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Abstract
Glial derived tumors, gliomas, are highly invasive cancers that invade normal brain through the
extracellular space. To navigate the tortuous extracellular spaces cells undergo dynamic changes in
cell volume, which entails water flux across the membrane through aquaporins (AQPs). Two
members of this family, AQP1 and AQP4 are highly expressed in primary brain tumor biopsies and
both have a consensus phosphorylation site for PKC, which is a known regulator of glioma cell
invasion. AQP4 colocalizes with PKC to the leading edge of invading processes and clustered with
ClC2 and KCC1, believed to provide the pathways for Cl- and K+ secretion to accomplish volume
changes. Using D54MG glioma cells stably transfected with either AQP1 or AQP4, we show that
PKC activity regulates water permeability through phosphorylation of AQP4. Activation of PKC
with either phorbol 12-myristate 13-acetate, or thrombin enhanced AQP4 phosphorylation, reduced
water permeability and significantly decreased cell invasion. Conversely inhibition of PKC activity
with Chelerythrine reduced AQP4 phosphorylation, enhanced water permeability and significantly
enhanced tumor invasion. PKC regulation of AQP4 was lost after mutational inactivation of the
consensus PKC phosphorylation site S180A. Interestingly, AQP1 expressing glioma cells, by
contrast, were completely unaffected by changes in PKC activity. To demonstrate a role for AQPs
in glioma invasion in vivo, cells selectively expressing AQP1, AQP4 or the mutated S180A-AQP4
were implanted intracranially into SCID mice. AQP4 expressing glioma cells showed significantly
reduced invasion compared to AQP1 and S180 expressing tumors as determined by quantitative
stereology, consistent with a differential role for AQP1 and AQP4 in this process.
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Introduction
Under physiological conditions, the brain and spinal cord rarely encounter significant changes
in the osmolarity of the extracellular fluid. Primary brain tumors often disrupt the blood-brain
barrier leading to an increase in brain water content and swelling, or edema 13. Surprisingly
gliomas thrive and expand rapidly in this edematous environment. Glioma cells are able to
regulate their cell volume through the release of osmotically active anions, primarily Cl-, and
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likely utilizes water channels called aquaporins (AQP) for the redistribution of water 8.
Aquaporins form a superfamily of 13 members and are the principle pathway for water
movement across most cellular membranes. Of these, AQP1 and AQP4 proteins are highly
expressed in the most malignant gliomas called glioblastomas 27,28. Functional studies using
recombinant over expression delineate differential roles for these AQPs. AQP1 confers
enhanced cell migration whereas AQP4 enhanced cell adhesion actually reducing cell
migration 20. Since both AQPs are prominently expressed across human gliomas, we
hypothesize that their relative contribution to the cell's biology may be regulated to support a
particular biological state. More specifically, during tumor dissemination, the activity of AQP4
may be suppressed to enhance invasiveness, whereas during times of growth and tumor
expansion, adhesion to neighboring cells may be enhanced hence displaying enhanced AQP4
activity.

Protein kinase C is known to regulate tumor invasion and has recently been shown to regulate
aquaporins in other systems. PKCs constitute a family of serine/threonine kinases with 9
isoforms showing distinct cellular and subcellular localization in the brain and spinal cord.
Generally, PKC is recruited to the cellular membrane in response to a rise in Ca2+ and
diacylglycerol. PKC has been shown to be an important modulator of tumor proliferation and
migration 5. PKC activation causes enhanced tumor invasion in U87 5 and increases
proliferation of U138 tumor cell lines 24.

Here we set out to examine whether PKC regulates AQP4 in glioma cells in ways that enhance
two important biological states of these tumors, growth and invasion. Using D54-MG glioma
cells stably transfected with AQP4, we show that the enhanced PKC activity, activated via
phorbol 12-myristate 13-acetate (PMA), causes a phosphorylation of AQP4 resulting in
reduced water permeability and inhibition of cell migration. By contrast, chelerythrine, a PKC
inhibitor, reduces AQP4 phosphorylation leading to enhanced water permeability and tumor
invasion. AQP4 localizes to the leading edge of the invadipodia of migrating cells and
colocalizes with ClC2 and KCC1, which are believed to provide the pathways for Cl- and
K+ release in the context of cell migration 21 providing further support for a role for KCl-water
extrusion as an enhancer of cell invasion.

Materials and Methods
Cell Culture

D54-MG (WHO grade IV) were a gift from Dr. D.D. Bigner (Duke University, Durham, NC).
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 (Hyclone, Logan, UT) at
37°C and 90% O2/10% CO2 humidified environment. AQP4 and AQP1 stable cells lines were
made as described previously 20 from D54 glioma cell lines that lack AQP1 and AQP4
expression.

Western Blot Analysis
Western blot procedure has been described previously 20. All antibodies were obtained from
Chemicon (Temecula, CA) and used following manufacturer's instructions. Images were taken
on Kodak Imager (Rochester, NY) and analyzed using Kodak Imager software.

Immunoprecipitation
Cells were grown to confluency in a 10 cm2 dish. Cells were washed 2× in ice cold PBS. Cells
were scraped and collected in 500μl ice cold PBS and centrifuged for 5 min at 10,000 rpm.
Supernatant was removed and pellet resuspended in 500 μl RIPA buffer [(50 mM TrisCl, pH
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7.5, 150 mM NaCl, 1% Nondet P-40 (NP-40), 0.5% sodium deoxycholate, 1% sodium dodecyl
sulfate (SDS)] containing protease and phosphatase inhibitors. Lysates were rotated for 30 min
at 4°C followed by a brief sonication. Protein quantification was performed using a DC protein
assay kit (BioRad, Hercules, CA) and lysates diluted to 1 mg/ml. Lysates were cleared with
50 μl agarose-conjugated protein A beads (Roche, Indianapolis, IN) for 30 min at 4°C and
centrifuged briefly to pellet beads. Supernatant was transferred to a new tube and incubated
for 1 hr with mouse anti-phosphoserine (Sigma) at 4°C. Protein A beads (50 μl) were added
and allowed to rotate overnight. On the following day, immunoprecipitates were pelleted at
low speed at 4°C and supernatant removed as unbound fraction. Immunoprecipitates were
rinsed 3× with ice cold RIPA and released from beads using 25 μl of 100 mM glycine and
incubated for 3 min. Five μl of 6× sample buffer was added and spun down to pellet beads.
Supernatant was removed and ran onto 10% gel as described in previously 20.

Immunocytochemistry
Cells plated on coverslips and grown to a confluent monolayer and were scratched using a 200
μl pipette tip. Cells were allowed to recover for 5 hr, washed with PBS and fixed in 4%
paraformaldehyde for 10min. Staining procedure has been described previously 20. Images of
migrating cells were acquired using an inverted Olympus IX-81 spinning disk confocal
microscope (Olympus, Center Valley, PA).

Site-Directed Mutagenesis and Transfections
AQP4 was excised from DsRed plasmid using restriction enzymes Apa1 and EcoRI (New
England Biolabs). Two sets of primers were created. 5′-CGA ATT CTG ATG GTG GCT TTC
AAA GGG G -3′ and 5′-AAC ATC AGT CCG TTT GGC ATC ACA GCT GGC-3′ and 5′-
GCC AGC TGT GAT GCC AAA CGG ACT GAT GTT-3′ and 5′-CCG GGC CCG TAC AGA
AGA TAA TAC CTC TCC-3′ were used in two separate PCR reactions with the mutation site
(bolded). A final PCR reaction was done using primers 5′-CGA ATT CTG ATG GTG GCT
TTC AAA GGG G-3′ and 5′-CCG GGC CCG TAC AGA AGA TAA TAC CTC TCC-3′ with
PCR products from the previous reactions with annealing occurring at the mutation site. PCR
reactions used Phusion High-Fidelity Polymerase (New England Biolabs) and were done as
follows: denaturation at 98°C for 2 min followed by 35 cycles of 98°C for 10 s, 60°C for 10
s, 72°C for 45 s and a final extension at 72°C for 7 min. PCR product was purified and inserted
into the DsRed-Monomer-N1 (Clontech) plasmid using T4 ligase. Stable cell lines were made
as described previously 20.

Volume Regulation
Cell volume measurements were performed using a Coulter Counter Multisizer 3 (Beckman-
Coulter, Miami, FL) as described previously 23 with minor modifications 20. Data were
collected by Multisizer 3 software, and 5000 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 graphed is an average of the mean cell volume for 40-50 cells per
20 ms.

Cell Migration
Migration was assessed using a modified Boyden Chamber and described previously 20. Images
of five random fields were taken using Zeiss Axiovert 200M (München, Germany). All
experiments were performed in triplicate.
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Cell Adhesion Assay
Coverslips were coated overnight at 4°C with various matrices: 10 μg/ml collagen I (Sigma),
10 μg/ml fibronectin III (Sigma), 20 μg/ml laminin (Sigma), 20 μg/ml vitronectin (Sigma) or
1% BSA (Sigma). 200,000 cells were seeded per well and allowed to adhere for 1 hr at 37°C.
The non-adherent 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
(München, Germany) at 20× magnification.

Tumor Implantation
We obtained 6 wk old CB17 SCID mice. Animals were anesthetized using isofluorane. An
incision was made along the midline and a hole was drilled ∼2 mm post bregma and 2 mm to
the right of the midline where a 30-gauge syringe was stereotactically inserted 2 mm. 500,000
cells were injected and animals were sutured and allowed to recover for 2 weeks. Mice were
transcardially perfused with 4% paraformaldehyde and incubated overnight at 4°C. Brains were
placed in 10% sucrose for 1hr at 4°C followed by an overnight incubation with 30% sucrose.
Brains were fixed in OCT and place in -80°C then serial sectioned in cryostat at 20 μm. For
imaging cell migration, sections were dried overnight at 37°C, washed with 0.1 M PB for 45
s followed by 4× 10 s in dH2O and incubated overnight at 37°C. Sections were rehydrated by
incubating for 5 min in each ethanol: 100%, 95% and 70% followed by 2× washes in dH2O,
mounted and imaged on Zeiss Axiovert 200M. To determine cell migration, we used the
Axiovert software and drew a line from the edge of the tumor mass to the cell that had migrated
away and recorded the distance.

Results
PKC phosphorylates AQP4

The primary objective of this study was to determine whether regulation of AQP4 function
may alter the degree of tumor migration or invasiveness. This objective is predicated on our
previous observation that overexpression of AQP4 in D54 glioma cells causes a marked
reduction in cell migration 20. Furthermore, astrocytes treated with dopamine 38 and thrombin
34 show a reduction in AQP4 water permeability as a direct result of PKC phosphorylation.
Therefore, it appears to be a logical first step to examine whether PKC phosphorylates AQP4
and whether this in turn may affect the degree to which these cells migrate. To achieve this
goal we first examined the level of endogenous PKC expression in AQP4 expressing glioma
cells (AQP4-D54) as compared to nonmalignant astrocytes (Fig. 1A). Consistent with previous
studies 5,6, we found much enhanced expression of PKC in tumor cells by Western blot.
Importantly, AQP4 and PKC were found colocalized at the leading edge of migrating cells
(Fig. 1B). To examine whether the relative activity of PKC alters the degree of AQP4
phosphorylation, we used immunoprecipitation experiments in which anti-phosphoserine
antibodies were used to precipitate proteins that show phosphoserine phosphorylation and then
probed these with antibodies to AQP4. These experiments were done prior to (control) and
following activation [phorbol 12-myristate 13-acetate (PMA)] or inhibition (chelerythrine) of
PKC. As illustrated in Fig. 1C, AQP4 showed constitutive phosphorylation which could be
further enhanced by exposure of cells for 45 min to 1 μM PMA, a PKC activator. Conversely,
45 min exposure to 1 μM chelerythrine, a broad spectrum PKC inhibitor, resulted in
significantly decreased AQP4 phosphorylation. Importantly, neither treatment altered the total
protein level for AQP4 as illustrated in Fig. 1C (right). To examine whether a more
physiological activator of PKC could similarly enhance AQP4 phosphorylation we used the
known PKC activator thrombin. Thirty minute exposure of glioma cells to 0.5 U thrombin
showed significantly enhanced AQP4 phosphorylation (Fig. 1D). Taken together this data
shows that AQP4 in gliomas is the target of PKC phosphorylation, and albeit significantly
phosphorylated at rest, phosphorylation can be further enhanced by PKC activation.
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PKC modulators alter AQP4 water permeability
Previous work using astrocytes has shown that activation of PKC leads to a reduction in water
permeability via AQP4, and this occurs through direct phosphorylation of AQP4 at the S180
site 38. Hence the expectation would be that exposure to PKC activators would reduce while
PKC inhibitors should enhance water permeability. To examine water transport directly, we
measured the rate of cell swelling in response to a hypo osmotic challenge using a Coulter-
Counter Cell Sizer as previously described 20. This instrument allowed us to size populations
of cells in real time with a 20 msec time resolution. Recordings were obtained over a 3 min
period during which a 60s baseline volume was acquired followed by the addition of a 50%
hypo osmotic challenge for an additional 2 min (see methods for detail). The average cell
volume +/- S.E.M. for 100 cells each was plotted every 20 msec. Figure 2A shows
representative examples of volume changes caused by water influx into AQP4 expressing D54
glioma cells treated with either chelerythrine or PMA as compared to untreated controls. From
this data, we derived the time constant (τ) of the rise in volume and plotted the reciprocal,
which is directly proportional to the water permeability. Relative changes compared to
untreated control AQP4-D54 cells are given in (Fig 2C). This data suggests that inhibition of
PKC using chelerythrine results in a ∼2-fold enhancement of water permeability when exposed
to a 50% hypo osmotic challenge. By contrast, cells treated with PMA showed ∼2-fold
decrease. Comparable results to PMA were obtained with thrombin (data not shown). To rule
out non-specific effects of these drugs we next mutated the phosphorylation site, S180A, of
AQP4 and created sister cells that expressed the mutated form of AQP4, which should now be
insensitive to PKC. Indeed, as illustrated in Fig. 2B/C, these cells showed no difference in
water permeability when treated with either chelerythrine or PMA as compared to wildtype
AQP4 expressing cells treated with chelerythrine (AQP4+Chel). This data suggests that in
gliomas water permeability through AQP4 is under the regulation of PKC via phosphorylation
of S180.

PKC regulates tumor migration in AQP4 expressing cells
It has been hypothesized that water channels aid cell volume changes required by tumor cells
as they invade brain tissue 21. To examine whether PKC regulation of AQP4 may alter the
ability of cells to undergo volume changes as they invade, we used Transwell assays which
mimic the spatial constraints of the extracellular space. We plated 40,000 cells into the top
compartment of a Transwell insert containing 8 μm pores and cells were allowed to migrate
for 5 hrs at which time the cells were fixed and images taken for analysis. Cells were
continuously treated with specific inhibitors for defined signaling steps associated with PKC
signaling. These included the PKC inhibitor chelerythrine, a PLC inhibitor, U73122, and a
MEK1/2 inhibitor, U0126. As illustrated in Fig. 3A, a dephosphorylation of AQP4 with
chelerythrine not only enhanced water permeability but also showed ∼75% enhancement in
tumor cell migration as compared to untreated AQP4 cells (Fig 3A). Conversely, PMA, which
reduced water permeability in AQP4-D54 cells, also reduced tumor migration by ∼40%. Once
again, the specificity of these effects for AQP4 mediated phosphorylation was validated by the
fact that glioma cells containing the mutated serine residue that eliminated PKC
phosphorylation, S180A, showed migration rates similar to those of chelerythrine treated cells
and were insensitive to treatment with PMA or chelerythrine. Also, MAPK signaling appeared
to have little effect since inhibition of MEK1/2 activation with U0126 did not affect the
migration of AQP4-D54 glioma cells. By contrast, in all cell types tested, the PLC inhibition
by U73122 completely eliminated cell migration (Fig 3A). This finding is consistent with
previous studies showing an absolute requirement for PLC in chemotactic migration since PLC
is important for increasing the Ca2+ concentration necessary for inducing migration 2,4 and
cytoskeletal reorganization 3. These effects were of course unrelated to AQP4 as the drug also
inhibited the migration of glioma cells that lack AQP4 expression (data not shown). Taken
together, the above data suggests that AQP4-D54 cell migration is effectively modulated by

McCoy et al. Page 5

Neuroscience. Author manuscript; available in PMC 2011 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PKC signaling through altering the cells water permeability and in turn the cells ability to adjust
their shape as they migrate.

AQP4 modulation does not alter cell adhesion
Although the above data are consistent with the hypothesized role of aquaporins in volume
changes, it is possible that PKC effects may be explained by other mechanism. For example,
PKC has been shown to modulate cellular adhesion through phosphorylation of focal adhesion
kinase 18. This is important in light of previous findings demonstrating that AQP4 cells
expressing the M23 isoform show enhanced cellular adhesion 12. To rule out changes in
adhesiveness as mediators of the observed changes in cell migration, we examined this
alternative possibility directly. Therefore, we conducted traditional cell adhesion studies in
which we coated coverslips with several common extracellular matrices (collagen, fibronectin,
laminin, and vitronectin), allowing cells to adhere for 1 hr and gently washing away any non-
adherent cells. Adherent cells were quantified and compared to controls. We found that
although expression of AQP4 per se enhanced cell adhesion compared to that of glioma cells
lacking AQP4, there was no change in the cellular adhesion when AQP4 expressing cells were
treated with chelerythrine and this was true for all matrices examined (Fig 3C) as compared to
D54 control cells with no AQP4 (B). This data suggests that the observed changes in AQP4-
D54 migration following PKC modulation, is not due to an alteration in the cell's ability to
adhere to various matrix molecules.

AQP1 is not regulated by PKC
Previous work suggested that PKC regulates AQP1 whereby increasing PKC activity increases
AQP1 mediated water permeability 41. Since glioma in vivo express both AQP1 and AQP4,
we wanted to determine if AQP1 was also under regulation by PKC. We examined AQP1-D54
cells in regards to phosphorylation, volume regulation and migration as performed on AQP4-
D54. Immunoprecipitations revealed little change in phosphorylation of AQP1 by PKC
modulators PMA and chelerythrine (Fig. 4A). Further, neither cell swelling nor cell migration
were altered by chelerythrine in AQP1 expressing tumors (Fig 4B/C). This data suggests that
AQP1 is not functionally regulated by PKC activity, which is in stark contrast to AQP4.

AQP4 colocalizes with KCC1 and ClC2 in migrating cells
While water permeability is required for cell shape changes, the directionality of the water
movement as well as the energetic driving force is the consequence of salt movements. In this
context it is thought that the efflux of Cl- and K+, i.e. KCl, provide the driving force for cell
shrinkage at the leading invading edges of the cells. Important candidates that have been
implicated in the release of Cl- are the K+-Cl- cotransporter 1 (KCC1) and the chloride channel
(ClC2). Interestingly, phosphorylation by PKC regulates these proteins in a similar fashion as
AQP4 and with the same directionality. Specifically, phosphorylation by PKC reduces the
outward Cl- movement of both the transporter and the channel 9,15 and reduces water
permeability. This would work hand-in-hand to reduce the overall release of cytoplasm and
hence reduce shrinkage, whereas a decrease in phosphorylation affects each protein in the
opposite manner hence enhancing cytoplasmic release. In light of this, we examined the
possibility that these proteins may colocalize, and in order to address this question, we wished
to examine cells that were in the process of extending a leading process and were actually
migration. This can be conveniently accomplished using an in vitro wound assay. Therefore
using a sterile 200μl pipette tip a confluent monolayer of glioma cells was scratched, and cells
were allowed to migrate for 5hrs into the bare regions of the coverslip. Following fixation
images of cells that appeared to be migrating into the lesion were triple labeled with antibodies
to ClC-2, KCC1, AQP4 and cell nuclei were labeled with DAPI. Representative examples of
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individual and merged images are shown in Fig. 5A each showing that AQP4 colocalized with
both ClC2 and KCC1 along the leading edge of the cell.

Chelerythrine reduces phosphorylation of ClC2 and KCC1
We next examined if ClC2 and KCC1 were indeed also subject to regulation via PKC
phosphorylation in glioma. We performed immunoprecipitation experiments to determine the
degree of phosphorylation of ClC2 and KCC1 in AQP4-D54 cells treated with chelerythrine.
As illustrated in Fig. 5B, cells treated with the PKC inhibitor, chelerythrine, showed reduced
phosphorylation for both KCC1 and ClC2; chelerythrine did not alter expression of total protein
of either KCC1 or ClC2 (Fig. 5B) similar to what we demonstrated for AQP4 in Fig. 1C.

PKC modulation of chloride channels and transporters does not alter migration
Unlike other cancers that spread hematogenously, gliomas invade the brain by active cell
migration. As alluded to above, and more extensively discussed in the literature 21,32,33,
migrating tumor cells exude K+ and Cl- along with obligated water in order to undergo the
shape changes required of migrating cells. Since de-phosphorylation enhances migration while
also enhancing water permeability and K+ and Cl- secretion, we were interested to delineate
whether these phosphorylation effects required all of these constituents to be simultaneously
regulated or whether water permeability may be the rate limiting step. To do so, we used
D54MG glioma cells that lack expression of all aquaporins while maintaining expression of
ClC2 and KCC1 to ask whether altering the phosphorylation status of ClC2 and KCC1 via a
PKC inhibitor would suffice to change the rate of migration. Using Transwell assays, we show
in Fig. 5C that in the presence of chelerythrine or PMA glioma migration was unaltered
suggesting that PKC modulation of Cl- movement alone does not alter tumor migration.
However, we further tested whether AQP4 cells, with enhanced water permeability, were more
sensitive to chloride channel and transporter inhibitors than control cells. We then seeded D54
cells and AQP4 cells, as well as AQP4 cells treated with chelerythrine (cAQP4), onto a
Transwell migration assay filter in the presence of a KCC inhibitor (40 μM DIOA), a ClC
inhibitor (12.5 μM CdCl2) or both and allowed the cells to migrate for 5 hrs. We found that
both D54 cells and AQP4-expressing D54 cells were inhibited to comparable levels under all
conditions (Fig 5D,E,F). In addition, AQP4 cells treated with chelerythrine showed no
enhanced sensitivity to the Cl- channel/transporter inhibitors. This data implies that enhanced
water permeability does not increase the tumor cells sensitivity to inhibitors of Cl- movement.

Finally, we examined whether AQP4-D54 tumor cells in which chelerythrine was used to
maximize water permeability through AQP4 would now show an enhanced susceptibility to
Cl- channel/transporter inhibitors with regards to their rate of Transwell migration. As
illustrated in Fig. 5D, this was not the case as there was only a marginal and non-significant
enhancement in tumor migration in chelerythrine treated cells compared to control cells.
Taking this data together suggests that, while Cl- and K+ release is essential for cell volume
changes to support glioma migration/invasion, expression levels of the KCC1 and ClC channels
that mediate electrolyte release are not rate limiting but instead, water permeability is ultimately
rate limiting with regards to the rate of tumor migration.

AQP1 expression leads to a more aggressive tumor in vivo
While previous reports have shown AQP1 and AQP4 expression in vivo in gliomas 19,27,28,
our lab has shown individual functions for both AQP1 and AQP4 in vitro20, specifically that
AQP1 is more migratory than AQP4. We aimed to determine if a similar result could be found
in vivo, and if so then we would hypothesize that the reduced rate of migration found in AQP4
tumor cells would be dependent on its regulation by PKC activity since primary gliomas
express high levels of PKC as compared to astrocytes. In order to accomplish this, we
intracranially injected 500,000 cells expressing AQP1, AQP4, S180A-AQP4 or control cells
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and allowed the tumors to grow for 2 weeks in 6 week old SCID mice and then examined cell
invasion by quantitative stereology. Representative images in Figure 6 demonstrate the tumor
mass (Fig 6A) and individual cells that have invaded away from the main tumor mass (Fig 6B).
Using the endogenous fluorescence associated with the AQP1-GFP and the AQP4-DsRed, we
measured the distance each migrated away from the primary tumor mass. Upon examination,
AQP1 expressing tumor cells invaded ∼2 fold further than either D54-GFP control cells or
AQP4 tumors cells (Fig 6C). AQP1 tumor cells showed increased cell numbers for distances
>1000 μm (Fig 6D), and these tumors formed more distant satellite colonies (data not shown),
which was in contrast to AQP4-expressing tumor and control cells where there were increased
cell numbers migrating distances <500 μm (being close to the tumor). When we examined the
mutant AQP4 tumor cells, we discovered that, consistent with the in vitro data, S180A-AQP4-
DsRed mutants had increased invasion as compared to the AQP4 expressing gliomas (Fig 6C).
Additionally, S180A-AQP4 tumors showed enhanced tumor migration for distance greater
than 1000 μm, though not as robust as exhibited by AQP1-expressing tumors (Fig 6D). Taken
together, the data suggests that AQP1 tumors display a more invasive phenotype and suggests
that these tumor cells are forming the satellite colonies characteristic of gliomas. Further, AQP4
mediated invasion is regulated by PKC and its invasion is limited in vivo due to an increase in
PKC activity upregulated in gliomas.

Discussion
In this study, we were able to demonstrate that PKC regulates AQP4 function in glioma cells
through phosphorylation on S180 leading to reduced water permeability and enhanced water
permeability when de-phosphorylated. Our findings agree with previous work in astrocytes
where exposure to dopamine 38 or thrombin 34 activates PKC and results in a reduction in water
permeability. Our studies mutating S180 on AQP4 in gliomas unequivocally suggest that PKC
signaling is biologically important for this regulation. Interestingly, our immunoprecipitation
and Western blotting experiments suggest a significant degree of constitutive phosphorylation
at this site in unstimulated gliomas. This leads us to conclude that water permeability is
maintained at a reduced level in resting cells. Experimentally, we were able to greatly enhance
water permeability and the rate at which cell changes their cell volume using chelerythrine to
reduce AQP4 phosphorylation. This may be important in invading cells that are exposed to
environmental signals that cause a reduction in PKC activity.

We 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 33. Previously, we showed localization of AQP4 to the leading
edge of migrating tumor cells 20 and our immunohistochemical data reveals localization of
Cl- channels/transporters to the leading edge of migrating cells. Furthermore, we showed that
secretion of Cl- and K+ is required for cell invasion 21;25. Although, Cl- and K+ channels
provide the pathways for KCl secretion, water release is ultimately required to achieve any
volume change in the context of cell migration with AQP4 in the leading edge of an invading
cell possibly serving this role. Intuitively, we had assumed that water permeability would not
be limiting in this context but our experimental data refute this. Our data suggests that
modulating the phosphorylation state of chloride channels or KCC transporters, which are
known to be enhanced in their activity following dephosphorylation, does not alter tumor
migration. Yet, inhibiting chloride movement also inhibits invasion. Hence, the data suggest
that while Cl- movement is necessary for tumor invasion, an enhancement of water permeability
also correlated with enhanced tumor invasion leads us to conclude that water permeability does
become the rate limiting step. A recent study suggests that AQP1 is also regulated by PKC but
with opposite effects, namely PKC inhibition would lead to a reduction in water permeability
41. This would lead us to conclude that since tumor cells exhibit high protein levels of PKC as
compared to astrocytes, AQP4 water permeability would be highly depressed, while tumor
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cells expressing high levels of AQP1 would be able to utilize rapid water flux to invade into
the surrounding tissue. However, we saw only small if any changes in water permeability in
AQP1-D54 cells treated with chelerythrine and no difference in tumor migration. Since PKC
is highly expressed in tumor cells, we may not see an additional increase in AQP1 water
permeability with PMA treatment as this protein may be maximally phosphorylated. However,
this data is in contrast with previous work 41. One possibility is that we are using two different
model systems that express different PKC isoforms. It is likely that the isoform is not found
in our tumor cells or that it is being expressed at low levels. In addition, several studies have
demonstrated a role for AQP4 mediated migration 1,16,29,30. However, these cell types all
express low levels of PKC in comparison to primary glioblastomas. If PKC is indeed reducing
AQP4-mediated tumor migration, then cells may simply not expressed it at high enough levels
to inhibit the channel to prohibit migration. It is also quite possible that the PKC isoform
expressed in our tumor cells is not the isoform shown to regulate AQP4 activity in other cell
types. Clearly, further studies are needed to further elucidate the role of PKC in regulating
AQP1.

The importance of regulating tumor migration is demonstrated by understanding the effect
thrombin has on PKC activity. Since AQP4-expressing tumors demonstrate an increase in the
phosphorylation state of AQP4 and a reduction in migration following exposure to thrombin,
we would conjecture that exposure of a tumor to thrombin would alter the invasiveness of the
tumor. Thrombin is found in high levels in the blood and is an endogenous PKC activator.
However, it is expressed at very low levels in the brain. Since tumor cells disrupt the BBB and
cause peritumoral edema, thrombin would enter the surrounding brain tissue and activate PKC
in tumor cells, making it possible that PKC activity is preventing the tumor from invading into
regions of high edema formation.

PKC activity promotes migration in several cell types. Specifically, PKC activity enhances
migration in endothelial cells 11, CHO cell spreading 35, and vascular smooth muscle cell
migration 22. In addition, other PKC isoforms have been implicated in regulating cell migration.
PKC reduces chemotaxic migration in monocytes 10, PDGF-stimulated migration of smooth
muscle cells 17 and EGF-stimulated migration of fibroblasts 14. PKC activity also plays a role
in regulating cell invasiveness in several different tumor systems, i.e. breast carcinoma 31,
mammary carcinoma 7 and colon carcinoma 26. This is consistent in primary glioblastomas
where glioma invasion is modulated by PKC 40. However, this study suggests that while PKC
modulates tumor migration and invasion, water movement is the limiting factor for regulating
migration/invasion. Based on previous studies showing that PKC modulates AQP4 water
permeability 37,38, we hypothesize that reducing water permeability should slow glioma
migration. AQP4 KO mice show reduced astrocyte migration in vitro as well as in vivo
following injury 30, which leads to a reduction in the formation of the glial scar. This suggests
that altering water permeability by eliminating the channel alone can prevent migration.
Therefore, reducing water permeability should also reduce cell migration. Further, Warth et
al (2007) showed that while AQP4 is upregulated in primary glioblastomas obtained from
patient biopsies, the cells located in the infiltration zone contain very low levels of AQP4 36.
Our in vivo data is consistent with these results where by AQP4 cells are less invasive than
AQP1 expressing gliomas. This suggests that while AQP4 is highly expressed in primary
glioblastomas, it is not the primary AQP necessary for tumor migration. Instead, AQP1
mediated water permeability may be the more important pathway for cell volume changes as
glioma cells infiltrating the surrounding brain.
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Figure 1.
PKC expression and phosphorylation of AQP4. Cell lysates were separated using 10% SDS-
PAGE gels and transferred onto PVDF paper and probed with antibodies Western blot analysis
was used to examine PKC expression levels in AQP4-D54 cells as compared to primary
astrocyte cultures (A) and localization in migrating tumor cells (B) using PKC antibodies as
described in Materials and Methods. (C) Immunoprecipitation showed that pretreatment with
either chelerythrine or PMA modulated AQP4 phosphorylation levels but did not alter basal
AQP4 expression levels (D).
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Figure 2.
Functional regulation of AQP4 by PKC. Mean cell volume was measured for 3 min in AQP4-
D54 cells (A; untreated n=7, Chel n=6, PMA n=4) and S180 mutant AQP4 (B; n=6). Cells
were treated with either chelerythrine or PMA for 45 min before being given a 50% hyposmotic
challenge. Representative graphs show water permeability over the first few seconds following
hyposmotic challenge. Reciprocal exponential time constant (τ−1) is proportional to osmotic
water permeability (C). AQP4+Chel are gliomas expressing WT AQP4 that were treated with
chelrythrine. (Significance was assessed using an ANOVA *p<0.05 as compared to control.)
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Figure 3.
Role of PKC in modulating migration and adhesion in AQP4-expressing tumor cells. (A)
Transwell migration assay comparing AQP4-D54 cells treated with inhibitors of various
signaling molecules. 40,000 cells were allowed to migrate for 5 hrs through 8 μm FluorBlok
filters. Cells were treated with PKC modulators, chelerythrine and PMA, U73122, a PLC
inhibitor and U0126 as a MAPK inhibitor. To measure adherence, 100,000 cells were plated
onto various matrices [1% BSA (Control), 10 μg/ml collagen I (CN), 10 μg/ml fibronectin III
(FN), 20 μg/ml laminin (LN), 20 μg/ml vitronectin (VN)] for 1 hr. Cells were gently washed
away and fixed. Five random images were taken and counted. There was no difference in cell
adhesion between D54 cells lacking AQP4 expression (B) nor AQP4-expressing cells (C) when
treated with chelerythrine.
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Figure 4.
PKC does not regulate AQP1. Using immunoprecipitation as described in Fig. 1, chelerythrine
and PMA treatment did not alter AQP1 phosphorylation (A). Neither water permeability (B)
nor cell migration (C) was altered by PKC activity.
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Figure 5.
PKC modulates phosphorylation of ClC2 and KCC1 but not migration. Using
immunfluorescence (A) and immunoprecipitation as described in Fig. 1, chelerythrine reduced
PKC mediated ClC2 and KCC1 phosphorylation without altering the basal expression levels
of either (B). PKC does not modulate migration in D54 control cells lacking AQP4 (C).
Migrating cells were treated acutely with 40 μM DIOA, 12.5 μM CdCl2, or both to block ClC2
and/or KCC1. Inhibition was examined in D54 control cells (D), AQP4-expressing cells (E),
and in AQP4 cells treated with chelerythrine (F). (Significance was determined using ANOVA;
*p<0.05)
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Figure 6.
AQP1 expression enhances tumor invasion. AQP1 (n=9), AQP4 (n=8) and S180A-AQP4 (n=8)
expressing D54MG were injected intracranially into 6 weeks old mice. Representative images
of tumor growth (A). Arrows indicate location of main tumor mass. Fluorescent images
demonstrate tumor cell invasion away from the major tumor mass for D54 glioma cells
expressing AQP1-GFP, AQP4-DsRed, or AQP4-S180A-DsRed (B). Arrows indicate invading
cells. D54 cells expressing AQP1-GFP invaded ∼2 fold over D54-GFP and AQP4-DsRed
expressing D54 cells (C). We measured invasion over 500 μm increments and discovered that
AQP1 tumors were able to invade greater distances than either D54 or AQP4 cells (D). There
were significantly more cells that had migrated distances greater than 1500 μm. Most D54 and
AQP4 tumors invaded short distances, while S180A-AQP4 mutants invaded intermediate
distances.
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