRNA 
sequence overexpression 2: 5′-TGCTGAACTTTCC-
GCCAGTG-3′, and sgRNA sequence overexpression 3: 
5′-TTTTTAAATCTCAACAGGGC-3′.

The design and packaging of the lentivirus and the 
determination of the virus titer were completed by 
GeneChem LTD (GeneChem, Shanghai, China). A172 
and U251 cells were inoculated into six-well plates at 
1 × 106 cells/well and grown to 35 − 50% confluency. 
A172 cells and U251 cells were infected with negative 
control Cas9 and dCas9 lentivirus, respectively, follow-
ing manufacturer’s instructions. After 3 days of routine 
culture, uninfected cells were removed by puromycin 
selection. After another 3 days of culture, the cells were 
again infected with lentivirus with sgRNA. After 48 h of 
cell infection, cells in each group were collected to detect 
green fluorescent protein (GFP) expression, and those 
with an infection rate of more than 85% were selected for 
subsequent tests.

Real-time PCR
The RNA was extracted from each group of cells using 
the RNAiso Plus Kit (Takara, Kusatsu, Japan), and 
the concentration was measured. The RNA was con-
verted into first-strand cDNA according to manufac-
turer’s instructions. PCR amplification was performed 
using the LightCycler system with the amplification 
kit. The primers were: AQP8 upstream 5′-TGCCAT-
CAATGAGAAGACAAAG-3′, AQP8 downstream 
5′-ATCTCCAATGAAGCACCTAATG-3′; β-actin was 
used as the internal reference gene: β-actin upstream: 5′ 
-AGAAAATCTGGCACCACACCT-3′ and downstream: 
5′-GATAGCACAGCCTGGATAGCA-3′. The amplifica-
tion cycles were as follows: 95 °C for 5 min, 95 °C for 30 s, 
57 °C for 30 s, and 72 °C for 45 s, total 40 cycles. The data 
were analyzed using the 2-ΔΔCt method. All viruses used 
in the follow-up studies, except those in the negative con-
trol group, produced the highest overexpression/knock-
down as verified by real-time quantitative PCR.

Cell proliferation experiments
Colony formation
The A172 and U251 cells were collected from each group, 
inoculated in a six-well plate at 500 cells/well, and cul-
tured in a complete medium containing 30% FBS. The 
medium was changed every two days for 12 days. The 
cells were washed with phosphate-buffered saline (PBS) 
and fixed with 4% paraformaldehyde at room tempera-
ture for 10  min. The cells were washed with PBS and 
stained with crystal violet (Beyotime, Shanghai, China) at 
room temperature for 10–15 min. Cells in each six-well 
plate were observed with a microscope, and the number 
of cell clones was counted. The standard record of ≥ 50 
cells in each group was taken as the effective number 
of clones. Six-well plates were photographed using A4 
paper as a background (Leica, Wetzlar, Germany).

25-Ethynyl-2,-deoxyuridine incubation
The U251 and A172 cells were incubated in 10 µM 
5-ethyl-2-deoxyuridine (EDU; Beyotime, Shanghai, 
China) for 2 h following the manufacturer’s instructions. 
The cells were rinsed with PBS and fixed with 4% para-
formaldehyde. Thereafter, the cells were treated with 
200 µL 1 Apollo reaction mixture for 30  min, stained 
with 4,6-diamino-2-phenylindole (DAPI) for 5  min, and 
observed under fluorescence microscopy (Leica Micro-
systems, Wetzlar, Germany).

Apoptosis experiments
Flow cytometry
The A172 and U251 cells were obtained from each group, 
inoculated in six-well plates at 2 × 105 cells/well, and cul-
tured for 48 h. The cells were then rinsed with PBS and 
digested in trypsin. After digestion was terminated, the 
cell suspension was transferred to 15-mL centrifuge 
tubes and centrifuged at 800 rpm for 3 min. The super-
natant was removed, and the cells were resuspended in 
PBS. Centrifugation was repeated, and the supernatant 
was removed again. This process was repeated twice. The 
cells from each group were then resuspended in 500 µL 
PBS and transferred into 1.5-mL Eppendorf (EP) tubes. 
Cellular apoptosis was measured using an Annexin 
V-Fluorescein Isothiocyanate and Propidium Iodide 
Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, 
NJ, USA). Apoptosis rates were measured using FAC-
SCalibur flow cytometry (BD Biosciences) according 
to the manufacturer’s instructions. Apoptosis rate = Up 
Right(UR) + Lower Right(LR).

Hoechst staining
The A172 and U251 cells from each group were inocu-
lated in six-well plates at 5 × 104 cells/well and fixed 
with 4% paraformaldehyde for 10  min. The cells were 
then washed with PBS, stained with Hoechst solution 
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(Hoechst, Beyotime) for 10 min, rinsed thrice with PBS, 
and observed using fluorescence microscopy (Leica 
Microsystems).

Western blot
Cells in each group were collected in T25 bottles, 
and radioimmunoprecipitation assay buffer (RIPA) 
with phenylmethylsulfonyl fluoride (PMSF) (RIPA: 
PMSF = 100:1) was added. Cells were collected using 
a disposable cell scraper, and the lysate was transferred 
to 1.5-mL EP tubes. RIPA solution was added to adjust 
the final protein concentration of each group to 2.5 mg/
mL. Sodium dodecyl sulfate (SDS)-protein loading buffer 
and lysate were then mixed in a 1:4 ratio and denatured 
at 95 °C for 5 min. Protein loading solution (12 µL) was 
added to each sample, and SDS-PAGE was performed at 
80 V for 30 min and 120 V for 60 min. After the gel is cut 
near the corresponding molecular weight and displayed 
by the Marker, it was then placed into an ice box in prep-
aration for electroblotting.

The separated proteins were transferred from the gel to 
a polyvinylidene fluoride (PVDF) membrane by electrob-
lotting for 30 min at 250 mA, and the PVDF membrane 
was then sealed with rapid sealing solution (Beyotime) 
at room temperature for 20  min. The membrane was 
immersed once in Tris-buffered saline Tween solution, 
and the PVDF membrane was then incubated overnight 
on ice in the presence of the primary antibodies (AQP8 
dilution ratio, 1:1,000; Abcam, Cambridge, UK) (β-actin, 
Bax, Bcl-2 dilution ratio, 1:1,000; AKT, p-AKT, PTEN 
dilution ratio, 1:2,000; Cell Signaling Technology, Dan-
vers, MA, USA). Subsequently, the PVDF membrane 
was incubated in the presence of the secondary antibody 
(secondary antibody dilution ratio 1:5,000; Proteintech, 
Rosemont, IL, USA) for 1 h at 37 ℃ with constant shak-
ing. Bands were detected using hypersensitive enhanced 
chemiluminescence color solution, and color imaging 
was performed using the Image Lab Software. The strips 
were preserved for analysis.

Transwell experiment
Invasion experiment
Matrigel was refrigerated overnight at 4  °C. Matrix glue 
diluted with DMEM (100 µL) was added to the upper 
chamber of the transwell plate using a 200-µL precooled 
gun tip (diluted according to the manufacturer’s instruc-
tions, with the final concentration of the matrix glue at 
2  mg/mL). The solution was then incubated overnight. 
Respectively, 500 µL A172 and U251 cells from each 
group were then added in the upper chamber of the tran-
swell plate at 5.0 × 104 cells/well, and cultured for 24  h. 
The cells were rinsed with PBS, and 500 µL 4% parafor-
maldehyde was added to the lower chamber for cell pas-
sage. The cells were rinsed again with PBS, and 500 µL 

crystal violet was added to the lower chamber for staining 
for 10 min. The cells were rinsed with PBS, and the upper 
chamber was gently wiped with cotton swabs to remove 
residual cells. Finally, the cells were dried and observed 
under fluorescence microscopy (Leica Microsystems).

Migration experiment
The steps were the same as for the invasion experiment, 
except that no matrix glue was added.

ROS production measurement
The cells in each group were inoculated into a six-well 
plate at 5 × 105 cells/well. After conventional culture for 
24 h, the intracellular ROS level of target cells was mea-
sured using a dihydroethidium (DHE) assay kit-ROS 
(ab236206, Abcam China, Shanghai, China). The cells 
were processed according to the manufacturer’s instruc-
tions, digested with trypsin, and centrifuged at 400  g. 
A 100 µL cell suspension was drawn from a 500 µL cell 
suspension and the cells were re-suspended in a 300 µL 
ROS buffer, and the fluorescence intensity was measured 
at 480  nm excitation wavelength and 570  nm emission 
wavelength.

Evaluation of oxidative stress
The levels of superoxide dismutase (SOD), malondial-
dehyde (MDA), and glutathione peroxidase (GSH-PX) 
in each group were determined using the SOD, MDA, 
and GSH-PX detection kits following the manufacturer’s 
instructions (Nanjing Bioengineering Institute, Nanjing, 
China).

In vivo mouse xenograft
Female BALB/C nude mice (n = 6) aged 4 − 6 weeks 
weighing 16 − 20  g were purchased from Beijing Vitong 
Lihua Biotechnology Co., Ltd. (Beijing, China). The U251 
cells from the control, negative control, overexpression, 
and knockdown groups were implanted subcutaneously 
at 1 × 108 cells per mouse. Tumor volume and weight of 
the nude mice were recorded at 3-day intervals beginning 
at 4 weeks after subcutaneous inoculation. Tumor vol-
ume was calculated as V = (length × width2)/2. After 20 
days, the mice were intraperitoneally injected with pento-
barbital solution at a dosage of 150 mg/kg for each nude 
mouse. After complete anesthesia, the mice were sacri-
ficed by spinal dislocation, and the tumors were extracted 
and weighed for subsequent analysis. All animal studies 
were approved by the Animal Use and Care Committee 
of Chongqing Medical University. All applicable inter-
national, national, and/or institutional guidelines for the 
care and use of animals were followed.
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Statistical analysis
All experiments were performed in triplicate. Graphs 
were generated using GraphPad Prism, ver. 8.2 (Graph-
Pad Software, San Diego, CA, USA, www.graphpad.
com). ImageJ software was used to quantify the western 
blotting (WB) and PCR results. Data were presented as 
means ± standard deviation. One-way analysis of vari-
ance followed by Bonferroni’s test was used to compare 
differences among groups. Significance was expressed as 
*p < 0.05, **p < 0.01, or ***p < 0.001.

Results
Viruses that overexpressed and knocked down AQP8
The results of WB indicated that there was no significant 
difference in the expression of AQP8 protein between 
A172 and U251 cells (Fig. 1A, B).

The results of the RT-qPCR showed that, first, the virus 
in the negative control group was effective. Second, the 
three constructed AQP8 overexpressed and knockdown 
bivectors were all effective, among which the knockdown 
group 2 and overexpression group 1 had more significant 
effects. Therefore, the viruses used in the subsequent 
infection experiments in this study were those in the 
negative control group, knockdown group 2, and overex-
pression group 1 (Fig.  1C, D). After infecting A172 and 
U251 cells, WB results showed that AQP8 expression was 
markedly higher in the overexpressed group and lower in 
the knockdown group than in the control group (Fig. 1E-
H). This indicated that the virus was effective and could 
be used in subsequent experiments.

Effects of AQP8 expression on proliferation, migration, and 
invasion of glioma cells
Cell cloning experiments showed that the number of 
A172 and U251 cells increased in the AQP8 overex-
pression group, whereas it significantly decreased in the 
AQP8 knockdown group (Fig. 2A–D). The EDU experi-
ment showed that cell proliferation increased in the 
AQP8 overexpression group, whereas it significantly 
decreased in the AQP8 knockdown group (Fig.  2E–H). 
The results of the transwell assay showed that, com-
pared with the control group, the AQP8 overexpression 
group had enhanced invasion and migration capabilities 
of A172 and U251 cells, whereas the knockdown group 
had significantly weakened the corresponding capabili-
ties of these cells (Fig. 3). In the mouse model, compared 
with the control group, the AQP8 overexpression group 
had larger tumor volume and weight, whereas the AQP8 
knockdown group had smaller tumor volume and weight. 
This indicated that AQP8 affected the proliferation 
and growth of gliomas (Fig.  7). Specifically, high AQP8 
expression promoted the proliferation and growth of gli-
oma to some extent, while inhibition of AQP8 expression 
slowed down these activities.

Effects of AQP8 expression on apoptosis of glioma cells
Flow cytometry showed that, compared with the con-
trol group, the AQP8 overexpression group had a slightly 
lower apoptosis rate in A172 and U251 cells, while the 
AQP8 knockdown group had significantly higher apop-
tosis rates in A172 and U251 cells, especially in the early 
stage (Fig. 4A–D). Hoechst staining results also showed 
that the apoptosis rate was decreased in the overexpres-
sion group and significantly increased in the knockdown 
group (Fig.  4E–H). The WB results showed that Bcl-2 
expression was higher while Bax expression was lower 
in the AQP8 overexpression group than in the control 
group and negative control group. Meanwhile, Bcl-2 
expression was lower in the knockdown group (Fig. 6D–
E, I-J). These results suggest that high AQP8 expression 
inhibits the apoptosis of glioma cells, and the inhibition 
of AQP8 expression promotes apoptosis.

Effects of AQP8 expression on the redox state
The DHE results showed that, compared with the con-
trol group, the AQP8 overexpression group had higher 
ROS production, whereas the AQP8 knockdown group 
had lower ROS production (Fig. 5A, B, a, b). In the AQP8 
overexpression group, the GSH-PX and SOD levels were 
increased, whereas those of MDA were decreased. The 
opposite results were obtained in the AQP8 knockdown 
group. The trends of expression of the two cell types were 
consistent (Fig. 5C, D). Concerning the MDA level, a high 
redox level after AQP8 overexpression did not damage 
glioma cells, but it decreased the level of lipid peroxides 
by increasing the levels of SOD and GSH. Meanwhile, 
AQP8 knockdown reduced SOD and GSH-PX levels and 
increased MDA levels. This indicates that changes in 
AQP8 expression affect intracellular ROS production and 
the redox balance.

Effects of AQP8 expression on PTEN/AKT phosphorylation 
and glioma cell proliferation and growth
Phosphatase and tensin homolog (PTEN) and serine/
threonine protein kinase (AKT) phosphorylation are 
important downstream regulators of the ROS signal 
transduction pathway. The WB results showed that the 
changes in PTEN and phosphorylated AKT (p-AKT) 
proteins in A172 and U251 cells were consistent. Com-
pared with the control group, the AQP8 overexpression 
group had lower PTEN expression and higher p-AKT 
expression, whereas the AQP8 knockdown group had 
lower p-AKT expression (Fig. 6A–C, F–H). This indicates 
that AQP8 knockdown increases PTEN expression and 
decreases AKT phosphorylation.

http://www.graphpad.com
http://www.graphpad.com
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Fig. 1 Screening and identification of viruses with overexpressed and knocked down AQP8. A-B Confirmation of the expression of AQP8 in A172 and 
U251: (A) The expression level of AQP8 in A172 and U251 cells. (B) The comparison of AQP8 protein content (ns, no significant difference). C-D Virus 
screening: (C, D) relative mRNA expression analysis of AQP8 in all groups, including one negative control, three overexpression and three knockdown 
groups of AQP8 (vs. control, *p < 0.05, **p < 0.01). Viruses d and f have better effects on overexpression and knockdown in both cell types. E-H NC virus 
screening for an overexpressed virus and a knockdown virus by western blot: (E) Expression of AQP8 in different groups after A172 cell infection. (G) Bar 
graph of the relative expression of AQP8 in A172 cells. (E) Expression of AQP8 in different groups after U251 cell infection. (H) Bar graph of the relative 
expression of AQP8 in U251 cells. AQP, aquaporin; NC, negative control; O.E, overexpressed; K.D, knockdown. All experiments were performed in triplicate
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Discussion
Previously, AQPs have been confirmed to affect the 
development of glioma [20]. For example, AQP1 is 
involved in the formation of peritumoral neovasculariza-
tion of glioma [6]. Meanwhile, AQP4 affects the invasion 
and migration of glioma and is closely related to vaso-
genic edema and cytotoxic edema induced by glioma [11, 
21]. The epidermal growth factor receptor/extracellular 
signal-regulated kinase/p38/mitogen-activated protein 
kinase (EGFR/ERK/p38 MAPK) signaling pathway affects 
glioma proliferation and apoptosis [12], and AQP9 is 
involved in the oxidative phosphorylation pathway in gli-
oma cells [13]. These studies indicate AQPs participate in 
many aspects of glioma development. However, different 

types of AQPs play different roles in gliomas. Thus, fur-
ther in-depth studies of other members of the AQP fam-
ily will clarify the role of AQPs in the proliferation and 
growth of gliomas and provide further evidence for tar-
geted therapy.

As a member of the AQPs, AQP8 has attracted atten-
tion because of its involvement in the development of 
many tumors, including ovarian and esophageal carci-
nomas [22, 23]. However, there have been few studies on 
its role in glioma. Originally, we detected the expression 
level of AQP8 protein in three cell lines, U87, A172 and 
U251. However, by using genetic profiling and transcrip-
tome analysis in human glioma cell lines, Allen et al. [24] 
found that the DNA profile of the widely used glioma 

Fig. 2 Cell clone and EDU experiments showing the proliferation capability of A172 and U251 cells infected by different viruses. (A, B) Cell clone experi-
ment. The colony formation capability of A172 and U251 cells is increased by AQP8 overexpression (O.E) and decreased by AQP8 knockdown (K.D) com-
pared with the control group. (C, D) Bar graphs of colony formation of A172 and U251 cells. Complete proliferation analysis was performed by observing 
the number of cell clones (vs. control, *p < 0.05, **p < 0.01). (E, F) EDU fluorescence staining experiment. Red represents EDU, and blue represents nucleus. 
Fluorescence intensity in A172 and U251 cells is increased by AQP8 overexpression and decreased by AQP8 knockdown. (G, H) EDU percentage and 
analysis in A172 and U251 cells of different groups (vs. control, *p < 0.05, **p < 0.01). EDU, 5-ethyl-2-deoxyuridine; AQP, aquaporin; NC, negative control; 
O.E, AQP8-overexpressed; K.D, AQP8-knockdown; DAPI, 4,6-diamino-2-phenylindole. All experiments were performed in triplicate
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cell line U87MG was different from that of the original 
cells and that it is likely to be a bona fide human glioblas-
toma cell line of unknown origin. Therefore, only A172 
and U251 were selected for our subsequent experiments 
and the results which contained three protein bands were 

cut, and the expression results of A172 and U251 were 
retained as Fig. 1A.

APQ8 loss-of-function was achieved by CRISPR-Cas9 
mediated knockout in this study. However, in this con-
text, the remaining APQ8 protein expression (Fig. 1C-H) 

Fig. 3 Migration and invasion capabilities of A172 and U251 cells that were infected by different viruses in the transwell experiment. (A, C) Cell migration 
phenomenon in all groups. (B, D) Cell invasion performance in all groups. (E, F) Migration and invasion numbers analysis of A172 cells in each group. 
Migration and invasion capabilities of A172 cells are enhanced by AQP8 overexpression and reduced by AQP8 knockdown. (G, H) Migration and invasion 
numbers analysis of U251 cells in each group. Migration and invasion capabilities of U251 cells were enhanced by AQP8 overexpression (O.E) and reduced 
by AQP8 knockdown (K.D) compared with control group (vs. control, *p < 0.05). AQP, aquaporin; NC, negative control; O.E, overexpressed; K.D, knockdown. 
All experiments were performed in triplicate

 



Page 9 of  14Hao et al. BMC Cancer          (2023) 23:516 

is potentially concerning. This was due to the fact that 
the target cells which infected by lentivirus did not be 
screened and the monoclonal cells did not be cultured.
Considering that a small number of cells still expressed 
AQP8, which however does not affect the conclusion of 

the whole experiment to some extent. AQP8 activation 
and knockdown in glioma A172 and U251 cells showed 
that, to some extent, AQP8 knockdown reduced the pro-
liferation, migration, and invasion capabilities of glioma 
cells. The AQP8 overexpression in glioma cells increased 

Fig. 4 Effect of AQP8 overexpression and knockdown on apoptosis in A172 and U251 cells. (A-D) Apoptosis rates of A172 and U251 cells in each group 
on flow cytometry of PI- and annexin V-stained cells. AQP8 overexpression (O.E) and knockdown (K.D) reduced and increased the apoptosis rate in A172 
and U251 cells, respectively (vs. control, *p < 0.05, **p < 0.01). (E-F) Hoechst staining on A172 and U251 cells of each group. Red arrows in E and F refer to 
apoptotic cells (blue). (G, H) The percentage of apoptotic A172 and U251 cells in each group with Hoechst staining. (vs. control, *p < 0.05, **p < 0.01). AQP, 
aquaporin; NC, negative control; O.E, overexpressed; K.D, knockdown. All experiments were performed in triplicate
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proliferation, migration, and invasion. Tumorigenesis 
experiments in nude mice also showed that AQP8 over-
expression enhanced tumor growth, whereas AQP8 
knockdown had the opposite effect. Collectively, these 
results showed that high AQP8 expression promotes the 
proliferation and growth of glioma. The results of flow 

cytometry and the Hoechst assay both supported that gli-
oma cells overexpressing AQP8 had lower early apoptosis 
rates, whereas those with AQP8 knockdown had signifi-
cantly higher early apoptosis rates.

Bcl-2 and Bax belong to the same family, and the 
heterodimer formed by Bcl-2 and Bax reduces the 

Fig. 5 Determination of the intracellular redox environment of A172 and U251 cells. (A, B, a, b) DHE method for evaluating ROS production in A172 and 
U251 cells in each group. (C, D) Changes in GSH-PX, MDA, and SOD expression of A172 and U251 cells in each group (vs. control, *p < 0.05, **p < 0.01). 
DHE, dihydroethidium; ROS, reactive oxygen species; GSH-PX, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; NC, negative 
control; O.E, overexpressed; K.D, knockdown. All experiments were performed in triplicate
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permeability of the mitochondrial membrane and pre-
vents apoptosis [25, 26]. Further, the ratio of Bcl-2 to Bax 
is one of the indicators of cell apoptosis capability [27]. 
The WB analysis in this study showed that Bcl-2 expres-
sion was significantly decreased in AQP8 knockdown 
glioma cells, whereas Bcl-2 expression was increased and 
Bax expression was decreased in AQP8 overexpressing 

glioma cells. Further, the Bcl-2/Bax ratio was significantly 
increased in the AQP8 overexpression group, whereas 
it was significantly decreased in the AQP8 knockdown 
group. This supports the idea that the effect of AQP8 on 
apoptosis in glioma cells is related to the Bcl-2/Bax ratio. 
Consistent findings were obtained in the analysis of the 
intracellular redox state.

Fig. 6 Western blot staining results. (A-E) A172; (F-J) U251. (A,D,F,I) Western blot showing the expression levels of PTEN, AKT, p-AKT, Bax, and Bcl-2 pro-
teins in A172 and U251 cells. (B,C,E,G,H,J) Analysis of the effect of AQP8 on these proteins (vs. control, *p < 0.05, **p < 0.01, ***p < 0.001). AQP, aquaporin; 
PTEN, phosphatase and tensin homolog; AKT, serine/threonine protein kinase; p-AKT, phosphorylated AKT; NC, negative control; O.E, overexpressed; K.D, 
knockdown. All experiments were performed in triplicate
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Prata et al. [28] discovered that sulforaphane could reg-
ulate the expression of AQP8 in leukemia cells, thereby 
affecting the expression of Nox-2, an intracellular redox-
related protein, and ultimately affect the growth of leuke-
mia cells. However, they did not investigate the influence 
of changes in AQP8 expression on the intracellular redox 
level, and sulforaphane is not a specific AQP8-regulating 
substance. To our best knowledge, our study is the first 

to report that changes in AQP8 expression can affect not 
only ROS production but also the levels of GSH, MDA, 
and SOD. ROS is a key influencing factor of redox lev-
els in glioma cells, whereas GSH, MDA, and SOD are key 
reducing enzymes. These results suggest that increased 
AQP8 expression can protect glioma cells from higher 
redox levels by improving redox enzyme activity and, to a 

Fig. 7 AQP8 affects tumor growth in vivo in a nude mouse tumor model injected with three groups of cells: NC, O.E, and K.D. (A) Nude mice in each 
group. (B) Representative images of xenograft tumors derived from the four groups of U251 cells. (C) Growth curves of U251 cell-derived tumors. (D) 
Weights of U251 cell-derived tumors. Compared with the control group, the growth of tissues in O.E group was faster, but that in K.D group was slower 
(vs. control, *p < 0.05, **p < 0.01). AQP, aquaporin; NC, negative control; O.E, overexpressed; K.D, knockdown. (n = 10; 4–6 weeks old.)
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certain extent, by increasing ROS levels, which is condu-
cive to glioma cell proliferation and growth.

PTEN and AKT are downstream regulatory proteins 
of ROS. Measurements of PTEN, AKT, and p-AKT pro-
tein levels in glioma cells showed that PTEN expres-
sion was decreased as AQP8 expression was increased. 
Meanwhile, p-AKT expression was increased, while cell 
proliferation was accelerated. AQP8 knockdown had the 
opposite effect. The changes in PTEN and AKT phos-
phorylation levels were consistent with those reported in 
previous studies [29–31]. PTEN inhibited the phosphor-
ylation of AKT in glioma cells by antagonizing the activ-
ity of tyrosine kinase and affected the proliferation of 
tumor cells, thus playing a tumor suppressor role. These 
results indicate that AQP8 may positively affect the new 
redox balance state in cells by mediating the ROS signal-
ing pathway and promoting the proliferation and growth 
of glioma cells.

However, it was reported that AQP8 expression is 
lower in colon cancer tissues than in normal colon tis-
sues [32]. AQP8 overexpression in the colorectal cancer 
cell lines SW480 and HT-29 inhibited the growth and 
invasion of colorectal cancer cells by inactivating the 
PI3K/AKT signaling pathway and inhibiting PCDH7 
expression [33]. To fully understand the expression and 
function of AQP8 in other tumor tissues, the Clinical 
Proteomic Tumor Analysis Consortium (CPTAC), Inter-
national Cancer Proteogenome Consortium (ICPC), 
and The Cancer Genome Atlas (TCGA) databases were 
searched, and we found no association between AQP8 
and a wide range of tumors. However, we found some 
correlation between AQP8 mRNA and extensive tumors 
in the tumor immune evaluation resources (TIMER) 
database (https://cistrome.shinyapps.io/TIMER/)[34]. 
The results showed that the AQP8 is mostly expressed in 
tumor tissues rather than normal tissues. The data also 
showed that AQP8 expression was significantly down-
regulated in colorectal adenocarcinoma, rectal adenocar-
cinoma, and UCEC (uterine endometrial carcinoma), but 
significantly upregulated in renal clear cell carcinoma, 
hepatocellular carcinoma, and thyroid carcinoma com-
pared with normal tissues. This database also showed 
that the expression of AQP8 in glioma was not high, but 
there was no control. This is inconsistent with the results 
we found in human gliomas samples before. The reason 
for our analysis to affect the sequencing results may be 
that the final sequencing expression values were differ-
ent due to the different sequencing time and depth of the 
samples. In any case, the data are suggesting that AQP8 
may play different roles in different tumor types, thus 
warranting further research.

Nevertheless, this study did not further expand on 
these aspects to prove the capability of AQP8 in promot-
ing glioma proliferation by including extensive animal 

experiments, patient-derived model experiments and 
other techniques, and the response of other AQP family 
members with the extension of time after AQP8 knock-
down is unknown. It is still a long way from clarifying the 
exact mechanism of action of AQP8 in the development 
of glioma and using AQP8 as a therapeutic target for 
glioma, which also makes the results of this paper some-
what encouraging, but with big limitation at the same 
time.These studies will be conducted in the future.

Conclusions
This is a preliminary suggestion that AQP8 overexpres-
sion can promote the proliferation, migration, and inva-
sion of glioma cells, whereas AQP8 knockdown can 
induce their apoptosis and inhibit proliferation and 
growth. Increased AQP8 expression may promote glioma 
proliferation by mediating ROS levels, regulating the lev-
els of PTEN/AKT and other downstream proteins, and 
forming a new redox equilibrium state in cells. Thus, 
AQP8 may be a potential therapeutic target in glioma.
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sodium dodecyl sulfate; SOD, superoxide dismutase; WB, 
western blotting.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12885-023-11025-8.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Acknowledgements
We are grateful for the participation and cooperation of the Chinese Academy 
of Sciences (Shanghai, China).

Authors’ contributions
Hao Zhang and Huajun Sheng performed most of the experiments and 
wrote the manuscript. Xia Qingqian, Shen Zihao, Cai Ziling, Guo Zhen, and 
Xing Yu assisted with some of the experiments, including cell culture and 
data analysis. Zhu Shujuan and Qian Liu obtained funding for the entire 
project. Zhu Shujuan designed and supervised the experiments.

https://cistrome.shinyapps.io/TIMER/
http://dx.doi.org/10.1186/s12885-023-11025-8
http://dx.doi.org/10.1186/s12885-023-11025-8


Page 14 of  14Hao et al. BMC Cancer          (2023) 23:516 

Funding
This work was supported by grants from the National Natural Science 
Foundation of China (grant number 81502161) and the Chongqing Science & 
Technology Commission (grant number cstc2014jcyjA10028).

Data availability
The datasets generated during and during the current study are not 
publicly available because parts of the data were designed for subsequent 
experiments; however, the datasets are available from the corresponding 
author upon reasonable request.

Declarations

Ethics approval
All animal studies were approved by the Animal Use and Care Committee 
of Chongqing Medical University. We confirm the study is reported in 
accordance with ARRIVE guidelines (https://arriveguidelines.org).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 September 2022 / Accepted: 30 May 2023

References
1. Ostrom QT, Bauchet L, Davis FG, Deltour I, Fisher JL, Langer CE, et al. The epi-

demiology of glioma in adults: a “state of the science” review. Neuro Oncol. 
2014;16:896–913.

2. Chen R, Smith-Cohn M, Cohen AL, Colman H. Glioma subclassifications and 
their clinical significance. Neurotherapeutics. 2017;14:284–97.

3. Clément T, Rodriguez-Grande B, Badaut J. Aquaporins in brain edema. J 
Neurosci Res. 2020;98:9–18.

4. Venero JL, Machado A, Cano J. Importance of aquaporins in the physiopa-
thology of brain edema. Curr Pharm Des. 2004;10:2153–61.

5. Xu M, Xiao M, Li S, Yang B. Aquaporins in nervous system. Adv Exp Med Biol. 
2017;969:81–103.

6. Oishi M, Munesue S, Harashima A, Nakada M, Yamamoto Y, Hayashi Y. Aqua-
porin 1 elicits cell motility and coordinates vascular bed formation by down-
regulating thrombospondin type-1 domain-containing 7A in glioblastoma. 
Cancer Med. 2020;9:3904–17.

7. Dzaye O, Hu F, Derkow K, Haage V, Euskirchen P, Harms C, et al. Glioma stem 
cells but not bulk glioma cells upregulate IL-6 secretion in microglia/brain 
macrophages via toll-like receptor 4 signaling. J Neuropathol Exp Neurol. 
2016;75:429–40.

8. El Hindy N, Bankfalvi A, Herring A, Adamzik M, Lambertz N, Zhu Y, et al. 
Correlation of aquaporin-1 water channel protein expression with tumor 
angiogenesis in human astrocytoma. Anticancer Res. 2013;33:609–13.

9. Hambardzumyan D, Gutmann DH, Kettenmann H. The role of microglia 
and macrophages in glioma maintenance and progression. Nat Neurosci. 
2016;19:20–7.

10. Hossain A, Gumin J, Gao F, Figueroa J, Shinojima N, Takezaki T, et al. Mes-
enchymal stem cells isolated from human gliomas increase proliferation 
and maintain stemness of glioma stem cells through the IL-6/gp130/STAT3 
pathway. Stem Cells. 2015;33:2400–15.

11. Papadopoulos MC, Manley GT, Krishna S, Verkman AS. Aquaporin-4 
facilitates reabsorption of excess fluid in vasogenic brain edema. FASEB J. 
2004;18:1291–3.

12. Yang J, Zhang JN, Chen WL, Wang GS, Mao Q, Li SQ, et al. Effects of AQP5 
gene silencing on proliferation, migration and apoptosis of human glioma 
cells through regulating EGFR/ERK/p38 MAPK signaling pathway. Oncotarget. 
2017;8:38444–55.

13. Amiry-Moghaddam M, Lindland H, Zelenin S, Roberg BA, Gundersen BB, 
Petersen P, et al. Brain mitochondria contain aquaporin water channels: evi-
dence for the expression of a short AQP9 isoform in the inner mitochondrial 
membrane. FASEB J. 2005;19:1459–67.

14. Warth A, Mittelbronn M, Hülper P, Erdlenbruch B, Wolburg H. Expression of 
the water channel protein aquaporin-9 in malignant brain tumors. Appl 
Immunohistochem Mol Morphol. 2007;15:193–8.

15. Yool AJ, Brown EA, Flynn GA. Roles for novel pharmacological blockers of 
aquaporins in the treatment of brain oedema and cancer. Clin Exp Pharmacol 
Physiol. 2010;37:403–9.

16. Li Y, Wang W, Jiang T, Yang B. Aquaporins in urinary system. Adv Exp Med Biol. 
2017;969:131–48.

17. Zhu S, Ran J, Yang B, Mei Z. Aquaporins in digestive system. Adv Exp Med Biol. 
2017;969:123–30.

18. Zhu SJ, Wang KJ, Gan SW, Xu J, Xu SY, Sun SQ. Expression of aquaporin8 in 
human astrocytomas: correlation with pathologic grade. Biochem Biophys 
Res Commun. 2013;440:168–72.

19. Krüger C, Waldeck-Weiermair M, Kaynert J, Pokrant T, Komaragiri Y, Otto O, 
et al. AQP8 is a crucial H2O2 transporter in insulin-producing RINm5F cells. 
Redox Biol. 2021;43:101962.

20. Maugeri R, Schiera G, Di Liegro CM, Fricano A, Iacopino DG, Di Liegro I. Aqua-
porins and brain tumors. Int J Mol Sci. 2016;17:1029.

21. Ding T, Ma Y, Li W, Liu X, Ying G, Fu L, et al. Role of aquaporin-4 in the 
regulation of migration and invasion of human glioma cells. Int J Oncol. 
2011;38:1521–31.

22. Chang H, Shi YH, Talaf TK, Lin C. Aquaporin-8 mediates human esophageal 
cancer Eca-109 cell migration via the EGFR-Erk1/2 pathway. Int J Clin Exp 
Pathol. 2014;7:7663–71.

23. Ma J, Zhou C, Yang J, Ding X, Zhu Y, Chen X. Expression of AQP6 and AQP8 in 
epithelial ovarian tumor. J Mol Histol. 2016;47:129–34.

24. Allen M, Bjerke M, Edlund H, Nelander S, Westermark B. Origin of the U87MG 
glioma cell line: good news and bad news. Sci Transl Med. 2016;8:354re3.

25. Korsmeyer SJ, Shutter JR, Veis DJ, Merry DE, Oltvai ZN. Bcl-2/Bax: a rheostat 
that regulates an anti-oxidant pathway and cell death. Semin Cancer Biol. 
1993;4:327–32.

26. Qiu XG, Chen YD, Yuan J, Zhang N, Lei T, Liu J, et al. Functional BCL-2 
rs2279115 promoter noncoding variant contributes to glioma predisposition, 
especially in males. DNA Cell Biol. 2019;38:85–90.

27. Wang P, Zhen H, Jiang X, Zhang W, Cheng X, Guo G, et al. Boron neutron 
capture therapy induces apoptosis of glioma cells through Bcl-2/Bax. BMC 
Cancer. 2010;10:661.

28. Prata C, Facchini C, Leoncini E, Lenzi M, Maraldi T, Angeloni C, et al. Sulfora-
phane modulates AQP8-linked redox signalling in leukemia cells. Oxid Med 
Cell Longev. 2018;2018:4125297.

29. Chai C, Song LJ, Han SY, Li XQ, Li M. MicroRNA-21 promotes glioma cell 
proliferation and inhibits senescence and apoptosis by targeting SPRY1 via 
the PTEN/PI3K/AKT signaling pathway. CNS Neurosci Ther. 2018;24:369–80.

30. Chen P, Zhao D, Li J, Liang X, Li J, Chang A, et al. Symbiotic macrophage-
glioma cell interactions reveal synthetic lethality in PTEN-null glioma. Cancer 
Cell. 2019;35:868–884e6.

31. Vieceli Dalla Sega F, Prata C, Zambonin L, Angeloni C, Rizzo B, Hrelia 
S, et al. Intracellular cysteine oxidation is modulated by aquaporin-
8-mediated hydrogen peroxide channeling in leukaemia cells. BioFactors. 
2017;43:232–42.

32. Zhang H, Du WB, Guo XM, Wang LK, Cheng JM, Wei LJ. Identification of the 
AQP8-miR-92a network associated with the aggressive traits of colorectal 
cancer. Biochem Biophys Res Commun. 2020;527:218–25.

33. Wu Q, Yang ZF, Wang KJ, Feng XY, Lv ZJ, Li Y, et al. AQP8 inhibits colorectal 
cancer growth and metastasis by down-regulating PI3K/AKT signaling and 
PCDH7 expression. Am J Cancer Res. 2018;8:266–79.

34. Li T, Fan J, Wang B, Traugh N, Chen Q, Liu JS, et al. Timer: a web server for 
comprehensive analysis of tumor-infiltrating immune cells. Cancer Res. 
2017;77:e108.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://arriveguidelines.org

	AQP8 promotes glioma proliferation and growth, possibly through the ROS/PTEN/AKT signaling pathway
	Abstract
	Background
	Methods
	Cell culture of experimental groups
	Virus construction and cell infection
	Real-time PCR
	Cell proliferation experiments
	Colony formation
	25-Ethynyl-2,-deoxyuridine incubation


	Apoptosis experiments
	Flow cytometry
	Hoechst staining
	Western blot

	Transwell experiment
	Invasion experiment
	Migration experiment
	ROS production measurement
	Evaluation of oxidative stress
	In vivo mouse xenograft

	Statistical analysis
	Results
	Viruses that overexpressed and knocked down AQP8
	Effects of AQP8 expression on proliferation, migration, and invasion of glioma cells
	Effects of AQP8 expression on apoptosis of glioma cells
	Effects of AQP8 expression on the redox state
	Effects of AQP8 expression on PTEN/AKT phosphorylation and glioma cell proliferation and growth

	Discussion
	Conclusions
	References


