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Abstract

Aquaporins (AQP) constitute the principal pathway for water movement across biological
membranes. Consequently, their expression and function is important for cell volume regulation.

Glioma cells quickly adjust their cell volume in response to osmotic challenges or spontaneously as
they invade into the narrow and tortuous extracellular spaces of the brain. These cell volume changes

are likely to engage water movements across the cell membrane through AQP. AQP expression in
glioma cells is poorly understood. In this study, we examined the expression of AQP in several
commonly used human glioma cell lines (D54, D65, STTG1, U87, U251) and in numerous acute
patient biopsies by PCR, Western blot, and immunocytochemistry and compared them to

nonmalignant astrocytes and normal brain. All glioma patient biopsies expressed AQP1, AQP4 and
some expressed AQP5. However, when isolated and grown as cell lines they lose all AQP proteins
except a few cell lines that maintain expression of AQP1 (D65, U251, GBM62). Reintroducing either
AQP1 or AQP4 stably into glioma cell lines allowed us to show that each AQP is sufficient to restore

water permeability. Yet, only the presence of AQP1, but not AQP4, enhanced cell growth and

migration, typical properties of gliomas, while AQP4 enhanced cell adhesion suggesting differential

biological roles for AQP1 and AQP4 in glioma cell biology.
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INTRODUCTION

The ability of cells to control their cell volume in the face of a changing osmotic environment
is a fundamental property shared by many cells across species (Lang et al., 1998). Of particular
importance is regulatory volume decrease (RVD) that allows cells to remove excess water from
their cytoplasm in an attempt to maintain proper water balance. RVD has been shown to involve
the release of organic and inorganic osmolytes into the extracellular space, which in turn leads
to an obligatory efflux of water (Parkerson and Sontheimer, 2003, 2004). While the pathways
for osmolyte release have been studied for several decades, the pathways for water movement
across cell membranes have only recently been elucidated. These studies have demonstrated
that water extrusion occurs through specialized water channels or AQP (Preston et al., 1992),
although in some cells water permeates lipid membranes directly (Zeidel et al., 1992; Zhang
et al., 1993) or passes the membrane through unrelated channels (Fischbarg et al., 1990;

MacAulay et al., 2001).
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Under physiological conditions the brain and spinal cord are thought to encounter few osmotic
challenges since the composition of the cerebral spinal fluid fluctuates much less than the blood
plasma from which it is separated by the blood-brain barrier. This is important as the tight
packaging of neurons, glial cells, and blood vessels in brain would not permit significant
changes in the volume occupied by individual cells. However, acute injury (Ke et al., 2001),
stroke (Taniguchi et al., 2000), and inflammation (Alexander et al., 2003) each present with
significant water uptake by brain cells resulting in significant brain swelling or edema that
confound the neurological problem. Swelling also accompanies many primary and secondary
brain tumors (Foncin and Le Beau, 1978) impeding the function of adjacent peritumoral brain.
Peritumoral edema occurs as a consequence of a disrupted blood-brain barrier (Bothe et al.,
1984; Hossman and Bloink, 1981). However, tumor growth appears to be unaffected by
peritumoral edema and glioma cells actually appear to thrive in this edematous environment.
We previously noted that glioma cells have a well-developed volume regulatory response that
restores the cell volume even in the presence of significant osmotic challenges (Ernest et al.,
2005). These studies suggest a major role for CI release through ion channels in this process.
Pathways for water movement, however, had not been previously investigated and this study
set out to fill this void. Water permeability and its role in glioma volume are also important in
the context of glioma invasion. Unlike other cancers that spread hematogenously, gliomas
invade the brain by active cell migration. We previously hypothesized that glioma cells may
have an unusual ability to regulate their volume in order to fit through the tortuous extracellular
brain spaces as they invade, which would require enhanced water permeability.

In this study, we examined aquaporin (AQP) expression by PCR and Western blot in a panel
of frequently used glioma cell lines as well as in acute patient derived biopsies and cells derived
from them. We show prominent expression of AQP1 and AQP4, and to a lesser extent AQP5.
Surprisingly, only AQP1 expression was maintained in cultured glioma cells many of which
lose AQP expression altogether. Reintroducing either AQP1 or AQP4 stable into glioma cell
lines showed that each AQP is sufficient to restore water permeability such that cells expressing
either AQP behave like perfect osmometers when challenged osmotically. On the other hand,
the absence of AQP1 but not AQP4 impedes the ability of cells to invade. These studies
therefore suggest differential roles for AQP1 and AQP4 in glioma cell biology.

MATERIALS AND METHODS

Cell Culture

U87-MG [astrocytoma, World Health Organization (WHQO) grade 111], STTG-1 (anaplastic
astrocytoma, WHO grade I11), and D65-MG (WHO grade V) were all obtained from American
Type Culture Collection (ATCC; Rockville, MD). D54-MG (WHO grade V) and U251-MG
(WHO grade 1) were a gift from Dr. D.D. Bigner (Duke University, Durham, NC).
Glioblastoma multiforme 010701062 (GBM62; WHO grade 1V) and glioblastoma multiforme
010601050 (GBM50; WHO grade V) were glioblastoma cell lines cultured from patient
biopsies (University of Alabama at Birmingham). Cells were grown in Dulbecco’s modified
Eagle medium (DMEM/F12; Media Tech, University of Alabama at Birmingham Media
Preparation Facility) and supplemented with 2 mM glutamine (Media Tech) and 7% heat-
inactivated fetal bovine serum (FBS; Hyclone, Logan, UT) at 37°C and 90% O,/10% CO,
humidified environment. Human glioma tissue, astrocytoma tissue, and normal brain blocks
were obtained from Cooperative Human Tissue Network (CHTN). Representative tissue
samples were used in each of the following experiments.

RNA Isolation and PCR

Messenger RNA was extracted from the various cell lines following the RNAqueous protocol
(Ambion, Austin, TX). Briefly, the cells were lysed, homogenized, and centrifuged. The
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supernatant was removed and an equal volume of 64% ethanol was added. The mixture was
filtered via centrifugation and the filters were washed. The mRNA was eluted from the filter
and DNA-free (Ambion) was used to remove contaminating DNA. RNA quality was evaluated
by electrophoresis through 1.5% agarose gels.

The cDNA was synthesized and amplified using the OneStep RT-PCR kit (Qiagen, Valencia,
CA), per manufacturer’s instructions, by the Eppendorf Mastercycler gradient (Brinkmann
Instruments, Westbury, NY). Oligonucleotide primers (Invitrogen, Carlsbad, CA) were
designed to amplify specific Aquaporins (AQPs) and used the sequences described previously
(Wang et al., 2003) and listed in Table 1, and 2 ng of mMRNA was loaded per reaction. PCR
conditions were as follows: denaturation at 94°C for 5 min followed by 35 cycles at 94°C for
30s, 56°C for 30 s, 72°C for 2 min, with a final extension at 72°C for 10 min. Amplified
products were electrophoresed through 1.5% agarose gels to determine size. Controls were
used for all AQP. Kidney cDNA was used for AQP1, 2, 3, 4, 6, 7, 8, and lung cDNA was used
for AQP5. Placental, small intestine, and liver cDNA were used for AQP0O, AQP10, and AQP9,
respectively. Actin was used as loading controls.

Western Blot Analysis

A confluent dish of cells was lysed using RIPA buffer [(50 mM TrisClI, pH 7.5, 150 mM NacCl,
1% Nondet P-40 (NP-40), 0.5% sodium deoxycholate, 1% sodium dodecy! sulfate (SDS)]
supplemented with protease inhibitor cocktail (Sigma). Cells were sonicated for 10 s and
centrifuged at 14,000 rpm for 10 min, and the supernatant was transferred to a new tube. Protein
quantification was performed using a DC protein assay kit (BioRad, Hercules, CA). An equal
amount of 63 sample buffer containing 600 mM B-mercaptoethanol was added to the 20-30
ng/ml of cell lysate per lane. Samples were loaded into a 10% precast SDS-PAGE gel (BioRad).
Protein separation was obtained using a constant 100 V for 80 min, and the gels were transferred
at 200 mA for 2 h at room temperature onto polyvinylidine difluoride (P\VVDF) paper (Millipore,
Bedford, MA). Membranes were blocked in blocking buffer (3% nonfat dried milk in TBS plus
0.1% Tween 20). All antibodies were obtained from Chemicon (Temecula, CA) and used
following manufacturer’s instructions. Membranes were incubated in primary antibody for 1
h at room temperature and washed 3x for 10 min. The membranes were then incubated in
horseradish peroxidase (HRP)-conjugated secondary antibodies (Sigma) at 1:1,000 for 1 h
followed by another round of washing (3 x 10 min) and developed using Luminol (Santa Cruz,
Santa Cruz, CA) on Hyperfilm (Amersham, Arlington Heights, IL).

Immunocytochemistry

Cells plated on coverslips were washed with phosphate-buffered saline (PBS) and fixed in 4%
paraformaldehyde for 10 min. Cells were washed 2 x 10 min in PBS, blocked, and then
permeabilized in PBS containing 0.3% Triton X-100 and 5% normal goat serum (NGS) for 30
min. Cells were incubated overnight at 4°C in primary AQP antibodies at 1:200. On the
following day, glioma cells were washed in PBS (4 x 5 min), blocked again in PBS with 5%
NGS, and then incubated with phalloidin (Molecular Probes, Eugene, OR) at 1:100 and
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary antibody (Molecular
Probes) diluted at 1:500 in the dark for 1 h. Cells were washed in PBS (2 x 5 min) and incubated
with DAPI, a fluorescent nuclear label, (1:2,000, Sigma) for 5 min. Cells were washed two
more times with PBS and mounted on slides with GelMount (Biomedia, Foster City, CA).
Images were acquired using an inverted Olympus 1X-81 spinning disk confocal microscope
(Olympus, Center Valley, PA).

Cryostat sections of human glioma tissue, astrocytoma tissue, and normal brain were cut at 8
um and fixed with 4% paraformaldehyde. Cells were washed 2x in PBS and permeabilized in
permeabilization solution (3% goat serum, 0.03% Triton X-100 in PBS). Sections were washed
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2x for 5 min in PBS and blocked for 1 h in blocking solution (5% goat serum in PBS). Sections
were then incubated overnight at 4°C in primary AQP (1:100; Chemicon) and GFAP (1:1,000;
Sigma) antibodies in incubation solution (1% goat serum, 0.25% Triton X-100 in PBS). After
overnight incubation, sections were washed 3x for 10 min in PBS and incubated for 2 h at RT
in the dark in incubation solution. Sections were then washed 2x for 10 min in PBS, DAPI
(1:2,000; Sigma) was applied for 5 min, and followed by a final wash in PBS for 10 min.
Sections were mounted on slides using GelMount (Biomedia).

Transfections

The AQP1-GFP plasmid was a gift from Dr. Nicholas LaRusso (Mayo Clinic, Minneapolis,
MN), and AQP4-DsRed was a gift from Dr. Ken-ichi Nakahama (Tokyo Medical and Dental
University, Tokyo, Japan). AQP1 and AQP4 constructs were created as discussed in published
work, i.e., (Tietz et al., 2006) for AQP1 and (Nakahama et al., 2002) for AQP4. D54 tumor
cells were transfected with AQP1-GFP or eGFP-N1 (Clontech, Mountain View, CA) and
AQP4-DsRed or DsRed-N1 (Clontech) using Nucleofector Kit T (Amaxa, Gaithersburg, MD).
On the day of transfection, cells were harvested and 2 x 106 cells were mixed with 2 ug of
plasmid in 100 uL of the nucleofector solution and then electroporated with the Amaxa
Nucleofector (Amaxa). Electroporation of cells was completed with Amaxa program T-27.
This suspension was transferred to an eppendorf tube and diluted appropriately for plating.
After 48 h, cells were treated with 1 mg/mL geneticin (Sigma) and each week the concentration
was reduced until reaching 250 pg/mL. Individual cells were sorted into 96-well plates by
FACS and colonies were selected from single clones. Stable cells were maintained using 250
ug/mL of geneticin.

AQP1-eGFP was constructed by ligating annealed oligonucleotides 5'-
GATCCCCGGGTGGAGATGAAGCCCAAATTTCAAGAGAATTTGGGCTTCATCTCC
ACCCTTTTTG-3' and 3'-
GGGCCCACCTCTACTTTCGGGTTTAAAGTTCTCTTAAACCCGAAGTAGAGGTGG
GAAAAACAGCT-5' at Bglll and Sall restriction sites of the pZOFF-EGFP plasmid. AQP1-
SshRNA was transfected using FuGene (Roche Diagnostics, Indianapolis, IN). FuGene was
incubated for 5 min in 100 pL serum-free media. DNA was added, incubated for 35 min,
dispersed onto 1 x 106 cells, and cells were allowed to recover for 48 h.

Volume Regulation

Cell volume measurements were performed using a Coulter Counter Multisizer 3 (Beckman-
Coulter, Miami, FL) as described previously (Parkerson and Sontheimer, 2003). Cells were
washed in PBS and lifted from the dish using 0.05% trypsin and 0.53 mM EDTA. Trypsin was
inactivated with the addition of an equal volume of serum-containing media and cells were
briefly centrifuged to pellet. Cells were resuspended in bath solution [125 mM NaCl, 5.0 mM
KCI, 1.2 mM MgSQy, 1.6 mM NayHPOy4, 0.4 mM NaH,POy, 10.5 mM glucose, 32.5 mM
HEPES (acid), 1.0 mM CaCl,, pH 7.4, 300 + 10 mos-mol]. Osmolarity for solutions was
measured by a freeze point osmometer (Fiske Micro-Osmometer 210; Fiske-Associates,
Norwood, MA). Cells were equilibrated for ~5 min before first reading and readings were
taken continuously for 3 min. All experiments contained 200 uM 5-nitro-2-(3-
phenylpropylamino)-benzoic acid (NPPB, Sigma) and 250 uM CdCl,. Bath solution was made
hyposmotic with the addition of water. Mercuric chloride (HgCl,, Sigma) was made at 300
uM in bath solution and cells were preincubated for 5 min. Data were collected by Multisizer
3 software, and 5,000 pulse listings were exported to EXCEL as the average of 40-50 cells for
each 20 ms time point. Data were collected as mean diameter and were converted to mean cell
volume. Mean cell volumes were normalized to baseline values. Data were plotted in Origin
7.0 (MicroCal, Northhampton, MA) + se with (n) experiments performed. Each time point
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graphed is an average of the mean cell volume for 40-50 cells per 20 ms. Each graph for a 3
min experiment contained 5,000 data points.

Cell Migration

Migration was assessed using a modified Boyden Chamber. Eight-micrometer FluorBlok
filters (Fisher Scientific, Pittsburgh, PA) were coated with 2.5 mg/mL vitronectin (Sigma)
overnight at room temperature. Filters were washed twice with PBS and blocked for 1 h at 37°
C with 1% fatty acid free BSA in PBS. Cells were trypsinized using 0.5 mM EGTA and
centrifuged. Cells were washed twice with PBS and brought up in migration assay buffer
(serum-free DMEM/F12 with 0.1% fatty acid free BSA). Cells were counted using a
hemocytometer and 40,000 cells were plated per filter and allowed to migrate for 5 h. Cells
were fixed in 4% paraformaldehyde for 10 min followed by two washes in PBS. DAPI was
applied at 1:2,000 for 5 min followed by an additional two washes in PBS. For shRNA
experiments, the top and the bottom of each filter were counted and a comparison was made
between migrated and non-migrated cells. Images of five random fields were taken using Zeiss
Axiovert 200M (Miinchen, Germany). All experiments were performed in triplicate.

Cell Adhesion Assay

Coverslips were coated overnight at 4°C with various matrices: 10 pg/mL collagen | (Sigma),
10 pg/mL fibronectin 111 (Sigma), 20 pg/mL laminin (Sigma), 20 ug/mL vitronectin (Sigma),
or 1% BSA (Sigma). Two hundred thousand cells were seeded per well and allowed to adhere
for 1 h at 37°C. The nonadherent cells were washed away gently using PBS and cells were
fixed using 4% paraformaldehyde. Images of five random fields were taken using Zeiss
Axiovert 200M (Miinchen, Germany) at 10x magnification.

RESULTS

RT-PCR Demonstrates Distinct AQP Transcripts in Glioma Cells

The principal objective of this study was to examine the contribution of AQP to trans-
membrane water transport and hence cell volume changes in glioma cells. As a first step
towards this goal we used RT-PCR to search for the complement of AQP genes expressed. We
examined a rather broad range of cells and tissues including five commonly used glioma cell
lines (D54, D65, STTG1, U87, U251), glioma cultures from two patient samples (GBM50 and
GBMS62), and a selection of acute patient biopsy tissues (Normal Brain, Astrocytoma and
Glioblastoma, Fig. 1). Primers for each aquaporin are listed in Table 1. The most abundant
transcripts were those for AQP1, 3, 5 and 6, which were found in most cell types. AQP4 mRNA
similar appeared in most cell lines, but highest levels were detected in normal brain and glioma
patient biopsies (Fig. 1). As for other AQPs, expression varied from cell type to cell type. AQP7
MRNA was not detected in any glioma cell type (Fig. 1) and only the D54-MG cells showed
MRNA expression of AQP2 albeit at a low level. We did not see significant variations in the
MRNA expression between the anaplastic astrocytoma and glioblastoma patient biopsies with
the exception of AQP1 (Fig. 1). Expression levels of AQP1 in GBM tissue was significantly
higher than any other tissue sample we examined confirming the findings from previous work
(Oshio et al., 2005). All AQP transcripts found in the glioblastoma biopsies were also found
in at least one of the glioma cell lines; of these U87 and U251 had an expression pattern more
similar to patient biopsies.

Differences in Aquaporin Protein Expression Between Glioma Cell Lines and Patient
Biopsies

We next sought to examine that of the aquaporin transcripts actually yielded aquaporin protein
by performing Western blot analyses (Fig. 2). Each human glioma cell line was probed with
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the AQP antibodies to the candidate genes determined by RT-PCR. Surprisingly, AQP1 was
absent in GBM50, D54, STTG1, and U87 cells (Fig. 2A) but expressed in GBM62 and D65
cells where it occurred as a 28 kD band and a second presumably glycosylated protein band
around 38 kD. In U251 cells, AQP1 antibodies only identified the 28 kD band. All cell lines
lacked detectable levels of AQP4 and AQP5. For individual patient biopsies (Fig. 2B)
expression pattern followed much more closely than predicted by RT-PCR with human
anaplastic astocytomas and glioblastomas each expressing AQP1 and AQP4 at high levels. A
majority of glioblastoma tissues samples examined expressed only the 32 kD band of AQP4
indicating a high expression of M23 isoform. Normal brain showed similar prominent
expression of AQP1 and AQP4. This was in stark contrast to the glioma cell lines, which did
not express AQP4 and showed variable AQP1 expression. While low levels of AQP5 was
observed in normal brain tissue, two of the three primary glioblastomas revealed high AQP5
expression and one of three astrocytomas showed high expression levels.

Aquaporins Show Distinct Subcellular Localizations

Aquaporin expression on the plasma membrane is necessary for a participating role in water
homeostatic mechanisms. To determine aquaporin localization, cellular and subcellular, we
immunostained glioma cell cultures and patient tissue sections with antibodies to AQP1 and
AQPA4. Representative fluorescent images were taken at 60x using a spinning disk confocal
microscope and z-stack images are illustrated in Figs. 3 and 4. Moderate AQP1 staining was
found throughout GBM62 cells (Fig. 3A) with prominent AQP1 expression on the surface
membrane, especially at the ruffled processes (Fig. 3B). Conversely, expression of AQP1 was
not observed in D54 cells (Fig. 3A), and neither GBM62 nor D54 cultures showed expression
of AQP4 (not shown), which is consistent with Western blot (Fig. 2A). In contrast and in
accordance with Western blot data (Fig. 2B), acute patient glioblastoma tissue showed
expression of AQP1, AQP4, and AQP5, which was localized throughout the tissue sample with
regions of high expression (Fig. 4). AQP5 showed expression along fibrous tracts, possibly
along the cytoskeleton, which was not found in either AQP1 or AQP4 stained tissue sections.
The distribution of AQP1 and AQP4 was similar with expression throughout the tissue.
However, all AQPs were found to be heterogeneously expressed throughout the tissue section
consistent with previous studies (Endo et al., 1999;Saadoun et al., 2002a,b).

AQP1 & AQP4 Enhance Water Permeability in Glioma Cells

Taken the above data together suggests prominent expression of AQP1 and AQP4 in glioma
biopsies but loss of AQP proteins in long-term glioma cultures and cell lines. While
unexpected, it gives us an opportunity to examine, through over-expression of recombinant
AQPs, their contribution to water transport and their possible role in cell functions engaging
water movement. In agreement with previous studies (Endo et al., 1999; Markert et al., 2001;
Saadoun et al., 2002a,b), we have determined that AQP1 and AQP4 are both upregulated in
gliomatissue. To this end we obtained clones for AQP1 & AQP4, the two proteins consistently
expressed in patient derived biopsies and expressed them individually in D54 glioma cells that
lack endogenous AQPs. Following transfection with a N1-plasmid containing AQP1-GFP or
AQP4-DsRed, we generated stable cell lines (Fig. 5) that selectively express AQP1 and AQP4,
respectively, henceforth termed D54-AQP1 and D54-AQP4. These showed prominent
expression of the respective protein by Western blot and immuno staining (Figs. 5A,B) which
was absent in D54-WT, wildtype, cells. We next examined water transport directly by
measuring cell swelling in response to a hypoosmotic challenge with a Coulter-Counter Cell
Sizer. Cell size was measured continuously, with 20 ms time resolution over a 3 min period
during which a 60 s baseline volume was followed by the addition of a 50% hypoosmotic
challenge and recorded for an additional 2 min (see methods for detail). Representative
examples are shown in Fig. 5 in which the average cell volume + S.E.M. for 1,000 cells each
was plotted every 20 ms. It was difficult to quantitatively assess the water permeability in D54-
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MG cells as the maximal swelling response is counteracted by RVD. To prevent RVD in D54-
MG cells, we used CI- channel blockers, 200 M NPPB and 250 uM Cd?* at 15°C since in
glioma cells RVD engages a combination of CI- channels and KCC transport (Ernest et al.,
2005). This resulted in cells behaving like perfect osmometers and hence allowing us to isolate
and compare more quantitatively the water transport in cells expressing either AQP1 or AQP4,
respectively. Figs. 5C,D show volume changes caused by water movement in D54 glioma cells
expressing either AQP1 or AQP4. From these data we derived the time constant (t) of the
exponential of the rise in volume and plotted the reciprocal, which would be proportional to
the water permeability (Fig. 5E). This data suggests that D54-AQP1 cells have enhanced water
permeability over wildtype D54 by 98% similar to D54-AQP4 expressing cells (96%, Fig. 5E).
D54-AQP1 cells in which AQP function was inhibited by 300 uM HgCl, (Fig. 5C), (Jung et
al., 1994), showed a reduced rate of cell swelling comparable to that of D54-WT that lack
AQP1 (Fig. 5E). The rate of swelling seen in D54-AQP1 cells was similar to patient derived
GBMBG62 cells containing endogenous AQP1 and these cells also show mercury sensitivity (data
not shown). As expected, HgCl, did not inhibit swelling in AQP4-expressing cells (Fig. 5D,E),
which is expected since AQP4 is insensitive to mercury. Both D54-AQP1 and D54-AQP4 cells
did not show much temperature dependence of water transport unless cooled to 4°C (data not
shown) which is in line with previous studies (Folkesson et al., 1994; Roberts et al., 1994;
Zhang et al., 1993). Note that differences in the degree of swelling were only observed in the
initial minutes following the challenge as ultimately, as expected, both cell types reached
similar cell volumes.

D54-AQP1 Show Enhanced Migration

In light of the hypothesized role of water channels in volume regulation associated with cell
migration, we next set out to examine the relative role of AQP1 & AQP4 in migration.
Transwell assays are a convenient assay system to mimic the spatial constraints of the
extracellular space. We plated 40,000 cells onto each 8 um filter and cells were allowed to
migrate for 5 h at which time the cells were fixed and images taken for analysis. We found that
compared to wildtype cells ~twice as many AQP1 overexpressing cells had migrated across
the filters (Fig. 6A). Indeed, the absolute number of cells that successfully migrated was
comparable to the patient derived GBM62 cells that maintained endogenous AQP1 (Av. 162
+ versus 181+ migrated cells/5 h). If this were related to AQP1 function, one would expect
that a decrease in AQP1 expression in the latter cell lines should cause a decrease in cell
migration. Knock down of AQP1 expression using specific ShRNA constructs (see methods)
indeed caused a 55% reduction in protein expression and a 70% reduction in cell migration
(Fig. 6C,D). This data suggests that AQP1 function enhances migration of glioma cells. When
we more closely examined AQP1 localization in actively migrating cells, we found the protein
to localize to the leading edge of the cells as shown for two representative cells at different
stages of penetrating the Transwell pores (Fig. 6B). We subjected AQP4-expressing D54-
AQP4 cells to the same migration assay and surprisingly found a reduction in migration of
~40% (Fig. 6E). However, as with D54-AQP1 cells AQP4 still localized to the leading edge
of migrating cells (Fig. 6F). This supports the findings from a recent study where migrating
grade IV glioblastoma cells showed reduced AQP4 expression (Warth et al., 2007).

D54-AQP4 Show Enhanced Cell Adhesion

Migration requires cells to dynamically alter their adhesiveness to their growth substrate (Uhm
et al., 1999) hence any changes in migration may be secondary to altered cell adhesiveness.
To question the possibility that AQP1 expression may enhance cell migration by reducing cell
adhesion, we examined this question directly by coating coverslips with several common
extracellular matrices (collagen, fibronectin, laminin, and vitronectin), allowing cells to adhere
for 1 h, and gently washing away any non-adherent cells. Adherent cells were quantified and
compared with control D54 cells. As illustrated in Fig. 7, there was no significant difference
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in adhesion when comparing the D54-AQP1 to control D54-WT on the various substrates.
However, there was an overall increase in cell adhesion for D54-AQP4 cells for all substrates
examined, which may at least in part explain the reduced difference of the cells to migrate (see
above).

DISCUSSION

In this investigation, we were able to demonstrate the expression of AQP1 and AQP4 in all
glioma patient biopsies examined by PCR, Western blot, and immunostaining. This finding
largely supports previous studies showing expression of AQP1 and AQP4 (Endo et al., 1999;
Markert et al., 2001; Saadoun et al., 2002a,b). Surprisingly, we observed the loss of one or all
of the AQPs in cell lines established from human gliomas including those cell lines frequently
investigated in glioma research. Importantly, AQP1 expression is retained in many of the
glioma cultures, but AQP4 was lost in all glioma lines, even in cell lines derived from acute
glioblastoma tissue. This loss is likely a result of culture condition. For example, it has been
shown by several groups that some AQP are regulated via osmotic response elements and
hypertonicity (Herrlich et al., 2004; Hoffert etal., 2000; Jenq et al., 1999; Umenishi and Schrier
2002, 2003). Cells not stimulated by constant changes in osmolarity may selectively
downregulate AQP. AQP1 is upregulated by hypertonic challenge in kidney cells lacking
endogenous expression of AQP1 (Umenishi and Schrier, 2003). In the absence of osmotic
challenges, AQP1 expression may become superfluous in cultured cells and is downregulated.
While AQP4 does not contain an osmotic response element (ORE), it may be affected by other
artificial culture conditions.

The lack of AQP expression in many cell lines offered us an opportunity to study their relative
contribution to water permeability in gliomas. By reconstituting the expression of AQPs
through recombinant expression we were able to examine the role of each individual AQP.
This technique was important because functional studies of AQPs in primary cells have been
difficult since specific drugs that modulate their function are not available. The use of high-
speed, real-time volumetric measurements confirmed that expression of either AQP1 or AQP4
resulted in a dramatic increase in water permeability. This allowed us to question the
importance of AQP mediated water transport in important cell biological functions, specifically
cell migration, a pronounced feature of glioblastomas.

We previously hypothesized that the invasive migration of glioma cells requires cells to
undergo coordinated cell volume changes, most notably shrinkage as cells invade into narrow
extracellular spaces in brain (Sontheimer, 2004). Specifically, we showed that secretion of
Cl- and K™ is required for cell invasion (McFerrin and Sontheimer, 2006; Ransom et al.,
2001). Furthermore, it was demonstrated that Ca2*-activated K* channels, i.e. BK (Weaver et
al., 2004) colocalize to lipid raft domains on invadipodia (McFerrin and Sontheimer, 2006).
Our immunohistochemical studies also localize AQP1 and AQP4 to the leading edge of
migrating tumor cells. We suggest that while CI- and K* channels provide the pathways for
KCl secretion, AQP1 enhances the release of obligated water, which in turn causes the invading
process of the cell to shrink. Consistent with this hypothesis, overexpression of AQP1 doubled
the rate of cell migration through a transwell barrier that mimics the spatial constraints of brain.
In further support of this argument, previous observations show that AQP1 expression also
enhances the migration of melanoma cells (Hu and Verkman, 2006). Although AQP4 is also
localized to invadipodia and similarly increases water permeability in glioma cells, we were
surprised to find that it actually reduced the cell’s ability to migrate. This discrepancy may be
due to our use of the M23 splice variant of AQP4, which has been suggested to increase cell
adhesiveness (Hiroaki et al., 2006). As our GBM tissue endogenously expressed high levels
of the M23 splice variant as compared with the M1, it is possible that AQP4 itself is not utilized
for motility. Another possible hypothesis is that AQP4 colocalizes with a different subset of
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ion channels than AQP1. We know that D54 gliomas express several K* channels (Bordey et
al., 2000; Olsen and Sontheimer, 2004; Ransom and Sontheimer, 2001) and CI- channels
(Olsenetal., 2003). AQP1 expression may act in concert with one set of ion channels to enhance
migration while AQP4 may interact with a different subset important for maintaining proper
cell size. Of note, AQP1 and AQP4 may have similar differential roles in non-malignant glia.
For example, during development, nonmalignant astrocytes lose expression of AQP1 and
express only AQP4. The development of this expression pattern correlates with differentiated
astrocytes also becoming stationary cells. Similarly, AQP play equally varied roles in many
cell types (Echevarria et al., 1994; Nielsen et al., 1993).

Another hypothesis that may explain the differing functionality of AQP4 and AQP1 may be a
separation of domains. Each AQP may localize within certain isolated regions, along with their
respective ion channels, which are necessary to promote a particular cellular function, i.e.,
migration or adhesion. Specifically, AQP1 has a heterogeneous expression in primary
glioblastoma tissue (Endo et al., 1999) indicating regions for rapid water movement. These
regions may be indicative of areas of high migration. If AQP1 and AQP4 are indeed localized
to different domains, then it is possible that they may also interact with different growth factor
receptors. We know that the EGFR is upregulated in glioblastomas (Di Carlo et al., 1992), and
EGF has been shown to increase VEGF secretion (Goldman et al., 1993; Tsai et al., 1995) and
regulate proliferation (Engebraaten et al., 1993). It is possible that gliomas containing high
expression of AQP1 may have higher levels of certain growth factors and their respective
receptors leading to a switch between docile tumor growth (AQP4-expressing), and a highly
migratory and rapidly growing (AQP1-expressing) tumor.

The differential effects of AQP1 and AQP4 expression on glioma cell biology are surprising.
Clearly, further studies are needed to examine a mechanistic link between AQP function and
the underlying biology. While we hypothesize that water flux is the primary function in
migrating or proliferating cells, AQPs may have alternative, less obvious functions in this
regard.
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Aquaporin mRNA expression in astrocytes, several commonly used human glioma cell lines
and acute patient biopsies (n = 6). RT-PCR was used to screen for all AQPs present in each
cell type. All panels show a 1.5% agarose gel stained with ethidium bromide following
amplification. Primers for each AQP are described in Table 1. AQP1, AQP5, and AQP6 were
ubiquitously expressed in all cell types, but there was variable distribution of all other AQPs.
There was no expression of AQP7 in any of the different cell types, but only the D54-WT
showed expression of AQP2. Positive controls for each AQP were used and are described in
Materials and Methods.
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Fig. 2.

Western blot analysis of aquaporin recognized by RT-PCR. Cell lysates were separated using
10% SDS-PAGE gels and transferred onto PVDF paper and probed with antibodies to AQPs
previously detected from RT-PCR experiments. (A) Only AQP1 was expressed in the human
glioma cell lines, GBM62, D65, and U251. (B) Several tissue biopsies and tumor grades were
examined showing expression of AQP1, AQP4, and AQP5 (NB, normal brain n =5, lanes 1,
2; GBM, glioblastoma multiforme n = 6, lanes 3-5; AA, anaplastic astrocytoma n = 6, lanes
6-8).
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Localization of AQP1 using immunofluorescence. (A) Glioma cell lines were stained with anti-
AQP and DAP1 as described in Materials and Methods. D54 cells do not show any expression
of AQP1. GBMG62 also shows expression of AQP1 throughout the cell body with distinct
localization at the leading process (B).
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Localization of AQP1, AQP4 and AQP5 using immunofluorescence as described in Figure 3.
(A) Glioma tissue sections show expression of AQP1 throughout the tissue with regions of

high expression levels. (B) AQP4 shows little or no expression in any glioma cell line. As with
AQP1, AQP4 is expressed throughout the glioma tissue sections. (C) AQP5 expression pattern
is similar to AQP4.
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Fig. 5.

Function and expression of AQP1 and AQP4 in D54 glioma cells. (A,B) Western blot and 20x
image of AQP1 and AQP4 expressing D54 cells. (C,D) Mean cell volume was measured for
3 min in D54-WT and AQP1-D54 cells (n = 5-7) and AQP4-D54 cells (n = 4-7) following a
50% hyposmaotic challenge in the presence of 200 uM NPPB and 250 uM CdCl,. HgCl, was
used at 300 uM. (E) Reciprocal exponential time constant (z"), which is proportional to
osmotic water permeability. (Significance was assessed using an ANOVA *P < 0.05 as
compared to control. **P < 0.05 as compared to AQP1). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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The role of AQPs in invasion. (A) Transwell migration assay comparing GFP-D54 cells and
AQP1-D54 cells. Forty-thousand cells were allowed to migrate for 5 h through 8 um FluorBlok
filters. (B) Western blot showing knockdown of AQP1 using sShRNA and (C)40x image of
migrating AQP1-expressing D54 cell. (D) shRNA knockdown of AQP1 in D65 and GBM62
glioma cell lines (n = 3). (E) Comparison of DsRed-D54 and AQP4-D54 cells following
migration. (F)40x image of AQP4-expressing D54 cell. (Significance was determined using a
Student’s t-test; P < 0.05). [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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The role of AQPs in cell adhesion. To measure adherence, 200,000 cells were plated onto
various matrices [1% BSA (Con), 10 ng/mL collagen | (CN), 10 pg/mL fibronectin 111 (FN),
20 pg/mL laminin (LN), 20 pg/mL vitronectin (VN)] for 1 h. Cells were gently washed away
and fixed. Five random images were taken and counted. (Significance was determined using
ANOVA; P < 0.05).
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TABLE 1
Oligonucleotide Primer Sequences Used to Amplify Human Aquaporins via RT-PCR

Gene Primer sequence (5'-3') Length

AQPO Forward ATT CTC ACT GGG AAC TTC ACT AAC 203
Reverse AGG GCC TGG GAG TTC AGT TCA ACA

AQP1 Forward GGC CAC GAC CCT CTT TGT CTT CAT 514
Reverse TCC CAC AGC CAG TGT AGT CAA TAG

AQP2 Forward AGC CGC TCT GCT CCA TGA GAT CAC 375
Reverse GGC GGA AAC AGC ACG TAG TTG TAG

AQP3 Forward TCA ATG GCT TCT TTG ACC AGT TCA 389
Reverse CTT CAC ATG GGC CAG CTT CAC ATT

AQP4 Forward CAT CGC CAA GTC TGT CTT CTA CAT 237
Reverse GCT ATT GAG CCA GTG ACA TCA GTC

AQP5 Forward CCT GTC CAT TGG CCT GTC TGT CAC 225
Reverse GGC TCA TAC GTG CCT TTG ATG ATG

AQP6 Forward GCA TCA TCA TTG GGA AGT TCA CAG 251
Reverse GCG TAG GCT GAT TCA CAC ACT CTC

AQP7 Forward AAA TGG TCT CCT GGT CCG TGA TAG 178
Reverse ACA CCA AGG TAG CTC CCA AAT GTT

AQP8 Forward TTG TGC CAT CTG ATC CTG ATG TCT 520
Reverse GCA GCG TCG TCA GGA TGA TCT CTG

AQP9 Forward CGG CAT TTG TAC AGT CAG AGA CTC 632
Reverse AAT GCG TTC GCC AGA GAT AGA TAC

AQP10 Forward TGG GGT TCC CTC TTC TAA ATA CTA 450

Reverse CTC CCA GGT TCT GGC ACATTA ACA
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