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The microtubule stabilizer patupilone
(epothilone B) is a potent radiosensitizer
in medulloblastoma cells
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Concurrent radiochemotherapy for medulloblastoma
includes the microtubule disrupting agent vincristine;
however, vincristine alone or as part of a combined treat-
ment regimen is highly toxic. A major goal is therefore to
replace vincristine with novel potent chemotherapeutic
agents—in particular, with microtubule stabilizing and
destabilizing compounds—with a larger therapeutic
window. Here, we investigated the antiproliferative,
cytotoxic and radiosensitizing effect of patupilone
(epothilone B [EPO906]), a novel, non—taxane-related
and nonneurotoxic microtubule-stabilizing agent in
human medulloblastoma cell lines. The antiproliferative
and cytotoxic effects of patupilone alone and in combi-
nation with ionizing radiation was determined in the 3
representative human medulloblastoma cell lines
D341Med, D425Med, and DAOY. Patupilone alone
effectively reduced the proliferative activity and clono-
genicity of all medulloblastoma cell lines tested at pico-
molar concentrations (50-200 pM) and resulted in an
at least additive anticlonogenic effect in combination
with clinically relevant doses of ionizing radiation (2 or
5 Gy). Cell-cycle analysis revealed a sequential G2-M
arrest and sub-G1 accumulation in a dose- and treat-
ment-dependent manner after exposure to patupilone.
In tumor xenografts derived from D425Med cells, a
minimal treatment regimen with patupilone and fractio-
nated irradiation (1 X 2 mg/kg plus 3 X 3 Gy) resulted
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in an extended tumor growth delay for the 2 single treat-
ment modalities alone and a supra-additive treatment
response for the combined treatment modality, with com-
plete tumor regressions. These results demonstrate the
potent efficacy of patupilone against medulloblastoma
cell lines and indicate that patupilone represents a prom-
ising candidate to replace vincristine as part of a com-
bined treatment strategy with ionizing radiation.
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edulloblastoma is the most common malig-

I\/I nant brain tumor of childhood.! Standard
therapy for medulloblastoma comprises neuro-

surgical resection, radiotherapy, and chemotherapy.
However, nearly one-half of all patients die of progressive
disease, and survivors experience considerable adverse
effects,”* including radiation-dependent reduction of
neurocognitive performance.’~® Medulloblastoma is a
relatively radiation sensitive tumor entity. Concurrent
radiochemotherapy for medulloblastoma often includes
the microtubule-disrupting agent vincristine. However,
use of vincristine alone or as part of a combined treatment
regimen is highly toxic;*” therefore, treatment modifi-
cations have been reported frequently.'®~'* Of note,
excellent outcomes were reported in a multi-institution
phase II trial in which patients with average- and high-
risk medulloblastoma were treated with risk-adapted cra-
niospinal radiotherapy without concurrent vincristine
therapy. In this trial, vincristine was only part of the
dose-intensive postirradiation treatment (cyclophospha-
mide, cisplatin, and vincristine), challenging the value
of concomitant vincristine treatment during radiother-
apy.'® Therefore, a major goal is to replace vincristine,
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as part of multimodality treatment regimens, with novel
potent chemotherapeutic agents, such as carboplatin,
which is under clinical investigation, either a) together
with vincristine during craniospinal radiotherapy—as in
the COG 99701 trial (ClinicalTrials.gov number
NCT00003203) for patients with metastatic medullo-
blastoma'*— b) with the aim of substituting vincristine
during craniospinal radiotherapy—as in the future
SIOP-Europe PNET 6 medulloblastoma study for
“standard-risk” patients with medulloblastoma—or c¢)
with other promising microtubule-stabilizing and -desta-
bilizing agents, which have been investigated thoroughly
in the preclinical setting and which show promising
activity against a panel of xenograft-derived embryonal
tumors. "

Patupilone (epothilone B [EPO906]), which is cur-
rently being tested in phase III clinical trials,'® is a novel
microtubule-targeting cytotoxic agent that is structurally
unrelated to paclitaxel and docetaxel. Patupilone is 3-20
times more potent than the taxanes in vitro and has
shown a safe toxicity profile in adults.!” Patupilone
stabilizes preformed microtubules and leads to aberrant
spindle formation during mitosis. Patupilone has been
shown to induce regression of various types of human
tumors in vivo, including glioma, lung, colon, breast,
prostate, and ovarian carcinomas. Of note and in contrast
to paclitaxel, patupilone is equally cytotoxic to
paclitaxel-susceptible and paclitaxel-resistant cells that
display a multidrug-resistance phenotype due to overex-
pression of the P-glycoprotein (P-gp) efflux pump.'”
The combined treatment with patupilone and ionizing
irradiation showed a supra-additive effect in vitro and
in vivo in lung and colon carcinoma models.'®"’
Combination of ionizing radiation and patupilone
has also been tested in a phase I trial involving brain
tumors.*’

We investigated the efficacy of patupilone alone and
in combination with ionizing radiation in different
human medulloblastoma cell lines. We showed that
patupilone alone is extremely potent at picomolar con-
centrations in medulloblastoma cell lines, and combined
treatment with clinically relevant doses of ionizing radi-
ation results in an at least additive anticlonogenic effect
in vitro and induces a strong supra-additive treatment
response in vivo.

Materials and Methods

Cell Cultures, Reagents, and Irradiation

Patupilone was kindly provided by Novartis Pharma.
D425Med human medulloblastoma cells were pur-
chased from the American Type Culture Collection.
D341Med and D425Med human medulloblastoma
cells were the kind gift of Dr Henry Friedman (Duke
University). All medulloblastoma cells were cultured in
Richter’s zinc option medium supplemented with 10%
fetal bovine serum (nonessential amino acids were
added to the medium of D341Med and D425Med cells
to a final concentration of 1%). All cell cultures were
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maintained at 37°C in a humidified atmosphere with
5% CO,.

For in vitro assays, a stock solution (1 mM) of
patupilone was prepared in DMSO and further diluted
with water/DMSO- and serum-containing media.
Irradiation was performed at room temperature, using
a Pantak Therapax 300 kV X-ray unit at 0.7 Gy/min.
3-Methyladenine (Sigma) was prepared in water at a
stock solution of 100 mM and further diluted in serum-
containing media. Bafilomycin-1 (Sigma) was prepared
in DMSO at a stock solution of 100 uM and further
diluted in serum-containing media. The broad-range
caspase inhibitor z-VAD-FMK (Calbiochem; Merck
Chemicals) was prepared in DMSO at a concentration
of 10 wM and further diluted in serum-containing media.

Cell Proliferation, Clonogenic Cell Survival,
and Cell Viability Assay

Proliferative activity was assessed in 96-well F-plates
using the Alamar Blue (Biosource International) and
MTS assays (Promega). Absorption was measured at
570 and 630 nm (Alamar blue) using a GenTec spec-
trophotometer or at 490 nm (MTS) using a microplate
spectrophotometer (Molecular Devices).'”**3"  The
half-maximal inhibitory concentration (ICsq) values
were calculated from the regression curve using
GraphPad Prism software, version 4 (GraphPad
Software).>” Each experiment was performed at least
in triplicate. For the cell viability assay, 400 000 or
500 000 cells were seeded and treated 24 h thereafter.
Cell viability was determined 72 h after treatment
began using the trypan blue exclusion assay. Each
experiment was performed at least in duplicate. To
determine clonogenic cell survival, the number of
single-seeded cells was adjusted to obtain 100 colo-
nies per cell culture dish with a given treatment.
After treatment with different regimens, cells were
maintained at 37°C in a humidified atmosphere con-
taining 5% CO, and allowed to grow for 14 days
before fixation in methanol/acetic acid (ratio,
75%:25%) and staining with crystal violet. Only
colonies with >50 cells/colony were counted. For
combined treatment, cells were pre-incubated with
patupilone or control solution 1 h before irradiation.
Clonogenic cell survival assays were repeated as
independent experiments at least twice.

Cell-Cycle Analysis

For cell-cycle analysis, medulloblastoma cells were
treated with patupilone for 6, 12, and 24h,
respectively. Both floating and adherent cells were
collected. After washing twice in phosphate-buffered
saline (PBS), cells were stained with propidium
iodide (50 pg/mL) (Becton-Dickinson) in PBS contain-
ing 100 U/mL RNase A (Qiagen) for 30 min at room
temperature. The percentage of cells in the different
phases of the cell cycle was determined by evaluating
DNA content, as described elsewhere.>%3!
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Caspase-3 Activity Assay

Asp-Glu-Val-Asp (DEVD)ase activity was determined in
cytosolic cell extracts. Cells were treated with increasing
concentrations of patupilone for 6, 12, 24, and 48 h.
Cells were harvested thereafter by trypsin/EDTA, centri-
fuged, and washed with precooled PBS. The cell pellet
was suspended in 5 volumes of precooled buffer A
(20 mM HEPES-KOH [pH 7.5], 10 mM KCI, 1.5 mM
MgClI2, 1 mM sodium EDTA, 1 mM sodium EGTA,
1 mM dithiothreitol [DDT], 250 mM sucrose, and
0.1 mM phenylmethylsulfonyl fluoride [PMSF] sup-
plemented with protease inhibitors [5 mg/mL pepstatin
A, 10 mg/mL leupeptin, 2 mg/mL aprotinin, 2 mg/mL
DTT, and 1 mM of PMSF]). After incubation on ice
for 15 min, the cells were disrupted by freezing and
thawing. Cell lysates were centrifuged at 1000 g for
10 min at 4°C, and the supernatant was further centri-
fuged at 100 000 g for 30 min. The resulting supernatant
(S-100 fraction) was stored at —80°C. To determine
caspase 3-like activity, 75 pg of protein from the S-100
fraction was incubated at 37°C with the colorimetric
caspase 3 substrate N-acetyl-Asp-Glu-Val-Asp p-
nitroanilide (100 mM; Ac-DEVD-pNA; Calbiochem)
and 1mM dATP in a final volume of 120 pL.
Cleavage of the caspase substrate was monitored at
405 nm using a GenTec spectrophotometer.

Detection and Quantification of Acidic Vesicular
Organelles (AVOs) with Acridine Orange

To detect and quantify AVOs, cellular vital staining
with acridine orange was performed. In acridine
orange-stained cells, the cytoplasm and nucleolus fluor-
esce bright green and dim red, whereas the acidic com-
partments fluoresce bright red.** The intensity of the
red fluorescence isproportional to the degree of acidity
and/or the volume of the cellular acidic compartment
and was measured 6, 12, 24, and 48 hafter exposure to
patupilone alone or 48 h after treatment with patupilone
combined with ionizing radiation. After treatment with
patupilone alone or in combination with irradiation,
both adherent and suspended cells were stained at the
indicated time points with acridine orange (1 mg/mL)
for a period of 15 min, harvested by trypsin/EDTA,
and collected in PBS. As a negative control, 0.5 uM bafi-
lomycin Al (Sigma) was added 30 min before acridine
orange staining. Green (510-530 nm) and red (465 nm)
fluorescence emission from § x 10° cells illuminated
with blue (488 nm) excitation light was measured with
a FACS Calibur from Becton Dickinson using CellQuest
software. The ratio of red to green fluorescence was deter-
mined in control and treated cells and normalized in
relation to untreated cells.

Tumor Xenograft in Nude Mice and Application
of Treatment Regimes

D425Med cells (6 x 10°) were injected subcutaneously on
the backs of 4—6-week-old athymic nude mice. Tumor
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volumes were determined from caliper measurements of
tumor length (L) and width (/) according to the formula
(L x )/2. Tumors were allowed to expand to a volume
of 200 mm? (+10%) before treatment start. With the
use of a customized shielding device, mice were given
strictly loco regional radiotherapy of 3 x 3 Gy on 3 con-
secutive days using a Gulmay 200 kV X-ray unit at
100 ¢cGy/min at room temperature. Patupilone (2 mg/
kg; dissolved in 30% PEG-300/70% saline) was applied
intravenously 24 h before the first treatment with ionizing
radiation (at day O of the treatment; # =5 per group).
Tumor growth was monitored daily.

Results

Patupilone Strongly Reduces Proliferation and Viability
in Human p53wt and p53mt Medulloblastoma Cell
Lines

The antiproliferative effect of the microtubule-
stabilizing agent patupilone was tested in the 3 represen-
tative human medulloblastoma cell lines D341Med,
D425Med, and DAQY. Patupilone reduced the prolif-
erative activity in the D341 cell line, with an ICsq of
0.53nM (95% confidence interval [CI], 0.45-0.62)
(Fig. 1A); in the D425Med cell line, with an ICs, of
0.37nM (95% CI, 0.14-0.96) (Fig. 1B); and in the
DAOY cell line, with an ICsq of 0.19nM (95% CI,
0.12-0.29) (Fig. 1C). Likewise, cell viability, as detected
by trypan blue exclusion, was reduced to 50% when
treated with subnanomolar concentrations of patupilone
(D341Med, 0.25 nM; D425Med and DAOY, 0.1 nM)
(Fig. 1ID-F). Of note, up to 10-fold higher ICs, values
were obtained when the different cell lines were treated
with the microtubule-destabilizing agent vincristine
(Supplement 1).

Next, clonogenic cell survival was determined in the 3
cell lines after treatment with increasing concentrations
of patupilone. In the D341Med cell line, the effect of
patupilone on clonogenic survival was at dose range of
patupilone similar to the level of proliferative activity
and viability (ICs0, 0.50-0.75 nM). However, the clo-
nogenicity of D425Med and DAOY cells was already
strongly reduced at a 10-fold lower concentration of
patupilone (ICsp, 30 pM) (Fig. 1G, H). These results
overall demonstrate that patupilone is highly potent
against different medulloblastoma cell lines. These
medulloblastoma cell lines differ in the expression of
and mutations in specific genes (eg, p53, c-myc).
However, a differential treatment sensitivity so far
cannot be attributed to a specific genetic background.*!

Patupilone Sequentially Induces a G2-M-Phase Arrest
and Apoptosis in Medulloblastoma Cell Lines

Toinvestigate patupilone-induced alterations of cell cycle
progression, we determined the cell-cycle distribution
over time in the 3 medulloblastoma cell lines following
treatment with low and high concentrations of patupi-
lone (0.1-1 nM). Low-dose treatment with patupilone
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Fig. 1. Antiproliferative and cytotoxic effects of patupilone in human medulloblastoma cell lines. A-C, D341Med (A), D425Med (B), and
DAQY (C) human medulloblastoma cells were treated with increasing doses of patupilone, and the antiproliferative activity was determined
after 72 h of exposure. D—F, D341Med (D), D425Med (E), and DAQY (F) human medulloblastoma cells were treated with increasing doses
of patupilone, and cell viability was determined by trypan blue exclusion after 72 h of exposure. (G) Clonogenicity of the D341Med cells
after treatment with increasing doses of patupilone. (H) Clonogenicity of the D425Med and DAQY cells after treatment with increasing
doses of patupilone. Results of a representative experiment are shown (n = 3).

resulted in minor changes in cell-cycle distribution in all 3
cell lines but also in a small accumulation of cells in a
sub-G1-peak in the D341Med and D425Med cell popu-
lation, which is indicative of apoptosis. On the other
hand, exposure to increased concentrations of patupilone
resulted in extended G2-M-phase accumulation in all 3
medullobastoma cell lines (D341Med and DAOY cell
lines, 1 nM; D425Med cell line, 0.5 nM patupilone)
(Fig. 2). Twelve hours after patupilone exposure,
33.3% (D341Med), 40.6% (D425Med), and 46.2%
(DAOY) of cells were accumulated in the G2-M
phase, compared with 16.5% (D341Med), 26.3%
(D425Med), and 17.5% (DAQOY) of the untreated cell
populations (see Table I). Accumulation of cells in the
G2-M phase was most prominent in the DAOY cell
line, probably because of an inactive G1 checkpoint.
After the patupilone-induced G2-M-phase redistribu-
tion, extended accumulation of cells in a subG1-peak
was observed in the D341Med and DAQOY cells after
treatment with 1 nM patupilone and in the D425Med
cells after treatment with 0.5 nM of patupilone, again
indicative of patupilone-induced, late apoptosis. These
results demonstrate a dose-dependent sequential antipro-
liferative and cytotoxic effect of patupilone in the medul-
loblastoma cell lines.

Patupilone Induces Apoptosis and Autophagy
in Medulloblastoma Cell Lines

To further investigate patupilone-induced apoptosis,
caspase-3 activity was assessed in the 3 medulloblastoma
cell lines treated with the same concentrations as used
for FACS analysis (see above). Caspase-3 activity was
increased over time in the D425Med and the DAOY
cell lines (Fig. 3B and 3C) and, to a smaller extent, in

Table 1. Cell-cycle analysis following treatment with high doses
of patupilone.

Cell line 0h (%) 12 h (%) 24 h (%)
D341 GO-1 53 30.22 4253
G2-M 17 33.26 12.55
S 30 36.52 44.92
sub-G1 0.6 16.85 26.03
D425 GO-1 39.7 15.36 21.52
G2-M 26 40.65 21.74
S 34 44 56
sub-G1 2 22.47 38.32
DAOY GO-1 35 25.2 44.87
G2-M 17.5 46.21 25.05
S 47 28.6 30.08
sub-G1 1 16.6 14.79
NEURO-ONCOLOGY * SEPTEMBER 2011 1003
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Fig. 2. Cell-cycle analysis after treatment with patupilone. Human medulloblastoma cell lines D341Med (top row), D425Med (middle row),
and DAQY (bottom row) were treated with patupilone at low concentrations (D425Med and DAQY, 0.1 nM; D341Med, 0.25 nM) or high
concentrations (D425Med, 0.5 nM; D341Med and DAQY, 1 nM) and subjected to cell-cycle determination by propidium iodide staining and

FACS analysis at the indicated time points.

the D341Med cell line, reflecting the outcome of
subG1l-accumulation, as obtained by FACS analysis
(Fig. 3A). Of note, pretreatment with the broad-range
caspase inhibitor z-VAD-FMK did not rescue
D425Med or DAOY cell lines from undergoing cell
death, as assessed by the trypan blue viability assay
(data not shown).

Comparable treatment sensitivity but a reduced
amount of apoptosis in the D341Med cell line suggested
another form of cell death induced by patupilone in this
cell line. As a marker for autophagy, the fractional
volume of acidic vesicular organelles (AVO) in control
and patupilone-treated cells was quantified. A time-
dependent increase in the amount of AVOs was exclu-
sively observed in the D341Med (Fig. 3D) but not in
the D425Med and DAOY medulloblastoma cell lines
(Fig. 3E and 3F). To inhibit the autophagic process
induced by patupilone, cells were pretreated with bafilo-
mycin A1, which prevents the fusion of autophagosomes
with lysosomes. High concentrations of bafilomycin A1l
alone (100 nM) were not toxic to the D341Med cells,
but interestingly, pretreatment with bafilomycin A1l
strongly sensitized D341Med cells to patupilone
(0.5nM), resulting in nearly 100% dead cells
(Supplementary Fig. S1). To determine a putative switch
to apoptotic cell death after inhibition of autophagy,
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caspase-3 activity was assessed in cells pretreated with
bafilomycin A1l. No additional increase in caspase-3
activity could be detected after patupilone treatment
(data not shown). These results suggest that after a
G2-M-phase arrest, patupilone induces late apoptosis
in the medulloblastoma cell lines D425Med and
DAQY. On the other hand, D341Med cells are apopto-
sis resistant, and patupilone-induced autophagy might
initially protect these cells from undergoing cell death
not related to apoptosis.

Patupilone Sensitizes Medulloblastoma Cell Lines
to lonizing Radiation

Patupilone is a promising agent for combined treatment
with ionizing radiation. We therefore investigated its
antitumor effect in these 3 medulloblastoma cell lines
in combination with increasing doses of ionizing radi-
ation. The D341Med cell line was clearly more radiosen-
sitive than the D425Med and DAOY cell lines with
regard to the level of proliferative activity, viability,
and clonogenic survival (Fig. 4A-C). On the level of
the short-term end points (ie, proliferative capacity and
viability), the combined treatment modality induced an
additive effect in the D341Med cell line but not in the
D425Med and DAOY cell lines (Fig. 4A-F). More
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Fig. 3. Caspase-3 activity and formation of acidic vesicular organelles (AVOs) after treatment with patupilone. Caspase-3 activity in
patupilone-treated medulloblastoma cells (D341Med [A]l, D425Med [B], and DAOY [C]) was determined at the indicated time points.
(D-F) AVO formation was determined in patupilone-treated medulloblastoma cells ([D] D341Med, 1 nM; [E] D425Med, 0.5 nM; [F]
DAOY, 1nM). Green (510-530nm) and red (465nm) fluorescence emission from 5 x 10° cells illuminated with blue (488 nm)
excitation light was measured with a FACSCalibur at the indicated time points.

important, combined treatment reduced clonogenicity in
all cell lines in an at least additive and comparable
extent. As expected from the response to patupilone
alone (see above), the D425Med and DAQOY cell lines
were sensitized to ionizing radiation at a 10-fold lower
concentration of patupilone, compared with the
D341Med cells (Fig. 4G-I). On the basis of the additive
effects of combined treatment on the level of cell viabi-
lity and clonogenicity, caspase-3 activity and the frac-
tional volume of acidic vesicular organelles were
determined in response to treatment. Caspase-3 activity
in response to irradiation was least induced in the
DAQY cells; however, no additive caspase-3 activation
could be observed in all 3 cell lines in response to com-
bined treatment with ionizing radiation (Fig. SA-C).
The autophagy-related end point was most prominently
induced in the D341Med cell line in response to

irradiation (Fig. SD-F); however, a minor additive
effect could only be detected in the D425Med cell line
in response to the combined treatment modality.
Overall, these data demonstrate that patupilone
enhances the effect of ionizing radiation in human
medulloblastoma cell lines with regard to viability and
clonogenicity. However, combined treatment of these
meduloblastoma cell lines does not result in enhanced
amounts of apoptosis or autophagy in these cell lines.

Radiosensitizing Effect of Patupilone on Tumor
Xenografts

To determine an at least additive effect of the combined
treatment modality in vivo, a combined treatment
regimen with patupilone and ionizing radiation
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Fig. 4. Antiproliferative and cytotoxic effect of patupilone in combination with ionizing radiation. (A—C) Human medulloblastoma cell lines
D341Med (A), D425Med (B), and DAOY (C) were treated with patupilone alone or in combination with clinically relevant doses of ionizing
radiation (2—5 Gy). Patupilone was added 30—60 min before irradiation. The antiproliferative activity was determined after 72 h of exposure.
(D-F) Human medulloblastoma cell lines D341Med (D), D425Med (E) and DAQY (F) were treated with patupilone at low (D425Med and
DAQY, 0.1 nM; D341Med, 0.25 nM) or high (D425Med, 0.5 nM; D341Med and DAQY, 1 nM) concentrations, alone or in combination
with ionizing radiation (5 Gy), and cell viability was determined by trypan blue exclusion after 72 h of exposure. (G—H) Clonogenicity of
human medulloblastoma cells after treatment with increasing doses of patupilone or in combination with ionizing radiation.

was tested against xenografts derived from human
D425Med medulloblastoma cells, which were subcu-
taneously injected into the backs of nude mice.
Treatment was started when tumors reached a minimal
size of 200 mm® + 10% (on days 20-27 after cell injec-
tion). In vivo studies were performed with loco regional
application of ionizing radiation using a shielding device
and a minimal fractionated treatment regimen of 3 Gy on
3 consecutive days. This daily dose is applied when frac-
tionated radiotherapy is used for the treatment of human
malignancies. For practical reasons only 3 fractions were
chosen as the treatment regimen, but the response to such
a regimen was previously found to be useful for treat-
ment evaluation.'” Fig. 6 summarizes the effect of
tumor treatment with patupilone alone (2 mg/kg patupi-
lone once), ionizing radiation alone (vehicle combined
with 3 x 3 Gy), and patupilone and ionizing radiation
in combination (2 mg/kg once combined with 3 x
3 Gy), compared with a vehicle alone-treated control
group. Patupilone was applied 24 h before the first of 3
fractions of irradiation applied on 3 consecutive days.
Determination of treatment-related body weight
changes did not reveal a patupilone-dependent transient
weight loss after patupilone application (data not
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shown), and no skin changes or tissue damage were
observed in the co-irradiated healthy tissue area around
the tumor during the follow-up period of tumor
growth. Treatment with patupilone or ionizing radiation
alone resulted in a partial tumor growth suppression over
10 days, whereas combined treatment exerted a strong
supra-additive tumor growth control, with complete
tumor regression in the follow-up period (P < .0035, for
ionizing radiation or patupilone alone vs combined treat-
ment) (Fig. 6). Interestingly, tumors only slowly
regressed after the end of treatment, coinciding with
the in vitro results that treatment-induced apoptosis
might only play a minor role for the treatment response
of these medulloblastoma cells to ionizing radiation
and patupilone. Complete visible tumor regression was
observed in all mice treated with the combined treatment
modality. In 2 of 5 mice, slow-growing tumor recur-
rences could be observed 25-30 days after the start of
treatment. No recurrences at all occurred in the remain-
ing cohort of mice treated with the combined treatment
modality (data not shown). Overall, these results demon-
strate that patupilone might be a promising alternative
for a combined treatment regimen using microtubule
inhibitors and ionizing radiation.
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Fig. 5. Apoptosis and autophagy after combined treatment with patupilone and ionizing radiation. (A—C) Human medulloblastoma cell lines
D341Med (A), D425Med (B), and DAQY (C) were treated with patupilone at low (D425Med and DAQY, 0.1 nM; D341Med, 0.25 nM) or
high (D425, 0.5 nM; D341Med and DAQY, 1 nM) concentrations, alone or in combination with ionizing radiation. Caspase-3 activity was
determined after 48 h. (D—F) Human medulloblastoma cell lines D341Med (D), D425Med (E), and DAOY (F) were treated with patupilone
at low (D425Med and DAQY, 0.1 nM; D341Med, 0.25 nM) or high (D425Med, 0.5 nM; D341Med and DAQY, 1 nM) concentrations, alone
or in combination with ionizing radiation. Green (510-530 nm) and red (465 nm) fluorescence emission from 5 x 10 cells illuminated with
blue (488 nm) excitation light was measured with a FACSCalibur at the indicated time points or after 48 h.

Discussion

Vincristine-associated side effects in medulloblastoma
have led to an intense search for novel microtubule-
interfering agents with radiosensitizing potential and
devoid of toxicities. Here, we investigated the effect
of the novel clinically relevant microtubule inhibitor
patupilone alone and in combination with ionizing
radiation on 3 human medulloblastoma cell lines and
determined a strong cytotoxic potency of patupilone
at picomolar concentrations. Importantly, patupilone
was 10-fold more potent than vincristine at inhibiting
proliferation at subnanomolar concentrations (ICs, for
patupilone, 0.1-0.25 nM; ICsq for vincristine, 1-
1.4nM) in all medulloblastoma cell lines tested.

Cell-cycle analysis revealed that patupilone sequen-
tially induced a strong G2-M-phase arrest in all cell
lines, followed by signs of apoptosis in the 2 medullo-
blastoma cell lines D425Med and DAQOY. In combi-
nation with ionizing radiation, an at least additive
cytotoxic effect against both radiation-susceptible
and radiation-resistant medulloblastoma tumor cell
lines was observed. These results demonstrate a
potent cytotoxic effect of patupilone alone and in
combination with ionizing radiation, and they
suggest that such a combined treatment modality qua-
lifies for additional preclinical and clinical testing in
medulloblastoma. Patupilone and other epothilone-
derivatives are currently being tested in clinical phase
/I trials in adults, and there is an ongoing phase
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Fig. 6. The effect of patupilone and ionizing radiation alone or in
combination on the growth of D425Med-derived xenografts in
nude mice. Mice were treated with patupilone (2 mg/kg once)
and ionizing radiation (3 x 3 Gy on consecutive days), alone and
in combination, with administration of patupilone or the vehicle
24 h prior to the first fraction of ionizing radiation. The horizontal
bar indicates days of treatment. Each curve represents the mean
tumor volume per group + standard error.

I/ trial of combined treatment with patupilone and
radiotherapy in brain tumors.

We previously investigated the cytotoxic effect of
patupilone alone or as part of a combined treatment
modality with ionizing radiation against tumor cells
derived from different tumor entities. Interestingly, the
combination of patupilone with ionizing radiation
resulted only in an additive cytotoxic effect against
various cancer cell types only in vitro, but it resulted in
a supra-additive tumor growth delay when tested
against tumor xenografts derived from the same tumor
cells as those tested in vitro.'®'* To the same extent, we
could also now demonstrate an at least additive effect
on combined treatment in the medulloblastoma cell
lines in vitro and, more important, a strong
supra-additive treatment response, including complete
tumor regressions in tumor xenografts treated with a
minimal combined treatment regimen in vivo. The
accumulation of tumor cells in the most radiosensitive
G2-M phase of the cell cycle represents the major rational
for the sensitization to ionizing radiation,”>~** although
other, S-phase progression-related mechanisms have also
been observed.!” Additional anti-vascular and anti-
angiogenic effects might contribute to the supra-additive
tumor growth delay observed in vivo, and in fact, direct
targeting of endothelial cells*~%” and indirect, anti-
angiogenic interference with the secretion of
pro-angiogenic factors from tumor cells have been
proposed.

Interestingly, the semisynthetic epithilone B deriva-
tive ixabepilone has previously been investigated
against several pediatric cancer models and revealed
broad-spectrum activity.'> To our knowledge, this is
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the first report to have investigated the potency of patu-
pilone alone and in combination with ionizing radiation
in medulloblastoma cell lines and tumor xenografts, and
we observed a differential cell line—dependent response
with regard to the patupilone-induced mode of cell
death. A strong G2-M-phase arrest was induced in all
cell lines by patupilone 6 and 12 h after the commence-
ment of treatment with low subnanomolar concen-
trations (0.1-1 nM). However, we also observed an
initial longer-lasting accumulation of cells in the radiore-
sistant S-phase in D425Med and D341 cell lines (data
not shown), as previously manifested in other tumor
cells in response to low-dose treatment with patupi-
lone."” The combined treatment with ionizing radiation
in all cell lines resulted in an at least additive cytotoxic
effect. After G2-M-phase arrest, patupilone potently
induced apoptosis in the D425Med and the DAOY
medulloblastoma cell lines, as indicated by caspase-3
activation and the occurrence of a subGl-peak cell
population by flow cytometry. The D341Med medullo-
blastoma cell line was less susceptible to patupilone in
terms of proliferation, clonogenic cell survival, and the
apoptosis level, with an ICsy of patupilone 10-fold
higher than the ICsq for the 2 other medulloblastoma
cell lines. Interestingly, the fractional volume of
patupilone-induced acidic vesicular organelles was
increased in this cell line versus the other 2 cell lines,
indicating an enhanced patupilone-dependent autopha-
gic process. These medulloblastoma cell lines differ in
their expression level and mutations of specific genes;
however, a differential treatment sensitivity thus far
could not be attributed to a specific genetic
background.*!

In addition to apoptosis, several additional cell death
pathways exist, such as autophagy, necrosis, senescence,
and mitotic catastrophe. Autophagy, which is also called
self-cannibalism, includes the degradation and recycling
of intracellular proteins and small organelles.
Autophagy may protect cells under the condition of
environmental stress but may also lead to cell death.
Patupilone only induced autophagy-related acidic
vacuolar organelles in the D341Med cells, which were
also less susceptible to patupilone, compared with the
2 other medulloblastoma cell lines. Interestingly, inter-
ference with autophagy sensitized cells to patupilone-
induced cell death, indicating that autophagy acts as a
cell-protective rather than a cell death—related response
to patupilone in these cells. However, how microtubule-
stabilizing agents promote autophagy on the molecular
level is far from clear. Only recently, a novel functional
link has been suggested between autophagy and micro-
tubules that is relevant for the cellular redistribution of
the autophagy related LC3-protein and coordinated
fusion of lysosomes and autophagosomes.”®

Microtubule inhibitors and ionizing radiation also
induce mitotic catastrophe as a mode of cell death,”
because they result in aberrant chromosomal segregation
and failed mitosis. Treatment with patupilone led to a
strong accumulation of cells in G2-M and multinuclea-
tion, as indicators for mitotic catastrophe, which has
been identified in all 3 medulloblastoma cell lines (data



not shown). Treatment-induced mitotic catastrophe can
also trigger other late cell death end points, including
apoptosis and independent of the original cytotoxic
insult. Thus, we cannot exclude that patupilone-induced
apoptosis in the medulloblastoma cells is a secondary
end point and that the cells have already undergone
mitotic catastrophe. Because pretreatment of cells
with the broad-range caspase inhibitor did not
reduce patupilone-induced cell viability, activation of
apoptosis-related end points might indeed represent a
secondary mode of cell death.

Overall, we demonstrated that patupilone is a very
potent cytotoxic agent against several medulloblastoma
cells lines, strongly reduces clonogenic survival alone and
in combination with ionizing radiation, and induces differ-
ent modes of cell death in a cell-line-dependent way. The
strong treatment response also determined in vivo
against tumor xenografts suggests that patupilone is a
promising agent for combined treatment modality
instead of vincristine and merits further preclinical
investigation and eventually clinical evaluation.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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