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Abstract

The glial water channel protein aquaporin-4 (AQP4) forms
heterotetramers in the plasma membrane made of the
M23-AQP4 and M1-AQP4 isoforms. The isoform ratio con-
trols AQP4 aggregation into supramolecular structures called
orthogonal arrays of particles (AQP4-OAP). The role of AQP4
aggregation into OAP in malignant gliomas is still unclear. In
this study, we demonstrate that AQP4 aggregation/disaggre-
gation into OAP influences the biology of glioma cells. Selec-
tive expression of the OAP-forming isoform M23-AQP4
(AQP4-OAP) triggered cell shape changes in glioma cells
associated with alterations to the F-actin cytoskeleton that
affected apoptosis. By contrast, expression of M1-AQP4
(AQP4-tetramers), which is unable to aggregate into OAP,
ameliorated glioma cell invasiveness, improved cell migra-
tion, and increased methalloproteinase-9 activity. Two pro-
lines (254 and 296) at the C-terminus tail were shown to be

important in mediating the relationship between the actin
cytoskeleton and AQP4-OAP and AQP4-tetramers. In con-
clusion, this study demonstrates that AQP4 aggregation
state might be an important determinant in orienting gli-
oma cells to persist or perish. AQP4 disaggregation may
potentiate invasiveness potential, whereas AQP4 aggrega-
tion may activate the apoptotic path. This study shows a new
perspective on the role of AQP4 in brain tumors not nec-
essarily associated with edema formation but with AQP4
aggregation/disaggregation dynamics and their link with the
actin cytoskeleton.

Significance: This study demonstrates how AQP4 aggrega-
tion influences plasma membrane dynamics to alter cell
proliferation, invasiveness,migration, and apoptotic potential
in glioma cells.

Introduction
Aquaporin-4 (AQP4) is the central nervous system (CNS)water

channel protein highly expressed at astrocyte foot processes,
forming specialized microdomains at the interfaces between
blood (blood–brain barrier) and cerebrospinal fluid (CSF;
CSF–brain barrier; ref. 1). AQP4 is expressed as two major iso-
forms called M1-AQP4 andM23-AQP4 forming heterotetramers,
which in turn spontaneously aggregate into square well-ordered
structures calledorthogonal arrays of particles (OAP; ref. 2).When
the shorter M23-AQP4 is expressed alone, very large OAPs are

formed. If the longer M1-AQP4 isoform is expressed alone, no
OAPs or very small OAPs are visible. Simultaneous cotransfection
of the two isoforms leads toOAPs of different sizes, depending on
the ratio of M23-AQP4 and M1-AQP4 isoforms (3). The higher
the ratio is, the larger in size are the OAPs and vice versa. AQP4-
tetramers, formed by M1-AQP4, are mobile in the plasma
membrane and therefore able to rapidly diffuse toward the
lamellipodium to sustain faster cell migration (4). In contrast,
the very low mobile AQP4-OAPs sustain the opposite function
of cell adhesion, therefore being important for AQP4-polarized
expression at glial endfoot microdomains where they support
AQP4 interaction with the extracellular matrix (5) and actin
cytoskeleton (6–9). M1-AQP4 and M23-AQP4 are always coex-
pressed in native tissues and having opposite functions allows
astrocytes to regulate OAP size, depending on their needs
(migration or cell adhesion/polarization), without altering
global brain water permeability (4).

Alteration of brain fluid homeostasis is a common feature of
brain tumors. There is extensive literature on the role of aqua-
porins in tumor biology, including tumor-associated edema,
tumor cell migration, tumor proliferation, and tumor angiogen-
esis, indicating the need for AQP inhibitors as potentially useful
anticancer drugs (10–12). The role for endothelial aquaporin-1
(AQP1) in the context of tumor angiogenesis is well-
described (13, 14). It is associated with AQP1-dependent endo-
thelial cell migration. In contrast, unveiling the role of AQP4 in
brain tumors seems to be more complex.

Several authors have shown a very strongAQP4upregulation in
brain tumors compared with healthy tissue. Interestingly, AQP4
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upregulation is associated with altered AQP4-OAP localization in
human glioma samples (15) with compromised AQP4-polarized
expression at the perivascular endfeet (16, 17). An interesting
study byNoell and colleagues reports none or only smallOAPs on
glioblastoma samples analyzed by freeze-fracture electron micro-
scopy, indicating that redistribution of AQP4 and OAPs could be
one of the earliest indicators of glioma transformation (17).
Interestingly, although a correlation between the decrease in
OAPs and increasing grade of malignancy of astrocytomas has
been reported, this was not consistent with an upregulation of
M1-AQP4 in relation to M23-AQP4 (18).

The different functions reported for AQP4 in astrocyte physi-
ology, depending on the size of AQP4-OAPs (19), and the strong
reduction of OAPs in human glioma samples despite a massive
increase in AQP4 expression (16, 17), allowed us to hypothesize
that the state of AQP4 aggregation into OAPs could influence the
biology of glial cells. Therefore, in the present study, cell pheno-
types implicated in tumor cell biology, such as cell morphology
and cytoskeleton organization, invasiveness, and apoptosis, were
analyzed after transfection of cells with M23-AQP4 (forming
AQP4-OAPs) or with M1-AQP4 (forming AQP4-tetramers). The
study has been conducted on the two cell lines most used as
experimental models of glioma, the U87 MG and the U251 MG
having several differences in terms of phenotype and biological
properties (20, 21). HeLa cells have been considered here as a
control cell line of a tumor not of CNS origin.

The results show that although AQP4-tetramers potentiate
glioma cell invasiveness, AQP4-OAPs favor the apoptotic path,
therefore indicating that AQP4 aggregation state might be an
important key as to whether glioma cells persist or perish.

Materials and Methods
Ethic statements

The studies were conducted in accordance with the ethical
standards of the institutional and/or national research committee
and with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards. The animal use protocol for this
study has been approved by the Italian Ministry of Health
(Approved Project n. 710/2017-PR) in compliance with the
European directive on animal use for research and Italian law on
animal care. The GL95 culture was derived from a patient affected
by a IV grade glioma after obtaining written-informed consent
under IRCCS Casa Sollievo della Sofferenza review board approv-
al (Project n. 11268).

Animals
AQP4 KO pups with a CD1 genetic background (22) and age-

matched controls were used for astrocyte primary cultures pre-
pared as described below. The mice were bred in the approved
facility at the University of Bari. Mice were kept under a 12-hour
dark to light cycle, at constant room temperature and humidity
(22�C� 2�C, 75%), with food and water ad libitum, and supplied
with environmental enrichment materials, such as toys and
shelters.

Astrocyte primary cultures
Mouse astrocyte primary cultures were prepared from newborn

pups and validation was performed by GFAP staining, as previ-
ously described (23). Cells were cultured in DMEM-Glutamax
medium supplemented with 10% FBS, 100 U mL�1 penicillin,

and 100mgmL�1 streptomycin, andmaintained at 37�C in a 5%
CO2 incubator. All the cell culture products were purchased from
Thermoscientific (www.thermofisher.com). Cells were used at
passage 1 or 2, andMycoplasma testing was conducted by nuclear
staining with DAPI.

Glioma primary cultures
Cells from a glioblastoma obtained from surgery weremechan-

ically dissociated into single cells using sterile scalpels. Tumor
short-term cells suspension was cultured in a poly-lysine–coated
T25flask at 37�C and 5% CO2 and expanded in DMEM/F12
medium containing 10% FCS and 1% penicillin/streptomycin.
All the cell culture products were purchased from Thermoscien-
tific (www.thermofisher.com). Cells were used from passages 10
to 13.Mycoplasma testingwas conductedwithMycoAlert Substrate
(https://bioscience.lonza.com).

Cell lines and transfection
The following cell lines were acquired, and their identity was

authenticated from the ATCC (www.lgcstandards-atcc.org): U87
MG (ATCC HTB-14) cell line, derived from a malignant glioma
from a female patient by explant technique (24), the C6 (ATCC
CCL-107) cell line, established from a rat glial tumor induced by
N-nitrosomethylurea (25), the DI-TNC1 (ATCC CRL-2005) cell
line, established from primary cultures of type 1 astrocytes from
brain diencephalon tissue of 1-day-old rats (26), the B16F10
(ATCC CRL-6475) cell line, established from tumoral melanoma
skin ofmouse (27), and theHeLa (ATCCCCL-2) cell line, derived
from human cervical carcinoma (28). The U251 MG (ICLC
HTL99014) cell line, derived from human glioblastoma astrocy-
toma (29), was acquired from cell bank IRCSS AOU San Martino
IST (www.iclc.it) and authenticated by short tandem repeat pro-
file. Cells were used from passages 174 to 185.

Mycoplasma testing was routinely conducted with MycoAlert
Substrate (https://bioscience.lonza.com) or by fluorescence stain-
ing with DAPI. The cells were maintained at 37�C in a 5% CO2

incubator. Cell culture reagents were purchased from Euroclone
(www.euroclonegroup.it).

Twenty-four hours before transfection, the cells at 70% con-
fluencewere plated using antibiotic-freemedium. Transient trans-
fection was carried out using Lipofectamine 2000 (Invitrogen,
www.thermofisher.com) in OptiMEM growthmedium according
to the manufacturer's protocol and analyzed after 36 hours.

Antibodies
The following primary antibodies were used: goat polyclonal

anti-AQP4 (C-19) (sc-9888), rabbit polyclonal anti-AQP4 (H-80)
(sc-20812), and goat polyclonal anti-actin (I-19) (sc-1616).

Phalloidin Alexa Fluor 488–conjugated (A12379; www.
thermofisher.com) was used to stain F-Actin.

The secondary antibodies used for immunofluorescence
analysis were donkey anti-goat Alexa Fluor 594–conjugated
(A11058), donkey anti-goat Alexa Fluor 488–conjugated
(A11055), and donkey anti-rabbit Alexa Fluor 488–conjugated
(A21207).

The following secondary antibodies were used for Western
blot: donkey anti-goat IgG-HRP (sc-2020) and goat anti-rabbit
IgG-HRP (sc-2004; https://www.scbt.com/scbt/home;jsessionid=
geZqCYpPrb283ItDHGPGoA7yiWfNaM9FOwh_Kp4CtHAre2r
CAvOr!805379577).
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Constructs and site-specific mutagenesis
Human and rat M1-AQP4 and M23-AQP4 coding sequences

were cloned into pTarget (www.Promega.com) and pmCherry-
N1 (www.Clontech.com) vectors. The previously characterized
mutated form of M1-AQP4 (M23I), demonstrated to give
rise exclusively to AQP4-tetramers (30), was used. All the
M23-AQP4 mutants, containing the mutations described in
Supplementary Table S1, were obtained by site-specific muta-
genesis (QuikChange II Site–Directed Mutagenesis Kit; www.
Agilent.com) according to the manual instructions. Briefly, the
humanM23-AQP4 was cloned into pTarget vector and used as a
template in a long high fidelity PCR performed with PfuUltra
high fidelity DNA polymerase (www.Promega.com). The site-
specific mutant primers were designed using the web-based
QuikChange primer design program from Stratagene available
online. All constructs were fully sequenced (www.Agilent.com).

The CellLight ER-RFP (www.thermofisher.com) fusion con-
struct of endoplasmic reticulum (ER) signal sequence of calreti-
culin and KDEL (ER retention signal) TagRFP was used to spe-
cifically target ER.

Immunofluorescence and quantitative analysis
Cells were fixed in 4% paraformaldehyde for 15 minutes,

washed 3 times in PBS, and permeabilized with 0.3% Triton X-
100. After blocking using 0.1% gelatine for 30 minutes at room
temperature, cells were incubated for 1 hour with primary anti-
bodies and washed with PBS gelatin. Cells were finally incubated
with Alexa Fluor–conjugated secondary antibodies and mounted
with a medium containing 50% glycerol, 1% n-propylgallate in
PBS, and DAPI for nuclear staining. Immunostained cells were
observed with a photomicroscope equipped for epifluorescence
and 16x, 40x oil PL FL FLUOTAR objectives (www.leica-micro
systems.com). Digital images were obtained with a DMX1200
camera (Nikon) and processed using LAS AF software (Leica
Microsystems GmbH). Once captured, the auto contrast function
was applied to the whole images using Photoshop CS5 (www.
adobe.com).

Quantitative analysis after immunofluorescence was con-
ducted on 3 to 5 different fields from each of 3 independent
experiments (as indicated in each figure legend) performed on 3
different days. All the cells in each field were properly counted,
depending on the assay, using Imagej or Fiji software (https://
imagej.nih.gov/ij/), and analyzed usingGraphPad Prism 6 (www.
graphpad.com/scientific-software/prism).

Morphologic analysis
Morphological analysis was performed by evaluating the pres-

enceof a shrunkmorphology (retractionof cytoplasmandplasma
membrane) with a star-like phenotype and a number of branches
greater than four. The cells considered as positive for change in
morphology were very clearly distinguishable in each field from
the other cells. The analysis was performed in a blind manner by
two independent investigators. The number of cells with altered
morphology was counted using Image J or Fiji software (https://
imagej.nih.gov/ij/) and analyzed using GraphPad Prism 6 (www.
graphpad.com/scientific-software/prism).

ER-density analysis
To measure the local density of ER, AQP4 and ER-RFP

cotransfected cells were analyzed by quantitative immunoflu-
orescence analysis. Briefly, AQP4-positive cells were identified,

and at least four different rectangular regions of interest (ROI;
fixed squared 40 mm2) per cell were selected (31). The mean of
the fluorescence of ER-RFP for each ROI was collected using
LASX software and processed by Prism6 software for statistics
analysis.

Confocal microscopy
Confocal images were obtained with an automated inverted

Leica TCS SP8 confocal microscope using a 63 and 100x HC PL
Apo oil CS2 objective. All confocal images were collected using
594 laser line for excitation and a pinhole diameter of 1 Airy
unit. The optical series covered at least 15 optical slices, from
the bottom to the top of the cells, with a raster size of 1024 �
1024 in the x–y planes and a z-step of 0.5 mm between optical
slices. Three-dimensional (3D) images and projections from
z-stack were constructed and processed using Leica Application
Suite X software (www.leicamicrosystems.com). Cell volume
was calculated with imageJ using the plug-in Volumest, a semi-
automated program used to measure the total volume of the
threshold fluorescently labeled cells obtained as a cumulative
z-stack. Briefly, an area value for a single section was calculated
and the plug-in then generated a 3D volume calculated from
the entire stack.

Western blotting and quantitative analysis
Cells grown in 24 multiwell formats were washed once in

ice-cold PBS and dissolved in 100 mL of RIPA lysis buffer
(10 mmol/L Tris-HCl, pH 7.4, 140 mmol/L NaCl, 1% Triton
X-100, 1% Na deoxycholate, 0.1% SDS, 1 mmol/L Na3VO4,
1 mmol/L NaF, and 1 mmol/L EDTA) added with a cocktail of
protease inhibitors (http://www.merckmillipore.com). Lysis was
performed on ice for 30 minutes, and the samples were then
centrifuged at 17,000 � g for 30 minutes. The protein content
of the supernatant wasmeasured with a bicinchoninic acid (BCA)
Protein Assay Kit (www.thermofisher.com). Equal amounts of
cell lysates (10 mg total protein/lane) were dissolved in
Laemmli Sample Buffer (www.bio-rad.com) with added 50
mmol/L dithiothreitol, heated to 37�C for 10 minutes, loaded
and separated by SDS-PAGE on a 13% polyacrylamide, and
transferred to polyvinylidene difluoride membranes (http://
www.merckmillipore.com). Membranes with blotted proteins
were incubated with primary antibodies, washed, and incubat-
ed with peroxidase-conjugated secondary antibodies (22).
Reactive proteins were revealed with an enhanced chemilumi-
nescent detection system (www.thermofisher.com), visualized
on a Versadoc imaging system (www.bio-rad.com), and ana-
lyzed by GraphPad Prism 6 (www.graphpad.com/scientific-
software/prism).

For quantitative analysis, three independentWestern blotswere
performed in different days from cells at independent passages.
The bands revealed, indicated for each experiment, were quanti-
fied by densitometry analysis using ImageJ software. The optical
density valuewas determined for equal-sized boxes drawnaround
antibody-stained bands (https://imagej.nih.gov/ij/) and analyzed
using GraphPad Prism 6 (www.graphpad.com/scientific-soft
ware/prism).

Ratios of G- to F-actin
Ratios of G- to F-actin were determined using the G-Actin/

F-actin In Vivo Assay Kit (BK037; http://www.cytoskeleton.com),
as previously described (32). Briefly, 5 � 105 cells were scraped,
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resuspended in Lysis and F-actin Stabilization Buffer, and
centrifuged at 350 � g for 5 minutes. Note that 100 mL of the
supernatants was ultracentrifuged at 100,000 � g for 1 hour to
separate F-actin from soluble G-actin. The pellets were resus-
pended in a volume equal to that of the supernatant, and equal
volumes of supernatant and pellet samples were analyzed by
Western blotting with actin and AQP4 antibodies. The revealed
bands were quantified as described above.

Apoptosis and necrosis quantification
Apoptosis and necrosis were determined using the Apoptosis

and Necrosis Quantification Kit (30017; www.biotium.com).

Briefly, cells were washed twice with PBS, incubated with
FITC–Annexin V and EthD-III, and analyzed by epifluorescence
microscopy. WT U87MG cells following administration of H2O2

2mmol/L for 6 hours at 37�C and staurosporine 5 mM for 4 hours
were used as positive controls of necrosis and apoptosis,
respectively.

Primary amino acid sequence multiple alignment analysis
The multiple alignment analysis of AQP4 primary amino acid

sequences was performed using Clustal Omega (www.ebi.ac.uk/
Tools/msa/clustalo/). All the sequences were obtained from
NCBI, Entrez Gene Reference Sequences.

Figure 1.

Effects of AQP4-tetramer and AQP4-OAP expression on morphology and cytoskeleton of tumor and nontumor cell lines. A, Epifluorescence images of
cells transfected with M1-AQP4 isoform (AQP4-tetramers) and M23-AQP4 isoform (AQP4-OAPs) and relative WT (WT). AQP4 staining is shown in red,
and F-actin cytoskeleton is visualized with phalloidin (green). Left, GL95 (human glioma primary culture); C6 (rat glioma-immortalized cell line); U87
(human glioma-immortalized cell line); U251 (human glioma-immortalized cell line). Right, Astro (astrocyte primary cultures prepared from AQP4 KO
mice); DI TNC1 (rat-immortalized astrocyte cell line); B16F10 (murine melanoma cell line); HeLa (adenocarcinoma-immortalized cell line). Arrows,
change in cell shape in AQP4-OAP–transfected cells. Scale bar, 50 mm. B, Histobar showing the percentage of cells with altered morphology
calculated for GL95, C6, U87, and U251 cells transfected with human AQP4-tetramers (hAQP4-tetramers) and AQP4-OAPs (hAQP4-OAPs). U87 were
also analyzed after transfection with the rat sequence of AQP4-tetramers (ratAQP4-tetramers) and AQP4-OAPs (ratAQP4-OAPs). Values are
expressed as mean � SEM of percentage of cells with altered cell morphology out of the total number of transfected cells per field. ��� , P < 0.0005;
���� , P < 0.0001; n ¼ 3.
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The Swiss-pdb Viewer application was used to visualize
C-terminus tail and H-bond involving residues. The initial struc-
ture of AQP4 was obtained from the Protein Data Bank (PDB
entry 3GD8) with a resolution of 1.8Å obtained by X-ray diffrac-
tion (33) and was used to generate the model. The existence of
hydrogen bonds was predicted with the compute Hbonds tool
of the Swiss-Pdb Viewer (https://spdbv.vital-it.ch/).

In vitro invasion assays
Invasion transwell assays were performed using the Boyden

chambers as previously described (34). Briefly, the upper side of
the filters was coated withMatrigel 1mg/mL. Cells (5� 105) were
seeded onto the layer ofMatrigel in their growthmediumwithout
serum FBS. Twelve hours after plating, unmigrated cells on the
upper side of the filters were mechanically removed, whereas
those invading onto the 10% FBS contained on the lower side
were fixed and counted with Image J software.

Zymography
Gelatin zymography analysis was performed using the condi-

tioned medium collected at the end of the "invasion assay"
described in the previous paragraph (35). Briefly, culture media
were centrifuged, mixed with a 10% SDS-containing loading
buffer, and subjected to SDS-PAGE using a 10% gel containing
1mg/mL gelatin. At the end of the run, the gels were washed twice
with 100mL distilled water containing 25%Triton and incubated
in 100 mL of "Development buffer" (50 mmol/L Tris–HCl,
pH 7.4, and 10 mmol/L CaCl2) at 37�C for 42 hours. The gels
were then stained with 0.125% Coomassie Blue R250 for 1 hour,
and the gelatinolytic activity ofMMP9was detected as clear bands
against a blue background. The band corresponding to the total
MMP9 was quantified as previously described for ECL-revealed
bands.

Statistical analysis
Statistically significant differences were computed using the

Student t test and two-way ANOVA analysis, the level being set at
P < 0.05. All statistical analyses were performed using GraphPad
Prism version 6.00 (www.graphpad.com/scientific-software/
prism). Data are expressed as mean � SEM.

Results
AQP4-OAP expression triggers cell shape changes in glioma
cells

To assess whether AQP4 aggregation into OAPs plays a role in
cell morphology and cytoskeletal dynamics under physiologic
and/or pathophysiologic conditions, a total of 2 primary cell
cultures and 6 different cell lines were analyzed after transfection
with the two major human AQP4 isoforms: M1-AQP4 (forming

tetramers not able to aggregate into OAPs and later on called
"AQP4-tetramers") and M23-AQP4 (forming tetramers able to
aggregate into OAPs and later on called "AQP4-OAPs"). In par-
ticular, cells of glial-tumor origin (GL95 human primary cultures
of glioma, rat C6 glioma cell line, and U87 MG and U251 MG
glioblastoma multiforme human cell lines) were compared with
healthy astrocytes (AQP4-null mouse astrocyte primary cultures
and rat DI TNC1 cell line) and with tumor cells not of CNS origin
(B16F10 rat melanoma cell line and the HeLa human cervical
adenocarcinoma cell line). Immunofluorescence was used to
analyze AQP4 and F-actin expression (Fig. 1A). The results
showed that a profound alteration in cell morphology and
cytoskeleton was selectively observed in glioma cells when trans-
fected with AQP4-OAPs, whereas no such effect was induced by
AQP4-tetramers. In particular, AQP4-OAP expression induced the
appearance of cytoskeletal reorganization and cytoplasmic pro-
trusions. Differently, the same cells expressing AQP4-tetramers
retained apolygonal shapewithmainly anordered distribution of
actin stress fibers. The quantitative analysis (Fig. 1B) revealed the
significantly higher frequency of irregular shaped cells in glioma
cells expressing human AQP4-OAPs compared with cells trans-
fected with human AQP4-tetramers (GL95: 78.2 � 2.1% vs.
12.3 � 2.1%; C6: 48.98 � 3.82% vs. 18.85 � 2.25%; U87 MG:
72.02 � 3.9% vs. 14.72 � 1.7% for human AQP4 sequences and
64.35� 7.68% vs. 12.05 � 1.25% for rat AQP4 sequences; U251
MG: 49.7� 3.9%vs. 6.6� 1.4%).No changeswere induced either
by AQP4-tetramers or AQP4-OAPs in healthy astrocytes and in
tumor cells not of CNS origin, indicating that the AQP4-
OAP–dependent change of morphology observed is a peculiarity
of tumor cells of glial origin, and it is not common with other
tumor cells such asmelanoma or adenocarcinoma cells and is not
common with healthy cells of glial origin like astrocytes.

We selectively focused on human cell lines to detail the effect of
AQP4 aggregation in glioma cells. In particular, the twomost used
cell lines as experimental models of glioma, U87 MG and U251
MG, were studied and compared with the widely used HeLa cells
always analyzed in parallel as negative control (Fig. 2). After
ascertaining comparable expression levels of M1-AQP4 and
M23-AQP4 for each cell line (Fig. 2A), the two-dimensional
projected cell area (Fig. 2B) and cell volume (Fig. 2C) were
determined by imaging analysis. U87 MG and U251 MG–
expressingAQP4-tetramers showeda significantly larger projected
area (Fig. 2B) and volume (Fig. 2C) than those expressing AQP4-
OAPs, whereas no significant difference was found in HeLa cells
analyzed in parallel.

In order to discriminate whether the reduced cell area and
volume measured for the two glioma cell lines were due to a
simple change of cell morphology or to a cell shrinkage, the
density of organelles was investigated using quantitative analysis
of ER fluorescence intensity (Fig. 2D). Glioma cells (U87MG and

Figure 2.
Analysis of U87, U251, and HeLa cell shape parameters after transfection with AQP4-tetramers and AQP4-OAPs. A, Immunoblot detection of AQP4 expression
levels in U87, U251, and HeLa cells transfected with M1-AQP4 (AQP4-tetramers) and M23-AQP4 (AQP4-OAPs). b-Actin was used to normalize for equal loading.
B, Left, AQP4 immunofluorescence is shown in red for U87 cells transfected with AQP4-tetramers and AQP4-OAPs. The 2D-topographical image of cell area
(black) is shown in parallel and was used for quantification analysis (right). Right, histobar showing the quantification analysis of the relative cell area performed
for U87, U251, and HeLa cells. Values are expressed as mean� SEM. ���� , P < 0.0001; n¼ 3. Scale bar, 50 mm. C, Top, 3D reconstruction of a confocal z-stack of
AQP4-OAP–transfected and AQP4-tetramer–transfected U87, U251, and HeLa cells stained with anti-AQP4 antibodies (red). Scale bar, 20 mm. Bottom,
histobar showing the quantification of cell volume of the cells transfected as indicated. Values are expressed as mean� SEM. � , P < 0.05; n¼ 3. D, Left,
the CellLight ER-RFP (red) was used to specifically target ER, whereas AQP4 staining of AQP4-tetramers and AQP4-OAPs is shown in green. Right,
histobar showing the relative increase in fluorescence intensity in AQP4-OAP–transfected compared with AQP4-tetramer–transfected cells, as indicated.
���� , P < 0.0001; n¼ 3. Scale bar, 10 mm.
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U251 MG) expressing AQP4-OAPs showed a significant increase
in the density of ER compared with the same cells expressing
AQP4-tetramers. No differences were found for HeLa cells ana-
lyzed in parallel.

These results indicate that AQP4 plasma membrane aggrega-
tion intoOAPs plays a key role in tumor glial cellmorphology and
that AQP4 aggregation into OAPs induces cell shrinkage in both
glioma cell lines and not in HeLa cells.

AQP4 aggregation into OAPs governs F-actin dynamics in
glioma cell and leads to apoptosis

To obtain additional information about AQP4-OAP–induced
morphologic and actin organization changes, we performed a
quantitative analysis of actin polymerization grade by determin-
ing the amount of filamentous actin (F-actin) versus free globular-
actin (G-actin), using high-speed centrifugation that allows the
G- and F-actin pools to be separated from cell lysates (Fig. 3A).
Changes in the relative amount of G-actin and F-actin were
investigated in U87 MG, U251 MG, and HeLa cells by Western
blot (Fig. 3A). InWTandAQP4-tetramer–transfected glioma cells,
the F-actin/G-actin ratio was similarly in favor of G-actin, indi-
cating that the presence of AQP4-tetramers does not significantly
affect actin cytoskeleton in either U87 MG or U251 MG. In
contrast, transfection of AQP4-OAPs significantly increases the
F-actin/G-actin ratio in both U87 MG and U251 MG, although
this increase was much higher in U87 MG than in U251 MG
(Fig. 3B). These results indicate that AQP4-OAPs significantly
affect actin cytoskeleton dynamics in glioma cells with a much
more dramatic perturbation for U87 MG in line with their more
dramatic change in cell morphology shown in Figs. 1A and 2C. A
not statistically significant difference in F-actin/G-actinwas found
in HeLa cells when transfected with either AQP4-tetramer or
AQP4-OAPs compared withWT, indicating that AQP4 expression
independently from its aggregation state does not affect cytoskel-
eton dynamics in HeLa cells. AQP4 immunoblotting performed
in parallel on the same fractions (Fig. 3A) revealed interesting
results with more similarity between U251 MG and HeLa com-
pared with U87 MG cells. AQP4-OAPs were always selectively
present in the F-Actin fraction, indicating that the association

between AQP4-OAPs with F-actin is a common feature of the
three cell lines analyzed, independently from their origin. In
contrast, AQP4-tetramers mainly cosedimented with the F-Actin
fraction in U251 MG and HeLa cells even though a small fraction
of AQP4-tetramers was always present in the G-actin fraction. The
situation appeared to be completely different for U87MG cells in
which themajority of AQP4-tetramers were present in theG-Actin
containing fraction and only a small amount in the F-Actin
fraction. These results similarly indicate that, in all the cells
analyzed, the relationship between AQP4 and actin cytoskeleton
depends on the AQP4 aggregation state, with AQP4-OAPs more
strongly associated with F-Actin compared with AQP4-tetramers.
On the other hand, the specific effect of AQP4-OAPs on glioma
cells, shown in Figs. 1 and 2, seems to be associated with an actin
perturbation, which is much more pronounced in U87 MG cells
and very mild in U251 MG cells. This is in line with the dramatic
andmilder changes in cell morphology observed for U87MG and
U251 MG cells, respectively.

We later tested whether the shrinking and cytoskeleton changes
induced by AQP4-OAPs could be related to the morphologic
rearrangements occurring during apoptosis (Fig. 4). In particular,
by using Annexin V, U87 MG, U251 MG, and HeLa cells were
analyzed for early signs of apoptosis (Fig. 4A). AQP4-OAP–
expressing U87 MG and U251 MG showed a relevant staining
forAnnexinVwith a 2-fold increase in thepopulationof apoptotic
cells compared with the same cells expressing AQP4-tetramers
(Fig. 4B). No differences in Annexin-positive cells were found in
HeLa cells between AQP4-tetramer and AQP4-OAP–transfected
cells. Figure 4C shows that the morphology was similar between
AQP4-OAP expressing U87 MG and WT U87 MG treated with
staurosporine to induce apoptosis, whereas no evidence of necro-
sis was found in AQP4-OAP expressing U87 (Fig. 4C).

AQP4-tetramers increase metastatic potential in glioblastoma
multiforme

The contribution of AQP4 aggregation state in tumor cell
invasion through the extracellular matrix was tested by using the
Boyden chamber assay (Fig. 5). The results show that the invasion
ability of AQP4-OAP expressing U87 MG, U251 MG, and HeLa

Figure 3.

Effect of AQP4 aggregation into
OAPs on F-actin dynamics in U87,
U251, and HeLa cells. A,Western
blot analysis of F-actin (F) and
G-actin (G) containing samples in
indicated cells, untransfected
(WT), and transfected with human
M1-AQP4 (AQP4-tetramers) and
M23-AQP4 (AQP4-OAPs). Ten ng
(10), 20 ng (20), and 50 ng (50) of
G-actin standard were loaded as
control. B, Densitometric analysis of
the immunoblot in A showing
F-actin/G-actin ratio in
untransfected (WT), AQP4-
tetramer, and AQP4-OAP–
transfected U87, U251, and HeLa
cells. Values are expressed
as mean� SEM. � , P < 0.05;
��, P < 0.001; n¼ 3.
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cells was not significantly different to the correspondingWT cells.
In contrast, AQP4-tetramers significantly increased the ability of
both glioma cell lines, U87 MG and U251 MG, to invade the
matrix while they did not affect this property inHeLa cells (Fig. 5A
and B). These results indicate that controlling the AQP4 aggre-
gation state might be important for glioma cells to acquire higher
invasive capability.

To clarify whether the increased capability of AQP4-tetramer–
transfected glioma cells was related to a different metalloprotei-
nase activity, zymography experimentswere performed to analyze
the metalloproteinase-9 (MMP9) activity during the invasion
process (36, 37). The results (Fig. 5C and D) revealed that a
significantly higher activity of MMP9 could be selectively
observed in both glioma cell lines transfected with AQP4-tetra-
mers compared with cells transfected with AQP4-OAPs, whereas
no difference in MMP9 activity was revealed between AQP4-
tetramer and AQP4-OAP–transfected HeLa cells. These results
indicate that the increased invasiveness of AQP4-tetramer expres-
sing glioma cells is sustained by MMP9 activity.

TheM23-AQP4 C-terminus is the key in AQP4-OAP–dependent
cytoskeleton perturbation

To gain insight into the molecular determinant involved in
the cell morphologic and functional changes observed in gli-

oma cells, we first tested a number of mutants of AQP4 in
which specific regions in loops A, C, and E were deleted or
replaced with the corresponding sequences of AQP0 (Fig. 6A),
because AQP0 is also able to aggregate into OAPs the same as
AQP4. Most of these mutants (Supplementary Table S1) had
previously been used and characterized by our group to identify
specific regions of AQP4 extracellular loops involved in the
binding with the human autoantibody found in patients affect-
ed by Neuromyelitis Optica (38). All the AQP4-OAP mutants
correctly targeted the plasma membrane and formed OAPs
similar to WT AQP4-OAPs, in terms of number and size, as
previously shown (38). This analysis was only performed in
U87 MG cell, this being the cell line the most affected by AQP4-
OAP transfection in terms of cell morphology and actin cyto-
skeleton. U87 MG cells transfected with WT and mutated AQP4
isoforms were analyzed for cell morphologic changes by immu-
nofluorescence (Fig. 6B). The quantitative analysis revealed that
all the mutants induced the same morphologic changes as
AQP4-OAPs, therefore indicating that AQP4-OAP extracellular
loops are not involved in the morphologic changes observed in
AQP4-OAP–transfected cells. The role of the AQP4 C-terminus
was then investigated, as potentially being involved in the
morphologic and functional effects observed on U87 and
ascribed to AQP4 aggregation into OAPs. To this end, first we

Figure 4.

Effect of AQP4 aggregation into OAPs on apoptosis in U87, U251, and HeLa cells. A, Cells, transfected as indicated, stained for Annexin V (green) and DAPI (blue).
Scale bar, 50 mm. B, Histobar showing the relative increase in Annexin-positive cells counted on experiments shown in A. Values are expressed as mean� SEM of
fold increase in Annexin Vþ cells in AQP4-OAP compared with AQP4-tetramer transfected. �� , P < 0.005; ��� , P < 0.0005; n¼ 3. C, Representative confocal
images (merge) of U87 transfected with AQP4-tetramers and AQP4-OAPs stained with AQP4 (red), Annexin V (green), EtD-III (nuclear; red), and DAPI (blue).
WT treated with staurosporine (WTþ Stauro) and with H2O2 (WTþ H2O2) was used as positive control for apoptosis (green) and necrosis (red), respectively.
Scale bar, 20 mm.
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evaluated the effect of a C-terminus fluorescent tag, such as
m-Cherry, by immunofluorescence (Supplementary Fig. S1).
Interestingly, M23-AQP4 having a C-terminus mCherry-tail was
unable to produce the changes induced by the untagged M23-
AQP4 isoform, indicating a key role of this region in the
observed modifications in glioma cells.

To evaluate which region of the C-terminus could be directly
involved in the observed changes, a multialignment analysis of
AQP4 was performed from amphibia to mammals and between
mammals of different species (Fig. 7A). Two prolines at positions
254 and 296 and the last six amino acids (PDZ-domain; ref. 47)
were highly conserved (Fig. 7A and B) and were the target of the
subsequentmutagenesis. Themutagenesis approachwas aimed at
breaking the predicted b-turn spatial constriction (Fig. 7C). In
statistical analyses of residues found in b-turns (39), protein
structures display preferences for Pro or Gly at certain b-turn
positions. The iþ1 residue of type II turns is usually Pro. Pro is

often found in turns, presumably due to its unique restricted
angle, which is entropically favorable at certain turn positions.
Glycine is also often found at other positions of different b-turn
types because its lack of a b-carbon sterically allows a wider range
of angles than other amino acids. Therefore, a double-mutant
P254GP296G was generated together with a mutant in which the
PDZ domain was deleted (D318-323). M23-AQP4 mutants were in
this case transfected in both U87 MG and U251 MG cells, and
immunofluorescence was used to analyze and quantify cell mor-
phologic changes (Fig. 7D and E). The results showed that
both mutants were able to impair the ability of AQP4-OAPs to
induce cell morphologic changes in both glioma cells. This
suggests that b-turn spatial constriction and C-terminus orienta-
tion are necessary for the OAP interaction with the cytoskeleton.
These results confirm the role of the AQP4-OAPC-terminus as cell
shape determinant and that the orientation of the tail plays a
crucial role in this phenomenon, which, in glioma cells, is

Figure 5.

Effect of AQP4 aggregation into OAPs on invasiveness potential in U87, U251, and HeLa cells. A, Representative images of cell invasiveness on Matrigel assay.
The three cell lines, transfected as indicated, were subjected to the invasion assay using Boyden chambers for 12 hours. DAPI, blue. Scale bar, 50 mm.
B,Quantification of the data collected, as described in A. The histobar shows the mean� SEM of invading cells compared withWT cells. � , P < 0.05;
�� , P < 0.005; n¼ 3. C,Gelatin zymography analysis for MMP9 of conditionedmedia of U87, U251, and HeLa cells transfected as indicated. D, Histobar
showing MMP9 activity in AQP4-tetramers transfected compared with AQP4-OAP–transfected cells. �� , P < 0.005; ��� , P < 0.0005; n¼ 3.
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correlatedwith important functional alterations such as apoptosis
and invasiveness.

Discussion
Themain novelty of this study is that AQP4 aggregation state is

important in glioma cells to determine their fate toward inva-
siveness or apoptosis and that this control is mediated by a
different relationship with the actin cytoskeleton depending on
the C-tail of AQP4-OAPs and that of AQP4-tetramers. Although
having AQP4-tetramers or AQP4-OAPs does not affect the mor-
phology of normal astrocytes in culture, it makes a significant
difference in glioma cells. This study demonstrates that
AQP4-OAP expression in glioma cells leads to important cell
shrinkage with alteration in actin cytoskeleton and apoptosis.
Therefore, the general conclusion is that AQP4 aggregation into
OAPs is "deleterious" for glioma cell survival. In contrast, AQP4-
tetramer expression increases glioma cell migration, with
increased metalloproteinase activity, indicating that AQP4-tetra-
mers are "beneficial" for glioma cells, improving their invasive-
ness potential. From this perspective, it is not surprising that
glioma cell biology is directed toward OAP disassembly into
AQP4-tetramers (16, 17, 40), which allows invasiveness to be
achieved while avoiding apoptosis.

The "beneficial" role of AQP4-tetramers in glioma cells finds its
basis in the functional role amply reported for M1-AQP4 in

favoring cell migration both in healthy astrocytes and in glioma
cells (41–43). It is interesting to note that the role forM1-AQP4 in
cell migration in the context of glioma cell invasiveness is remark-
ably similar to the role of AQP1 in endothelial cell migration in
the context of tumor angiogenesis (44). Notably, AQP1 is only
expressed in the tetrameric form.

Differently from AQP4-tetramers, large AQP4-OAPs are not
sufficiently mobile in the plasma membrane to address cell
migration, being actually involved in sustaining the opposite
functionof promoting cell adhesion andpolarization (4).Neither
property is associated with glioma cell biology given that
increased cell adhesion would represent an obstacle to glioma
cell migration, and polarization is lost in glioma tissue. The
"detrimental" role of AQP4-OAPs in glioma cells, shown for the
first time in the present study, is based on the observation that
M23-AQP4 induces glioma cell apoptosis. If AQP4-tetramers are
able to improve the speed of cell migration in both normal
astrocytes and glioma cells (4), the induction of apoptosis by
AQP4-OAPs is instead specific to glioma cells. In particular,
M23-AQP4 expression in glioma cells induces important changes
in cell morphology and to the cell cytoskeleton associated with
apoptosis. The extent of these changes to cell cytoskeleton and
morphology was different in the two cell lines (higher in U87MG
and milder in U251 MG), and this could be related to the higher
proliferation, migration, and invasion potential of the U87 com-
pared with the U251 MG cell lines (21, 45).

Figure 6.

AQP4 extracellular loop analysis of
the amino acids involved in the
major changes observed in U87 cell
morphology.A, Schematic
representation of AQP4 amino acid
sequence analyzed by mutagenesis
(red). For more details, see
also Supplementary Table S1.
B, Representative images of U87
transfected with the mutated OAP-
forming isoforms and stained with
anti-AQP4 antibody (red) and
phalloidin (green) to visualize
F-actin. Blue, cell nuclei. Scale bar,
50 mm. C,Quantification analysis
performed to compare the number
of cells with morphologic alteration
between U87 cells transfected with
AQP4 sequences as indicated.
Values are expressed as mean�
SEM of percentage of cells with
altered cell morphology on the total
number of transfected cells per
field. ���� , P < 0.0001; n¼ 3.
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The factors regulating AQP4 expression toward either AQP4-
tetramers or AQP4 OAPs remain to be identified. In this context,
the membrane curvature-dependent aggregation of AQP4 into
OAPs may have interesting implications (46). In particular,
thehighplasmamembrane curvature found at the tip ofmigrating
glioma cells might be sufficient to disaggregate AQP4-OAPs
into AQP4-tetramers, therefore facilitating their invasiveness
potential.

Cell shrinkage is reported as the first event of the so-called
apoptotic volume decrease (AVD) activated by the alteration of
ion channel transport mechanisms, mainly leading to Kþ and Cl�

efflux, driving water out of the cell and therefore leading to cell
shrinkage (47). A role for water channel proteins in facilitating
AVD, by boosting water efflux, has been already proposed by
other authors (47). Interestingly, if cell shrinkage in glioma cells is
considered the first event in AVD leading to cell death, it is also
described as being an important morphologic modification that
glioma cells undergo to transform and improve their invasiveness
capability. In fact, glioma cells have to face the complex archi-
tecture of the brain parenchyma, which represents an obstacle to
their dissemination. Secretion of metalloproteinases by glioma

cells is important to break the extracellular matrix; meanwhile,
reducing their volume helps them to sneak into the brain inter-
stitial space and to migrate following a water flux l generated by
AQP4 (11). Glioma cell shrinkage able to increase cell migra-
tion (48) is similarly triggered by an ion extrusion in turn driving
water efflux, as in AVD. Remarkably, the role of AQP4-mediated
water efflux, able to promote both AVD and cell migration, would
also be very similar to the corroborated role reported for AQP4 in
the RVD occurring in healthy astrocytes exposed to hypotonic
conditions. In particular, AQP4 facilitates both the water influx
under hypotonic challenge, and thewater efflux necessary to bring
back the cell volume to its original level (23).

In trying to understand the patho-physiology of glioma
cells, based on the different impacts of AQP4-tetramers and
AQP4-OAPson glioma cell fate, thequestion that arises iswhether
the general increase in AQP4 expression levels, reported in glio-
mas, is useful for acceleratingmigrationor for inducing apoptosis,
given that both are triggered by AQP4-mediated water efflux. It
cannot be related to a different rate of water efflux through M23-
AQP4 promoting apoptosis or through M1-AQP4 promoting
invasiveness, because it is known that the water permeability is

Figure 7.

Mutagenesis analysis on M23-AQP4 C-terminus.A,Multialignment analysis of AQP4 C-terminus primary sequence from different species. Pro 254, 296, and the
last six amino acids (red bold) are highly conserved. The amino acid positions are referred to M1-AQP4. TM6, transmembrane 6. B, Schematic representation of
the amino acids analyzed by mutagenesis. C, Schematic reconstruction of AQP4 C-terminus tail and predicted b-turn and H-bond (green dashed line) involving
P254 and P296 by using spdb viewer software. H-bond forming proline residues and b-turn in AQP4WT are abolished in double mutants.D, Representative
images of U87 transfected with the two M23-AQP4mutants (P254G-P296G and D318-323) and stained with anti-AQP4 antibodies (red) and phalloidin (green) to
visualize F-actin. Both mutations affect AQP4-OAP ability to induce morphologic changes in glioma cells. Scale bar, 100 mm. E,Quantification analysis of
morphologic alteration induced by M23-AQP4mutants in experiments performed as described in D. The histogram shows the percentage of cells with altered
morphology calculated for U87 and U251. Values are expressed as mean� SEM of percentage of cells with altered cell morphology on the total number of
transfected cells per field. ���, P < 0.0005; ���� , P < 0.0001; n¼ 3.
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not different between M1-AQP4 and M23-AQP4 (3). The answer
to this question could stand on data in this article, showing that
AQP4-tetramers and AQP4-OAPs have a different relationship
with the actin cytoskeleton. In the healthy brain, AQP4-OAP
interaction with the F-actin cytoskeleton is mediated by the
dystrophin-associated protein complex (6, 7), including, in par-
ticular, syntrophin, which is directly responsible for AQP4
anchoring in the perivascular pool (49). Interestingly, the endfoot
targeting of syntrophin is a key determinant for theOAP size (49).
We can therefore speculate that in brain tumors, the remodeling of
the actin cytoskeleton associated with AQP4-OAP disaggregation
could work as a sensor, enabling tumor cells to evade normal
apoptotic signaling (50) and acquire invasiveness potential. In
particular, we show here that the role of the actin cytoskeleton in
transducing the apoptotic signal might be dependent not only on
AQP4 organization into OAPs, but also on AQP4 having a free
C-terminus domain inwhich two Prolines seem to play a key role.
This view is in line with the dramatic change in the actin cyto-
skeleton, reported upon cellular transformation, allowing meta-
static properties such as increased cell migration and anchorage-
independent growth.

We finally demonstrate that AQP4-OAP–transfected glioma
cells display a higher content of F-actin, which appears to form
a protein complex cosedimenting with AQP4-OAPs. Once again,
this effect was found to be more prominent for U87 MG than for
U251 MG cells, in line with the more dramatic changes in cell
morphology and cytoskeleton observed in OAP-transfected U87
MG cells than in U251MG. In healthy astrocytes, the relationship
between AQP4 and the cell cytoskeleton has been previously
discussed (8, 9) in terms of functional rather than physical
interaction, which is important during cell adhesion, when astro-
cytes change their morphology going from a round shape to a flat
fibroblast-like shape. It has also been shown that a higher content
of F-actin is typical of astrocytes in their flat stable shape when
movements are reduced to their base levels (8). Therefore, the
stabilization of the cell cytoskeleton, with a higher content of
F-actin, found here for AQP4-OAP–expressing glioma cells, is
compatible with their very lowmigration potential being directed
to apoptosis rather than invasiveness. Also in glioma cells, as for
healthy astrocytes, negative results obtained in coimmunopreci-
pitation experiments between AQP4 and actin indicate a very
labile interaction probably mediated by syntrophin or other
unknown proteins.

In conclusion, given the correlation between OAP disaggre-
gation and glioma invasiveness already reported (48) and based
on the data here obtained, we can speculate that the aggregation
state of AQP4 could be one of the keys in orienting glioma cells to
perish through the activation of the apoptotic path, or to persist by
potentiating their invasiveness potential. In this work, we gain
insight into the complex role of AQP4 in tumor biology, showing
a new perspective in which AQP4 role in glioma is not necessarily
associatedwith edema formationbutwith the stillmysterious role
of AQP4 aggregation into OAPs and its link with the actin
cytoskeleton.
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