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To inhibit growth and migration of glioma cells through down
regulation glucose metabolism related to aquaporin (AQP)-1
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Background: Glioma is one of highly aggressive and fastest growing human tumors. aquaporin (AQP)-1
is a critical factor in cell function, especially in glioma cells. However, its mechanism is unknown. Here, we
explored growth and migration mechanism of glioma cells associated with glucose metabolism regulated
by AQP-1.

Methods: The growth and migration of glioma cells were analyzed after up or down regulation of AQP-1
expression. The expression of glucose metabolism-related proteins G6PC (glucose-6-phosphatase, catalytic
subunit), GK (glycerol kinase), and GOT1 (glutamic-oxaloacetic transaminase 1) were examined. Glucose
production of glioma cells was determined with colorimetric glucose oxidase method.

Results: Our work indicated that AQP-1 facilitated growth and migration of glioma cells by regulating
glucose metabolism, which was related to down-expression of gluconeogenesis gene G6PC, GK and GOT1.
Interference on AQP-1 expression suppressed these processes of glioma cells.

Conclusions: Therefore, our data demonstrated that down regulation of AQP-1 can induce the
inhibition of glioma cell growth and migration through the pathway related to gluconeogenesis gene
G6PC, GK and GOT1, which may promote the glucose metabolism. AQP-1 is the potential novel target

for treatment of glioma.
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Introduction is performed (4). In patients with anaplastic astrocytoma,
the median survival is around 2-3 years, but in glioblastoma

Glioma come from spine or brain, and is the most common multiformes (GBMs) may be only approximately one year (4).

tumor in brain (1). Gliomas include approximately 80% of
malignant tumors in brain and 30% in central nervous system
(CNS) (2). It is related to poor prognosis, especially in older
patients with high-grade tumors. The one-year survival rate for
patients with glioma is about 30%, and the two-year survival
rate is around 14% (3). Young patients with high-grade gliomas
tend to have a better prognosis, if complete resection of tumor

© Translational Cancer Research. All rights reserved.

tcr.amegroups.com

It is a challenge to identify the potential targets for
treatment on GBM. The mechanistic insight associated
establishment and progression of tumor was provided
according to novel over-expressed or mutated molecules,
which might be the new anticancer aims to drugs research (5).

Aquaporins (AQPs) are a proteins family, and key
function of them is water channels and channel-forming (6).
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Moreover, ten AQPs have been found today (7). They
have been distinguished into two subgroups according to
functional studies: AQPs are selective water channels, not
only the aquaglyceroporins are transport glycerol but also
water (8). AQP-1 is owned by the AQP family of water
channel and an aquaglyceroporin, is a widely expressed
water channel, whose is permeable to water as well as to
none charged solutes for example lactate. The expression
of AQP-1 in GBMs increased compared with the normal
tissues of brain. AQPs play a vital role in shuttling of H,O
and H" between the space from extracellular to intracellular,
cell motility, and edema (9). The common feature of cancer
cells is accumulation of lactate and increased glucose uptake,
even in normoxic conditions such as aerobic glycolysis or
the Warburg effect (10). In cancer cells, lactate may be as
a source of NADH and energy substrate or scavenger of
reactive oxygen species (ROS). In tumors, glutaminolytic
and glycolytic cells could produce and export lactate, which
may be as an oxidative fuel recycled by tumors cells in
oxidative status (11).

The metastatic cascade process is the central of
cell migration, which need coordinate with the behavior of
transporters, signaling cascades, cytoskeletal elements and ion
channels. Aquaporins and ion transport play the key role of in
invasion and migration of tumor cell, by causing changes of
volume through regulating signaling associated with H" and
Ca™. In carcinoma, not only ion transports overexpression are
common, but also activated. Therefore, cell migration may be
the potential target for treatment of glioma, and ion transports
are attractive candidate aims (12). Oedema formation is
a chief donor to the morbidity and mortality related to
malignant brain tumors, or liver, spleen and testicle (13).
The high glycerol concentration induces viscosity, which
could reduce the speed of biochemical processes in tumor
cells (14). Recent studies demonstrate that aquaporins might
be a capable target for treatment on cancer (15,16).

There are four chief reactions involved in gluconeogenesis,
including G6Pase (glucose-6-phosphatase), F1, 6BPase
(fructose-1, 6-bisphosphatase), PEPCK (phosphoenolpyruvate
carboxykinase), and PC (pyruvate carboxylase). The regulation
of these enzymes in transcriptional level is vital to effectively
induce gluconeogenesis. Then the key rate-limiting enzyme
of these four reactions were investigated in this work, such as
G6PC (glucose-6-phosphatase, catalytic subunit), GK (glycerol
kinase), and GOT1 (glutamic-oxaloacetic transaminase 1).

Therefore, we investigated that the effect of AQP-1
expression on human glioma cell lines. The propose of our
work was to study the AQP-1 expression in glioma cells,
and to ascertain the potential roles of AQP-1 associated
with glucose metabolism on glioma progression and to

© Translational Cancer Research. All rights reserved.

tcr.amegroups.com

Liu et al. To inhibit glioma related to glucose metabolism and AQP-1

evaluate the possible options for the treatment on glioma
related to AQP-1.

Methods
Cell culture

Both cell lines of human glioma U87 and U251 were
obtained from AT'CC (American Type Culture Collection)
and cultured with DMEM medium blending FBS (Gibco,
Carlsbad, CA, USA), streptomycin, and penicillin in
incubator with 5% CO, humidified atmosphere at 37 °C
followed the methods of Liu ez /. 2017 (17).

Plasmid constructs and DNA purification, transfection

The plasmids of overexpression of AQP-1 were established
by standard method (18). The pCMV-4 plasmids were
obtained from Clontech. A total of 4x10’° of cultured cells in
each well of 6-well plates was added to 4 pg plasmids using
Lipofectamine 3000.

One day before transfection, seed 0.5-2x10" cells per
well in 500 pL of growth medium without antibiotics to
attain 90-95% confluence at the time of transfection. For
each transfection sample, prepare DNA-Lipofectamine
3000 complexes as follows: dilute 0.8 pg DNA in 50 pL
Opti-MEM I (Invitrogen Catalog No. 31985, USA) without
serum, and then mix gently. Mix the stock Lipofectamine
3000 gently before use, and then dilute 2 pL in 50 pL. Opti-
MEM I. Mix gently and let it stand for 5 min at room
temperature. Five minutes after dilution of Lipofectamine
3000, combine the diluted DNA with the diluted lipid (total
volume is 100 pL). Mix gently and let it stand for 20 min
at room temperature to allow the DNA-Lipofectamine
3000 lipoplexes to form. The solution may appear cloudy,
but this will not inhibit transfection. DNA-Lipofectamine
3000 complexes are stable for 6 h at room temperature. Add
100 pL of transfection complex to each well containing
cells and medium. Mix gently by rocking the plate back and
forth. Incubate the cells at 37 °C in a humidified incubator
with 5% CO, for 48 h until they are ready to assay.

siRNA of AQP-1

The synthetic siRNNAs were obtained from Santa Cruz Inc.
(Santa Cruz, CA, USA), and the most effective siRNA of
AQP-1 (sc-29711) was used in vitro. The siRNA of negative
control sc-37007 was selected. A total of 4x10° of cultured
cells in each well of 6-well plates was added to 4 pg siRINA
using Lipofectamine 3000.

Transl Cancer Res 2018;7(6):1413-1420
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Western blot analysis

The proteins were extracted from lysed cells, and then were
detected with sodium dodecyl sulfate-polyacrylamide (SDS-
PAGE) gel. After that, the proteins were transferred to
0.45 pm polyvinylidene fluoride (PVDF) membrane, then
it was blocked with skim milk solution (5% in TBST) and
incubated using primary antibody: anti-AQP-1, G6PC, GK
and GOT'1 (1:3,000 dilutions, Cell Signaling, Danvers, MA,
USA), B-actin (1:4,000 dilutions, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Furthermore, the membranes
were at probed with proper secondary antibodies (1:6,000
dilutions, Santa Cruz Biotechnology) (17).

Detection of glucose production

Glucose production of cells was detected with colorimetric
glucose oxidase method. The isolated cells were cultured
with medium maintained gluconeogenesis (19). Glucose
production of cells was measured by the glucose oxidase
colorimetric method.

A certain amount of 1-thio-p-d-glucose were incubated
with different amounts of GOx in citrate buffer (10 mM,
pH 4.0) for 1 h at 37 °C. After that, 20 pL. Cd**/Na,PO,
mixture was added to the samples. Subsequently, the mixed
solution was added with 20 pL of 5 mM TMB and then
diluted to 200 pL by acetate buffer 200 mM, pH 4.0) and
illuminated under visible light irradiation (A >400 nm) for
10 min to allow development of the blue color, and the
absorbance of the oxidized TMB (oxTMB) at 652 nm was

measured.

Analysis of proliferation and clonogenicity

The MTS assay was used to analyze the ability of cell
growth. Moreover, the clonogenicity assay was also
performed. The colonies of glioma cells were fixed with
formalin, and then stained with crystal violet (17).

The proliferation ability of glioma cells was assessed
using MTS kit. Cells were exposed to vehicle control
(DMSO) or to 4BHWE at concentrations of 1, 2, 5 and
10 pg/mL for 24 h. The cells were then exposed to MTS
solution (CellTiter 96 Aqueous One Solution, Promega,
Madison, WI, USA) and allowed to incubate for 2 h at
37 °C. The product was measured at 490 nm absorbance
using a Dynex MRX Model 96 Well Plate Reader
(MTX Lab Systems, Inc., Vienna, VA, USA).

"The colonies of cells were fixed firstly, and then determined
with crystal violet stain. Then the sums of colonies were
counted. Over- or down-expression of AQP-1 were induced
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for assessing its molecular biological functions in glioma cells
with several experiments. The clonogenicity experiment was
performed, cells colonies were fixed using formalin and then
stained by crystal violet (Sigma, USA). Furthermore, the
number of obvious colonies were figured out.

Determine of migration in glioma cells

The migration ability of glioma cells was measured with
wound scratch experiment. At first, glioma cells were seed
into 24-well tissue culture plate at 5x10° cells per well
that after 24 h of growth, they should reach ~70-80%
confluence as a monolayer. Then, gently and slowly scratch
the monolayer with a new 1 mL pipette tip across the center
of the well. After scratching, gently wash the well twice
with medium to remove the detached cells. Furthermore,
glioma cells were cultured with fresh medium for additional
48 h. After washing the cells twice with 1x PBS, the cells
were fixed with 3.7% paraformaldehyde for 30 min, then
stained with 1% crystal violet in 2% ethanol for 30 min.
Take photos for the stained monolayer were performed
on a microscope. The gap distance can be quantitatively
evaluated, the migration glioma cells were counted (17).

Statistics

Data were displayed as mean =+ SD. The significance
differences between data were estimated with two-tailed
Student’s #-test or one-way ANOVA (analysis of variance).
For comparison of quantitative data, #-tests or ANOVA were
conducted between groups. Medians were compared between
groups through Kruskal-Wallis ANOVA. SPSS software
(version 18.0; SPSS Inc., Chicago, IL, USA) was used to
perform all analyses. P<0.05 were considered significant.

Results

AQP-1, G6PC, GK and GOT1 proteins expression in
glioma cells

The expression level of G6PC, GK, GOT1, and AQP-1
proteins in glioma cells increased significantly induced
by overexpression of AQP-1, and was much more than
control group. At siRNA AQP-1 group, the expression
level of G6PC, GK, GOT1, and AQP-1 proteins decreased
obviously compared with the control group (Figure I). It
indicated the expression level of G6PC, GK, GOT1, and
AQP-1proteins could be induced by the treatment with
overexpression of AQP-1 in glioma cells, but reduced by
siRNA of AQP-1.

Transl Cancer Res 2018;7(6):1413-1420
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Figure 1 The protein expression of AQP-1, G6PC, GK and GOTT in glioma cells. The expression level of G6PC, GK, GOT1, and AQP-1
proteins in glioma cells increased significantly induced by overexpression of AQP-1, and was much more than control group. At siRNA
AQP-1 group, the expression level of G6PC, GK, GOT1, and AQP-1 proteins decreased obviously compared with the control group. AQP,
aquaporin; G6PC, glucose-6-phosphatase, catalytic subunit; GK, glycerol kinase; GOT1, glutamic-oxaloacetic transaminase 1.
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Figure 2 AQP-1 enhances glucose production in glioma cells. Compared with control, the amounts of glucose production in glioma cell
lines U251 (A) and U87 (B) treat with overexpression of AQP-1 enhanced obviously (P<0.01). Moreover, at siRNA AQP-1 group, the
amounts of glucose production decreased obviously. The data are presented as means + SD from three independent experiments. **, P<0.01;
P value was generated using Kruskal-Wallis ANOVA. AQP, aquaporin; ANOVA, analysis of variance.

AQP-1 enbances glucose production in glioma cells

Compared with control, the amounts of glucose production
in glioma cell lines U251 (Figure 2A) and U87 (Figure 2B)
treat with overexpression of AQP-1 enhanced obviously
(P<0.01). Moreover, at siRNA AQP-1 group, the amounts
of glucose production decreased obviously (Figure 2). These
results showed that the amounts of glucose production
could be induced by the treatment with overexpression of

AQP-1 in glioma cells, but reduced by siRNA of AQP-1.
AQP-1 promoted glioma cell growth

Glioma cells (3x10%) were added into 96-well plates and
cultured for 24 h, then transfection with pCMV-4, pCMV-
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4-AQP-1, and the siRNA of AQP-1 or siRNA control.
We conduct the MTS assay to assess the effect of over
expression or siRNA AQP-1 on proliferation of glioma
cells. Compared with miR-NC cells, proliferation of U251
(Figure 3A4) and U87 (Figure 3B) cells would be accentuated
when they were transfected with pCMV-4-AQP-1,
respectively. Moreover, the siRNA of AQP-1 attenuated
these processes of glioma cells (Figure 3).

Furthermore, the colony formation assay revealed that
AQP-1 exhibited significantly facilitated ability for colony
formation compared with the control group in both cell
lines U251 (Figure 44,B) and U87 (Figure 4B,C) (P<0.001).
But, down-regulation of AQP-1 decreased significantly
ability of colony formation in both cell lines. These results
suggested that AQP-1 also suppressed the clonogenicity

Transl Cancer Res 2018;7(6):1413-1420
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Figure 3 AQP-1 promoted growth of glioma cells. Glioma cells (3x103) were added into 96-well plates and cultured for 24 h, then
transfection with pCMV-4, pCMV-4-AQP-1, and the siRNA of AQP-1 or siRNA control. We conduct the MTS assay to assess the effect
of overexpression or siRNA AQP-1 on proliferation of glioma cells. Compared with miR-NC cells, proliferation of U251 (A) and U87 (B)
cells would be accentuated when they were transfected with pCMV-4-AQP-1, respectively. Moreover, the siRNA of AQP-1 attenuated these

processes of glioma cells. The data are presented as means =+ SD from three independent experiments. **, P<0.01; P value was generated
using Kruskal-Wallis ANOVA. AQP, aquaporin; ANOVA, analysis of variance.

ability of glioma cell lines U87 and U251 (Figure 4).

AQP-1 accentuate migration of glioma Cells

It demonstrated the migration ability was obviously
promoted by AQP-1 compared to control in both
cell lines U251 (Figure 5A,B) and U87 (Figure 5B,C)
(P<0.001). Moreover, down-regulation of AQP-1 inhibited
significantly ability of migration in both cell lines (Figure 5).
The siRNA of AQP-1 obviously inhibited cell migration in
U251 and U87 glioma cell lines, respectively. These results
demonstrated AQP-1 could suppress tumor progression
related to tumorigenicity in glioma.

Discussion

AQPs belong to channel and integral membrane proteins,
and also MIP (major intrinsic protein) (20). Moreover,
these proteins allow uncharged small molecules and water
to passively permeate cell plasma membrane. According
to the highly conserved structure, NPA (dual asparagine-
proline-alanine) boxes, AQPs could be recognized. NPA
is critical for the formation pore for permeating of water.
The classical sequences of AQPs all have six conserved
transmembrane domains with likely repeated hydrophobic
NPAs. Moreover, the family proteins have only minimal
difference from others (7,21). Furthermore, in motifs of
NPA, only poor conserved sequence present in AQP-like
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sequences (22). The motifs of NPA in AQPs play the vital
roles on premating cell membranes of water movement (20).

For evaluating the possible biotic outcomes induced
by AQP-1, we over-expressed or down-expressed AQP-1
in U87 and U251, and then several experiments
associated with cell functions were performed to evaluate
tumorigenicity and progression of glioma. We conduct
MTS assay to assess the effect of overexpression or siRNA
AQP-1 on proliferation of glioma cells. Compared with
miR-NC cells, cell growth of U87 and U251 were all
accentuated by overexpression of AQP-1, respectively.
Moreover, the siRNA of AQP-1 attenuated these processes
of glioma cells (Figure 3). Furthermore, the colony
formation assay revealed that AQP-1 exhibited significantly
facilitated ability for colony formation compared with the
control group in both cell lines U251and U87 (P<0.001).
But, down-regulation of AQP-1 decreased significantly
ability of colony formation in both cell lines. These results
suggested that AQP-1 also suppressed the clonogenicity
ability of glioma cell lines U87 and U251 (Figure 4). Our
results demonstrated the migration ability was obviously
promoted by AQP-1 compared to control in U251 and U87
(P<0.001). Moreover, down-regulation of AQP-1 inhibited
significantly ability of migration in both cell lines (Figure 5).
Our results indicated that the cell growth and migration
of glioma cells could be inhibited by the treatment with
down regulation of AQP-1 expression, but promoted by
overexpression of AQP-1. Two metabolism models were

Transl Cancer Res 2018;7(6):1413-1420
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Figure 4 AQP-1 promoted the colony formation of glioma cells. Furthermore, the colony formation assay revealed that AQP-1 exhibited

significantly facilitated ability for colony formation compared with the control group in both cell lines U251 (A,B) and U87 (B,C) (P<0.001).

But, down-regulation of AQP-1 decreased significantly ability of colony formation in both cell lines (B, stained with crystal violet). The data

are presented as means = SD from three independent experiments. **, P<0.01; P value was generated using Kruskal-Wallis ANOVA. AQP,

aquaporin; ANOVA, analysis of variance.

established in human recently, the potential utility of them
have been identified in clinic (23,24). The common models
in human could be used to investigate metabolism of tumor
and activities of metabolism based on specific context
generation (25,26).

When the level of glucose in blood decreases caused
by exercise or fasting, it activates gluconeogenesis
in cells. Then the glucose homeostasis restored by
glucose production. The gluconeogenesis is not active
in all cells; cancer cells are known to have, instead, a
very active glycolysis. There are four chief reactions
involved in gluconeogenesis, which is accomplished
by regulation of transcriptional, post-translational
level induced by hormonal stimulus. G6Pase, F1,
6BPase, PEPCK, and PC catalyze these four reactions.
The regulation of these enzymes in transcriptional level
is vital to effectively induce gluconeogenesis (27). Then
the key rate-limiting enzyme of these four reactions were
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investigated in this work, such as G6PC, GK, and GOT1.

Focusing on the mechanism of glioma cell growth
and migration associated with AQP-1, the relationship
between AQP-1 and glucose metabolism on tumorigenesis
of glioma was investigated. Then, the role of AQP-lon
gluconeogenesis was conducted to entirely elucidate and
identify the key pathways of metabolism related to AQP-
1 in glioma, overexpression or knockdown of AQP-1 was
induced in U87 and U251, and then the expression level of
glycogenic gene or glucose production was examined.

The amounts of glucose production in glioma cells treat
with overexpression of AQP-1 enhanced obviously. On
the contrary, the amounts of glucose production reduced
significantly induced by the siRNA of AQP-1. Our work
demonstrated that AQP-1 facilitated production of glucose in
glioma cells, but reduced by siRNA of AQP-1. Moreover, over
expression of AQP-1 caused high protein expression level of

G6PC, GK and GOTY1, but inhibited by siRNA of AQP-1.

Transl Cancer Res 2018;7(6):1413-1420
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Figure 5 AQP-1 accentuate migration of glioma cells. It demonstrated the migration ability was obviously promoted by AQP-1 compared
to control in both cell lines U251 (A,B) and U87 (B,C) (P<0.001). Moreover, down-regulation of AQP-1 inhibited significantly ability
of migration in both cell lines. The siRNA of AQP-1 obviously inhibited cell migration in U251 and U87 glioma cell lines, respectively

(B, 400x). The data are presented as means = SD from three independent experiments. **, P<0.01; P value was generated using Kruskal-

Wallis ANOVA. AQP, aquaporin; ANOVA, analysis of variance.

These data indicated that AQP-1 facilitated growth and
migration of glioma cells by regulating glucose metabolism,
which was related to down-expression of gluconeogenesis
gene G6PC, GK and GOT1. Interference on AQP-
1 expression reduced these processes of glioma cells.
Therefore, this work demonstrated that down regulation of
AQP-1 can induce the inhibition of glioma cell growth and
migration through the pathway related to gluconeogenesis
gene G6PC, GK and GOT1, which may promote the
glucose metabolism. AQP-1 is the potential novel target for
glioma treatment.
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