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Summary Development of drug resistance after standard che-
motherapy for glioblastoma multiforme (GBM) with
temozolomide (TMZ) is associated with poor prognosis of
GBM patients and is at least partially mediated by a direct
DNA repair pathway involving O6-methylguanine
methyltransferase (MGMT). This enzyme is under post-
translational control by a multisubunit proteolytic cellular ma-
chinery, the 26S proteasome. Inhibition of the proteasome by
bortezomib (BZ), a boronic acid dipeptide already in clinical use
for the treatment of myeloma, has been demonstrated to induce
growth arrest and apoptosis in GBM cells. In this study we
investigated the effect of sequential treatment with BZ and
TMZ on cell proliferation-viability and apoptosis of the human
T98G and U87 GBM cell lines. We also tested for an effect of
treatment on MGMT expression and important upstream regu-
lators of the latter, including nuclear factor kappa B (NFkB),
p44/42 mitogen-activated protein kinase (MAPK), p53, signal
transducer and activator of transcription 3 (STAT3) and
hypoxia-inducible factor 1o (HIF-1x). The sequence of drug
administration for maximal cytotoxicity favored BZ prior to
TMZ in T98G cells while the opposite was the case for U87
cells. Maximal efficacy was associated with downregulation of
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MGMT, reduced IkBax-mediated proteasome-dependent nucle-
ar accumulation of NFkB, attenuation of p44/42 MAPK, AKT
and STAT3 activation, and stabilization of p53 and inactive HIF-
L. Collectively, these results suggest that proteasome inhibition
by BZ overcomes MGMT-mediated GBM chemoresistance,
with scheduling of administration being critical for obtaining
the maximal tumoricidal effect of combination with TMZ.
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Introduction

Drug resistance of glioblastoma multiforme (GBM) is a key
factor involved in poor responses and dismal prognosis of this
tumor, despite marginal benefits achieved after introduction of
concurrent chemoradiation and adjuvant temozolomide (TMZ)
as the standard of care [1]. A major player in the emergence of
resistance, either as intrinsic feature of a significant proportion
of GBMs or as a secondary response to alkylating agents is O6-
methylguanine methyltransferase (MGMT) [2]. This direct
DNA repair protein is responsible for removal of alkyl groups
from damaged DNA through a one-way suicide reaction
which results in MGMT proteolytic degradation by the 26S
proteasome [3]. Importantly, MGMT promoter methylation
has been associated with a better clinical response to
chemoradiation and overall survival [4].

Regulation of MGMT is a complex process. To date,
several transcription factors and coactivators have been
suggested to be involved in transcriptional regulation of
MGMT, including nuclear factor kappa B (NFkB), p53,
hypoxia-inducible factor 1 (HIF-1c), AP-1, Spl, glucocor-
ticoids, cAMP response element-binding protein (CBP), p300
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and MGMT enhancer binding protein (MEBP) [5-13]. In
addition, post-transcriptional regulation of MGMT has also
been reported to occur through signal transducer and activator
of transcription 3 (STAT3) signaling as well as through
mRNA processing by microRNAs (miR), in particular miR-
181d [14, 15].

In addition to MGMT, the 26S proteasome as disposal
cellular machinery is involved in degradation of several dam-
aged or misfolded proteins within the cell [16]. Bortezomib
(BZ) is a pharmacologic inhibitor of the proteasome, currently
approved for clinical use in treatment of myeloma, but is also
active in GBM cells, inducing growth inhibition and apoptosis
through upregulation of cell cycle arrest- and proapoptotic-
proteins (cyclin B1, p21, p27, Bmf, TRAIL DRS5), enhance-
ment of TRAIL-mediated apoptosis, downregulation of cell
cycle progression- and antiapoptotic- proteins (CDK2, CDK4,
E2F4, Bcl-2, Bcel-x1), and activation of JNK signaling [17-20].

The concept of proteasome inhibition as a strategy to
overcome glioma chemoresistance is currently being tested
at the clinical level, with reported results from two phase |
studies of BZ and TMZ, as well as ongoing phase II studies
[21, 22]. However, the molecular mechanisms underlying
this drug combination have not been elucidated. In this
work, we investigated the effect of sequence-dependent
combinations of TMZ and BZ on proliferation-viability
and apoptosis of high (T98G) and low (U87) MGMT-
expressing GBM cells, looking for an effect on MGMT
and important upstream MGMT regulators, including
NFkB, p44/42 mitogen-activated protein kinase (MAPK),
p53, STAT3 and HIF-1«. Our results indicate that BZ exerts
a chemosensitizing effect which is unique for each GBM
cell line, depending on the order of administration. The
mechanism of this dependency involves downregulation of
MGMT through interference with NFkB, MAPK, STAT3 and
HIF-1«x signaling pathways and offers a rational for their
assessment as predictors of response in future trials and as
therapeutic targets.

Materials and methods
Cell culture and reagents

The human GBM cell lines T98G (p53 mutant, p5S3mt) and
U87 (p53 wild-type, pS3wt) were purchased from the Euro-
pean Collection of Animal Cell Cultures (ECACC, UK) and
all experiments were performed within 6 months from pur-
chase. The cell lines were cultured in Dulbecco’s modified
Eagle’s medium (GIBCO, UK) supplemented with 10 %
heat-inactivated FBS (GIBCO, UK), 5 % L-glutamine
(GIBCO, UK) and 1 % penicillin-streptomycin (Euroclone,
UK) at 37 °C in a humidified 5 % CO2 atmosphere. TMZ
(Merck, UK) was dissolved in dimethyl sulfoxide (DMSO)
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at a concentration of 100 mM, stored as a stock solution at
—80 °C and diluted in culture medium just before use. BZ
(Janssen-Cilag, Greece) was dissolved in deionized water
and diluted in culture medium just before use. For BZ
pretreatment experiments, cells were treated with 0.1 pM
BZ for 24 h. The BZ-containing medium was then removed
and cells were washed twice with PBS. Then, cells were
treated with either fresh medium or medium containing
100 uM TMZ for 16 h. For delayed BZ treatment, cells
were incubated in TMZ-containing medium for 16 h. Then,
cells were treated with either fresh medium or medium
containing 0.1 pM BZ for 24 h (Fig. 1a). The final concen-
tration of DMSO in culture medium was <0.1%v/v. A 0.1 %
DMSO vehicle for 16 h was used as a negative control for
TMZ.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

Cells were plated in 96-well plates at a density of 2x10°.
Cells were allowed to attach for 24 h at 37 °C and were then
treated with the drug combinations, as described previously.
After treatment, 10 mL of MTT reagent (R&D Systems,
UK) were added in each well, and plates were further
incubated for 4 h at 37 °C. Then, 100 mL of MTT detection
reagent (R&D Systems, UK) were added in each well, and
plates were left at room temperature overnight, protected
from light. Samples were analyzed at a wavelength of
570 nm with a reference at 650 nm in a 1420 Victor device
(Wallac Victor, Finland). Experimental wells were carried
out in triplicate (p<0.01).

Drug combination interaction analysis

The interaction of the two-drug combinations, in the two cell
lines, was analysed with the use of ratio R from the MTT assay
data, as previously reported [23, 24]. The ratio R is calculated
as follows: R=Survival[Combination]/Survival[TMZ] x
Survival[BZ]. If R is less than 0.8 the combination is consi-
dered synergistic, if it is between 0.8 and 1.2, the combination
is considered additive, and if R is more than 1.2 the combina-
tion is considered antagonistic.

DNA fragmentation

DNA fragmentation was determined using the cellular DNA
fragmentation ELISA kit (Roche Diagnostics, Germany).
After exposure to bromodeoxyuridine (BrdU) for 18 h, cells
were reseeded onto a microplate (10°cells/well) and treated
with the drug combinations, as described previously. Super-
natant was removed and remaining cells were lysed with the
kit buffer. Cell lysate was transferred into an anti-DNA
precoated microtiter plate and analyzed using the ELISA
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Fig. 1 Effect of BZ and TMZ a baseline
on proliferation-viability of TMZ (16h)
T98G and U87 cells. a Schema

. T™Z/BZ
of treatment regimens. b MTT
assay. Numbers 1, 2 illustrate BZ (24h)

the order of addition of each
drug. For BZ pretreatment
experiments, cells were treated
with 0.1 uM BZ for 24 h. The
BZ-containing medium was
then removed and cells were
washed twice with PBS. Then,
cells were treated with either b
fresh medium or medium
containing 100 uM TMZ for
16 h. For delayed BZ treatment,
cells were incubated in TMZ-
containing medium for 16 h.
Then, cells were treated with
either fresh medium or medium
containing 0.1 uM BZ for 24 h.

% cell proliferation
g

Results represent the mean
(£SEM) of three independent
experiments performed in

BZ/TMZ

. | = S
___________ P—

culture medium —3
TMZ [18h) —_—

BZ (24n) e

T98G usv

% cell proliferation
3 =]
*

*

s

BZ - - 2

procedure. After 1 h of incubation, exonuclease treatment
was carried out during 30 min. DNA fragmentation was
measured spectrophotometrically (at 450 nm and 690 nm
as the reference wavelength) after the anti-BrdU-
peroxidase conjugate and the substrate solutions had been
added. BrdU-labeled fragments measured in cell lysate
denoted apoptotic fragmentation. A positive control was
prepared for each cell line to obtain a relative quantifica-
tion of the amount of apoptosis in each treatment condi-
tion. According to the manufacturer’s instructions (Roche
Diagnostics, Germany), this was performed after solubili-
zation of genomic DNA by endogenous nucleases. The
results presented are the mean values of three independent
experiments (p<0.01).

Western blot analysis

Fractionation of cells, analysis of nuclear and cytoplasmic
fractions, or total cellular proteins, and electrophoresis were
carried out as previously described [25]. Primary antibodies
against the p65 subunit of NFkB, IkBa, p53, caspase-3,
STAT3 (Santa Cruz Biotechnology, USA), human HIF-1«
(BD Biosciences, USA), phospho-p44/42 MAPK (Erk1/2)
(Thr 202/Tyr 204), p44/42 MAPK (Erk1/2), phospho-AKT
(Ser 473), total AKT, phospho-STAT3 (Tyr705) (Cell Sig-
naling, USA), Histone 2B (Abcam, UK), and actin (Sigma
Aldrich, UK) were used. Horseradish peroxidase-
conjugated secondary antibodies were obtained from Santa
Cruz Biotechnology, USA. Densitometric analysis of the

100
* 100
8
; . . .
. ; <
) .
triplicate (¥*p<0.01; baseline vs 2 I I ”* 2
treated cells)
™2 - + 1 - 2

™Z - + 1 - 2

+ 1 BZ - - 2 + 1

bands in blots was carried out with the public domain
software for image analysis “Image]” (National Institute of
Health, USA). All experiments were carried out in triplicate
(»<0.01) and representative results are shown. Bar graphs
of relative expression results from three independent exper-
iments are provided in Supplementary files.

Immunofluorescence

Cells were grown on coverslips, washed once with PBS, and
fixed with 3 % formaldehyde in PBS for 5 min at room
temperature. Cells were washed twice with PBS and perme-
abilized with PBS containing 0.1 % Triton X-100 for
15 min. After being washed twice with PBS cells were
treated with 3 % BSA in PBS for 1 h. Coverslips were
incubated for 1 h at room temperature with a monoclonal
anti-p65 antibody (Santa Cruz Biotechnology, USA),
washed twice with PBS, and incubated for 1 h at room
temperature with FITC-conjugated (Bio-Rad, USA) secon-
dary antibodies. After being washed twice with PBS, cells
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) mounted on slides, viewed on an Axioscope 40
Zeiss microscope and recorded by a Leica DFC480 camera.

20S proteasome activity assay
Total protein cell lysates were prepared using a 0.5 %

CHAPS buffer which did not affect proteasomal enzymatic
activity. Chymotryptic activity of the 20S proteasome was
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measured in total cell lysates as previously described [25].
All measurements were performed in triplicate (p<0.01).

Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated from T98G cells using a commercial
RNA isolation kit (Bio-Rad, USA). Using 1 pg total RNA,
single-stranded DNA (cDNA) was synthesized by the use of a
cDNA synthesis kit (Bio-Rad, USA). The primers used were,
for MGMT forward, AGAGTCGTTCACCAGACAGG and
MGMT reverse, GCCATTCCTTCACGGCCAG.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
expression was used as a loading control, with primers for
GAPDH forward, GGA AGG TGA AGG TCG GAG TCA
and GAPDH reverse, GTC ATT GAT GGC AAC AAT ATC
CAC, respectively. Conditions for MGMT were 35 cycles,
Tanneal 55 °C and for GAPDH were 35 cycles, Tanneal
58 °C. PCR products were subjected to electrophoretic anal-
ysis on 2 % agarose gels containing ethidium bromide (Sigma
Aldrich, UK), and were visualized and photographed under
UV light. Treatment conditions were as described above. All
experiments were carried out in triplicate (p<0.01) and repre-
sentative results are shown.

Statistical analysis

The Graph Pad Instat Statistical package for Windows
(GraphPad Software, USA) was used. Data are expressed as
mean + SEM. The one-way analysis of variance (ANOVA)
with the Bonferroni post-test was used for the comparison of
data, and the statistical significance limit was set at p<0.05.

Results

BZ increases the inhibitory effect of TMZ on proliferation-
viability of GBM cells in a schedule-dependent manner

The ultimate mechanism of TMZ action involves initiation
of apoptotic signaling after unrepaired alkylation DNA dam-
age. However, glioma cells may evade cell death in response
to TMZ by undergoing prolonged G2/M arrest [26, 27]. BZ
exposure was also found to increase the percentage of cells
in the G2/M phase [17]. Based on these data, we postulated
that consecutive rather than concurrent combination of the
drugs might be more appropriate for eliciting tumoricidal
effects. Also, given the central role of NFkB in the MGMT-
related response of gliomas to O6-alkylating agents as well
as in mediating the anticancer effects of BZ [10, 28, 29], we
hypothesized that doses of TMZ and BZ with an established
inhibitory effect on NFkB might result in greater treatment
efficacy when used in combination (Fig. 1a). Thus, the
concentration and time of TMZ administration (100 uM
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for 16 h) was selected based on previous evidence of in-
creased cytotoxicity associated with maximal inhibition of
NF«B transcriptional activity, in the same cell lines [30].
Likewise, the concentration and time of BZ administration
(0.1 uM for 24 h) was selected based on data supporting
initiation of apoptosis associated with reduction of nuclear
NF«B levels and transcriptional activity, in the same cell
lines [17].

To assess the proliferation-viability of cells exposed to
either drug alone or the combinations we performed an
MTT assay. We observed that both drugs exerted a growth
inhibitory effect on either cell line, with BZ monotherapy
being more effective compared to TMZ alone. T98G were
seemingly more susceptible to BZ antiproliferative action
compared to U87 cells. The order of drug administration in
the combination schedules elicited different responses in the
two cell lines. In T98G cells, BZ prior to TMZ was more
active than BZ alone, which in turn was more effective
compared to TMZ followed by BZ. In contrast, U87 cells
displayed greater sensitivity to early administration of TMZ
followed by BZ, and this schedule induced growth arrest
and inhibition of cell proliferation-viability to a greater
extent compared to BZ monotherapy, and BZ prior to
TMZ, in descending order. TMZ monotherapy was the least
effective among all treatment conditions in both cell lines
(Fig. 1b). 0.1 % DMSO vehicle had no effect on cell
proliferation-viability in either cell line (data not shown).

We performed a drug combination interaction analysis
based on MTT data and found that in both cell lines, all drug
combinations between TMZ and BZ displayed a synergistic
effect. However, in T98G cells synergy was more pro-
nounced in the early BZ treatment before TMZ compared
to the delayed BZ administration after TMZ, whereas in
U87 cells the opposite was the case for the corresponding
drug combination schedules (Table 1).

BZ induces apoptosis in TMZ-treated GBM cells
in a schedule-dependent manner

To explore whether BZ-mediated reduction of cell
proliferation-viability is associated with apoptotic death,
we tested for presence of cleaved caspase-3 fragments under
the same conditions. We observed that TMZ monotherapy

Table 1 R value for the combination of TMZ (100 uM 16 h) and BZ
(0.1 uM 24 h) in T98G and U87 cells

Cell line R value + SEM

BZ(1)/TMZ(2) TMZ(1)/BZ(2)
T98G 0.006+0.001 0.023+0.005
us7 0.015+0.001 0.013+0.001
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had no significant effect on caspase-3 in either cell line. In
contrast, BZ alone resulted in increased caspase-3 cleavage
in both cell lines. When combined with TMZ, the order of
BZ addition led to different outcomes in cell fate of the two
cell lines. T98G cells displayed pronounced caspase-3
cleavage after the early BZ schedule, whereas they showed
no significant increase in caspase-3 fragments with the late
BZ schedule. In contrast, the exact opposite effects in terms
of drug sequencing were observed in U87 cells (Fig. 2a).
To confirm and quantify our results on apoptosis, we
performed a DNA fragmentation ELISA assay under the
same conditions. We observed a dependency of the magni-
tude of apoptotic fragmentation (compared to positive con-
trols of each cell line) on the order of BZ addition to TMZ.
In T98G cells, BZ monotherapy induced apoptotic rates as
high as BZ followed by TMZ, and both schedules were
comparable with the positive control (CTL). Delayed BZ
after TMZ induced less apoptosis than the previous
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Fig. 2 Effect of BZ and TMZ on apoptosis of T98G and U87 cells. a
Western blotting of total lysates from T98G (leff) and U87 cells (right)
for caspase-3 fragments incubated as in Fig. 1b. b DNA fragmentation
ELISA of lysates from T98G (leff) and U87 cells (right) measured as %
percentage of BrdU DNA fragments of treated cells compared to

% DNA fragmentation (% pos CTL)

conditions but greater than TMZ alone. In U87 cells, TMZ
followed by BZ was the strongest apoptosis-inducing sched-
ule, followed by BZ. Early BZ prior to TMZ was not as
effective as late BZ treatment but induced more apoptotic
fragmentation compared to TMZ alone (Fig. 2b). 0.1 %
DMSO vehicle had no effect on apoptosis in either cell line
(data not shown).

BZ reduces TMZ-induced MGMT and proteasome-
dependent IkBa-mediated nuclear accumulation of NFkB
in a schedule-dependent manner

To test our hypothesis that BZ-induced sensitization to TMZ
might result from inhibition of NFkB-dependent, MGMT-
mediated DNA repair we assessed the levels and intracellu-
lar localization of these two proteins, under the same con-
ditions. We observed that TMZ increased nuclear
accumulation of both NFkB and MGMT in both cell lines.
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positive control (CTL), incubated as in a. Results represent the mean
+SEM of three independent experiments performed in triplicate (*p<

0.01; baseline vs treated cells, #p<0.01; TMZ vs BZ and TMZ vs
combination)
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In contrast, BZ had the opposite effects, causing a signifi-
cant reduction of nuclear NFkB and MGMT levels as well
as an increase in cytoplasmic NFkB levels. MGMT, being a
nuclear DNA repair enzyme, was undetectable in the cyto-
plasm in all experimental conditions [31]. Again, when
combined, TMZ and BZ were able to reduce nuclear NFxB
and MGMT only in an order-dependent fashion that was
reverse between T98G and US87 cells, favoring early BZ
incubation for T98G and delayed BZ addition for U87 cells
(Fig. 3a).

To further test our hypothesis on the modulation of the
NFkB-MGMT response after treatment, we performed a
qualitative assessment of MGMT transcript levels with RT-
PCR in the high MGMT expressing T98G cell line, under
the same conditions. We also assessed intracellular NFkB
localization with indirect immunofluorescence microscopy,
in both cell lines. We found that TMZ significantly induced
MGMT mRNA but this effect was prevented with addition
of BZ, seemingly more efficiently in the early compared to
late administration of BZ in relation to TMZ (Fig. 3b). With
regard to NFkB, a mixed pattern of nuclear and cytoplasmic
NFkB was observed at baseline, whereas TMZ led to an
increase of nuclear NFkB amount, in both cell lines. In
contrast, BZ reduced NFkB nuclear accumulation. With
regard to the combination of the drugs, an inverse result
was produced in the two cell lines depending on the order of
administraton. In T98G cells, delayed BZ addition after
TMZ resulted in increased NFkB nuclear accumulation
whereas early BZ incubation before TMZ led to a cytoplas-
mic localization pattern. In U87 cells, delayed BZ schedule
decreased nuclear NFkB amount whereas early BZ before
TMZ favored NFkB nuclear accumulation (Fig. 3c).

Then we tested whether the aforementioned effects of
treatment on NFkB are mediated through proteasomal
activity-dependent modulation of IkB levels. We observed
that TMZ led to an increase in 20S proteasome activity
which was more pronounced in U87 cells compared to
T98G cells and was accompanied by reduction of IkBax
levels. BZ either alone or in combination with TMZ reduced
proteasome activity thereby stabilizing IkBo levels in both
cell lines. Maximal inhibition of proteasome activity was
unique for each cell line and was accompanied by maximal
propagation of IkBa accumulation, at the same treatment
schedules that resulted in greatest attenuation of nuclear
NFkB localization, as described above (Fig. 3d).

BZ inhibits TMZ-induced MAPK and STAT3 signaling
and stabilizes wt p53 in a schedule-dependent manner

To test the effects of treatment on signaling pathways other
than NFkB, which also regulate MGMT expression, we
assessed the phosphorylated and total levels of MAPK and
STAT3 proteins and total levels of p53. We found that TMZ
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enhanced phosphorylation-dependent activation of MAPK
and STAT3, whereas BZ reduced their phosphorylated coun-
terparts compared to the total protein levels which were not
affected in either cell line. In T98G cells, BZ prior to TMZ led
to greater inhibition of MAPK and STAT3 phosphorylation
compared to late BZ incubation after TMZ. In U87 cells, the
TMZ/BZ schedule inhibited MAPK and STAT3 phosphory-
lation more potently compared to the BZ/TMZ schedule
(Fig. 4a). Levels of mt pS3 were not appreciably changed by
either drug of their combinations in T98G cells compared to
baseline (data not shown). However, p53 accumulation was
observed in U87 cells in response to BZ treatment, which was
slightly greater when TMZ was added prior to BZ. In contrast,
p53 levels after early BZ administration followed by TMZ
were not appreciably changed (Fig. 4a).

BZ promotes HIF-1o accumulation but inhibits AKT-
dependent HIF-1« translation and nuclear MAPK-
dependent HIF-1« activation

When we assessed HIF-1x, which is an inducer of MGMT
transcription, we observed that BZ stabilized HIF-1c pro-
tein levels at the same treatment conditions which were
previously found to downregulate MGMT. These included
BZ and BZ/TMZ exposures for T98G, and TMZ/BZ, BZ for
U87 cells. The effect was more pronounced in U87 cells but
was also observed in T98G cells to a lesser extent (Fig. 4b).
This prompted us to further investigate for evidence of
actual HIF-1« activation. Thus, we checked the phosphor-
ylated and total levels of AKT, which is known to promote
HIF-1« translation in GBM [32]. In addition we tested the
phosphorylated and total nuclear amount of MAPK, which
is responsible for HIF-1o nuclear translocation and tran-
scriptional activity, as shown in other cancer cell types
[33, 34]. We found that in a schedule-dependent, cell-
specific way, effective treatment conditions in terms of
MGMT inhibition also led to decreased phosphorylation of
both AKT and nuclear MAPK, thus implying that the accu-
mulated HIF-1 was functionally inactive (Fig. 4b).

Discussion

Despite the growing number of molecular mechanisms impli-
cated in TMZ resistance of GBM, methylation of MGMT gene
promoter remains the only established molecular marker linked
to sensitivity to alkylating agent chemotherapy [35]. However,
accumulating clinical evidence implicates several signaling
pathways in determination of responses and outcomes of such
patients. Tumor necrosis factor-alpha-induced protein 3
(TNFAIP3) was identified as regulatory component of a puta-
tive cytoplasmic signaling cascade that mediates NFkB activa-
tion in response to DNA damage caused by O6-alkylating
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Fig. 3 Effect of BZ and TMZ
on nuclear NFkB, MGMT
expression, total IkBx and 20S
proteasome activity of T98G
and U87 cells. a Western
blotting of nuclear and
cytoplasmic lysates from T98G
(left) and U87 cells (right) for
NFkB and MGMT, incubated
as in Fig. 1b. Histone 2B served
as nuclear marker while actin
served as cytoplasmic marker. b
RT-PCR of MGMT mRNA in
T98G cells incubated as in a.
GAPDH was used as a loading
control. ¢ Immunofluorescence
microscopy of TI8G (upper)
and U87 cells (lower) for NFkB
incubated as in a. Nuclei were
stained with 4',6-diamidino-2-
phenylindole (DAPI).
Magnification bars=10 pM. d
20S proteasome activity assay
of lysates from T98G (leff) and
U87 cells (right) incubated as in
a. 20S proteasome activity was
calculated as RFU/ug and
expressed as % percentage of
baseline. Results represent the
mean =SEM of three
independent experiments
performed in triplicate (¥p<
0.01; baseline vs treated cells).
Western blotting of total lysates
from T98G (left) and U7 cells
(right) for IkBe, incubated as
in a. Actin served as loading
control
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Fig. 4 Effect of BZ and TMZ
on activity of STAT3, MAPK/
p53 and HIF-1 pathways in
T98G and U87 cells. a Western
blotting of total lysates from
T98G (left) and U87 cells
(right) for p-STAT3, total
STAT3, wt p53, p-MAPK and
total MAPK, incubated as in
Fig. 1b. Actin served as loading
control. b Western blotting of
total lysates from T98G (leff)
and U87 cells (right) for HIF-
1, p-AKT, total AKT and of
nuclear and cytoplasmic lysates
for p-MAPK and total MAPK,
incubated as in a. Histone 2B
served as nuclear marker while
actin served as cytoplasmic
marker
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agents [28]. Further, assessment of nuclear NFkB 1/p50 expres-
sion was found to be a negative prognosticator in astrocytomas
of all grades [36]. Also, increased expression of phophorylated
MAPK and AKT is a predictor of poor prognosis, while acti-
vated STAT3 expression also predicts survival in such patients
[37-39]. Finally, HIF-1 has emerged as a useful prognostic
factor in astrocytic tumors associated with necrosis on MR
images and has been proposed to refine the prognostic informa-
tion provided by grade [40, 41].

Intriguingly, all the above-mentioned markers not only are
greatly involved in MGMT regulation either at gene or/and at
protein level, but they also represent drugable targets [5, 10,
12-14]. We postulated that proteasome inhibition might be a
reasonable strategy to test for sensitizing GBM cells to TMZ as
it has been previously shown to inhibit these pathways either in
GBM [17] or in other cancer cell types [34, 42]. Our presenting
data support that the combination of TMZ and BZ is indeed
active in terms of attenuating proliferation-viability and induc-
ing apoptosis in GBM cells with variable level of MGMT
expression, however the order of drug administration elicits
different molecular responses which modulate tumoricidal ef-
fects. The interaction between TMZ and BZ is synergistic.
However, T98G cells seem to be more sensitive to BZ com-
pared to U87 cells when used as single agent. Reversely, U87
cells are seemingly more sensitive to TMZ compared to T98G
cells. With regard to treatment combinations, interaction be-
tween early BZ and TMZ is most synergistic in T98G cells,
whereas delayed BZ and TMZ is most synergistic in U87 cells.
We thus tested whether treatment-induced changes in the above
mentioned MGMT-regulating pathways might explain this dif-
ferential, schedule-dependent drug sensitivity and synergism
between the two cell lines.

First, in line with previous reports, we show that TMZ
causes activation of the canonical NFkB pathway through
increased proteasome activity-dependent IkBo reduction,
and enhances activation of MAPK, STAT3 and AKT signaling
in both cell lines [10, 12, 34, 38]. These effects were in parallel
with an increase in MGMT nuclear levels in both cell lines and
in MGMT transcript level tested in T98G cells. Under DNA
damage-induced stress conditions, dependence of the MGMT
protein amount to gene transcription may become stronger
given that this suicide enzyme is targeted for proteolytic
degradation after a 1:1 reaction with methylated DNA [3].
Thus, it is no surprise that MGMT protein levels do not
decline with increasing proteasome activity. This increase in
MGMT emanates, at least partially, from transcriptional in-
duction and post-transcriptional stabilization, mediated by the
afore-mentioned factors. In addition, TMZ led to a decrease in
HIF-1« protein levels in U87 cells, possibly through increas-
ing HIF-1« proteolytic degradation, given the extremely short
half-life of the protein under normoxic conditions [43].

Second, we demonstrate that BZ treatment has greater
antitumor effects compared to TMZ, significantly reducing

cell proliferation-viability and inducing p53-independent
apoptosis in both cell lines, to a slightly greater extent in
T98G compared to U87 cells, in accordance with previous
data [17]. Further to the existing reports on antitumor mech-
anisms of BZ in GBM cells [17-20], we show that its
antiproliferative and proapoptotic action in both T98G and
U87 cell lines is exerted, at least partially, through
downregulation of MGMT. At the transcriptional level, this
is effected via reduced nuclear accumulation of NFkB as
well as reduced activation of MAPK. With regard to the
latter, given the p53 mutational status of T98G cells, it
cannot be supported that the MAPK/Mdm2/p53 pathway
is active in these cells, but only in U87 cells with functional
wt p53. However, MAPK may still be involved in NFkB
activation through IkB kinase (IKK) phosphorylation-
dependent IkB degradation, and same is the case for AKT,
phosphorylation levels of which are also significantly re-
duced by BZ [44]. At the post-transcriptional level, BZ re-
duces STAT3 activation and resultant MGMT upregulation
[14]. However, the fact that phosphorylated STAT3 levels
were shown to partially recover after addition of the
proteasome inhibitor MG132 to a STAT3 inhibitor, in that
study, implies that BZ may cause STAT3 inhibition in a way
possibly unrelated to its proteasome inhibitory action. It is
presently not possible to tell whether BZ blocks STAT3,
MAPK and AKT pathways directly (e.g. as a kinase inhibitor)
or indirectly through unknown proteasome substrates. In cell
types other than glioma, it has been demonstrated that cancer-
ous inhibitor of protein phosphatase 2A (CIP2A), a cellular
inhibitor of protein phosphatase 2A (PP2A), mediates the
effect of BZ on phospho-AKT and apoptosis; however, in
GBM cells this remains elusive [45]. Considering BZ-
mediated MGMT downregulation, it may initially seem
contradicting that BZ led to a slight increase of previously
undetected HIF-1x protein levels in T98G cells, and stabili-
zation of HIF-1«x protein levels in U87 cells. However, BZ
effectively inhibited AKT activation and nuclear MAPK ac-
cumulation and activation which are indispensable for HIF-1
protein de novo synthesis, nuclear targeting and transcription-
al activity, respectively [33, 34]. Thus, BZ essentially inhibits
transcription of HIF-1« target genes, including MGMT.
Finally, we found that early BZ treatment effectively
prevents the antiapoptotic response of T98G cells to TMZ,
but does not significantly enhance cytotoxicity of TMZ in
U87 cells compared to the reverse combination or BZ alone.
In contrast, late BZ administration enhances the
proapoptotic result induced after TMZ in U87 cells, but is
not so efficient in reversing TMZ resistance in T98G cells
compared to the reverse combination or BZ monotherapy.
These observations suggest a pattern of BZ-induced sensi-
tization to TMZ which is inverse between T98G and U87
cells, and depends on the order of drug addition. There is
one previous report addressing the issue of sequencing of
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TMZ and BZ in GBM [46]. In their work, Ng et al. suggest
that BZ should be administered after TMZ in U87 cells due
to an enhanced tumoricidal effect compared to either early
BZ administration or concurrent treatment with both drugs.
They replicated their results with other proteasome inhibi-
tors as well as in an in vivo xenograft model [46]. Despite
differences in dosing and time schedules, our data are in line
with their results. To explain this dependency on the order of
drug administration they performed an analysis of cell cycle
distribution, which however showed no alterations by dif-
ferent order of BZ addition with regard to TMZ (although
they observed increased mitotic arrest with morphological
criteria). They postulated that DNA damage-induced
upregulation of DNA repair might be a plausible explana-
tion [46].

Our results complement their work by showing that the
mechanism underlying this dependency involves indeed
MGMT, which is a critical DNA repair pathway involved
in alkylation damage, with established clinical significance.
Thus, maximal downregulation of MGMT seems to indicate
the most effective sequence in both cell lines. Furthermore,
the implication of MGMT in determination of response to
the BZ-TMZ combination extends to all major signaling
pathways involved in MGMT regulation, including NF«B,
MAPK, STAT3 and HIF-1x pathways (Fig. 5). As such,
changes in the nuclear and cytoplasmic localization of
NF«B and MAPK, and phosphorylation status of MAPK,
AKT and STAT3 are in accordance with MGMT levels and
are also indicative of resistance or response, depending on
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Fig. 5 Schematic model of the possible mechanisms of BZ-mediated
inhibition of TMZ-induced MGMT expression. Continuous lines stand
for transcriptional regulation while dash lines stand for post-transcrip-
tional regulation of MGMT
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the order of drugs. p53 cellular status is probably not impli-
cated in initiation of apoptosis as both p53 wt and p53 mt
were able to undergo programmed cell death, as previously
reported [26]. However in p53-proficient U87 cells, p53
accumulation paralleled the cytotoxic effect of BZ either
alone or after TMZ pretreatment, whereas inability to raise
p53 levels predicted reduced sensitivity to either TMZ alone
or BZ addition prior to TMZ, thus implying that the
MAPK/p53 axis may be active in this case.

Based on these results, we propose two putative models of
TMZ resistance and expected response to the combination of
TMZ and BZ. The first model, simulating T98G cells, fea-
tures inherent baseline upregulation or/and a potential for
activation of MGMT and upstream pathways involving
NFkB, MAPK, STAT3 and HIF-1«. In this case, adminis-
tration of TMZ first might not seem an effective strategy.
Instead, pretreatment with BZ, which is a potent inhibitor of
these pathways determining alkylation resistance might en-
able sensitization to TMZ, thus maximizing its effects. The
second model, simulating U87 cells, is characterized by low
baseline levels of MGMT and its upstream pathways, which
might permit treatment initiation with TMZ but would also
require BZ as a second drug to reverse the expected
upregulation of DNA repair resulting from induced DNA
damage. Nonetheless, it cannot be excluded that the mecha-
nism of sensitization through NFkB, MAPK, STAT3 and
HIF-1« inhibition may not be totally MGMT-dependent as
these factors have been associated with resistance of GBM to
treatment irrespectively of MGMT status [30, 38, 40, 47].
Also, the effectiveness of TMZ on glioma cells has largely
been established in relation to MGMT promoter methylation
and not necessarily to MGMT protein expression, although
the latter was also shown to predict slower tumor progression
in GBM patients [48-50].

In our study we did not assess the status of MGMT
methylation under the experimental conditions used. First,
despite the fact that methylation is involved in silencing of
the MGMT gene in tumors, regulation of MGMT expression
is a more complex process determined by several factors,
including transcription modifiers and post-translational pro-
tein modifications which were the primary aim of this in-
vestigation. Second, variations in the methylation pattern of
discrete CpG sites have been observed in pyrosequencing
and methylation-specific PCR (MSP) studies, suggesting
that not all CpG islands are of equal significance for silenc-
ing of MGMT, let alone that hemimethylated cell lines and
tumors represent a unique entity [51]. Thus, the ideal com-
binations of methylated CpGs that would be better predic-
tors of TMZ sensitivity due to MGMT gene silencing are
still under investigation [52]. More importantly, up-
regulation of MGMT without concomitant change in pro-
moter methylation has been reported in recurrent tumors,
indicating that mechanisms other than CpG methylation
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may also be involved in MGMT regulation during progres-
sion after treatment [51]. Intriguingly, MGMT protein ex-
pression more than the level of MGMT promoter
methylation was found to predict the response to TMZ in
human tumour cell lines, including T98G [52]. In another in
vitro study, exposure of T98G cells in higher concentrations
of TMZ for longer incubation times compared to ours, failed
to demonstrate any changes in MGMT methylation status of
either wild or transfected cells with liver-type glutaminase
(LGA), which downregulates MGMT [53].

In the clinical setting, MGMT promoter methylation status
does not change from the primary to recurrent tumors in the
majority of glioblastoma patients [54], and any observed
changes after recurrence are not predictive of outcome [55].
Notably, discordant findings in MGMT methylation and lack
of correlation with expression of DNA-methyltransferases
(DNMTs), which are the regulatory enzymes for DNA meth-
ylation patterns in eukaryotic cells, indicate methylation-
independent pathways of MGMT expression regulation [56].
In contrast, low MGMT mRNA expression emerged as an
independent favorable predictor of time to progression, treat-
ment response, and survival [56].

In conclusion, we have revealed a new role for BZ as a
potent MGMT inhibitor in GBM through interference with
NFkB, MAPK, STAT3 and HIF-1«x pathways. In this con-
text, we have further shown that addition of BZ to TMZ
overcomes alkylation resistance in a strictly order-
dependent fashion which is associated with the level of
MGMT expression. Evidently, schedule-dependent manipu-
lation of signaling pathways involved in MGMT regulation
and their assessment as surrogate markers are critical for
overcoming resistance and predicting response to TMZ-
based combination treatments in GBM.
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