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Ophiobolin A induces paraptosis-like cell death in
human glioblastoma cells by decreasing BKCa
channel activity

M Bury1, A Girault2, V Mégalizzi1, S Spiegl-Kreinecker3, V Mathieu1, W Berger4, A Evidente5, A Kornienko6, P Gailly7, C Vandier2

and R Kiss*,1

Glioblastoma multiforme (GBM) is the most lethal and common malignant human brain tumor. The intrinsic resistance of highly
invasive GBM cells to radiation- and chemotherapy-induced apoptosis accounts for the generally dismal treatment outcomes.
This study investigated ophiobolin A (OP-A), a fungal metabolite from Bipolaris species, for its promising anticancer activity
against human GBM cells exhibiting varying degrees of resistance to proapoptotic stimuli. We found that OP-A induced marked
changes in the dynamic organization of the F-actin cytoskeleton, and inhibited the proliferation and migration of GBM cells, likely
by inhibiting big conductance Ca2þ -activated Kþ channel (BKCa) channel activity. Moreover, our results indicated that OP-A
induced paraptosis-like cell death in GBM cells, which correlated with the vacuolization, possibly brought about by the swelling
and fusion of mitochondria and/or the endoplasmic reticulum (ER). In addition, the OP-A-induced cell death did not involve the
activation of caspases. We also showed that the expression of BKCa channels colocalized with these two organelles
(mitochondria and ER) was affected in this programmed cell death pathway. Thus, this study reveals a novel mechanism
of action associated with the anticancer effects of OP-A, which involves the induction of paraptosis through the disruption of
internal potassium ion homeostasis. Our findings offer a promising therapeutic strategy to overcome the intrinsic resistance
of GBM cells to proapoptotic stimuli.
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Glioblastoma multiforme (GBM), also known as grade IV
astrocytoma, is the most common primary malignant brain
tumor.1 Despite the use of aggressive surgical resection,
intensified radiation therapy and concomitant chemotherapy
with temozolomide, the 5-year overall survival rate for GBM
patients remains o10%.2 This extremely unfavorable prog-
nosis for GBM patients is accounted for by tumor recurrence,
arising in part from the tumor cells’ intrinsic resistance to
apoptosis.1,2 The resistance of GBM cells to proapoptotic
stimuli is believed to be associated with genetic alterations,
affecting the key regulatory molecules involved in mitogenic
signaling, most prominently receptor tyrosine kinases and the
PI3K-PTEN-Akt-signaling axis. Genetic alterations having an
impact on regulatory and effector molecules, residing in the
classical cell death networks of apoptosis, such as alterations
of the TP53 gene, are also involved.1,3

The induction of paraptotic cell death could be an
alternative and emerging strategy to trigger GBM cell death

and to exploit apoptosis-independent programmed cell death
(PCD) pathways for the development of novel GBM therapies.
Paraptosis is a form of non-apoptotic cell death characterized
by a process of vacuolization that begins with the physical
enlargement of mitochondria and the endoplasmic reticulum
(ER).4,5 This PCD does not involve the apoptotic character-
istics of pyknosis, DNA fragmentation or caspase activation,
and is known to require new protein synthesis.4 Although the
mechanisms underlying paraptosis, in particular, the signals
responsible for triggering mitochondrial and ER dilatation,
have not yet been fully elucidated, they could be associated
with the disruption of internal potassium ion homeostasis
involving the big/large conductance Ca2þ -activated Kþ

channel (BKCa).5

Ophiobolin A (OP-A) is a sesterterpenoid phytotoxin
produced by pathogenic fungi of the genus Bipolaris, which
usually infect rice, maize and sorghum.6,7 OP-A has been
reported to cause ion leakage, block hexose transport in
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higher plants8 and inhibit calmodulin activity.7 Cocucci et al.9

also demonstrated that the inhibition of proton extrusion by
OP-A in plant cells was the result of an effect on the
permeability of the plasma membrane to potassium. How-
ever, few reports have previously described the biological
effects of OP-A on human cancer cells. OP-A was shown to
induce apoptosis in mouse leukemia cells10 and potently
inhibit human cancer cell growth,7 but the precise mechan-
isms of action have remained unclear.

In the current study, we characterized the OP-A-mediated
effects on proliferation and migration, as well as death
induction of human GBM cells, and found that OP-A triggers
a paraptosis-like cell death. We also showed that the inhibition
of the BKCa channel by OP-A most likely disrupts internal
potassium ion homeostasis, which is responsible, at least in
part, for this type of PCD.

Results

OP-A inhibits the growth and alters the cell cycle
progression of GBM cells. Data obtained from the NCI
(Developmental Therapeutic Program, Division of Cancer
Treatment and Diagnosis) indicate that OP-A (Structure in
Figure 1a) potently inhibits the proliferation of GBM cell lines
(Figure 1b) through a possibly novel mechanism of action
compared with the 763 000 compounds in the NCI database.
Indeed, the highest ‘COMPARE correlation coefficients’ for
OP-A were 0.524� 0.645 found for five compounds, which
are mainly antibiotics.

A subpopulation of GBM cells with self-renewal capacity
and propensity of generating heterogeneous cancer cell
populations, known as GBM stem cells, is highly resistant to
conventional therapies.11,12 Thus, in this study, two estab-
lished (U373-MG and T98G) and one primoculture (GL19)

GBM cell lines expressing GBM stem cell markers, such as
nestin and CD44, were used (Figure 1c). Moreover, U373-MG
and T98G were previously shown to contain the mutated p53
tumor-suppressor gene, making them resistant to proapopto-
tic stimuli.13,14

The half maximal inhibitory concentration (IC50) values of
OP-A for U373-MG, T98G and GL19 cells determined using
dose-response curves (MTT colorimetric assay) were 0.87,
1.9 and 3.7 mM, respectively (Figure 1d). Using quantitative
video microscopy, we observed that OP-A had antiprolifera-
tive effects on GBM cells (Figures 2a–c). OP-A-treated
GBM cells displayed, at their IC50 values, lower growth rates
over time relative to control cells as measured by calculating
the global growth (GG) indices (Figures 2d–f). Moreover,
we used flow cytometry (FCM) to analyze cell cycle kinetics,
and observed that OP-A strongly inhibits U373-MG cell
cycle progression. Indeed, after 24 h, we observed an
increase in the number of cells in G0/G1 phase from 50%
for the control to 74% for the OP-A-treated cells (Po0.01),
whereas, after 72 h, OP-A induced a sharp increase in the
number of cells in S phase from 24% (control) to 55%
(Po0.01) (Figure 2g).

OP-A induces morphological changes and inhibits the
migration of GBM cells. As shown in Figure 2a, the U373-
MG cells exhibited an elongated morphology (a-arrows) after
treatment with OP-A, suggesting cytoskeletal changes.
Fluorescence microscopy analyses showed that the control
U373-MG cells possessed a highly developed actin cyto-
skeleton with numerous stress fibers (Figure 3aI). Immedi-
ately after 6 h of treatment with 1 mM OP-A, we observed
distinct changes in the U373-MG cell morphology and the
reorganization of actin filaments. The number of small,
shrunken cells with intensely polymerized actin (green

Figure 1 Ophiobolin A has anticancer activity in GBM cells. (a) Structure of ophiobolin A. (b) NCI five-dose screen of ophiobolin A on four human GBM (SF-268, SNB-19,
SF-295, SNB-75 and U251) cell lines and one human gliosarcoma (SF-539) cell line after 48 h of treatment. The response parameters IC50 (50% growth inhibition) and LC50
(50% lethal concentration) are shown on the graph. (c) Expression of stem cells markers such as CD44 and nestin in U373-MG, T98G and GL19 cells determined by
immunoblot. (d) Growth inhibitory effects of ophiobolin A on the U373-MG, T98G and GL19 GBM cell lines as determined using the MTT assay. The data represent the mean
values±S.D. (two independent experiments, each condition performed in sextuplicate)
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fluorescence) and normal globular actin (red fluorescence)
increased (Figure 3aII). After 30 h of incubation, OP-A
caused a significant increase in the number of cells without
(or with very low) fibrillar actin fluorescence signals, but with
strongly labeled globular actin (Figure 3aIII and IV). Because
the organization of the actin cytoskeleton is sensitive to
changes in calcium, we determined the intracellular calcium
concentrations in U373-MG cells with and without OP-A
treatment. Our data show that the observed increases in the
amount of F-actin in OP-A-treated U373-MG cells at 6 h

(Figure 3a) correlated with the increased intracellular
calcium concentration (Figure 3b). Furthermore, the
dynamics of the actin cytoskeleton are critical for cell
motility,15 and our data accordingly show that OP-A (1 mM)
decreased the two-dimensional-migration potential of
U373-MG GBM cells over a 24-h period (Po0.001)
(Figures 3c and d).

OP-A induces cytoplasmic vacuolization and mitochon-
drial damage. U373-MG, T98G and GL19 cells were

Figure 2 Ophiobolin A (OP) inhibits the proliferation of GBM cells. (a–c) Computer-assisted phase contrast microscopy images of U373-MG, T98G and GL19 GBM cells
showing the antiproliferative effects induced by OP at 1, 2 and 4mM (BIC50), respectively. The a-arrows represent the elongation of U373-MG cells treated with 1mM OP for
72 h. (d–f) In vitro global growth (GG) of OP-treated GBM cells compared with their control counterparts. The GGs were determined as described in the Materials and Methods.
OP treatment resulted in slower growth kinetics rates over time. The data represent the mean values±S.E.M. (two independent experiments, each performed in triplicate;
*denotes Po0.05; **denotes Po0.01). (g) Flow cytometry analysis (IP staining, n¼ 6) of U373-MG cells to analyze the cell cycle distribution. 1 mM OP strongly slowed cell
cycle progression
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exposed to OP-A for 72 h and were assessed by phase
contrast microscopy (Figures 2a–c). The images in Figure 4a
indicate that OP-A (1mM) caused a dramatic increase in
vacuolization processes in U373-MG cells after 6 h of
exposure. We noticed that these vacuoles were ejected from
the cells over time (Figure 4a, white arrows) and similar
results were also observed with T98G and GL19 (data not
shown). To further characterize the morphological dynamics
of the cytoplasmic vacuolization process, experiments were
performed at a single living cell level using MitoTracker and
ER-Tracker stains (Figures 4b–d). The mitochondrial and ER
fluorescence in OP-A-treated (IC50) GBM cells indicated that
the OP-A-induced vacuoles originated from both the mito-
chondria and the ER (Figures 4b and c). In addition, as is
seen in Figure 4d, the analyses revealed that cytoplasmic
vacuolization was at least partly due to mitochondrial
swelling caused by OP-A exposure. Indeed, OP-A-treated
(IC50) GBM cells possessed many enlarged green fluores-
cent mitochondria, in contrast to control cells, which
contained small green mitochondria with a fine fibrous
distribution (Figure 4d). Cytoplasmic vacuolization and
enlarged mitochondria have been reported to be the typical
features of paraptosis.4 Moreover, the number of cells with
high levels of red staining (acridine orange (AO) staining) did
not increase, indicating that these vacuole-like organelles,
which appeared to interact directly with the plasmalemma,

were not acidic and thus not autophagic after (IC50) OP-A
treatment (illustrated in Figures 5a and b). We also observed
that the number of cells with high levels of green staining
(AO staining) did not increase, indicating that OP-A did not
induce membrane permeabilization of lysosomes (data not
shown).

OP-A induces paraptosis-like cell death. The above-
mentioned findings prompted us to further investigate
whether the anticancer effects of OP-A in GBM cancer cells
share other characteristics with paraptosis. First, using
trypan blue staining, we demonstrated that OP-A induced
the death of B45% of GBM cells after 72 h (Po0.001)
(Figure 5c and d). However, as shown in Figure 6a, FCM-
related TUNEL (terminal deoxynucleotidyltransferase dUTP
nick end labeling) analysis demonstrated that fewer than
30% (after 48 h, data for 72 h not shown) of U373-MG cells
treated with 1 mM OP-A underwent DNA degradation
processes. To confirm that OP-A-induced cell death does
not involve apoptosis, we used annexin V staining assay to
assess the extent of phosphatidyl-serine externalization. We
found that there is no change in the percentages of annexin
V-positive cells between control and OP-A-treated (IC50)
U373-MG, T98G and GL19 cells after 72 h (data not shown).
Then, to determine whether OP-A induced necrotic cell
death, we examined the effect of OP-A on the disruption of

Figure 3 Ophiobolin A (OP) induces morphological changes and inhibits the migration of U373-MG GBM cells. (a) Fluorescence microscopy was employed to visualize the
fibrillar (polymerized) actin in green and the globular (unpolymerized) actin in red. The effects of 1mM OP were assessed at 2, 6 and 30 h. (I) Cells with highly developed actin
cytoskeletons with numerous stress fibers; (II) small, shrunken cells with intensely polymerized actin and globular actin; (III) disintegrated cells with very low fibrillar actin
fluorescence signals and (IV) cells strongly labeled for globular actin. (b) Measurement of the intracellular calcium concentration using the FURA-2 fluorescence ratio. The
cytosolic free Ca2þ concentrations in control and OP-treated (1 mM) U373-MG cells were 62±4 nmol/l (n¼ 41) and 84±4 nmol/l (n¼ 77; ***denotes Po0.001),
respectively (c) The motility of individual cells treated with 1mM OP was quantified by establishing the trajectory of each cell centroid and by quantifying the MRDO variable (the
maximum distance covered by a cell normalized by the observation time, expressed in mm/h). (d) The distribution of MRDO values obtained for U373-MG cells treated with
1mM OP for 6, 12 and 24 h (n¼ 82) compared with the MRDO values for untreated cells (n¼ 141; ***denotes Po0.001). OP decreased the two-dimensional-migration of
U373-MG GBM cells over a 24-h period
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the cell membrane by PI staining. The data obtained also ruled
out necrosis as a potential mode of OP-A-induced cell death
because the percentages of PI-positive cells were similar
between control and OP-A-treated GBM cells after 72 h (data
not shown). These last results were confirmed in U373-MG by
immunoblot analyses, which showed that treatment with OP-A
(1mM) did not induce poly(ADP-ribose) polymerase (PARP)
cleavage, suggesting that the cell death was independent of

caspases (Figure 6b), unlike the cell death induced by the
positive control 4IBP, a sigma 1 receptor agonist, which
induced PARP cleavage (Figure 6b).16

In another set of experiments, we quantified senescence
based on the enlarged, flattened morphology and vacuoliza-
tion,17 as well as using a typical marker of senescence
in human cells, senescence-associated b-galactosidase
(SA-b-gal).18 A549 NSCLC cells treated with 100 nM

Figure 4 Ophiobolin A induces cytoplasmic vacuolization and mitochondrial swelling. (a) Computer-assisted phase contrast microscopy image of the cytoplasmic
vacuolization induced by ophiobolin A at 1mM in human U373-MG GBM cells. Ophiobolin A caused a dramatic increase in vacuolization in GBM cells after 6 h of exposure. We
observed that these vacuoles were ejected from the cell over time (white arrows). (b) ER-Tracker- and MitoTracker-labeled living U373-MG and GL19 GBM cells were exposed
to culture media alone (control) or with 1 and 4 mM ophiobolin A for 6 h, respectively. Ophiobolin A-induced vacuoles originated from both the mitochondria and the ER.
(c) High-magnification fluorescence images of U373-MG cells treated for 6 h with 1 mM ophiobolin A and stained with ER-Tracker and MitoTracker. (d) Typical fluorescence
images of mitochondria at 0 and 6 h after ophiobolin treatment. Ophiobolin A-treated U373-MG and GL19 cells possessed many enlarged green fluorescent mitochondria, in
contrast to control cells, which contained small green mitochondria with a fine fibrous distribution

Ophiobolin-induced paraptosis in glioblastoma
M Bury et al

5

Cell Death and Disease



doxorubicin were used as a positive control.19 The data
presented in Figure 6c show that doxorubicin indeed induced a
markedly increased level of senescence processes in A549
NSCLC cells, in contrast to OP-A, which did not produce
similar effects in U373-MG GBM cells. Moreover, the
pretreatment of U373-MG cells with 0.25 mg/ml cycloheximide
(CHX) effectively decreased the level of OP-induced cell death
(Po0.001; Figure 6d), suggesting that protein synthesis is
required for this process, another characteristic of paraptosis.4

BKCa channels are found in the organelles involved in
paraptosis. The OP-A-induced increase in the intracellular
calcium level (Figure 3b) then prompted us to determine
whether some types of ion channels, such as Ca2þ -activated
Kþ (KCa) channels, could be potential targets for the OP-A-
mediated anticancer effects observed in human U373-MG
GBM cells. Indeed, the inhibition of proton extrusion by
OP-A in plant cells was found to be because of an effect on
the permeability of the plasma membrane to potassium.9

Therefore, we tested the effects of OP-A on KCa channels,
specifically BKCa channels, because these channels are

involved in paraptosis.5 We hypothesized that the modulation
of BKCa channel activity by OP-A in GBM cells would disrupt
the normal internal ion homeostasis and the osmotic
balance, initiating the swelling process observed in para-
ptosis.5 Using the immunofluorescence pseudo-confocal
microscopy with a BKCa a-subunit-specific antibody, we
identified the sub-cellular localization of the BKCa channels
in control U373-MG GBM cells. The top and bottom panels in
Figure 7a show that BKCa channels were found at several
membrane locations (the mitochondria, the ER and the
nucleus) within the cell as well as along the edges of the cell
membrane (Figure 7a). In colocalization studies, the mito-
chondria were stained with a specific green stain (Mito-
Tracker Green) in combination with the red fluorescent anti-
BKCa channel antibody. The overlay Figure shows yellow
staining at many sites within the cells where mitochondria are
present (Figure 7a). A similar approach was used to stain the
ER with a green fluorescent mouse anti-GRP78 antibody and
the anti-BKCa channel antibody. The BKCa channels and the
ER appear to colocalize to a greater extent than did the
BKCa channels and mitochondria (Figure 7a).

Figure 5 Ophiobolin A (OP) induces a type of cytoplasmic vacuoles which are not autophagic and induces cell death in GBM cells. (a and b) Acridine orange (AO)-labeled
U373-MG and GL19 GBM cells were exposed to 1 and 4mM OP for 6 h, respectively. The cytoplasmic vacuoles induced by OP (Figure 4) are not acidic. Moreover, OP did not
induce membrane permeabilization of lysosomes. (c) Images of U373-MG cells that were either untreated or treated with 1 mM OP for 72 h; the cells were stained with trypan
blue, and dead cells appear blue. (d) Cell viability was assessed after 72 h of OP treatment (IC50) and subsequent trypan blue staining. The percentages of dead cells among
the control and OP-treated GBM cells were 0.34±0.06 and 40±2 (U373-MG), 0.9±0.2 and 45.0±0.9 (T98G), 1.2±0.2 and 52±1 (GL19), respectively (two independent
experiments, each performed in triplicate; ***denotes Po0.001)
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GBM cells possess functional BKCa channels. The
expression of BKCa channels in U373-MG, T98G and
GL19 cells was verified using immunoblot (Figure 7b). The
use of the whole-cell patch-clamp technique further demon-
strated that the U373-MG cells had functional BKCa
channels in the plasma membrane. The presence of
functional BKCa channels was confirmed using iberiotoxin,
a selective inhibitor of these channels (Figure 7c).20 These
results are consistent with the published data, concerning the
presence of functional BKCa channels in glioma cell lines.21

OP-A decreases BKCa channel activity. The various data
reported above indicate that BKCa channels may be
associated with paraptosis, as also suggested by reports in
the literature,5 and these results prompted us to test the
effects of OP-A on the potassium current of U373-MG cells
using a patch-clamp approach. Our results showed that 1 mM
OP-A significantly reduced, by 20%, the amplitude of the
outward currents of U373-MG cells at þ 70 mV (Figure 7e). It
is important to note that 1 mM tetraethylammonium, an
inhibitor of BKCa channel at this concentration, did not
produce a significant additive inhibitory effect (Figures 7e
and f). The inhibition observed in presence of OP-A
increased to B50% at 10 mM (Figure 7f). Altogether, these
data suggest that the OP-A-induced in vitro anticancer

effects are because of, at least in part, the modulation of
ion transport across the plasma membrane in U373-MG
cells, a feature that could be attributed to the modulation of
BKCa channels.

Discussion

GBM is the most common adult primary brain cancer and it
remains the deadliest of all forms of brain tumors despite the
many clinical trials that have attempted to improve the dismal
outcomes. Complete resection remains virtually impossible
due to the invasive nature of GBM cells into the brain
parenchyma. In addition, the intrinsic resistance of GBM cells
to radiation- and chemotherapy-induced apoptosis contri-
butes to treatment failure.1,2 Therefore, it is essential to find
novel therapeutic agents that can overcome this intrinsic
resistance of GBM cells to apoptosis.

The evaluation of biopsy tissues from patients with
malignant gliomas revealed significant expression of BKCa
channel proteins, and studies of human glioma cell lines have
established that functional BKCa channels, the predominant
Kþ channel type, are highly expressed in these cells,22 as we
observed with U373-MG, T98G and GL19 GBM cells (Figures
7a and b). In the current study, OP-A, a phytotoxic
sesterterpenoid of fungal origin, was shown to be an inhibitor

Figure 6 Ophiobolin A (OP) induces paraptosis-like cell death in U373-MG glioma cells. (a) Flow cytometry (FCM)-related analyses (TUNEL) of the percentages of
apoptotic U373-MG GBM cells that were treated for 24 and 48 h with 1mM OP (two independent experiments, each performed in triplicate; **denotes Po0.01; ***denotes
Po0.001). The positive and negative controls were provided by the manufacturer of the TUNEL kit and are presented above the graph. (b) U373-MG cells were treated with
1mM OP for 0, 24, 48 and 72 h. Total cell lysates were resolved on SDS-PAGE gels and immunoblotted with an anti-PARP antibody. Equal loading was verified by anti-tubulin
immunoblotting (lower blot). The data are representative of at least two different experiments; 4IBP-treated U373-MG cells were used as a positive control for the cleavage of
PARP. (c) The percentages of b-gal-positive cells determined by counting 10 random fields under a phase contrast microscope (two independent experiments, each
performed in triplicate; *** denotes Po0.001). Doxorubicin induced a marked increase in senescence processes in A549 NSCLC cells, whereas OP did not induce
senescence in U373-MG GBM cells. (d) Effects of 0.25mg/ml cycloheximide (CHX) on cell death. Cells were exposed to OP (1 mM) for 24 h with or without CHX and were
analyzed with the MTT colorimetric assay to determine the global growth levels under each experimental condition (n¼ 12; ***denotes Po0.001). The pretreatment of U373-
MG cells with CHX decreased the level of OP-induced cell death
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of BKCa channels in U373-MG GBM cells. We demonstrated
that the blockade of BKCa channels with OP-A results in
decreased cell proliferation and migration and an increased
level of non-apoptotic cell death. Preliminary in vivo data
revealed that chronic administrations of 10 mg/kg of OP-A led
to significant increases in the survival of mice bearing lung

pseudometastases from the B16F10 melanoma (article in
submission).

Weaver et al.22 showed that iberiotoxin, a selective inhibitor
of BKCa channels, increases the percentage of glioma cells in
S phase, as shown for OP-A, whereupon cells undergo cell
death. Iberiotoxin interacts with specific residues in the outer

Figure 7 Ophiobolin A (OP) decreases BKCa channel activity. (a) U373-MG cells possess BKCa channels on the cell membrane and within the mitochondria and ER. The
top panel shows U373-MG GBM cells stained with MitoTracker or an anti-a-subunit-BKCa channel antibody. The bottom panel shows images for another preparation of the
U373-MG cells stained with anti-GRP78 or anti-a-subunit-BKCa channel antibodies. The merged yellow figures on the right represent one plane in which colocalization was
present. (b) Expression of a-subunit-BKCa channels in U373-MG, T98G and GL19 cells as determined by immunoblot. (c) U373-MG cells possess functional BKCa channels
as demonstrated by the patch-clamp technique with a selective inhibitor of this channel, iberiotoxin. An example of whole-cell current recordings in the absence (control) or
presence of 10 nM iberiotoxin. (d–f) Outward whole-cell current (in percent of control condition) elicited by a depolarizing pulse from a holding potential of � 70 mV to
þ 70 mV under control conditions or in the presence of 1 mM tetraethylammonium (TEA) (d), 1 mM OP (e), 10mM OP (f) or OP with 1 mM TEA. The data represent the mean
values±S.E.M. (two independent experiments, each performed in triplicate; *denotes Po0.05; **denotes Po0.01; ***denotes Po0.001).
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vestibules of the BKCa channel to physically occlude the
pore.23 The BKCa channel consists of two dissimilar subunits,
a and b. The a subunit is a member of the human slo KCa gene
family, which forms the ion conduction pore.24,25 There are
four types of b-subunits, b1–b4, and they have tissue-specific
distributions. These subunits act as receptors for drugs,
modify drug pharmacological properties and are known to
affect toxin binding.24,25 However, the mode of action of OP-A
does not seem to be the same as that of iberiotoxin. Indeed,
we tested OP-A on human embryonic kidney 293T cells
expressing only a-hslo, and we did not observe the reduction
in the amplitude of the outward currents in these cells,
suggesting that the b-subunit is involved in the reduced
amplitude. The loop of the b-subunit could in fact contribute to
the stabilization of the OP-A-bound state, either by a direct
interaction with OP-A or through an allosteric effect on the
a-subunit. McManus et al.26 have previously shown that the
agonist activity of glycosylated triterpenes, such as dehydro-
soyasaponin I, requires the presence of the b-subunit.

BKCa channels have an important role in glioma cell
migration.27 Indeed, after an increase in the Ca2þ concentra-
tion, the BKCa and ClC-3 channels are activated, and release
Kþ and Cl� ions together with water, causing the rapid
shrinkage of the cells, which facilitates the invasion of the cells
into the narrow extracellular brain spaces.27 Moreover,
calcium is a prominent regulator of cell motility that can exert
multiple effects on the structure and dynamics of the actin
cytoskeleton.28 Consequently, the blockade of BKCa chan-
nels and the resulting increase in the (Ca2þ )i caused by OP-A
could explain, at least in part, the decrease in cell migration, as
previously shown with iberiotoxin, a specific inhibitor of this
channel.29

Hoa et al.5 have previously shown that paraptosis is related
to the modification of BKCa channel activity. Indeed, these
authors hypothesized that the opening of BKCa channels
gives rise to the expulsion of Kþ in exchange for Naþ required
to maintain electroneutrality of the cell. The admission of Naþ

leads to the uptake of water, producing the observed cellular
swelling and vacuolization that occurs when the ER and
mitochondria swell. The proposed mechanism through which
OP-A causes death in GBM cells by paraptosis is presented in
Figure 8. We propose (Figure 8) that the closing of the BKCa
channels (Figure 7) in the cell membrane, the ER and the
mitochondria obstructs the expulsion of Kþ . The retention of
Kþ leads to a rapid increase in the water content to maintain
cell homeostasis, producing the observed cellular swelling
and the formation of cytoplasmic vacuoles (Figure 4). As the
compensatory mechanism, the cells try to expel these
vacuoles by exocytosis. In the second step, the consecutive
depolarization of the membrane most likely causes L-type
voltage-dependent calcium channels activation, causing a
progressive increase in the (Ca2þ )i, as was detected in U373-
MG cells after only 6 h of treatment with 1 mM OP-A
(Figure 3b). The coassembly of these channels with BKCa
channels has been demonstrated in rat brains.30 One non-
exclusive possibility is that there is an increase in the (Ca2þ )i

involving IP3/ryanodine receptors, resulting from compensa-
tory mechanisms of the organelles that allow them to maintain
homeostasis.31 A long-term increase in the concentration of
calcium and intracellular electrolytes could be the causes of

the paraptotic cell death in GBM cells observed in the current
study.

In conclusion, the current report highlights the potential use
of OP-A to overcome the intrinsic resistance of glioblastoma
cells to proapoptotic stimuli through BKCa channel-mediated
induction of paraptosis. Further experiments are in progress
to evaluate the proposed mechanism in detail.

Materials and Methods
Established cell lines, primoculture and OP-A. The human GBM cell
lines U373-MG (ATCC code HTB-17) and T98G (ATCC code CRL1690) were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA)
and maintained in our laboratory as described previously.32 One distinct primary
GBM cell culture of astrocytic origin (designated GL19 in the present study) was
established at the Department of Neurosurgery, Wagner Jauregg Hospital, Linz as
previously described.33 Briefly, surgical specimens of histocytologically confirmed
GBM lesions from various sites were blended mechanically and transferred into
culture flasks containing growth medium (RPMI 1640, 20% fetal calf serum, 1%
glutamine, 1% penicillin/streptomycin; PAA Laboratories, Linz, Austria). After
passage 3, the cells were cultured in growth medium supplemented with 10% fetal
calf serum and 1% glutamine without antibiotics. OP-A was isolated from
Drechslera gigantea as previously reported.34 The purity of OP-A (495%) was
determined by RP-HPLC-UV.

Assessment of cell viability. The colorimetric MTT viability assay (3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide; Sigma, Bornem, Belgium)
was used to determine the overall growth level of each cell line at 72 h as
described previously.35 The level of cell death was assessed by trypan blue
(Sigma) exclusion and was calculated as the average percentage of dead cells in
six fields per T25 flask at a magnification of G� 10 using an Olympus microscope
(Olympus, Antwerp, Belgium). For the assessment of cell death after treatment
with CHX (Sigma), U373-MG cells were seeded in 96-well plates. The next day,
0.25 mg/ml CHX was added for 4 h. Then, U373-MG cells were treated with 1mM
OP-A for 24 h, and the level of cell viability was determined using the colorimetric
MTT assay.

Computer-assisted phase contrast microscopy (video micro-
scopy). The effects of OP-A treatment on the viability of human U373-MG
(1 mM), T98G (2 mM) and GL19 (4mM) GBM cells were characterized in vitro using
computer-assisted phase contrast video microscopy, as described elsewhere.36

Figure 8 Proposed mechanism by which ophiobolin A induces paraptosis in
GBM cells. Ophiobolin A blocks the BKCa channels present on the cell membrane,
mitochondria and ER. The inhibition of BKCa induces an increase in the intracellular
Kþ concentration. To maintain homeostasis, water enters the cell, inducing first
swelling and then vacuolization. In order to compensate the electrolyte disorders
because of the excess of the maintenance of homeostasis, these vacuoles could
then be expelled out of the cell by exocytosis. The consecutive depolarization of the
membrane most likely opens the calcium channels present in the membrane,
causing a progressive increase in the (Ca2þ )i. Another possibility is that this
increase in the (Ca2þ )i could result from the compensatory mechanisms that the
organelles (mitochondria and ER) use to maintain homeostasis; these mechanisms
could involve IP3/ryanodine receptors
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Cell count-based determination of the GG indices: The GG indices
obtained under the treated and control conditions were computed by quantitative
video microscopy, dividing the number of cells at the 24th, 48th and 72nd hour of
analysis by the number of cells at time 0.

Quantitative determination of cell migration: The effect of OP-A (1 mM) on
cell motility in the U373-MG GBM cell line was investigated. Figure 3c shows
typical analysis based on the individual cell trajectories that were established by a
cell-tracking algorithm based on an image series acquired during a cell migration
experiment. The greatest linear distance between the starting point of a cell and
the farthest point reached in its trajectory, also known as the maximum relative
distance from the point of origin (MRDO), was the quantitative variable used to
characterize compound-mediated effects on cancer cell migration.37

Immunofluorescence/pseudo-confocal microscopy. U373-MG cells
were cultured on glass coverslips, fixed with 4% paraformaldehyde, permeabilized
in 0.2% Triton X-100 and stained as previously reported.38,39 Fluorescent phalloidin
conjugated with Alexa Fluor 488 (Molecular Probes, Invitrogen, Merelbeke,
Belgium) was used to label fibrillar actin, and Alexa Fluor 594-conjugated
DNAse I (Molecular Probes, Invitrogen) was used to stain globular actin. U373-MG
cells were probed with a rabbit anti-KCa1.1 (a-subunit BKCa) antibody (1 : 50,
Alomone Labs, Jerusalem, Israel). Mitochondria were stained with MitoTracker
Green FM (100 nM; Invitrogen). The ER was stained with ER-Tracker Blue-White
DPX (1mM, Invitrogen) for living cells or with a mouse anti-GRP78 antibody
(1 : 100, Santa Cruz Biotech, Santa Cruz, CA, USA). Secondary antibodies were
purchased from Pierce (Aalst, Belgium). Coverslips were mounted on microscope
slides with 10ml of polyvinyl alcohol mounting medium with the DABCO antifading
reagent (Fluka, Belgium). Three coverslips per experimental condition were
analyzed, and three images were taken for each coverslip (with the same exposure
time) with an AxioCam HRm fluorescence microscope (Zeiss, Oberkochen,
Germany). The most representative images are shown.

Cytosolic Free Ca2þ Measurements. U373-MG cells, plated on 22 mm
round glass coverslips, were incubated with 1 mM Fura-2/AM (Calbiochem,
Camarillo, CA, USA) in Krebs-HEPES buffer (10 mM HEPES, 135 mM NaCl, 6 mM
KCl, 2 mM CaCl2, 1.2 mM MgCl2, 10 mM glucose, pH 7.4) for 60 min at room
temperature. Coverslips were then mounted in a microscope chamber. Cells were
alternately excited (1 Hz) at 340 and 380 nm using a Lambda DG-4 Ultra High
Speed Wavelength Switcher (Sutter Instrument, Novato, CA, USA) coupled to a
Zeiss Axiovert 200 M inverted microscope (Zeiss Belgium, Zaventem, Belgium).
Images were acquired with a Zeiss Axiocam camera coupled to a 510-nm
emission filter and analyzed with Axiovision software. Calcium concentration was
evaluated from the ratio of fluorescence emission intensities excited at the two
wavelengths using the Grynkiewicz equation.40

Flow cytometry. For cell cycle analyses, U373-MG cells were stained with
1 mg/ml propidium iodide (Sigma-Aldrich, Bornem, Belgium) containing 1 mg/ml
RNase (Roche Diagnostics Gmbh, Mannheim, Germany) and analyzed using a
Cell Lab Quanta SC FCM (Beckman Coulter; Analis, Suarlee, Belgium).

Apoptosis was detected using an assay measuring DNA fragmentation and
annexin V staining. The TUNEL assay was performed according to a previously
described procedure32 with the APO-DIRECT Kit (BD Pharmingen, Erembodegem-
Aalst, Belgium). The protocol provided by the manufacturer was followed, including
the use of positive and negative controls. The appearance of phosphatidyl-serine on
the extracellular side of the cell membrane was also quantified with the Alexa Fluor
488 Annexin V/Dead Cell Apoptosis Kit (Molecular Probes, Invitrogen) as
recommended by the manufacturer using FCM.

AO (Sigma), used to stain acidic vacuoles (red staining: 568 nm) and to stain
membrane permeabilization of lysosomes (green staining: 488 nm), was added at a
final concentration of 1 mg/ml for a period of 15 min. The stained cells were
analyzed by a Cell Lab Quanta SC FCM (Beckman Coulter) and by an AxioCam
HRm fluorescence microscope (Zeiss).

Immunoblotting. Membranes were blotted with anti-CD44 (1 : 2500, Abcam,
Cambridge, UK), anti-nestin (1 : 60, Abcam), anti-PARP (1 : 250, BD Pharmingen,
Erembodegem-Aalst, Belgium), anti-KCa1.1 (a-subunit BKCa; 1 : 500, Alomone
Labs) and anti-tubulin (1 : 5000, Abcam). Secondary antibodies were purchased
from Pierce, and the blots were analyzed using the Bio-Rad ChemiDoc XRS
Imager (Bio-Rad Laboratories, Nazareth Eke, Belgium).

Senescence assay. Cell senescence analyses were performed according to
a previously described procedure18 using the Senescence Cells Histochemical
Staining Kit (Sigma), and the cells subsequently imaged using phase contrast
microscopy. The protocol provided by the manufacturer was followed. Doxorubicin
(100 nM)-treated A549 NSCLC cells were used as a positive control for SA-b-gal
expression.

Electrophysiology (patch clamp). Whole-cell potassium currents were
recorded as previously described.41 Briefly, U373-MG cells were seeded in 35-mm
petri dishes at 4000 cells/cm2. Before electrophysiological recording experiments,
the growth medium was discarded and replaced with a physiological solution.
Signals were captured using a 1322-A Digidata converter (Axon Instruments,
Union City, CA, USA) and pClamp 8.1 software (Axon Instruments). The analyses
were performed using Clampfit 8.1 and Origin 7.0 (Microcal Software,
Northampton, MA, USA).

Statistical analysis. Data are the mean±S.E.M. The nonparametric Mann–
Whitney U-test was used to compare data obtained from two independent groups.
The statistical analysis was performed using Statistica software (StatSoft, Tulsa,
OK, USA). A value of Po0.05 was considered statistically significant.
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