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Abstract

Glioblastoma multiforme (GBM) is characterized by rapid growth, invasion and resistance to chemo—/radiotherapy. The
complex cell surface morphology with abundant membrane folds, microvilli, filopodia and other membrane extensions is
believed to contribute to the highly invasive behavior and therapy resistance of GBM cells. The present study addresses the
mechanisms leading to the excessive cell membrane area in five GBM lines differing in mutational status for PTEN and p53.
In addition to scanning electron microscopy (SEM), the membrane area and folding were quantified by dielectric
measurements of membrane capacitance using the single-cell electrorotation (ROT) technique. The osmotic stability and
volume regulation of GBM cells were analyzed by video microscopy. The expression of PTEN, p53, mTOR and several other
marker proteins involved in cell growth and membrane synthesis were examined by Western blotting. The combined SEM,
ROT and osmotic data provided independent lines of evidence for a large variability in membrane area and folding among
tested GBM lines. Thus, DK-MG cells (wild type p53 and wild type PTEN) exhibited the lowest degree of membrane folding,
probed by the area-specific capacitance C,=1.9 uF/cm? In contrast, cell lines carrying mutations in both p53 and PTEN
(U373-MG and SNB19) showed the highest C,, values of 3.7-4.0 uF/cm?, which corroborate well with their heavily villated
cell surface revealed by SEM. Since PTEN and p53 are well-known inhibitors of mTOR, the increased membrane area/folding
in mutant GBM lines may be related to the enhanced protein and lipid synthesis due to a deregulation of the mTOR-
dependent downstream signaling pathway. Given that membrane folds and extensions are implicated in tumor cell motility
and metastasis, the dielectric approach presented here provides a rapid and simple tool for screening the biophysical cell
properties in studies on targeting chemo- or radiotherapeutically the migration and invasion of GBM and other tumor types.
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It is evident that membrane folds and microvilli along with a
typically flattened shape of GBM cells [17,18] create a significant
excess in the cell surface area as compared to a smooth spherical
cell of similar volume. Consistent with microscopic data, recent
dielectric studies also reveal a much greater membrane folding in
glioblastoma and other cancer cells, as compared to normal blood
cells [19,20]. Among other reasons, the excessive cell membrane
area may be a result of an increased de novo lipogenesis typical for
malignant cells [21-23].

Although derived from the same tumor type, glioblastoma cell
lines exhibit a wide range of morphological diversity, including
fibroblastic, epithelial, glial and other patterns [24-26]. The
morphological cell properties and membrane folding reflect most
likely the individual genotypes of the tumors of origin and can
therefore have predictive value for malignant behavior. Common
genetic alterations in glioblastoma include both amplification of
oncogenes (e.g. EGFR, CDK4) and deletion of tumor suppressor

Introduction

Glioblastoma multiforme (GBM) is the most common and
aggressive human brain cancer, accounting for about 15% of all
intracranial tumors [1-3]. Despite advances in chemotherapy,
surgical and radiation oncology, the prognosis of this tumor
remains very poor [4-6]. The unfavorable clinical outcome is
largely attributed to the highly invasive nature of GBM cells [7],
based on their remarkable ability to invade healthy brain tissue
and migrate extensively within the CNS [8], thus escaping surgical
removal as well as exposure to radiation and chemotherapy [6,9].

Numerous light and electron microscopic studies reveal
complex surface topography of primary glioma cells and GBM
cell lines, which exhibit dense microvill, membrane folds,
filopodia and other membrane protrusions [10-13]. According
to Friedl & Wolf (2003), these membrane extensions may be
implicated in many tumor cell activities, including adhesion,

spreading, migration and invasion [14]. Moreover, microvilli have
been reported to protect GBM cells from being killed by cytolytic
effector cells of the immune system [15,16].
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genes, most frequently PTEN and TP53 [27-30]. Moreover, the
increased aggressiveness of tumors deficient in both PTEN and p53
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suggests that their combined loss may result in an increased
tumorigenic potential [31].

Until now, molecular pathogenesis studies of GBM cells
revealed no apparent correlations between morphological and
genetic data [24,32-35]. Particularly, the mechanisms responsible
for the excessive membrane folding and microvilli expression in
GBM cells remain unclear. To address this issue, we explore in the
present study the plasma membrane morphology in five GBM
lines differing in the mutational status of PTEN and p53. In
addition to scanning electron microscopy (SEM), we applied the
electrorotation (ROT) technique to quantify the area-specific
membrane capacity Gy, [UF/cm?], related to membrane folding,
and the whole-cell capacitance C¢ [pF], which reflects the total
membrane area [36-38]. The observed large differences in both
Cp, and C¢ among GBM lines, revealed by ROT, prompted us to
examine in detail the possible signaling pathways involved in the
regulation of the cell line-specific membrane morphology.

Materials and Methods

Cell Culture

The set of 5 human glioblastoma (GBM) cell lines studied here
includes DK-MG, GaMG, U87-MG, U373-MG, and SNBI19
cells. All cell lines were obtained from ATCC and routinely
cultured under standard conditions (5% CO,, 37°C) in Complete
Growth Medium (CGM), which was either Dulbecco’s modified
Eagle’s medium (DK-MG, GaMG, SNB19) or minimum essential
medium (U87-MG, U373-MG), supplemented with 10% FBS.
Mutations of the tumor suppressors PITEN and p53 in the tested
cell lines are summarized in Table 1 given in the Results section.

Cells were passaged thrice weekly by seeding at about 10* cells
per cm? and grown to subconfluence before being harvested with
trypsin-EDTA detachment. After washing with CGM, the cells
were spun down and resuspended in either inositol-substituted
medium for electrorotation or in phosphate buffer saline for
electrosizing. Cell morphology was evaluated in monolayers by
phase contrast microscopy, and in suspension by electrosizing
using a Coulter-like CASY counter (Schirfe System, Reutlingen,
Germany).

Scanning Electron Microscopy (SEM)

For SEM, cells were seeded on microscope cover glass and fixed
by addition of 6.25% glutaraldehyde in 50 mM phosphate buffer
(pH 7.2) for 10 min at RT and subsequently at 4°C overnight
[39]. After a washing step, samples were dehydrated stepwise in
acetone, critical point dried and sputtered with gold/palladium
before SEM analysis (JEOL JSM 7500F). Although critical point
drying is a gentle method, shrinkage within cells grown on cover
slips cannot always been prevented during the drying process.

Excessive Membrane Folding in Glioblastoma Cells

Shrinkage results in the formation of local cracks in the cells (see

Fig. 1C, E, G, H).

Electrorotation and Derivation of Membrane Parameters

Electrorotation (ROT) spectra were measured in a microstruc-
tured four electrode chamber, described in detail earlier [37]. The
microchamber is arranged as a planar array of circular plane
electrodes spaced by 300 um. The electrodes were driven by four
90° phase-shifted, rectangular signals from a pulse generator
(Hewlett-Packard, Boeblingen, Germany) with 2.5-4.8 Vpp am-
plitude over the frequency range from 100 Hz to 150 MHz. A
drop of cell suspension (50-70 pul) was added to the ROT
chamber, and a coverslip was placed gently over its center. The
cell rotation was observed using a BX50 Olympus microscope
(Hamburg, Germany). ROT spectra were monitored by decreas-
ing the field frequency in steps (five frequency points per decade).
At each field frequency, the rotation speed of lone cells located
near the center of the chamber was determined using a stopwatch.
The ROT spectra, i.e., frequency dependencies of the ROT speed
Q [radian/s], were normalized to the field strength of 100 V/cm.

Measurements of the field frequency f;; that induced fastest
anti-field cell rotation were performed by the contra-rotating fields
(CRF) technique [40]. In contrast to the regular ROT, the cell
response to CRF is proportional to the differential of the ROT
spectrum (i.e. 0Q/3df). The CRF method permits accurate and
rapid determination of the maximum rotation frequency fi;, at
which 0Q/3f=0 and the cell stop rotating. In the CRF
experiments, 10 pL. of cell suspension was added to a four-
electrode chamber described previously [36]. The electrode
spacing was ~1.2 mm. The chamber is open at the top for rapid
sample replacement. The cells were viewed with an inverted Leitz-
Labovert microscope through a 100x oil-immersion objective.
Cell radii were determined with a calibrated eyepiece micrometer.
Conductivity within the chamber was monitored by a conduct-
ometer connected to two opposite electrodes.

The ROT spectra of living cells can be presented as a
superposition of several Lorentzian curves caused by the
Maxwell-Wagner dispersions at the various dielectric interfaces,
e.g. at the plasma and nuclear membranes [41,42]:

X 24i(r/1a)
A= 2 ) )

where N, 4; and f; are the number, magnitudes and characteristic
frequencies of the ROT peaks, respectively. Providing that the
Maxwell-Wagner relaxation processes are widely separated in the
frequency domain, the ROT spectrum of human and other
mammalian can exhibit 2-3 peaks in the kHz-MHz range.

Table 1. Mutational status,” cell radius and dielectric properties of 5 GBM lines studied here.

Cell line p53 PTEN Radius = SE um Gn * SE uF/cm? Cc = SE pF Folding ¢ N, cell number
DK-MG wild type wild type 6.3%0.1 1.88+0.07 9.4+0.2 2.38 420
GaMG mutated wild type 8.5*0.1 3.17%0.12 28.8+0.9 4.00 300
uU87-MG wild type mutated 6.7+0.1 2.82+0.09 15.9+0.3 3.50 420
U373-MG mutated mutated 7.1x0.1 4.00+0.12 253*0.7 5.25 360
SNB19 mutated mutated 6.8+0.1 3.71%£0.15 21.6%0.7 4.63 360

doi:10.1371/journal.pone.0087052.t001
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*The mutation data for p53 and PTEN genes were acquired from COSMIC database (Catalogue of Somatic Mutations in Cancer).
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Figure 1. Representative scanning electron micrographs of 5 GBM lines used in the present study. For each cell line 2 views are shown,
with the scale bars given in the bottom edges of each image. Scale bars in A-C and E-I correspond to 10 um, in D and K the scale bars are 1 and
20 um, respectively.

doi:10.1371/journal.pone.0087052.g001

The theory of single cell electrorotation gives the following
relationship between the characteristic frequency of anti-field Ge (a>Gm
electrorotation f;, the cell radius a, the area-specific membrane fera= C + o (2)
capacity G, [uF/ cm?] and conductance G, [mS/cm?] [37]: m m

where <a¢> is the mean cell radius, o, [0S/cm] is the external
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conductivity of suspending medium, which is assumed to be held
so low that 6.<<o; (0; is the intracellular conductivity). The
membrane parameters C,, and G, can be extracted by fitting Eq.
2 to the (f;-a) data plotted against o..

Given that smooth plasma membrane has a capacitance of Gy
~ 0.8 uF/cm?, an effective folding factor can be introduced as
0= Cn/Cy [19,36,43]. The folding factor ¢ describes the ratio of
the actual cell membrane surface area to that of a smooth sphere
of the same radius. From the C,, and radius data, the whole-cell
capacitance G [pF] was also calculated as:

Cc=4m-a>Cy, = Q-dn-a?-Cg (3)

Unlike the (i, value, which represents the membrane capac-
itance per unit area, the parameter (g accounts for the total
electrically accessible cell membrane, including both smooth and
folded membrane regions.

Cell Volumetry

Hypotonic solutions used in the volumetric experiments
contained either sucrose or sorbitol as the major osmolyte. The
osmolality was adjusted to 50, 100 and 200 mosmol/kg (denoted
hereafter as mOsm, using a cryoscopic osmometer (Gonotec,
Berlin, Germany). Cell volume changes were measured by
videomicroscopy using a flow chamber designed for rapid
exchange of media [37]. Before measurements, an aliquot of cells
suspended in isotonic CGM (~300 mOsm) at a density of about
10° cells/ml was injected into the chamber and the cells were
allowed to settle and to adhere to the chamber floor for 10—
15 min. The chamber was placed on the stage of a microscope
(BX50, Olympus, Hamburg, Germany) and the cells were viewed
with a 20x objective in transmitted light. The microscope was
equipped with a CMOS video camera (UI-1410-C, UEye,
Obersulm, Germany) connected to the video digitizing board of
a personal computer. Images of cells were taken 1-2 min before
and at various time intervals of 10 seconds up to 20 min after
medium exchange. The cross-section areas of typically 9-10 cells
per microscopic field were determined with an image analysis
program Image J (Wayne Rasband, NIH, Maryland). At each time
interval, the volume (V) of an individual cell was evaluated from its
cross-section by assuming spherical geometry. The cell volume was
normalized to the original isotonic volume (V;) as: v=V/T;. The
mean Vv values (= SE) for a given experiment were calculated from
a sequence of ~160 images and plotted against time.

Western Blot

For immunoblot analysis, whole cell lysates were prepared
according standard procedures, 20-24 h after splitting the culture.
Samples equivalent to 20 ug of protein were separated using 4—
12% SDS-polyacrylamide pre-cast gels (Invitrogen, Karlsruhe,
Germany) and transferred to nitrocellulose membranes according
to manufacturer’s prescriptions. For protein detection, membranes
were incubated with respective primary and species-specific
peroxidase-labeled secondary antibodies according to standard
protocols. The levels of protein expression were quantified using
Image J program and normalized to the B-actin levels.

The primary antibodies used were: rabbit polyclonal anti-
PTEN, rabbit polyclonal anti-PI3K p110, mouse monoclonal anti-
phospho-AKT (Ser473), rabbit monoclonal anti-phospho-mTOR
(Ser2448) (all from Cell Signaling, Danvers, MA), mouse
monoclonal anti-p53 (Merck Chemicals Ltd., Nottingham, UK),
mouse monoclonal anti-Fatty Acid Synthase (BD Biosciences,
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Heidelberg, Germany), mouse monoclonal anti-MDM2 (SMP14)
(Santa Cruz Biotechnology, Inc., Heidelberg, Germany), mouse
monoclonal anti-B-actin (Sigma, Deisenhofen, Germany). Second-
ary species-specific antibodies for Western blot were labelled with
horseradish-peroxidase (DAKO, Hamburg, Germany).

Results

Scanning Electron Microscopy (SEM)

The SEM images of adherently growing GBM cells (Figure 1)
reveal complex cell surface topography in all 5 cell lines.
Depending on the cell line, the GBM cells exhibited various types
of membrane protrusions, including microvilli, blebs and filopodia.
As seen in the microphotographs, the formation of microvilli on
the apical membrane varies greatly not only among cell lines, but
also from cell to cell within a particular sample. Many U373-MG
and SNB19 cells were found to possess dense microvilli distributed
evenly over the entire cell surface (Figures 1H and 1K). In
contrast, the plasma membrane of DK-MG cells displayed many
bud-like surface protrusions (blebs) and irregular clusters of
microvilli (Figures 1A and 1B), and appeared much smoother
than U87-MG and SNB19 cells. In addition to their complex
apical topography, all GBM cells exhibited a highly folded
membrane at the lateral edges, such as in lamellipodia and
filopodia, as well as long dendritic protrusions, most notably in
U87-MG and SNB19 cells.

As shown previously [44], cell surface area and membrane
folding can principally be estimated by counting individual
microvilli on SEM images. In case of GBM cells, however,
quantitative analysis of membrane area/folding from SEM images
would be very cumbersome, if not impossible, because of the high
microvilli expression, irregular cell shape and great morphological
variability within and among the cell lines. Instead, we quantified
the membrane area and folding by measuring, respectively, the
whole-cell and area-specific membrane capacitance values using
the electrorotation technique.

Area-specific Membrane and Whole-cell Capacitance
Probed by Electrorotation (ROT)

The following ROT experiments aimed to compare the area-
specific plasma membrane capacitance G, [uF/ ch] among
5 GBM lines by means of the contra-rotating field (CRF)
technique. To this end, we first analyzed the complete ROT
spectra of cells over a frequency range between 1 kHz and
100 MHz. As seen in Figure 2, all cell lines exhibited three ROT
peaks, including an anti-field peak centered at the characteristic
frequency f.; of about 10 kHz and two co-field peaks (/.o and f.3) in
the MHz-range. A triple Lorentzian function (Eq. 1) fits very well
the ROT spectra (curves in Figure 2), thus yielding the values for
the peak frequencies (f¢)93) and magnitudes (4,9 3), which are
summarized in the Table SI.

Previous studies have shown that the low-frequency anti-field
peak (£1) is dominated by the capacitive charging of the plasma
membrane, whereas the high-frequency co-field peaks (/.o and f.3)
arise from the polarization and/or dielectric dispersions in the
cytoplasm and cell nucleus [36,41]. As seen in Figure 2, the ROT
spectra of GBM cells from 5 different cell lines display symmetrical
anti-field peaks of Lorentzian shape. This result justifies the use of
the CRF technique for the determination of the characteristic
frequency of plasma membrane charging (f;)).

Using the CRF technique, we further analyzed the impact of
medium conductivity 6. on the plasma membrane peak (f.,). For
each cell line, f;-values and radii (@) of single cells were measured
in large samples consisting of 300-420 cells. The cells were
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Figure 2. Rotation spectra of 5 GBM lines measured in isotonic
300-mOsm inositol solutions of the same conductivity of
50 uS/ecm. Each spectrum (symbols) is the mean (*=SE) of 8-10 single
cell measurements. Curves are best fits with a double or triple
Lorentzian function (Eq. 1). The fitted parameters are given in Table
S1. The f; symbols denote three ROT peaks dominated by the plasma
membrane charging (f.;), and by the polarization of the cytosol and cell
nucleus (f, and f).

doi:10.1371/journal.pone.0087052.g002

suspended in isotonic inositol medium (300 mOsm) of conductivity
0. ranging between ~10 and 50 uS/cm (Figure 3). Within this
conductivity range, a linear relationship between the product f;;-a
and o, is expected (Eq. 2) and is found in all cell lines (Figure 3).
The f:-a data of each cell line were fitted to Eq. 2 to calculate the
mean area-specific membrane capacitance (. The fitted C,,
values for 5 GBM lines are summarized in Table 1.

Once the C,, and radius data were available, the whole cell
capacitance C¢ [pF] was calculated using Eq. 3. As suggested
elsewhere [19], we also determined the plasma membrane folding
factor ¢, defined as the ratio @ = (,,/ Gy, where Cpo=0.8 uF/
cm? is the capacitance of a smooth/flat membrane (see Discussion).

In isotonic medium, the 5 GBM lines exhibited very different
Gy values ranging between 1.88 pF/cm?® in DK-MG and 4.0 uF/
em? in U373-MG cells (Table 1). Exceeding by far the flat
membrane capacitance of 0.8 uF/cm?, the large C,, values
obtained here indicate the high degree of membrane folding ¢
in all GBM cells and also a large variation of this parameter
among tested cell lines (2.38= ¢ =5.25). Particularly, the ¢ values
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Figure 3. Cumulative plots of the radius-normalized £, values
(f.4-a) of the indicated GBM lines versus the external conduc-
tivity o.. The measurements were performed in isotonic 300-mOsm
inositol medium. The f.; data were obtained by the CRF-technique.
Each symbol is the mean (£SE) from 20 cells measured at closely similar
conductivities. The lines are best fits of Eq. 2 to the CRF data sets, each
containing 300-420 cells. The line slopes are inversely proportional to
Cin values. The steeper slope obtained for DK-MG cells implies a much
smaller C,=1.9 uF/cm? (A, empty circles), as compared to those of
U373-MG (4.0 uF/cm?) and SNB19 cell lines (3.7 pF/cm?) (B). U87-MG
and GaMG showed intermediate C,, values of 3.2 and 2.8 uF/cmz,
respectively (A). The fitted G, values are summarized in Table 1.
doi:10.1371/journal.pone.0087052.g003

larger than 3 obtained here for cell lines with mutant PTEN or p53
status, or both, are clearly at the upper edge of the ¢ range
measured in 60 tumor cell lines by dielectrophoresis [19].

For comparison, we also analyzed the plasma membrane
folding in two non-malignant human cell lines, including the
human embryonic kidney HEK293 line and the human fibroblast
cell line HFIB-1 (both are adherently growing cell lines). As
evident from the Fig. S3, the mean (,, values of 1.56*0.10 and
2.05+0.12 uF/cm? obtained, respectively, for HEK293 and
HFIB-1 cells, are similar to that of DK-MG cells (1.88 uF/cm?),
i.e. the lowest (,, value among 5 tested GBM lines.

To verify our conclusion that the extremely high isotonic G,
values of GBM cells (1.9-4.0 uF/cm?), were really due to excessive
membrane folding, we analyzed the impact of hypotonic cell
swelling on (. The rationale of these experiments was to prove
whether, and to what extent, the hypotonic stretching and
expected membrane unfolding would cause a reduction of (, as
commonly found in mammalian cells [36,37].
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Figure 4. Volume changes in GaMG cells induced by strongly hypotonic sucrose- (A-() and inositol-substituted solutions (D-F) of
osmolalities 100 and 50 mOsm, respectively. The microphotographs were taken before (A and D, isotonic CGM), about 3 min (B, E) and 20 min
(G, F) after an acute hypotonic shock. In hypotonic sucrose (A-C), the volume of the indicated cell increased 2.1-fold within 3 min after hypotonic
shock (B). Thereafter, the cell gradually shrank via the RVD mechanism and reduced its volume to ~120% of the original isotonic value (C). In sharp
contrast to the disaccharide sucrose, the small organic osmolyte inositol fully abolished RVD in GaMG cells (D-F). Thus, upon exposure to 50-mOsm
inositol, the cell volume increased first rapidly 1.6-fold at 3 min (£), and then slower, more than 3-fold within the following 20 min (F). The scale bars

correspond to 10 um.
doi:10.1371/journal.pone.0087052.g004

In agreement with previous studies, our ROT experiments
revealed a strong dependence of (, on the external osmolality in
all tested GBM lines (Figure S1 and Table S2). Thus, decreasing
the osmolality from 300 to 50 mOsm caused the G, of DK-MG
cells to decrease from the isotonic G, =1.88 uF/cm® to the
hypotonic G, =1.05 puF/ cm®. In case of U373-MG cells, the
same osmotic shift resulted in a much greater absolute and
percentage reduction of C,, from 4.0 to 1.19 uF/cm® (Tables 1
and S2). In general, the hypotonically stressed cells from different
GBM lines showed similar C,,,;, values lying within a narrow range
between 0.97 and 1.19 uF/cm? (Table S2), even though the
isotonic  (,, data were widely different (1.88-4.00 uF/ cm?,
Table 1). Being somewhat larger than the flat-membrane
Cono=0.8 uF/cm?, the hypotonic G,,;, values of GBM cells suggest
that, despite severe hypotonicity, the cell surface was not perfectly
smooth. The remaining folds/microvilli can be explained by the
large original membrane excess in GBM cells present under
isotonic conditions.

Unlike G, the whole-cell capacitance C¢ of GBM cells did not
show any significant changes despite considerable cell swelling in
hypotonic medium, as evident from the comparison of isotonic cell
radius and Cg values in Table 1 with the corresponding hypotonic
data given in the Table S2. Given that (¢ reflects the total
membrane area, these findings indicate that the swelling-mediated
increase in cell surface was achieved without incorporation of new
material into the plasma membrane, but largely via membrane
unfolding, which was detected by the marked (,, reduction
mentioned above.

Osmotic Properties of Glioblastoma Cells

The consistently low C,,, values obtained for all GBM lines in
strongly hypotonic medium (Figure S1, Table S2) suggest that the
microvilli and membrane folds, rather than other mechanisms,
were responsible for the very high wotonic C,, values. These
membrane extensions are well known to provide an instantaneous
source of material to preserve the plasma membrane integrity
during hypotonic swelling [36,45]. Given the large excess of
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membrane area, all GBM cells used here may be expected to be
capable of withstanding, without rupture, a harsh hypotonic stress.

To analyze the osmotic stability of GBM cells, we monitored by
videomicroscopy their response to an acute hypotonic challenge
over a wide tonicity range (50-300 mOsm), in inositol- or sucrose-
substituted media. Inspection of the video recordings showed that
in all tested cell lines the majority of cells withstood very well the
imposed hypotonic stress. Even upon extreme swelling at the
lowest osmolality of 50 mOsm (i.e. 6 times lower than physiolog-
ical), the portions of hypotonically lysed cells were very low: 2—
10% DK-MG, 0.5-5% U87-MG, 1-2% GaMG, 1-3% U373-
MG, and ~1% SNB19 cells. These data corroborate the results of
ROT measurements (Figure S1) demonstrating that GBM cells
possessed an electrically functioning plasma membrane under
extreme swelling conditions in 50-mOsm medium. Milder
hypotonic stress (100 mOsm) did not cause any notable cytolysis
in all tested cell lines. The high osmotic stability of GBM cells
clearly supports the presence of large plasma membrane reserves
in folds/microvilli, revealed by SEM (Figure 1) and ROT
(Table 1).

To compare in detail the osmotic properties of GBM lines, we
analyzed the kinetics of cell volume changes during hypotonic
stress. To this end, the cells were rapidly transferred from isotonic
CGM (~300 mOsm) to solutions of different osmolalities (300,
100 and 50 mOsm) containing sucrose or inositol as the major
solute. As seen in the microphotographs (Figures 4A—4C), 100-
mOsm sucrose caused a biphasic volume response of GaMG cells.
The cells first swelled rapidly within 2-3 min and then shrank
slowly over the following 5-20 min. In contrast, the volume of
GaMG cells remained nearly unchanged after the fast initial
swelling in 100-mOsm inositol (Figures 4D-4F).

Figure 5 shows the volumetric responses of 5 cell lines to
solutions of different osmolalities. The data were derived from
microphotographs, such as shown in Figure 4. Independent of the
solute used, a sudden exposure to hypotonicity caused all cells to
swell rapidly within the first 2-3 min from their original isotonic
volume Vj to the V. level due to the fast water influx driven by
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the imposed osmotic gradient. The rates and magnitudes of initial
swelling varied widely among the cell lines. DK-MG cells swelled
somewhat slower than other cell lines, which is particularly evident
from the data obtained in 50- and 100-mOsm sucrose solutions
(black symbols in Figures 5A and 5C). The V. values obtained in
sucrose media were used to evaluate the osmotically inactive
volume fractions B of cells by applying the Boyle van’t Hoff
equation (Figure S2). As seen in Table 2, the 5 tested GBM lines
exhibited comparable B values, ranging between 0.61 (GaMG)
and 0.73 (DK-MG cells).

The data in Figures 4 and 5 reveal a marked difference between
sucrose and inositol in their effects on the secondary volume
response in all tested cell lines. After the initial swelling in
hypotonic sucrose solutions, all GBM lines underwent regulatory
volume decrease (RVD). During RVD, the cells shrank gradually

V=V,
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despite persisting hypotonicity. RVD relies on the release of
cytosolic solutes (including both inorganic ions and small organic
osmolytes) through swelling-activated membrane pathways
[37,46]. In agreement with our findings presented here (Figure 5)
and previously [47], other glioma cells (including the D54-MG line
and primary glioma cells from patient biopsies) are able to readjust
their volume in anisotonic media [48].

In sharp contrast to the disaccharide sucrose, the small organic
osmolyte inositol not only completely abolished RVD, e.g. in case
of DK-MG cells, but also caused noticeable secondary swelling of
GaMG and SNB19 cells (Figures 5B and 5D). As shown elsewhere
[37,46], the different cell volume responses to hypotonic inositol
and sucrose solutions arise from the size selectivity of swelling-
activated membrane pathways, conducting inositol but not
sucrose. Mammalian cells ubiquitously express swelling-activated
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Figure 5. Changes of the normalized volume V/V, in glioblastoma cell lines in response to sucrose- and inositol-substituted
solutions of different osmolalities (LHS and RHS columns, respectively). All cells were bathed initially (time <0) in isotonic culture medium
(300 mOsm) and then exposed at zero time to solutions having osmolalities of 300, 100 or 50 mOsm. As expected, the initial swelling (2-3 min) of all
cell lines increased in magnitude with decreasing osmolality of hypotonic media. But the secondary volume changes (time >5 min) were found to be
strongly dependent on both the cell type and the extracellular osmolyte. In general, all tested cell lines were able to undergo regulatory volume
decrease (RVD) in sucrose-substituted media over the entire tonicity range (LHS column). In sharp contrast to sucrose, inositol not only abolished RVD
but also caused continuous secondary cell swelling, resulting in an up to 3-fold volume increase of GaMG and SNB19 cells 20 min after hypotonic
shock (D). Each data point represents the mean * SE of 50-120 individual cells. Continuous curves in A show best least-square fits of the Lucio-model
[50] to the data. The fitted parameters (P,, and o) are given in Table 2. The slower initial swelling of DK-MG cells (black symbols) indicates a lower
osmotic water permeability of the plasma membrane in this cell line (P, in Table 2).

doi:10.1371/journal.pone.0087052.g005
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Table 2. Osmotic parameters of glioblastoma cell lines.
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Cell line a = SE um p = SE P, = SE um/s a *= SE nmol/(s-cm?) N, cell number
DK-MG 8.1%£0.2 0.73%0.01 0.59+0.10 0.25+0.01 40
GaMG 10.0+0.3 0.61+0.05 4.17x0.07 0.46+0.01 30
U87-MG 7.6+0.2 0.71£0.02 3.02+0.15 0.37+0.01 50
U373-MG 8.8+0.3 0.64+0.08 4.05+0.63 0.35£0.02 20
SNB19 8.5*+04 0.68+0.07 2.21*0.16 0.48+0.02 30

doi:10.1371/journal.pone.0087052.t002

pathways for small organic osmolytes, such as sorbitol, inositol,
amino acids etc. [37,49]. Under our experimental conditions, the
influx of extracellular inositol into cells abolished RVD by
compensating for the release of intracellular solutes.

Unlike inositol, the disaccharide sucrose did not permeate the
plasma membrane of GBM cells, as evidenced by the ability to
RVD over the entire hypotonicity range (Figures 5A and 5B). The
presence of RVD allowed us to quantitatively analyze the
membrane transport properties in terms of the osmotic water
and swelling-activated solute permeabilities (P, and o, respective-
ly), by applying the Lacio-model [50]. Best least-square fits of the
Licio-model to the volumetric data are illustrated by curves in
Fig. 5A. The fitted P, and o values are given in Table 2.

Among the 5 GBM lines, DK-MG cells exhibited the lowest
permeability coefficients for water P, and solutes o (Table 2).
Based on the optical cell size determination, these quantities,
however, neglect the actual cell surface areas associated with folds
and microvilli. Consequently, the relatively low P, and o values
obtained for DK-MG cells (Table 2) can be explained by their
smaller membrane area due to a less pronounced membrane
folding (¢ = 2.38, Table 1), as compared to other tested GBM lines
(8.50= ¢ =5.25, Table 1).

Expression of p53, MDM2, PTEN, FAS and Marker Proteins
of the PI3K/AKT/mTOR Pathway

To elucidate possible molecular mechanisms underlying the
observed differences in membrane area and folding among
5 GBM lines, we analyzed by Western blotting the expression of
PTEN, p53 and several marker proteins of the PISK/AKT/
mTOR pathway, which is known to be involved in tumor cell
growth and invasion. We also determined the levels of FAS (fatty
acid synthase), a key enzyme in de novo lipogenesis and membrane
synthesis. In a previous study [21], elevated levels of FAS protein
have been found in various GBM lines and human glioma tissue
samples. Figure 6 shows exemplarily the Western blot data of cell
samples probed for p53, MDM2, PTEN, PI3K (p110a), phospho-
AKT, phospho-mTOR, and FAS.

As seen in Figure 6, the expression of p53 protein varied
markedly among the GBM lines. In DK-MG and U87-MG cells,
p53 expression was very poor or under the limit of the detection,
which is typical for wild type p53 glioblastoma cells [51]. On the
other hand, high p53 protein levels 2.0, 1.14 and 0.84 a.u. were
found, respectively, in U373-MG, SNB19 and GaMG cell lines,
containing mutated p53 gene. The results on p53 expression
obtained here are best explained by the fact that wt p53 protein
normally has a very short half-life because of its rapid proteasomal
degradation [52]. Degradation of wt p53 is regulated by a
teedback control of its trans-activating function, involving induc-
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The isotonic cell radius a was determined by video microscopy from the cross-sections of cells, such as shown in Figures 4A and 4D. The osmotically inactive volume
fraction  was determined from the Boyle van't Hoff plots (Figure S4). The osmotic water permeability P,, and the solute permeability during RVD o were determined by
fitting the Lucio-model [50] to the volumetric data obtained with N cells (RHS column) in 100-mOsm sucrose solution (Figure 5A).

tion of MDM2, which in turn targets p53 for degradation. When
mutant p33 loses its trans-activating function, it cannot induce
MDM?2 and therefore is not degraded, being thus apparently
overexpressed [52]. This mechanism can be responsible for the
high p53 expression found in the GBM lines mutated in this gene
(Figure 6).

As expected, PTEN protein was detected only in DK-MG and
GaMG cells which are wild type PTEN [53]. On the other hand,
PTEN mutated U373-MG and SNB19 cell lines showed no
expression of PTEN at all (Figure 6), whereas the PTEN mutated
U87-MG cells showed very poor expression of PTEN. In
agreement with the literature [54,55], the PI3K/AKT/mTOR
pathway was activated in PTEN-mutated cell lines (Figure 6). The
expression levels of PI3K and phospho-AKT in PTEN-mutated
cells were much higher than in DK-MG and GaMG cells, which
can be associated with the lack of PTEN in these cells leading to a
compensatory activation of the PI3K pathway. The expression of
phospho-mTOR, which regulates protein and lipid synthesis, was
up-regulated in most cell lines except DK-MG.

We also analyzed the protein levels of fatty acid synthase (FAS).
Among 5 GBM lines, DK-MG cells expressed the lowest levels of
FAS protein (0.27 a.u.; Figure 6, bottom line). The highest FAS
expression was found in GaMG and U373-MG cells (0.56—
0.57 a.u.). Our finding that U87-MG and SNB19 cells expressed
comparable levels of FAS protein (0.33-0.50 a.u.) corroborates
well the results of Zhao et al. (2006), obtained for the same cell
lines [21].

Discussion

Although derived from the same tumor entity, the 5 GBM lines
studied here were considerably different not only in their
morphological appearance but also in the density of membrane
folds and microvilli, as evident from the SEM images shown in
Figure 1. Particularly, DK-MG cells exhibited a fairly smooth
apical membrane with irregular blebs and microvilli (Figure 1A-
1B), as contrasted to the heavily villated surface of U373-MG and
SNB19 cells (Figure 1G-1K).

Our ROT measurements of the area-specific capacitance G,
also confirm the large variability in membrane folding among
5 GBM cell lines. Thus, in agreement with the relatively smooth
appearance of DK-MG cells in SEM images (Figure 1), the
membrane capacitance per unit area G, [0F/ ch] of this cell line
was much lower than in other tested GBM cells (Table 1). The G,
data yield the following ascending rank order of membrane folding
for 5 GBM lines: DK-MG (G, =1.88 uF/cm?)<<U87-MG
(2.82) = GaMG (3.17)<<SNB19 (3.71) = U373-MG (4.00).

Numerous studies have shown that C,, is highly characteristic
for a particular cell type or line. Thus, human erythrocytes usually
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Figure 6. Representative Western blot analysis of the expression of p53, MDM2, PTEN, PI3K, phospho-AKT, phospho-mTOR and
FAS proteins. For each cell line, cell lysates were prepared from exponentially growing cells, 20-24 h after splitting the culture. Each protein band
was normalized to the intensity of B-actin used as loading control, and the ratios protein/actin are depicted by numbers. The experiments were

repeated at least three times.
doi:10.1371/journal.pone.0087052.g006

exhibit a G, of 0.7-0.9 uk¥/ cm?, typical for smooth membranes
[19,56-58]. In case of more complex membrane morphologies,
such as in Jurkat T lymphocytes, different experimental methods,
including the patch clamp, dielectrophoresis and ROT techniques,
have yielded much higher, but very close C,, values of 1.35—
1.40 uF/cm? [37,59,60]. The consistency of cell type-specific Ci,
values determined by independent experimental approaches
suggests this dielectric quantity as a reliable biophysical marker
of a particular cellular phenotype.

In addition to C,, data, our ROT measurements provided the
values of the whole-cell capacitance C¢ (pF) for each GBM line.
Unlike the area-specific G,,, which reflects membrane folding and
microvilli expression, C¢ takes account of the entire electrically
accessible membrane area. As with C,,, we found the Cg values to
vary greatly among GBM lines, but the rank order of cell lines with
respect to Cg was completely different: DK-MG (9.4 pF)<U87-
MG (15.9)<SNB19 (21.6)<U373-MG (25.3)<GaMG (28.8)
(Table 1). Interestingly, the DK-MG cell line, which is the only
cell line with wild type PTEN and wild type p53, exhibited the

PLOS ONE | www.plosone.org

lowest (, and the lowest (g values among tested GBM lines. As
also evident from Table 1, the high C¢ value of GaMG cells (rank
5) was mainly due to their larger radius (8.5 um), as compared to
DK-MG (6.3 um). In contrast, the large Cq of U373-MG cells
(rank 4) was dominated by the extreme membrane folding
(C,=4.0 uF/ cm?, rank 5), rather than by the moderate size
(radius = 7.2 pum).

Qualitatively, the C¢ values measured here by ROT compare
favorably with the few published (¢ data of GBM cells obtained in
electrophysiological studies. Thus, the mean G =15.9 pI of U87-
MG cells reported here (Table 1) is within the range of 1440 pI
measured for this cell line by the patch-clamp technique (see
Figure 1H in [61]). On the other hand, the C¢ of 110X£10 pF
detected in patch-clamped U373-MG cells [62] is almost four
times that measured here by ROT for the same cell line (ie.
28.5%0.7 pF, Table 1). Considering that a relatively small number
of U373-MG cells (N =17 cells) was analyzed by the patch-clamp
method [62], the reported C; may have been biased in favor of the
easily patchable oversized cells.
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Figure 7. Simplified diagram of putative signaling pathways accountable for the excessive cell membrane area/folding in 5 GBM
cell lines differing in their PTEN and p53 mutation. The cell lines are arranged in ascending order according to the degree of membrane folding,
probed by the area-specific membrane capacitance C,,. Resulting from the deficiency of either PTEN (U87-MG), p53 (GaMG), or both proteins (U373-
MG and SNB19), the overexpression of mTOR (Figure 6) promotes synthesis of proteins and lipids which can be used for the plasma membrane
production. The amplified membrane synthesis may lead to the excessive membrane area and folding as reflected, respectively, by a very large Cc
value of GaMG cells and increased C,,, data of U373-MG and SNB19 cells. In addition to deregulation of the PI3K/AKT/mTOR and p53 pathways, the
large surface areas of GaMG and U373-MG cells (Cc =28.8 and 25.3 pF) may be associated with the increased levels of fatty acid synthase (FAS, 0.56-
0.57 a.u.), a key enzyme of the lipogenic pathway.

doi:10.1371/journal.pone.0087052.g007

the present study (Figure 1) and elsewhere (see Figure 2A in [13]).
The above findings suggest a possible impact of PTEN and p53
mutations on the extent of membrane folding in GBM cells.

The observed differences in membrane folding/area among
tested GBM lines can be explained by a simplified model
illustrated in Figure 7. The model takes into account the
expression of marker proteins belonging to the PISK/AKT/
mTOR pathway, as well as of p53, PTEN and FAS, analyzed by
Western blotting (Figure 6). Among the tested proteins, mTOR
(mammalian target of rapamycin) is known as the major regulator
of cell growth and metabolism, whereas FAS (fatty acid synthase) is
the key enzyme in the de novo lipogenesis (and thus membrane
synthesis). The model in Figure 7 also allows for the fact that
PTEN and p53 proteins are functionally related to each other,
acting as indirect inhibitors of mTOR [55]. Dysregulation of the
mTOR signaling pathway is known to be implicated in various
types of cancer including GBM [63]. On the cellular level, active
mTORC] (mTOR Complex 1) promotes cell growth and
proliferation not only by triggering protein and lipid synthesis
but also by reducing autophagy and lysosome biogenesis [55]. In
accordance with the inhibitory activity of PTEN and p53 on
mTOR, an increased expression of mTOR was found in GaMG,
U87-MG, U373-MG and SNBI19 cells, ie. those containing
mutations in either p53 or PTEN, or both tumor suppressors

In the present study, the adherently growing GBM cells were
detached by trypsin/EDTA treatment prior to ROT measure-
ments. It can therefore be argued that the (g and G, values of
suspended cells would not properly reflect the original membrane
properties of the anchorage-dependent GBM cells. Recently,
however, numerous adherent tumor cell lines have been found to
conserve their plasma membrane area and cell volume after being
enzymatically released into suspension [19]. Accordingly, the G,
and C¢ values measured on suspended GBM cells reflect the
original membrane structure in native adherent state.

A deeper inspection of the dielectric data along with the
mutational status of cell lines (Table 1) reveals a striking
relationship between membrane folding, probed by (,,, and the
presence of PTEN/p53 mutations. As already mentioned, DK-MG
cells bearing wild type PTEN and wild type p53 showed the lowest
G,y values of 1.88 pF/cm? (rank 1 in the ascending order). The
two lines possessing one mutation in either p53 (GaMG) or PTEN
(U87-MG), exhibited much higher C, values, respectively, of 3.2
and 2.8 uF/cm? (ranks 3 and 2). Interestingly, the cell lines with
the highest C,, values (ranks 5 and 4), i.e. U373-MG (4.0 uF/cm?)
and SNB19 (3.7 uF/cm?) are mutated in both PTEN and p53.
Being twice as high as the C,, of DK-MG cells, the very high G,
values of U373-MG and SNB19 cells corroborate well with the
strongly villated membranes of these cell lines revealed by SEM in
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(Figure 6). As seen in Figure 6, cell lines deficient for PITEN and/
or p53 exhibited a more than 3-fold elevated level of phospho-
mTOR, as compared to DK-MG cells (wt PTEN and wt p53).

The p33 protein antagonizes mTOR activation by enhancing
the activity of AMPK, which inhibits mTORCI1 directly or
through the activation of TSC1/2 [55]. Interestingly, phospho-
mTOR levels in GaMG cells (mut p53, wt PTEN) were similar to
the corresponding data of U87-MG (mut PTEN, wt p53) and
U373-MG cells (mut PTEN, mut p53), as seen in Figure 6.

In addition to the above mechanisms of mTOR regulation,
there is a body of evidence that PTEN and p53 can mutually
enhance each other’s expression and activity [30,64]. The lack of
this positive feedback loop between PTEN and p53 pathways can
therefore be responsible for the increased levels of phospho-
mTOR in GaMG (mut p53) and U87-MG lines (mut PTEN), over
those detected in DK-MG cells with wt PTEN and wt p53
(Figure 6).

Besides the mTOR activation mechanism discussed above, the
large variations in membrane area among GBM lines (C¢ varies
between 9.4 and 28.8 pF, Table 1) may also be associated with the
different expression levels of FAS (fatty acid synthase), revealed by
immunoblotting. As seen in Figure 6, the levels of FAS protein in
GaMG and U373-MG cells (0.56-0.57 a.u.) were more than twice
as high as that in DK-MG cells (0.27 a.u.). Since FAS catalyzes the
de novo lipogenesis and membrane synthesis, the elevated expres-
sion/activity of this enzyme can also be responsible for the much
larger surface areas of GaMG and U373-MG cells (G =25.3 and
28.8 pF, respectively), as compared to DK-MG cells (G, = 9.4 pk).

Comparison of the dielectric membrane properties presented
here with the data on the toxicity of various anti-cancer drugs
reported in our previous studies [65-67] also suggests a possible
relationship between membrane folding/area and chemoresistance
of GBM lines. Thus, Stingl et al. (2010) have shown that GaMG cell
line (G, =3.2 uF/cm? Table 1) is more sensitive to the Hsp90
inhibitor NVP-AUY922, as compared to SNBI9 cells
(Con=3.7 uF/cm? [65]. Likewise, DK-MG cells, 7.c. the cell line
exhibiting the lowest Cy, (1.9 wF/cm?) in the present study (Table 1),
have been found to be much more sensitive to the dual PI3K- and
mTOR-inhibitor NVP-BEZ235 than U373-MG and SNB19 lines
[66]. Interestingly, the two most chemoresistant GBM lines (U373-
MG and SNB19) [66] exhibited in the present study the highest
degree of membrane folding, as evidenced by their large C, values
of 4.0 and 3.7 uF/cm? given in Table 1. Moreover, Niewidok et al.
(2012) have shown that the lung carcinoma cell line A549 possessing
wt p33 and wt PTEN was much more sensitive to the Hsp90
inhibitor NVP-AUY922 [67] than was the SNB19 cell line which is
mutated in both p53 and PTEN.

In addition to chemoresistance, changes in tumor suppressor
genes (and related plasma membrane properties studied here) may
also be involved in the regulation of invasive behavior of GBM
cells. Thus, we found recently that two GBM lines U373-MG and
SNB19 (mutated in both PTEN and p53), exhibited much higher
invasion rates through Matrigel-coated filters (Boyden chamber
assay), as compared to DK-MG, GaMG and U87-MG cells
(Djuzenova et al., unpublished data). In agreement with this
finding, upregulation of PTEN inhibits migration and wound
healing properties of glioma cells [68].

Finally, although the data presented here suggest an apparent
correlation between morphological features and PTEN/p53
mutational status as well as lipid metabolism, this study does not
definitely prove a causal relationship between genetic features and
cellular behavior. Therefore, further studies are warranted to
determine if manipulation of PTEN/p53 status and/or lipid
metabolism can indeed be directly related to changes in cellular
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morphology, invasiveness and chemoresistance. Further studies on
animal models are also necessary to determine the relationship of
these morphological features to behavior of malignant glioma cells
in vivo.

Concluding Remarks

The comparative analysis of the dielectric plasma membrane
properties revealed a striking difference among 5 established GBM
cell lines, most notably, in the degree of membrane folding probed
by the area-specific capacitance C,,. Moreover, C,, was found to
correlate with the mutational status of the tumor suppressor genes
PTEN and p53. In accordance with dielectric data, SEM showed
various membrane extensions in GBM cells, including folds,
microvilli and lamellipodia. Although this study involved only
established GBM lines, the ROT technique presented here is
easily applicable to any malignant cells including those derived
from primary tumors. Given that membrane extensions may be
implicated in tumor cell motility and metastasis, the dielectric
approach presented here provides a rapid and simple tool for
screening tumor cell properties in studies on targeting chemo- or
radiotherapeutically the migration and invasion of GBM and
other tumor cells.

Supporting Information

Figure S1 The radius-normalized f, values (f.;'a) of the
indicated GBM lines plotted vs. the external conductiv-
ity 6.. The measurements were performed in strongly hypotonic
50-mOsm inositol medium. The lines are best fits of Eq. 2 to the
data. The fitted Cy, values are summarized in Table S2. For detail
see text and the Legend to Fig. 3.

(TIF)

Figure S2 The mean C,, (* SE) values of 5 GBM lines
compared by the Student’s i-test, using the Software
Origin 8 (Microcal, Northampton, MA): (*) denotes
P<0.05; n.s. indicates that the difference was not
significant (P>0.05). The differences in ¢, between GBM
lines were statistically significant, except for the pair U373-MG us.
SNB19 cells, i.e. the two cell lines mutated in both PTEN and p53.
(TIF)

Figure S3 Determination of the area-specific mem-
brane capacitance of two non-cancerous, adherently
growing cell lines, including the human embryonic
kidney HEK293 cells and the human fibroblast cells
HFIB-1. The measurements were performed in isotonic 300-
mOsm inositol medium. The f; data were obtained by the CRF-
technique. Each symbol is the mean (£SE) from 16-20 cells
measured at closely similar conductivities. The lines are best fits of
Eq. 2 to the CRF data sets, containing ~300 HEK293 cells and
~400 HFIB-1 cells. The fitted C,, values are 1.56+0.10 and
2.05+0.12 uF/cm? respectively, for HEK293 and HFIB-1 cell lines.
(TTF)

Figure S4 Boyle van’t Hoff plots for the indicated GBM
cell lines. Each data point represents the mean v, value (=SE,
as defined in Fig. 5A) plotted against the reciprocal normalized
osmolality (conciso/ cone, where concis, = 300 mOsm). The data were

CONCiso
o (1) 45,
where conc is the solution osmolality, the isotonic osmolality is
concis, = 300 mOsm, the term P represents the osmotically inactive
volume fraction at 300 mOsm. From the Y-intercepts, the B values
were found for each cells and summarized in Table 2.

(TIF)

fitted by the Boyle van’t Hoft equation: viax =
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Table S1 Best-fit parameters of the Lorentzian function
(Eq. 1) to the ROT spectra of 5 GBM cell lines, such as
shown in Fig. 2.

(DOCX)

Table S2 Cell radius and dielectric properties of GBM
cells in strongly hypotonic medium of osmolality
50 mOsm. The C,, and Cq values were derived from the data
shown in Fig. SI.

DOCX)
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