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Abstract. Glioblastoma is the most aggressive form of 
primary brain tumor with a tendency to invade surrounding 
healthy brain tissues, rendering tumors of this type largely 
incurable. Aquaporin-4 (AQP4) is a key molecule involved in 
maintaining water and ion homeostasis in the central nervous 
system and has been recently reported to play a role in cell 
migration in addition to its well-known function in brain 
edema. Increased AQP4 expression has been demonstrated 
in glioblastoma multiforme (GBM), suggesting that it is 
also involved in malignant brain tumors. Here, we identify 
a novel role for aquaporin-4 in glioblastoma cell migration 
and invasion. In the present study, we used small-interference 
RNA technology and a pharmacological inhibitor to knock 
down the expression of AQP4, which resulted in specific 
and massive impairment of glioblastoma cell migration and 
invasion in vitro and in vivo. In addition, we demonstrated 
the possible mechanisms by which AQP4 functions in the 
process of glioblastoma cell invasion. The downregulation of 
matrix metalloprotease-2 (MMP-2) expression in LN229 cells 
with AQP4 reduction coincided with decreased cell invasive 
ability. Furthermore, our study showed that AQP4 may also 
be involved in the regulation of glioblastoma cell adhesion. 
The expression of β-catenin and connexin 43 were increased 
in AQP4-downregulated LN229 cells consistent with their 
enhanced cell-cell adhesion ability. In summary, our results 
indicate that AQP4 is involved in the control of glioblastoma 
cell migration and invasion and may be a potential therapeutic 
target for glioblastoma cell infiltration.  

Introduction

Glioblastomas are the most common malignant tumors of the 
adult central nervous system. These are highly invasive and 
infiltrative tumors which are associated with a poor prognosis 
and median patient survival of only one year (1,2). A major 
barrier to available malignant glioma treatment is the invasion 
of these cells into brain parenchyma. Because of this, local 
therapies such as surgery or radiation therapy are ineffective 
(3). Glioma cells invade through the ECM of the brain by 
activating a number of coordinated cellular processes, which 
include those necessary for migration and invasion. Therefore, 
a detailed understanding of the mechanisms underlying this 
invasive behavior is essential for the development of novel 
effective therapies. 

AQPs (aquaporins) are a family of water channel proteins 
that provide a major pathway for osmotically driven water 
transport through cell membranes. To date, 13 aquaporin 
isoforms (AQP0-AQP12) have been identified in mammalian 
species (4). Both AQP1 and AQP4 have been clearly identi-
fied in brain, and AQP4 is known to participate mainly in 
brain edema after injury or other brain diseases (5). AQP4 is 
primarily expressed at the border between brain parenchyma 
and major f luid compartments, including astrocyte foot 
processes and glia limitans, as well as ependymal cells and 
subependymal astrocytes (6). This distribution suggests 
that AQP4 controls water fluxes into and out of the brain 
parenchyma. 

Recent studies on AQP4 are not restricted to brain edema, 
and various researchers have discovered a new role for AQP4 
in cell migration. In an in vivo model of reactive gliosis and 
astroglial cell migration produced by cortical stab injury, glial 
scar formation was markedly impaired in AQP4-null mice, 
with reduced migration of reactive astroglia noted towards the 
site of injury (7). Previously, studies have reported that AQP4 
is significantly upregulated in glioblastoma compared to low 
grade gliomas and normal brain tissues (8-10). These studies 
suggest that AQP4 may be involved in glioma malignancy.

The main aim of the present study was to test the 
hypothesis that AQP4 plays an important role in regulating 
the fundamental properties of glioblastomas in regards to 
migration and invasion. In the present study, glioblastoma 
LN229 cells, in which AQP4 was downregulated, exhibited 
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significant impairment in a series of migration and invasion 
assays in vitro. Furthermore, our data indicated that several 
key proteins including MMP-2, MMP-9, connexin 43 and 
β-catenin, were involved in AQP4 signaling pathways which 
are critical for glioblastoma cell migration and invasion. The 
results concerning invasion in an orthotopic glioma graft 
model in vivo further supported our data in vitro. To conclude, 
our study suggests that AQP4 is required in glioblastoma 
cell migration and invasion, and may be a therapeutic target 
molecule for malignant glioma infiltration.

Materials and methods 

Cell culture and reagents. Human glioblastoma cell line 
LN229 was obtained from the American Type Culture 
Collection (Manassas, VA, USA). The recombinant human 
epithelial growth factor (EGF) was obtained from R&D 
Systems (Minneapolis, MN, USA). Chemotaxis chambers 
and membranes were from Neuroprobe (Gaithersburg, 
MD, USA). Fibronectin (0.1%) was from Sigma (St. Louis, 
MO, USA) and the Alexa Fluor 568 phalloidin was from 
Molecular Probes (Eugene, OR, USA). Neutral red staining 
solution (0.1%) was from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). PMA (phorbol 12-myristate 13-acetate) was 
from Sigma. Antibodies for β-actin and rabbit anti-AQP4 and 
mouse anti-β-catenin antibodies were acquired from Santa 
Cruz Biotechnology. Rabbit anti-MMP-2 and anti-MMP-9 
Antibodies were from Cell Signaling Technology (Beverly, 
MA, USA). Rabbit anti-connexin 43 was purchased from 
Santa Cruz Biotechnology.

RNA interference. Cells were plated in a 35-mm dish for 
24 h before transfection in complete medium. The transfec-
tion was performed with Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer's instructions. 
AQP4-specific siRNA plasmids for LN229 cells (insert: 
GCTCAATAGCTTTAGCAATTG and scrambled sequence 
inserted into pGPU6/GFP/Neo) were from GenePharma Corp. 
(Shanghai, China). To establish stable siAQP4 cell lines, the 
G418-resistant cells were screened and the expression level of 
AQP4 protein was monitored by Western blotting.

Western blotting. Western blotting was performed as described 
by Zhang et al (11). In brief, cells were lysed in 1X SDS 
lysis buffer (Tris-HCl, pH 6.8, 62.5 mM, 2% SDS and 10% 
glycerol) followed by centrifugation at 10,000 rpm for 10 min 
at 4̊C. Equal amounts of cell lysates (20-40 µg total protein/
lane) were loaded and separated by SDS-PAGE, and proteins 
were transferred onto nitrocellulose membranes, probed with 
anti-AQP4 (1:1000), -MMP-2 (1:1000), -MMP-9 (1:1000), 
-N-cadherin (1:2000), -β-catenin (1:1000) and -β-actin (1:5000) 
followed by HRP-conjugated or AP-conjugated secondary 
antibodies. The results were visualized using enhanced 
chemiluminescence reagents ECL (Pierce, Rockford, IL), 
or the mixture of nitrotetrazolium blue chloride (NBT) and 
5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt (BCIP) 
(Santa Cruz).

Osmotic fragility test. Cells were plated in 35-mm dishes at 
a density of 6x105 cells/ml to form a monolayer. Twenty-four 

hours later, the medium was replaced with double-distilled 
water, and the cells were incubated for 2 min. Dead and 
surviving cells were stained using the Neutral red staining 
solution (0.1%) as follows. The wells were washed twice with 
phosphate-buffered saline (PBS) and subsequently incubated 
with Neutral red staining solution (0.1%) at 37̊C in a 5% CO2 
incubator for 30 min. The surviving cells were counted under 
a light microscope at x200 (12). 

Chemotaxis and chemokinesis assays. The chemotaxis assay 
was performed in a 48-well Boyden chamber as described 
by Zhang et al (11) In brief, the chemoattractant (EGF) was 
loaded into the lower chemotaxis chamber, and 8x105 cells/
ml were suspended in the binding medium (RPMI-1640, 0.1% 
BSA and 25 mM HEPES) and added to the upper chamber. 
The polycarbonate filter (8-µm) was pre-treated with 10 µg/ml 
fibronectin overnight, dried in air, and inserted between the 
upper and lower chambers. The chamber was then incubated 
at 37̊C in a 5% CO2 incubator for 3 h. The filter membrane 
was then rinsed, fixed and stained. The numbers of migrating 
cells were counted at x400 in three separate fields using 
light microscopy. For the chemokinesis assay (checker board 
assay), cells were suspended in a medium containing different 
concentrations of EGF before being added to the upper 
chamber (11). All samples were tested in triplicate, and the 
data are expressed as the mean ± SD. 

Scratch assay. One day before the scratch assay, cells were 
plated in 35-mm dishes at a density of 8x105 cells/ml to form 
a monolayer. Then, a wound was made with an even trace in 
the middle of the monolayer using a 10-µl pipette tip. The 
cells were then incubated at 37̊C in a 5% CO2 incubator, and 
images of the wound were captured at intervals. The distance 
of the wound was measured under a light microscope. All 
samples were tested in triplicate, and the data are expressed as 
the mean ± SD.

Cytotoxicity assay. Cell viability was assessed by the MTT 
assay. Cells (7000/well) were plated in 96-well plates in 
100 µl of complete medium. Following overnight attachment, 
the cells were exposed to different concentrations of PMA (1, 
5 and 10 µM) for 1 day. Then 10 µl of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was 
added to each well. After 4 h of incubation at 37̊C, followed 
by the addition of 150 µl dimethyl sulfoxide to each well and 
shaking for 10 min, the absorbance was measured at 490 nm 
by a microplate reader. 

Adhesion assay. The adhesion assay was carried out as 
previously described (13). Cells (4x105/ml) were suspended 
in medium with 10% serum and incubated at 37̊C in a 5% 
CO2 incubator for 20 min. Then, 1.5 ml of cell solution was 
promptly added to a 35-mm dish containing dried glass 
coverslips. The coverslips were pre-treated with 10 µg/ml of 
fibronectin in serum-free medium for 2 h at 37̊C and then air-
dried for 30 min at room temperature. After 5, 15 and 30 min 
of incubation, the cells were gently washed twice with cold 
PBS and then fixed with 4% paraformaldehyde for 20 min. 
The cells attached to the coverslips were counted under a light 
microscope at x200. 
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Detachment assay. The cellular detachment assay was carried 
out as described previously (14). Briefly, the cells were seeded 
at 2x105 cells/35-cm2 dish. The dishes were pre-treated with 
1.2 mg/ml of Matrigel. After 48 h, the cells were washed with 
5 ml of warm PBS and then trypsinized with 1 ml of fresh 
0.25% trypsin at 20̊C with gentle agitation. The number 
of detached cells was determined at various time points, 
and the total number of cells/dish was determined after 
complete trypsinization. One dish was used for each time 
point, and each experiment was performed at least five times 
independently.

Aggregation assay. Cell-cell adhesion ability was detected 
by an aggregation assay, which was carried out as described 
previously (15). Cells were washed three times with RPMI-
1640 (serum-free medium) and were subsequently trypsinized 
with 4.0 mM EDTA with calcium to protect cadherin subtypes 
on the cell surface from cleavage. After centrifugation, the 
cells were resuspended in RPMI-1640 (serum-free medium). 
A 2-ml volume of single-cell suspension at a concentration of 
5x105/ml from each group was poured into 1% BSA-coated 
35-mm plates and incubated at 37̊C in a 5% CO2 incubator 
for different time periods. The cells and cell clusters were 
counted using a hemocytometer after incubation for 15, 30 
and 45 min and 1 h. The aggregation index was calculated 
using the formula below and inversely correlates with cell 
aggregation. Aggregation index (AI) = (Number of single 
cells + Number of cell clusters)/Total number of cells initially 
added.  

Cellular F-actin measurement. Cellular F-actin measurement 
was carried out as described previously (11). Following stimu-
lation with 50 ng/ml EGF at 37̊C for different time periods, 
cells were fixed, permeablized, and incubated with Oregon 
Alexa Fluor 568 phalloidin in F-actin buffer (10 mmol/l 
HEPES, 20 mmol/l KH2PO4, 5 mmol/l EGTA, 2 mmol/l 
MgCl2, PBS, pH 7.4) at room temperature for 2 h. The cells 
were washed five times. The labeled phalloidin that bound 
to F-actin was extracted using methanol at 4̊C for 90 min. 
The fluorescence was captured at Ex/Em 578/600 nm in 
each sample and normalized against the total protein content 
as analyzed using a BCA kit (Pierce, Rockford, IL, USA). 
The relative F-actin content over different time periods was 
calculated by the following equations: F-actin △t/F-actin 0 
= fluorescence △t/fluorescence 0. All samples were tested in 
triplicate, and data are expressed as the mean ± SD.

Fluorescence microscopy. The cells were cultured one day 
prior to staining and then starved in serum-free medium for 
3 h. After stimulation with 50 ng/ml EGF at 37̊C for 1 min, 
cells were fixed with 4% paraformaldehyde and permeablized 
with 0.1% Triton X-100 in PBS. For staining actin, the cells 
were then directly incubated with Alexa Fluor 568 phalloidin 
for 30 min in the dark and gently washed with PBS. The cells 
were then maintained in the PBS and directly visualized with 
a Nikon inverted fluorescent microscope (Nikon, Japan).

Matrigel invasion assay. Cell invasion in vitro was measured 
by assessing the invasion of cells through Matrigel-coated 
transwell inserts (Costar, Cambridge, MA, USA) as described 

previously (16). Briefly, the transwell inserts (8-µm pore 
size) were coated with a final concentration of 3.5 mg/ml 
of Matrigel. The cells were trypsinized, and 200 µl of cell 
suspension (5x105 cells/ml) was added to triplicate wells. 
Binding medium (350 µl) (RPMI-1640, 0.1% BSA and 25 mM 
HEPES) with 10 ng/ml of EGF was added to the lower well. 
After 24 h of incubation (37̊C, 5% CO2), the non-invading 
cells were removed by wiping the upper side of the membrane, 
and the invading cells were fixed and stained. The number of 
invading cells was counted under a microscope in 5 predeter-
mined fields (total magnification, x400). 

Tumor invasion in vivo. For the intracranial orthotopic human 
glioma model, approximately 5x104 glioblastoma cells were 
injected intracranially into the frontal cortex of 5-week-old 
male nude mice. All animals received human care according 
to the criteria outlined in the Guide for the Care and Use of 

Figure 1. Establishment of stable LN229 cells expressing the AQP4 siRNA 
plasmid. (A) Western blot analysis of AQP4 expression in parental LN229, 
scr/LN229 and siAQP4/LN229 clone 1 and clone 2 cells. Expression of AQP1 
in the parental LN-229 and siAQP4/LN229 clone 2 cells was also assessed; 
kidney and normal brain tissues were used as a positive control, and β-actin 
was used as a loading control. (B) Cell osmotic fragility was examined 
after AQP4 reduction. The survival rate of the control was 71.61±11.75% 
(mean ± SD), whereas it decreased to 29.46±14.84% in the siAQP4/LN229 
clone 2 cells. (C) AQP4 inhibition by siRNA caused dramatic morphological 
changes compared with the control cells (x200).

  A

  B

  C
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Laboratory Animals, prepared by the National Academy of 
Sciences and published by the National Institutes of Health. 
Twenty-two mice in the control group and 26 mice in the 
experimental group received intracranial human glioblastoma 
cell transplants. Four weeks later, the mice were sacrificed, 
and the whole brain was fixed with 4% paraformaldehyde and 
removed. Samples were dehydrated, lucidied, soaked in wax, 
and then cut into 5-mm sections using routine histological 
methods.

Statistical analysis. Prism 3.0 software (San Diego, CA, USA) 
was used for the data analysis. The Chi-square test was used 
for the in vivo analysis, and the two-way ANOVA was used for 
two groups of data in vitro. All of the results were generated 
from three independent experiments.

Results

Expression of AQP4 in the human glioblastoma LN229 cell 
line. First, plasmids expressing AQP4 siRNA sequences 
were transfected into the LN229 cells to obtain stable AQP4-
depleted LN229 cells, which were designated as siAQP4/
LN229 cells. A siRNA vector containing a scrambled sequence 
was also transfected into the LN229 cells to generate control 
cells, which were designated as scr/LN229 cells. After the 
G418 selection, transfected cells were screened for AQP4 

expression by Western blotting. We found that the AQP4 
protein level was significantly reduced in the siAQP4/LN229 
clone 2 cells compared to the control. The scr/LN229 cells 
displayed similar AQP4 levels as the parental LN229 cells. 
As expression of two aquaporins, AQP1 and AQP4, has been 
reported in the brain, we also assessed AQP1 expression in 
both LN229 and siAQP4/LN229 cells. The result showed that 
the expression level of AQP1 was too low to be detected in 
the LN229 and siAQP4/LN229 clone 2 cells; the kidney and 
normal brain tissues had high AQP1 expression which were 
regarded as the positive control (Fig. 1A). 

In order to ascertain whether reduced AQP4 levels are 
reflected in the resistance of LN229 cells to hypo-osmotic 
stress, cell osmotic fragility was examined. The survival rate 
of the control was 71.61±11.75% (mean ± SD), whereas it 
decreased to 29.46±14.84% in the siAQP4/LN229 clone 2 cells 
(Fig. 1B). The reduced osmotic fragility of the siAQP4/LN229 
clone 2 cells indicated that the AQP4 RNA interference in this 
clone was functional. siAQP4/LN229 clone 2 cells showed 
morphological changes when compared to the parental cells; 
the cell body of the siAQP4/LN229 cells became thin and 
elongated (Fig. 1C). This finding was consistent with a previ-
ously report (17). In order to confirm the function of AQP4 
in LN229 cells, all subsequent functional assays and Western 
blot analyses were conducted using siAQP4/LN229 clone 2 
cells.

Figure 2. Disruption of AQP4 by siRNA inhibited EGF-induced chemotaxis and chemokinesis in LN229 cells. (A) Expression of AQP4 in LN229 cells was 
assessed after 24 h of EGF stimulation at different concentrations (0, 1, 10, 50, 100 ng/ml) by Western blotting. (B) Comparison of EGF-induced chemotaxis 
of scr/LN229 and siAQP4/LN229 clone 2 cells. A representative result from three independent experiments is shown. (Two-way ANOVA analysis, **p<0.01). 
(C) Chemokinesis assay of scr/LN229 and siAQP4/LN229 clone 2 cells.

  A

  B

  C
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Reduction of AQP4 impairs LN229 cell migration. Migration 
is a fundamental property of cells that occurs during many  
physiological and pathological processes including organo-
genesis in the embryo, repair of damaged tissue after injury 
and the spread of cancer (18). In light of the hypothesized 
role of water channels in volume regulation associated with 
cell migration, we examined the relative role of AQP4 in cell 
migration.

Previous studies have shown that EGF is capable of 
upregulating AQP and participates in the migration of cancer 
cells (19,20). We evaluated the expression of AQP4 in LN229 
cells stimulated with different concentrations of EGF, and the 
result showed that AQP4 expression exhibited no distinguish-
able change (Fig. 2A). In order to further assess whether 
AQP4 is involved in EGF-induced glioma migration, we 
performed the following experiments. Chemotaxis refers 
to directional cell movement dependent on a concentration 
gradient. A 48-well chemotaxis model was applied to perform 
EGF-induced 3.5-h cell chemotaxis. The EGF induced robust 
chemotaxis of scr/LN229 cells, which followed a typical 
bell-shaped response curve. The siAQP4/LN229 clone 2 
cells showed decreased chemotaxis compared with their 
control (Fig. 2B). Aside from chemotaxis, we also evaluated 
chemokinesis which presents random cell motility stimulated 
in a gradient-independent manner. Chemokinesis was also 

impaired in the siAQP4/LN229 clone 2 cells, which may have 
accounted for the decrease in chemotaxis (Fig. 2C). A scratch 
assay was previously used as an in vitro assay for wound 
healing and directional movement (21). When a scratch was 
created in the fluent cell monolayer, the siAQP4/LN229 
clone 2 cells required a longer time to fill the gap (Fig. 3A and 
B), further supporting a defect in migration.

In addition to applying AQP4 RNA interference to reduce 
the AQP4 protein level, we also used the AQP4 inhibitor 
phorbol 12-myristate 13-acetate (PMA) which activates 
protein kinase C (PKC) and inhibits AQP4 expression (22). 
The results of Western blotting showed that the expression 
of AQP4 was significantly reduced with treatment of PMA (1 
and 5 µM) compared to the control cells (Fig. 4A). As PMA 
treatment displayed almost no cytotoxicity to LN229 cells 
as shown by the MTT assay (Fig. 4B), we chose PMA at a 
concentration of 5 µM to perform the following functional 
experiments. The Osmotic fragility test showed decreased 
osmotic fragility in PMA (5 µM)-treated cells compared to 
the control cells (Fig. 4C). To examine whether inhibition of 
AQP4 expression through PMA has a similar function in cell 
migration, we also performed cell chemotaxis and scratch 
assays. The chemotaxis ability of LN229 cells with PMA 
treatment was greatly impaired compared with the control 
(Fig. 4D). Similar to siAQP4/LN229 clone 2 cells, when a 
scratch was created in the cell monolayer, the distance of 
migration of the LN229 cells treated with PMA was shorter 
than the control cells (Fig. 4E). Taken together, our results 
obviously reveal that the reduction of AQP4 greatly suppresses 
the migratory ability of LN229 cells.

Reduction of AQP4 impairs F-actin polymerization in the 
LN229 cells. The formation of lamellipodia which is critical 
for cell migration requires extensive actin polymerization at 
the leading edge. The basic active mechanism involved in 
moving the leading edge is the polymerization of F-actin (also 
called actin filaments) towards the cell membrane (23,24). 
Polymerizing F-actin alone, without any accompanying motors, 
can generate a significant force with which to move the leading 
edge of the cell. The process of F-actin polymerization is 
quick and transient (25). The ligand-induced transient F-actin 
assembly correlates with the cellular chemotactic capacity 
(24). The F-actin polymerization assay was performed to prove 
the hypothesis that the reduction of AQP4 impairs LN229 
cell migration by reducing F-actin polymerization. The assay 
showed that the EGF elicited a transient actin polymerization 
at 15 sec and 1 min in the control cells, consistent with a 
previous report (26). The immunofluorescent staining of 
F-actin showed that the EGF induced an increase in the 
F-actin content in the control cells, but not in the siAQP4/
LN229 clone 2 cells (Fig. 5B). In the siAQP4/LN229 clone 2 
cells, the actin polymerization in response to EGF stimulation 
was significantly reduced, suggesting that AQP4 plays an 
important role in cytoskeleton rearrangement (Fig. 5A). 

Reduction of AQP4 regulates LN229 cell adhesion. Adhesion 
of cells to a substrate and cell-cell adhesion are two key 
processes associated with cell movement (27). In the above 
experiment, we showed how F-actin polymerization was 
altered after reduction of AQP4 in LN229 cells. Adhesion 

Figure 3. Scratch assay in siAQP4/LN229 clone 2 and scr/LN229 cells. 
(A) scr/LN229 and siAQP4/LN229 clone 2 cells were grown to confluence 
on a 35-mm tissue culture dish, and the monolayer was wounded with a 10-µl 
pipette tip. Images were captured at 0 and 24 h (x100). (B) The distances of 
migration of the scr/LN229 and siAQP4/LN229 clone 2 cells are shown at 3, 
6, 9, 12, 24 h in the scratch assay (**p<0.01, two-way ANOVA analysis).  

  A

  B
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assays were subsequently performed to ascertain how AQP4 
regulates LN229 cell adhesion. Previous studies found that 
the decreased ability of cell adhesion to a substrate was 
correlated with the decreased ability of cell migration (11,28). 
In the present study, the ability of cells to adhere to a substrate 
was first determined, and the results are shown in Fig. 6A. 
We used a cell suspension to observe the number of cells 
which attached to a plastic substratum at 5, 15 and 30 min, 
respectively. The results showed that the number of adherent 
siAQP4/LN229 clone 2 cells and PMA (5 µM)-treated cells 
were significantly decreased at 15 min compared to their 
control cells, respectively (Fig. 6A). In addition, the strength 
of cell anchorage to a plastic substratum was also determined 
using a detachment assay. This assay showed that siAQP4/
LN229 clone 2 cells detached after 6 min with trypsin treat-
ment, whereas control cells detached after 13 min with trypsin 
treatment (Fig. 6B). Reduced intercellular adhesion followed 
by enhanced cell migration is an essential step in the progres-

Figure 5. Disruption of AQP4 by siRNA reduces F-actin polymerization 
in LN229 cells. (A) Cytoskeleton rearrangement in the scr/LN229 and 
siAQP4/LN229 clone 2 cells was imaged by F-actin fluorescence staining. 
Representative images from three repeated experiments are shown (x400). 
(B) Time course of relative F-actin content in scr/LN229 and siAQP4/LN29 
clone 2 cells following 50 ng/ml of EGF stimulation. Data were obtained 
from three independent experiments. 

Figure 4. Disruption of AQP4 by PMA impairs the migratory ability of LN229 cells. (A) Western blot analysis indicating that expression of AQP4 was 
significantly reduced with PMA (1 and 5 µM) treatment for 24 h compared to the control cells. β-actin was used as a loading control. (B) Detection of the 
cytotoxicity of PMA to LN229 cells by MTT assay. A total of 3 doses (1, 5 and 10 µM) were used. MTT assay was performed after 24 h of PMA treatment. 
(C) Cell osmotic fragility was examined with or without PMA (5 µM) treatment. (D) EGF-elicited chemotaxis assay of LN229 cells with or without PMA 
(5 µM) treatment. (E) The scratch assay of LN229 cells with or without PMA (5 µM) treatment. Data from three independent experiments are shown 
(**p<0.01, two-way ANOVA analysis).
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sion from local malignancy to metastatic disease (29). In our 
study, an aggregation assay for detection of cell-cell adhesion 
was performed, and the result showed that the siAQP4/LN229 
clone 2 cells exhibited greater ability to aggregate than the 
control cells (Fig. 6C). 

β-catenin has been reported to promote actin reorganiza-
tion and strengthening of cell-cell adhesion, and defects in its 
expression or function have been linked to tumor progression 
and metastasis (30). The gap junction protein connexin 43 
which is expressed in most malignant gliomas is also essential 
for cell-cell adhesion and can function as an adhesion site 
which enhances cellular aggregation (31,32). Therefore, we 
evaluated the expression of β-catenin and connexin 43 in 
LN229 cells with reduced AQP4. The Western blotting result 
showed that β-catenin and connexin 43 were both greatly 
increased in the siAQP4/LN229 clone 2 cells along with 
enhanced aggregation ability (Fig. 6C and D).

Reduction of AQP4 impairs LN229 cell invasion in vitro. 
The decrease in the migratory ability of cells usually leads 
to a decrease in the invasive ability (11). In the experiments 
described above, AQP4 was found to modulate the migration 
of LN229 cells. In the following experiment, we assessed 

the invasiveness of the cells with AQP4 downregulation 
in matrigel Boyden chamber assays to determine whether 
AQP4 also affects cell invasion. EGF (10 ng/ml) was used as 
a chemoattractant to stimulate the cells to penetrate through 
the matrigel and migrate through the filters. Matrigel contains 
laminin, heparin sulfate proteoglycan, entactin, and collagen 
type IV, which are extracellular matrix compositions of 
the normal brain and gliomas. The invasion assay showed 
prominent differences in invasive ability between the siAQP4/
LN229 clone 2 cells and the control (P<0.01; Fig. 7A and B). 
The quantitative analysis of cell numbers revealed that the 
control cells had a 2.7-fold higher rate of invasion than that of 
the siAQP4/LN229 clone 2 cells (Fig. 7B). 

The matrix metalloproteinases (MMPs) play important 
roles in glioma invasion. Numerous studies have demon-
strated high expression levels of MMP-2 and MMP-9 in 
high-grade gliomas (33). Considering the different invasive 
abilities of the siAQP4/LN229 clone 2 and the control cells 
in the above assay, we assessed the MMP-2 and the MMP-9 
expression in the two groups of cells. We found that MMP-2 
expression in siAQP4/LN229 clone 2 cells was significantly 
inhibited, while the MMP-9 expression remained almost 
unchanged (Fig. 7C). 

Figure 6. Reduction in AQP4 regulates LN229 cell adhesion. (A) Comparison of the substrate adhesion ability of scr/LN229, siAQP4/LN229 clone 2 and 
LN229 cells as well as PMA (5 µM)-treated cells at 5, 15 and 30 min, respectively. Cell numbers were determined in 5 fields on every coverslip under 
microscopy (x200). A representative result from 3 independent experiments is shown. (B) The strength of cell (siAQP4/LN229 clone 2 and scr/LN2229 cells) 
attachment to substratum was estimated by the detachment assay. (C) Aggregation assay showing the aggregation index (AI) of the siAQP4/LN229 clone 2 
and scr/LN2229 cells. (D) Western blotting was performed using either an anti-connexin 43 or an anti-β-catenin antibody in the scr/LN229 and siAQP4/
LN229 clone 2 cells. β-actin was used as a loading control. The intensity of the immunoreactivity in the Western blotting was calculated. Data were obtained 
from three independent experiments (**p<0.01, two-way ANOVA analysis).
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Reduction of AQP4 decreases LN229 cell invasion in vivo. 
To determine whether the in vitro assays described above 
have any bearing on tumor invasion in vivo, we applied an 
intracranial orthotopic human glioma model to validate the 
role of AQP4 in glioma invasion in vivo. Nu/Nu mice (n=48) 
were used and divided into 2 groups. Each of the 2 groups was 
injected with siAQP4/LN229 clone 2 cells or scr/LN229 clone 
cells, respectively. The frequency of xenograft invasion in the 
siAQP4/LN229 clone 2 cell group [53.8% (14/26)] was greatly 
decreased compared with the control group [86.4% (19/22)] 
(P<0.05) (Fig. 7D). 

Discussion 

Research regarding AQP4 is not limited to brain edema. 
Increased AQP4 expression has been demonstrated in glio-
blastoma multiforme (GBM) together with loss of polarized 
expression around the vessels and AQP4 redistribution in 
glioma cells (3,34,35). Auguste et al (36) and Saadoun et al 
(37) found that AQP4 deletion in astroglial cells markedly 
impaired cell migration toward a stab wound in adult mouse 

brain and glial scar formation was markedly impaired in 
AQP4-null mice along with reduced migration of the reactive 
astroglia towards the site of brain injury (36,37). Such results 
provide evidence of AQP4 involvement in cell migration 
during brain injury and suggest its involvement in brain tumor 
development. 

Polarized cell migration is a tightly regulated process that 
occurs during tissue development, chemotaxis and wound 
healing. It is also highly associated with the infiltration and 
invasion of tumors (38). Here, we provide evidence for a new 
role of AQP4 in glioma migration and invasion. We found 
that AQP4 reduction slows glioma cell migration in cell 
chemotaxis and wound healing assays suggesting that AQP4 
is involved in glioma cell migration. Meanwhile, AQP4 dele-
tion did not affect cell proliferation in our study which was 
consistent with a previous report (39). 

The formation and retraction of cell membrane protrusions 
at the leading edge of glioma cells are essential components 
of glioma migration and invasion (40). This change in cell 
shape is associated with rapid actin de-polymerization and 
re-polymerization, as well as altered ion fluxes at the front end 

Figure 7. Disruption of AQP4 by siRNA impairs invasive ability in vitro and in vivo. (A) scr/LN229 and siAQP4/LN229 clone 2 cells invading through 
Matrigel-coated 8-µm pore size transwell inserts were evaluated as described in Material and methods. Images were captured at a magnification of x200. 
(B) Results of the in vitro Matrigel invasion assay. The number of invading cells was quantified by counting the stained cells in random fields of the mem-
brane. All experiments were performed three times independently (**p<0.01, Student's t-test). (C) Western blotting of scr/LN229 and siAQP4/LN229 clone 2 
cells was performed using either an anti-MMP-2 or an anti-MMP-9 antibody. β-actin was used as a loading control. The intensity of the immunoreactivity in 
the Western blotting was calculated. Data from three independent experiments are shown (**p<0.01, two-way ANOVA analysis). (D) Frequency of xenograft 
invasion in the control (n=22) and the siAQP4/LN229 clone 2 (n=26) mouse groups (*p<0.05, Chi-square test). 
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of the cell, which produce rapid changes in intracellular osmo-
lality driving transmembrane water flow (40,41). It has been 
reported that AQP4 polarizes to lamellipodia and induces 
an increased number/size of lamellipodia in migrating cells, 
where rapid transmembrane water movements occur (42,43). 
This is consistent with reports that ion channels and trans-
porters playing a critical role in cell migration also polarize 
to the front end of migrating cells. Nicchia et al showed that 
AQP4 knockdown in astrocytes was associated with actin 
de-polymerization and dramatic cell morphological changes. 
Furthermore, a marked F-actin cytoskeleton rearrangement 
was also detected in AQP4 knockdown mouse brain where the 
cortical layer was completely replaced by fibers in a star-like 
organization (44). Moreover, AQP4 was found to interact with 
α-syntrophin which is a member of the dystrophin-dystroglycan 
complex. This complex includes molecules which link the 
actin cytoskeleton and β-dystroglycan (45). These findings 
strongly indicate an involvement of the AQP4 protein in 
the alteration of cell cytoskeleton (46). In the present study, 
we showed that the reduction of AQP4 impairs glioma cell 
migration by reducing F-actin polymerization (Fig. 5B). It 
was proposed that, as a consequence of actin polymerization/
de-polymerization and transmembrane ionic f luxes, the 
cytoplasm adjacent to the leading edge of migrating cells 
undergoes rapid changes in osmolality. AQP4 may thus 
facilitate osmotic water flow across the plasma membrane in 
cell protrusions during glioma cell migration. 

Cell-cell adhesiveness is generally reduced in human 
cancers. Reduced intercellular adhesion followed by cell 
invasion is an essential step in the progression from local 
malignancy to metastatic disease (46). The control and 
maintenance of normal intercellular adhesion are regulated 
by the cadherin-catenin cell adhesion complex. β-catenin 
and connexin 43, the multifunctional proteins commonly 
found in excess levels in certain types of cancer, are key 
players in both calcium-dependent intercellular adhesion 
events and nuclear gene expression via the Wnt pathway 
(29,47). In gliomas, these proteins are deregulated leading 
to an accumulation of protein that can cause both the loss of 
cell-cell adhesion and increased transcription of target genes 
(48). Our study showed that the cell-cell adhesion ability of 
glioma cells was greatly increased after reduction of AQP4, 
and the adhesion ability to the extracellular matrix was also 
impaired. The expression of β-catenin and connexin 43 was 
increased in AQP4-downregulated LN229 cells consistent 
with their enhanced cell-cell adhesion. We speculate that such 
a phenomenon was probably due to the impaired invasive 
ability of AQP4-reduced LN229 cells. 

Similar to migration and adhesion, invasion through the 
extracellular matrix is an important step in tumor invasion 
(49). Our matrigel invasion assay demonstrated that reduction 
of AQP4 led to a decrease in invasiveness of the LN229 cells. 
Furthermore, as demonstrated by the detection of invasion 
in vivo, the frequency of xenograft invasion in mice decreased 
significantly after AQP4 downregulation compared with the 
control, consistent with the invasion assay results in vitro. 

Glioma invasion into normal brain regions involves the 
disruption of the ECM and subsequent penetration into 
adjacent brain structures. This process is accomplished by 
the secretion of MMPs by tumor cells (50). The MMPs are 

a family of 20 enzymes that have the ability to degrade the 
ECM. Their activity results in the breakdown of connec-
tive tissue barriers such as collagens, laminins, fibronectin, 
vitronectin and HS proteoglycans (51). Elevated levels of 
MMPs have been reported to be correlated with tumor cell 
invasiveness of gliomas and are believed to play an important 
role in cellular invasion and metastasis (52,53). In particular, 
MMP-2 and MMP-9 levels increase with tumor progression in 
gliomas and are thus known as key enzymes in invasion (54). 
Numerous studies have demonstrated that elevated MMP-2 
levels correlate with increased invasiveness in gliomas (55,56) 
and MMP-2 expression has frequently been correlated with 
malignant phenotypes (56,57). In this study, our results 
revealed that the expression of MMP-2 was significantly 
decreased in the siAQP4/LN229 clone 2 cells while MMP-9 
was invariable. The inhibition of MMP-2 expression by 
reduction of AQP4 explains the inhibitory effect of AQP4 on 
glioma cell invasion. 

Understanding of the molecular mechanisms involved 
in glioma invasion is critical for the developement of novel 
therapeutic strategies or treatments since major therapeutic 
approaches such as surgery and radiotherapy are ineffective 
without blocking glioma invasion. In the present study, we 
discovered a new function for AQP4 in glioma cells. This 
property of AQP4 appears unrelated to the well-established 
role of AQP4 in brain edema formation and absorption (58), 
and suggests novel therapeutic possibilities. Screening for 
specific small-molecular inhibitors of AQP4 may provide new 
insights for the design of novel mechanism-based therapies 
for glioma and may shed light on an important biological 
aspect of glioma progression. At present, the AQP4 antibody 
has been suggested for the treatment and diagnosis of neuro-
myelitis optica, an inflammatory disease mainly affecting 
the optic nerve and spinal cord (59,60). Hopefully, improved 
chemotherapy targeting AQP4 may be available to patients 
with glioma in the next few years. 
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