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Antitumor activity of nifurtimox is enhanced
with tetrathiomolybdate in medulloblastoma
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Abstract. Medulloblastoma, a neuroectodermal tumor arising
in the cerebellum, is the most common brain tumor found in
children. We recently showed that nifurtimox induces production
of reactive oxygen species (ROS) and subsequent apoptosis in
neuroblastoma cells both in vitro and in vivo. Tetrathiomolybdate
(TM) has been shown to decrease cell proliferation by inhibition
of superoxide dismutase-1 (SODI). Since both nifurtimox and
TM increase ROS levels in cells, we investigated whether the
combination of nifurtimox and TM would act synergistically
in medulloblastoma cell lines (D283, DAOY). Genome-wide
transcriptional analysis, by hybridizing RNA isolated from
nifurtimox and TM alone or in combination treated and control
cells (D283) on Affymetrix exon array gene chips was carried
out to further confirm synergy. We show that nifurtimox and
TM alone and in combination decreased cell viability and
increased ROS levels synergistically. Examination of cell
morphology following drug treatment (nifurtimox + TM) and
detection of caspase-3 activation via Western blotting indicated
that cell death was primarily due to apoptosis. Microarray
data from cells treated with nifurtimox and TM validated the
induction of oxidative stress, as many Nrf2 target genes
(HMOX1, GCLM, SLC7A11 and SRXN1) (p<10-) were up-
regulated. Other genes related to apoptosis, oxidative stress,
DNA damage, protein folding and nucleosome formation were
differentially involved in cells following treatment with
nifurtimox + TM. Taken together, our results suggest nifurtimox
and TM act synergistically in medulloblastoma cells in vitro,
and that this combination warrants further studies as a new
treatment for medulloblastoma.
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Introduction

Medulloblastoma is the most common malignant brain tumor
in children and accounts for 17% of all brain tumors in children
0-14 years old (1). Each year about five hundred children in
the US are affected by the disease (2). Many of these children
are less than 3 years old at diagnosis. These patients have a
reduced 5-year survival rate or increased long-term morbidity.
The overall 5-year survival rates range from 40 to 70%, with
the lower rates corresponding to younger children. Current
front-line treatments, which include intensive multiagent
chemotherapy, surgical resection, and craniospinal radiation,
often leave these patients with progressive neurocognitive and
neuroendocrine defects (3-5). Despite these treatments, approx-
imately one third of patients have recurrent disease. Therefore,
novel, well-tolerated, effective treatments are needed to increase
survival and prevent relapse without severe long-term toxicities.

Reactive oxygen species (ROS) are products of normal
metabolism, and can also be induced by xenobiotic exposure.
Depending on their concentration, ROS can lead to different
outcomes for the cell because of their ability to modify many
intracellular signaling pathways, as well as cause non-specific
damage to DNA, lipids, and proteins (6). Oxidative stress
activates the Nrf2 pathway, which activates a battery of genes
involved in detoxification and prevention of free radical
formation to protect the cell and facilitate cell survival (7).
Under conditions of normal redox homeostasis, the cell
maintains a balance between ROS generation or oxidative
stress and antioxidant and repair defense mechanisms (8). At
low levels, ROS can cause cell proliferation, while at high
levels, ROS cause cytotoxicity, inhibition of cell proliferation,
and induction of apoptosis (9). In order to upset this balance
so that an overproduction of ROS leads to apoptosis, it is
necessary to deliver an excess amount of ROS to cells (9). This
is the strategy employed when utilizing exogenous ROS-
generating drugs to treat tumor cells (10). In general, tumor
cells are more active than normal cells in the production of
O?- and are under intrinsic oxidative stress, which makes them
rely more heavily on cellular antioxidant enzymes (11). Because
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of this, tumor cells are more susceptible to excessive oxidative
stress induced by xenobiotic or chemotherapeutic agents (9).
Under excess oxidative stress due to chemotherapeutic agents,
the normal cellular mechanisms that regulate ROS, including
cellular antioxidant systems such as SOD, glutathione, thiore-
doxin, and sulfiredoxin, and repair mechanisms, are unable to
maintain cellular redox homeostasis (9,11). The resulting
overburden of ROS therefore leads to cell death (10).

One drug that generates the production of ROS is nifurtimox.
Nifurtimox is a nitroheterocyclic compound that undergoes
cellular reduction to nitro anion free radicals, hydrogen peroxide,
and superoxide free radicals, which generate ROS (12-14).
Originally nifurtimox was used to treat Chagas disease, which
is caused by the parasite Trypanosoma cruzi (12). We previously
reported a patient with neuroblastoma whose tumor appeared
to respond to nifurtimox while undergoing conventional salvage
chemotherapy (15). Subsequently we identified that nifurtimox
causes ROS production, cytotoxicity and apoptosis of neuro-
blastoma cells in culture and in mouse xenograft models (16).
Further, the in vitro cytotoxicity of nifurtimox in neuroblastoma
cells is dependent on ROS generation (16). This led to a phase I
clinical trial investigating the use of nifurtimox to treat pediatric
patients with neuroblastoma where we determined the maximum
tolerated dose (MTD) and its toxicity profile (76). Because
nifurtimox is used to treat Chagas disease in the brain, it is
known to cross the blood-brain barrier (12). It is readily absorbed
after oral treatment with relatively low toxicity (17). As
neuroblastoma and medulloblastoma are both tumors of the
neuroectoderm, we hypothesized that nifurtimox might have
the same cytotoxic effect on medulloblastoma cells as
neuroblastoma cells.

Combining drugs that increase the level of ROS could
potentially synergize the effects of nifurtimox on cell death.
By increasing the amount of oxidative stress, the imbalance
between the cellular oxidant species production and the anti-
oxidant capability would be further increased. In combination
with exogenous ROS-producing agents, drugs that reduce
antioxidant capability could be used. Because of the increased
oxidative stress in cancer cells, these cells are more vulnerable
to antioxidant inhibition than normal cells (9). Deletion of the
antioxidant gene superoxide dismutase-1 (SOD1) in Trypanosoma
brucei has shown to increase sensitivity to nifurtimox (18).
SODI1 is a copper/zinc enzyme found in the cytoplasm that
converts superoxide into hydrogen peroxide and molecular
oxygen, thereby maintaining low steady-state levels of super-
oxide (19-21). Deletion or inhibition of SOD1 results in an
accumulation of superoxide in the cells (19-21). One way to
inhibit SOD1 is by treatment with tetrathiomolybdate (TM), a
copper chelater (22). By binding to copper, TM inhibits angio-
genesis and SODI (23). TM is currently used to treat Wilson's
disease and is a potent anti-angiogenic and anti-tumorigenic
agent in mouse models. Based on these findings TM is being
evaluated in human clinical oncology trials (22,24-28). In
addition, high levels of SODI in tumors has been correlated
with poor prognosis in medulloblastoma patients, making TM
a good candidate for medulloblastoma treatment (29). By
combining nifurtimox and TM to treat tumor cells, ROS are
generated and antioxidant defense mechanisms are impaired,
resulting in an accumulation of ROS. Our hypothesis is that this
excess of ROS created by the nifurtimox and TM combination
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treatment causes medulloblastoma cells to undergo apoptosis.
A similar approach of combining an exogenous ROS-producing
agent, arsenic trixoide, with a SODI inhibitor, 2-methoxy-
estradiol, has been shown to induce apoptosis of leukemia
cells (30). TM has also been shown to cross the blood-brain
barrier (31), making it a viable option for medulloblastoma
treatment and reasonable to test it in combination with
nifurtimox.

In our current study, we investigated the effects of nifurtimox
treatment alone and in combination with TM on medulloblastoma
cells. We found that nifurtimox and TM work synergistically
to increase cellular levels of ROS and subsequent cell death in
preclinical in vitro medulloblastoma cell lines. Induction of
oxidative stress was further confirmed by gene expression
profiles of medulloblastoma cells treated with nifurtimox and
nifurtimox in combination with TM. These findings warrant
further study to develop the combination of nifurtimox and
TM as a potential treatment for medulloblastoma.

Materials and methods

Reagents. Nifurtimox (synthesized in the laboratory of Dr
L. Brard, Women and Infants Hospital of RI/Brown University,
Providence, RI) was dissolved in dimethyl sulfoxide (DMSO)
as a 10 mg/ml stock and stored in aliquots at -20°C. TM (Sigma,
St. Louis, MO) was dissolved in sterile water and stored in
aliquots at -20°C. N-acetyl-L-cysteine (NAC) (Sigma, St. Louis,
MO) was dissolved in RPMI (Mediatech) as an 800 mM stock
and made fresh for each experiment.

Cell culture and treatment. The human medulloblastoma cell
lines D283 (ATCC HTB-185) and DAOY (ATCC HTB-186)
were maintained at 37°C in a 5% CO,, humidified incubator
in RPMI-1640 media (Mediatech) supplemented with 10%
(v/v) fetal bovine serum (Gibco), 100 units/ml penicillin and
100 pg/ml streptomycin. Cells were grown to 75% confluency
in 100 mm plates or T75 flasks. Cells were treated with
nifurtimox (0, 10, 20 ug/ml) or TM (0, 1, 6.25 ug/ml) or the
combination of 10 ug/ml nifurtimox and 6.25 ug/ml TM for
16-48 h for caspase activation studies.

Cell viability assay. Cell viability was measured with Calcein
AM (Invitrogen, Carlsbad, CA). Calcein AM (a non-fluorescent
molecule) is hydrolyzed by endogeous esterase into the highly
negatively charged green fluorescent calcein. The fluorescent
calcein is retained in the cytoplasm in live cells. Relative
amount of Calcein AM directly corresponds to cell membrane
integrity and cellular toxicity. The amount of dye transported
into live cells over a fixed period of time was quantified by
Calcein AM. D283 and DAQY cells (10,000 cells/well) were
cultured in 48-well plates for 24 h and then treated with
nifurtimox (10 ug/ml), TM (6.25 ug/ml) or the combination of
nifurtimox (10 pg/ml) and TM (6.25 ug/ml) for 48 h. For the
NAC studies, cells were pretreated with 10 mM NAC for 2 h,
and nifurtimox (10 ug/ml), and TM (6.25 pg/ml) were sub-
sequently added for the remaining 46-h of incubation.
Vehicle-treated (0.1% DMSO or H,0) cells were used as
controls. After incubation, media was removed and fresh
media without serum containing 2 pg/ml Calcein AM was
added, then cells were incubated at 37°C for an additional
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30 min. Fluorescence was measured at 520em/485ex using a
BMG Fluostar microplate reader.

Isobologram statistical analysis. Statistical analysis of the cell
survival data consisted of background correction, normalization
and estimation of parameters reflecting the dependence of cell
survival on drug concentration. More precisely, the fluorescence
intensity, /, for each well was modeled using

I=exp (ﬁ}]\l/'uCN/lx + ﬁ%wmc;vm + BiaCry + BruChy + ﬁ%\’/‘lx,TMCTMCNju) (N-B)+ B + ¢

where B is the mean intensity obtained from eight wells
containing cell culture medium but no cells or drugs, N is
the mean intensity obtained from four wells containing cells
but no drugs, c,,,.drug € {Nftx, TM}, is a drug concentration,
and ¢ is a normally distributed error. Model parameters,
B order € {12}, were obtained using nonlinear parameter

estimation.

Western blot analysis. Cells cultured in 100 mm plates were
grown to 75% confluency and collected by scraping, re-suspended
in E buffer (10 mM Tris pH 7.6, 50 mM NaCl, 5 mM EDTA,
50 mM NaF, 0.1 mM NaVO,, 1% Triton, 10 pg/ml aprotinin,
10 pg/ml leupeptin, ABSF) and incubated on ice for 20 min to
lyse the cells. Cell lysates were sonicated for 10 sec and
centrifuged at 14,000 rpm for 20 min at 4°C. Protein concen-
tration was determined with Bio-Rad protein assay (Bio-Rad,
Hercules, CA). Cell lysates were electrophoresed on a 12%
SDS-polyacrylamide gel and blotted onto polyvinylidene
fluoride (PVDF) membrane, pore size 0.45 ym (Millipore).
The blots were blocked with Aquablock (EastCoast Bio, New
Berwick, ME) diluted 1:1 in PBS. The blots were probed with
rabbit-derived antibody to cleaved caspase-3 and B-actin (Cell
Signaling Technology, Beverly, MA). Protein bands were
visualized using infrared dye-conjugated anti-rabbit secondary
antibodies (LI-COR Biosciences, Lincoln, NE) and photographed
using an Odyssey Infrared Imaging System (LI-COR Bio-
sciences).

Measurement of ROS. Production of ROS was determined
using dichlorodihydrofluorescein (DCF). Cells were pretreated
with 25 ug/ml TM 24 h prior to nifurtimox (10 pg/ml) treatment.
For nifurtimox treatment, media was changed to RPMI without
phenol red and with glutamine and then nifurtimox was added
to a final concentration of 10 xg/ml using minimal lighting.
DMSO was added to the control cells. Cells were incubated in
the dark at 37°C for 20-30 min. Carboxylated DCF (Invitrogen)
(10 mM in DMSO and stored as a single use aliquot) was
added to each foil protected flask to a final concentration of
20 uM. Cells were incubated in the dark at 37°C for 25-30 min.
Cells were suspended in Accutase (Phoenix Flow, San Diego,
CA) and incubated for 5 min at 37°C. Cells were centrifuged
and re-suspended in 500 ul Accumax (Phoenix Flow) and
0.2% sodium azide. Fluorescence was measured by flow
cytometry.

RNA extraction and microarray. D283 cells were treated with
10 pg/ml nifurtimox, 6.25 ug/ml TM, or the combination of
10 pg/ml nifurtimox and 6.25 pg/ml TM for 6 h. Samples
were treated in duplicate. RNA extraction was done using the
RNeasy micro kit (Qiagen, Valencia, CA) following the
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manufacturer's instructions and eluted in Riboblock RNase
inhibitor (Formentas). RIN's were >9. RNA (5 ug) was
hybridized to each chip, and hybridization was performed
using Affymetrix GeneChip Human Exon 1.0 ST arrays.

Oligonucleotide array analysis. Raw oligonucleotide array data
includes a collection of images, one for each oligonucleotide
probe for each chip. Each image is summarized in one probe
intensity by the Vermont Genetics Network Microarray Facility
using Affymetrix GCOS software. All other calculations were
performed using R (32)/BioConductor (33,34) tools. Probe set
sample matrix expression statistics were calculated using the
Robust multichip average (RMA) method of Speed and co-
workers (35,36), implemented in the aroma.affymetrix package
of Bengtsson (37). Quality statistics were calculated using the
simpleaffy (38) package. Differential expression statistics
were analyzed in the context of annotation using Ingenuity
Integrated Pathway Analysis. Sample groups are designated
by C (control), N (nifurtimox alone), T (TM alone), or NT
(nifurtimox and TM). Comparisons are designated by <Query
Sample Group>m<Reference Sample Group> (m for minus).
For each transcript cluster we tested the null hypotheses that
there is no differential expression for each pair of sample
groups, that there is no main effect of nifurtimox

NT+N-T-C_

Os
2
no main effect of TM
NT+T-N-C_ 0
2 9’

or no nifurtimox-TM interaction

(NT-T)-(N-C)=0.

Results

Nifurtimox and TM induce apoptosis of medulloblastoma
cells in culture. The effect of nifurtimox and TM on the
growth of D283 and DAOY medulloblastoma cells in culture
was investigated. As shown in Fig. 1, single agent nifurtimox
(A) and TM (B) inhibit the growth of both cell lines in a
concentration-dependent manner. When treated with nifurtimox
(5 pg/ml), cell viability of both D283 and DAQY cells were
not affected, but treatment with nifurtimox (10 zg/ml) decreased
cell viability to 70% in D283 cells and 44% in DAQY cells.
Further, after 48-h exposure to 20 pg/ml nifurtimox, cell viability
of D283 cells decreased to 23% and DAQOY cells to 13%
compared to vehicle-treated controls. Similarly, cell viability
of D283 and DAQY cells was also decreased in a concentration-
dependent manner upon increasing treatments of TM (Fig. 1B).
When treated with 3.125 pg/ml TM, cell viability of D283 and
DAOY decreased to 81 and 55% respectively. Upon treatment
with 50 pg/ml TM for 48 h, cell viability of D283 and DAOY
decreased to 35 and 59%, respectively. Based on these results,
the nifurtimox concentration required to reach 50% inhibition
of growth (GI,,) after 48-h treatment for these cell lines was
estimated to be 8.4 pug/ml in D283 cells and 24.3 pg/ml in
DAOY cells. Similarly, GI5, for TM after 48-h treatment was
estimated to be 22.3 ug/ml in D283 cells and 20.5 yg/ml in



1332

Cell Viability (% Control)

180 -

160 4

140

120 4

100

80 4

60 1

40 -

KOTO et al: ANTI-MEDULLOBLASTOMA DRUGS: NIFURTIMOX AND TETRATHIOMOLYBDATE

B

120

5 10

Treatmentipg/ml)

m D283 D283
0DAOY ODAOY
£
[
s
2
z
:
=
'
20 0 3125 625 125 25 50

Treatment (ug/ml)

Figure 1. Nifurtimox and TM decrease medulloblastoma cell viability. D283 and DAOY medulloblastoma cells were incubated with increasing nifurtimox
(A) and TM (B) concentrations in 48-well plates for 48 h. Cell viability was quantified using Calcein AM and expressed as percent of vehicle control.
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Figure 2. Nifurtimox and TM act synergistically to decrease medulloblastoma cell viability. (A), Combination of TM and nifurtimox at 48 h. Cells were
treated with nifurtimox and TM as described. Cell viability was measured by Calcein AM assay. Viability is expressed as percentage control. Isobolograms
show that the combination of TM and nifurtimox is synergistic for DAOY (B) and D283 (C) medulloblastoma cells. Points express mean survival after
treatment with one or two drugs. Survival is expressed by the point's color, ranging from 100% survival (red) through 50% (black) to 0% (green). Contours
represent the predictions obtained by fitting the model to data. Contour lines (90%, 75%, 50%, 25%, and 10% for DAOY; 90%, 50%, 10%, 1%, and 0.0000001%
for D283) are colored according to the same scale as the points, that is, with a successful fit the lines will go through points of the same color.
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Figure 3. Nifurtimox induces apoptosis of medulloblastoma cells. Following nifurtimox (N), TM (T), or combination treatments (N+T), cells were lysed for
Western blot analysis and probed for actin and cleaved caspase-3. (A), D283 and DAQY cells were incubated with 0, 10, or 20 yg/ml nifurtimox for 16 h. (B),
D283 and DAQY cells were treated with 0, 25, or 50 pg/ml TM for 48 h. (C), D283 and DAOY cells were incubated with vehicle, 6.25 pg/ml TM, 10 pg/ml

nifurtimox, or the combination for 16 h.

DAOY cells. In contrast, normal epithelial cells in culture
exposed to nifurtimox do not experience these cytotoxic
effects (15).

To determine if the combination of nifurtimox and TM
has synergistic effects on cell viability, various concentrations
of nifurtimox and TM were used to treat D283 and DAOY
cells. As single agents, 2.5-5 yg/ml nifurtimox and 2-3 pg/ml
TM did not alter cell viability at low doses (Fig. 2A). However,
the combination of low doses of nifurtimox and TM greatly
decreased cell viability (Fig. 2A). The addition of 1 xg/ml TM
decreased the GI;, of nifurtimox to 5.8 ug/ml (40% decrease)
in D283 and 1.2 ug/ml (95% decrease) in DAOY cells. The
combination of 2.5 pg/ml nifurtimox with 2 u#g/ml TM decreased
cell viability to 20 and 40% as compared to vehicle-treated
D283 and DAOY cells, respectively. At 5 pg/ml nifurtimox
and 3 ug/ml TM, the cell viability was further decreased to 1
and 4% as compared to vehicle-treated D283 and DAQY cells,
respectively. Further, the efficacy of the combination of
nifurtimox and TM in the treatment of medulloblastoma was
analyzed by performing isobologram analysis of cell viability
for DAQY (Fig. 2B) and D283 (Fig. 2C) cells. Fig. 2B and C
show the isobologram data for the combination of nifurtimox
and TM at varying concentrations. Parameter estimation
strongly suggests drug synergism for both cell lines (p<10-8
and p<10-2 for DAOY and D283, respectively). Since the lines
indeed go through points of the same color, with red lines
going through red points and green lines going through green
points, the model adequately describes the data.

Nifurtimox and TM in combination activate caspase-3 in
medulloblastoma cells. To determine whether nifurtimox,
TM and the combination of nifurtimox and TM decrease cell
viability by inducing apoptosis, a Western blot analysis of
lysates of drug-treated (single agent or in combination) vs.
vehicle treated DAOY or D283 cells was performed to detect
activated caspase-3, an initiator of the apoptotic cascade (39)

(Fig. 3). D283 and DAOQY cells were exposed to 10 pg/ml
nifurtimox for 16 h, 6.25 pg/ml TM for 48 h, and the combination
of 10 ug/ml nifurtimox and 6.25 ug/ml TM for 16 h. Caspase
activation was indicated by the concentration-dependent
presence of cleaved caspase-3 when cells were treated with
nifurtimox or TM alone. This caspase activation was not
observed in vehicle-treated controls (Fig. 3A and B). When
cells were treated with a combination of nifurtimox and TM,
caspase-3 activation was increased as compared to vehicle-
treated controls and cells treated with each of the drugs alone
(Fig. 30).

The combination of nifurtimox and TM increases ROS in
medulloblastoma cells. To determine if nifurtimox and TM
produce ROS in medulloblastoma cells, D283 and DAOY
cells were pretreated with 25 pg/ml TM for 24 h and then
treated with 10 pg/ml nifurtimox for 25-30 min. Cells were
then incubated with carboxyl-DCF and fluorescence was
measured by flow cytometry. Nifurtimox induced a 1.5-fold
change in the DAOY cells and a 1.4-fold change in the D283
cells (Fig. 4A and B). TM induced a 1.5-fold change in the
DAOY cells and a 1.3-fold change in the D283 cells (Fig. 4A
and B). The combination of nifurtimox and TM induced a
3.1-fold change in the DAOY cells and a 1.6-fold change in the
D283 cells, demonstrating increased levels of ROS in these
cells (Fig. 4A and B).

To show that the cytotoxicity of nifurtimox was due to
ROS, D283 and DAQY cells were pretreated with the anti-
oxidant N-acetyl-L-cysteine (NAC) (10 mM) for 2 h and then
treated with nifurtimox (10 pg/ml) or the combination of
nifurtimox (10 xg/ml) and TM (6.25 pg/ml) for 48 h and cell
viability was measured by Calcein AM assay. As shown in
Fig. 4C, the viability of DAOY cells treated with NAC was the
same as vehicle-treated cells, however, the viability of D283
cells was reduced (~20%) upon treatment with NAC (10 mM).
Further, as shown previously (Fig. 2A), treatment with nifurtimox
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Figure 4. Nifurtimox induces formation of reactive oxygen species in medulloblastoma cells. (A and B), Cells were incubated with 10 pzg/ml nifurtimox (10-N),
25 pg/ml TM (25-N), or the combination of 10 pg/ml nifurtimox and 25 ug/ml TM (N+T) for 25-30 min prior to treatment with carboxylated DCF. Cells were
collected and analyzed by flow cytometry. (C), Cells were pre-incubated with 10 mM NAC for 2 h, then 10 yg/ml nifurtimox or the combination of 10 yg/ml
nifurtimox and 6.25 ug/ml TM was added. Cell viability was quantified after 48 h using Calcein AM.

or the combination of nifurtimox and TM decreased cell
viability (Fig. 4D). When cells were pretreated with NAC
(10 mM) followed by nifurtimox (10 pxg/ml), or nifurtimox
(10 pg/ml) and TM (6.25 pug/ml), cell viability of DAOY and
D283 cells recovered to the same level of controls, confirming
that ROS activation indeed mediates cytotoxicity induced by
nifurtimox and the combination of nifurtimox and TM in
these medulloblastoma cell lines (Fig. 4D).

Nifurtimox treatment resulted in activation of the Nrf2
pathway. To investigate changes in gene expression caused
by treatments with nifurtimox, TM, or the combination of
nifurtimox and TM, Affymetrix exon arrays were performed
on RNA isolated from treated and control D283 cells. D283
cells were treated with DMSO vehicle, 10 yg/ml nifurtimox,
6.25 pug/ml TM, or the combination of 10 yg/ml nifurtimox
and 6.25 pg/ml TM for 6 h, then RNA was isolated and exon
arrays were performed.

Nrf2 target genes were non-randomly represented among
genes judged differentially expressed. Genes differentially
expressed in response to nifurtimox in either the absence

(NmC) or presence (NTmT) of TM were identified based on a
p-value threshold of 0.05 (Fig. 5A and B). The nonrandom
representation of Nrf2 pathway genes was significant at p<3x10-
and p<2x10-, respectively (Fig. 5A-D). The response of these
genes to nifurtimox was very similar in NmC and NTmT
(Fig. 5C), such that the nonrandom representation of Nrf2
pathway genes among genes identified as differentially expressed
using the main effect of nifurtimox was significant at p<3x10-8.
Nrf2 pathway genes responding to nifurtimox with a greater
than 2-fold change included HMOX1, GCLM, SLC7A11, and
SRXNI1, which were significant at p<10-° in the NmC, NTmT
and main effect comparisons (Fig. 5D). Ingenuity pathways
analysis (IPA) was used to generate the NRF2 pathway, which
has been overlaid with relative gene expression levels of the
main effect of nifurtimox (Fig. 6). Other differentially expressed
genes included those involved in apoptosis, response to
oxidative stress, response to DNA damage, protein folding, and
nucleosome formation (Table I).

The results of the other comparisons were less clear. The
range of response to nifurtimox was <3-fold compared with
6-fold, and there was little correlation between TmC and
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Figure 5. NRF2-mediated oxidative stress response pathway is activated by
nifurtimox in either the absence (NmC) or the presence (NTmT) of TM. (A and
B), Volcano plots representing the magnitude (horizontal axis) and statistical
significance (vertical axis) of differential expression of each probe set (points)
based on (A) NmC and (B) NTmT comparisons, respectively. Dashed lines
bound regions having p<0.05 and either 2-fold increased (upper right) or 2-fold
decreased (upper left) differential expression. Gene targets of the transcription
factor NRF2 are colored in red. (C), Scatterplot representing the magnitude
of differential expression in NmC and NTmT for each probe set. Gene targets
of the transcription factor NRF2 are colored in red. (D), TXNIP is down-
regulated by TM in either the absence (TmC) or the presence (NTmN) of
nifurtimox. Volcano plot shows differential expression and statistical signifi-
cance of the main effect of TM; TXNIP is colored in red. (E), Volcano plot
representing the magnitude (horizontal axis) and statistical significance
(vertical axis) of differential expression of each probe set (points) based on
NTmC. Dashed lines bound regions having p<0.05 and either 2-fold increased
(upper right) or 2-fold decreased (upper left) differential expression. Gene
targets of the transcription factor NRF2 are colored in red.

seen at 24-48 h. Nonetheless TXNIP was down-regulated in
both comparisons and was associated with an adjusted p-value
<0.003 (Fig. 5SD).
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Figure 6. Canonical pathway analysis and differential expression induced by the main effect of nifurtimox. Data were analyzed through the use of Ingenuity
Pathways Analysis (Ingenuity® Systems, www.ingenuity.com) and was used to generate the nuclear NRF2 pathway, which has been overlaid with relative gene
expression levels of the main effect of nifurtimox. Red indicates up-regulation, and green indicates down-regulation.
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Table I. Genes involved in apoptosis, oxidative stress, DNA damage, protein folding, or nucleosome structure that are differentially
expressed in NmC, TmC, or NTmC.

Accession no. Gene name NmC NmC TmC TmC NTmC NTmC
fc. p f.c. p f.c. p

Apoptosis

NM_002061 Glutamate-cysteine ligase, modifier subunit (GCLM) 3.13 0.0003 121 0.9997 2.55 0.0115
NM_002133 Heme oxygenase (decycling) 1 (HMOX1) 6.07  5E-05 1.17 09997 4.14 0.00201
NM_006472 Thioredoxin interacting protein (TXNIP) 149 0453 2.11 0.196 434 0.00022
NM_006186 Nuclear receptor subfamily 4 group A member 2 (NR4A2) 1.27 0.732 1.18  0.9997 2.27 0.00198
NM_004417 Dual specificity phosphatase 1 (DUSP1) 1.31 0.732 1.18 09997 231 0.00291
NM_019058 DNA-damage-inducible transcript 4 (DDIT4) 1.11 0.999 0.87 0.9997 2.29 0.0413
NM_004083 DNA-damage-inducible transcript 3 (DDIT3) 1.61 0.621 124 0.9997 248 0.0221

NM_015675 Growth arrest and DNA-damage-inducible, beta (GADD45B) 1.03 0.999 1.15 0.9997 2.09 0.00398

Oxidative stress/DNA damage/protein folding

NM_002061 Glutamate-cysteine ligase, modifier subunit (GCLM) 3.13 0.0003 121 0.9997 2.55 0.00137
NM_080725 Sulfiredoxin 1 homolog (SRXNT1) 216 00506 1.14 0.9997 2.16 0.0132
NM_002133 Heme oxygenase (decycling) 1 (HMOX1) 6.07 SE-05 1.17  0.9997 4.14 0.00022
NM_006472 Thioredoxin interacting protein (TXNIP) 149 0453 211 0.196 4.34 0.00022
NM_001031716 Oligonucleotide/oligosaccharide-binding fold containing 2A 1.2 0.999 1.61 0.748 2.24 0.0132
(OBFC2A)
NM_004417 Dual specificity phosphatase 1 (DUSP1) 1.31 0.732 1.18  0.9997 231 0.00291
NM_004083 DNA-damage-inducible transcript 3 (DDIT3) 1.61 0.621 124 09997 248 0.0221
NM_080725 Sulfiredoxin 1 homolog (S. cerevisiae) (SRXN1) 2.16 0.0506 1.14 0.9997 2.16 0.0132
NM_014685 Homocysteine/ER stress-inducible, ubiquitin-like domain 1.87 0.109 126 0.9997 2.66 0.00314
member 1 (HERPUD1)
NM_001040619  Activating transcription factor 3 (ATF3) 1.1 0.999 122 09997 2.22 0.00245
NM_014331 Solute carrier family 7, member 11 (SLC7A11) 4.44 5E-05 1.81 0.21 4.89 5.3E-05

NM_006145 Dnal (Hsp40) homolog, subfamily B, member 1 (DNAJB1) 1.8 0.149 1 0.9997 2.13 0016
NM_012328 Dnal (Hsp40) homolog, subfamily B, member 9 (DNAJB9) 1.47 0.284 105 0.9997 2.05 0.00414
NM_007034 Dnal (Hsp40) homolog, subfamily B, member 4 (DNAJB4) 32 0.0004 127 0.9997 3.18 0.00037

Nucleosome formation

NM_175055 Histone cluster 3, H2bb (HIST3H2BB) 1.14 0999 1.12 09997 2308 0.137
NM_003528 Histone cluster 2, H2be (HIST2H2BE) 1.19 0.999 123 0.9997 2208 0.0186
NM_003522 Histone cluster 1, H2bf (HIST1H2BF) 1259 0931 136 0.9997 2.1 0.0132
NM_005322 Histone cluster 1, H1b (HIST1H1B) 1299 0.999 141 09997 228 0.0372
NM_003519 Histone cluster 1, H2bl (HIST1H2BL) 1.369 0.668 132 0.9997 201 0.0143
NM_003521 Histone cluster 1, H2bm (HISTIH2BM) 1.37 0.982 1.35 0.9997 275 0.0242
NM_003544 Histone cluster 1, H4b (HIST1H4B) 1.389 0.891 1.52  0.9997 2.18 0.0345
NM_003513 Histone cluster 1, H2ab (HISTIH2AB) 142 0.822 1.34 0.9997 231 0.0211
NM_003537 Histone cluster 1, H3b (HIST1H3B) 148  0.856 141 0.9997 2.57 0.0251
NM_003511 Histone cluster 1, H2al (HIST1H2AL) 1.81 0.402 1.53  0.9997 2.6 0.0211
NM_005320 Histone cluster 1, H1d (HISTIH1D) 2.04 0.0727 228 0.196 255 0.00443

Table was constructed using GoTerms for apoptosis, oxidative stress, and response to DNA damage. Additional genes involved in these processes
based on primary literature were added. Genes were chosen based on at least 2-fold change in one treatment, depicted in bold numbers. Treatment
conditions include nifurtimox minus control (NmC), TM minus control (TmC), and nifurtimox and TM minus control (NTmC). Fold changes (f.c.)
indicate sign fold changes, and p-values (p) represent adjusted p-values. Genes that are up-regulated are in black; genes that are down-regulated are
underlined.

A subset of genes was differentially expressed in the and DNAJBI,additional stress-inducible molecular chaperones
NTmC as compared to NmC and TmC (Fig. 5SE and Table I).  including DNAJB9 and DNAJB4, and other genes involved in
Additional Nrf2 target genes, including HERPUDI, ATF3, apoptosis and DNA damage including DUSP1, OBFC2A,



1338

DDIT3, DDIT4, and GADD45B, were up-regulated by at least
2-fold change with adjusted p-values <0.05 (Fig. 5E and Table I).
A large subset of histones were down-regulated by the
nifurtimox and TM treatment, with adjusted p-values ranging
from 0.004 to 0.136.

Discussion

Our study investigated whether the combination of nifurtimox
and TM treatment would lead to an increase in ROS production
and subsequent cell death in medulloblastoma cells. We found
that nifurtimox and TM are cytotoxic to D283 and DAOY
medulloblastoma cells in a concentration-dependent manner.
When nifurtimox and TM are combined, cytotoxicity and
ROS production are increased in these cell lines. Based on the
isobologram data, nifurtimox and TM function synergistically.
In support of the cell viability studies, the combination of
nifurtimox and TM increases the amount of cleaved caspase-3
as compared to nifurtimox or TM alone, demonstrating that
the loss in cell viability is due to synergistically enhanced
apoptosis. The production of ROS causes the decrease in cell
viability. As shown by DCF, nifurtimox and TM induce the
production of ROS. When nifurtimox and TM are added in
combination, the amount of ROS generated in medulloblastoma
cells is greater than either treatment alone. Pretreatment of
cells with NAC, an antioxidant, followed by treatment with
nifurtimox or the combination of nifurtimox and TM, reverses
the loss in cell viability. Therefore, the combination of nifurtimox
and TM treatment functions synergistically to generate an
excessive amount of ROS, which causes the medulloblastoma
cells to undergo apoptosis leading to a decrease in cell viability.

Microarray data from medulloblastoma cells treated with
nifurtimox and the combination of nifurtimox and TM confirms
the mechanism of ROS generation. Adaptive oxidative stress
response genes are induced in an effort to detoxify ROS, prevent
free radical generation, and facilitate cell survival. The micro-
array analysis was performed six hours after treatment, so it
represents an early cellular response. Several Nrf2 target genes,
as well as other genes involved in apoptosis, DNA damage,
oxidative stress, and protein folding, are induced by nifurtimox
and nifurtimox plus TM combination treatment. These results
are comparable to a study that investigated the in vivo gene
expression of oxidative stress in mice treated with diquat, a
redox cycler, and Sodl-/- mice (40). Similar to our results in
nifurtimox and TM treated medulloblastoma cells, up-regulation
in several antioxidant genes, including Srxnl, Gcelc, Txn2, and
HMOX-1, in SOD1-/- mice has been shown (40).

Specifically, nifurtimox and nifurtimox plus TM combination
treatment causes up-regulation of several target genes of the
Nrf2 pathway, regarded as the most important pathway in
protecting cells against oxidative stress (41-45). Using Ingenuity
software to analyze the microarray data in a nonrandom
fashion, this pathway was regarded as the most highly involved
pathway. Nrf2 is a basic leucine zipper transcription factor
that binds to the antioxidant response element (ARE) in its
target genes and regulates gene expression (42,46-52). Nrf2
target genes up-regulated at least 2-fold by nifurtimox and
TM combination treatment include HMOX1, GCLM, SRXNI1,
HERPUDI1, AFT3, DNAJB1, and SLC7A11. Some of these
Nrf2 target genes are increased by nifurtimox treatment alone.
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However, more Nrf2 target genes are up-regulated by nifurtimox
plus TM combination treatment. For example, HMOX1 and
GCLM expression increased in nifurtimox and nifurtimox
plus TM treatment, but not TM treatment alone. These two
genes were more up-regulated by nifurtimox alone (HMOX1
6.07-fold, GCLM 3.13-fold) than by nifurtimox plus TM
combination treatment (HMOX1 3.55-fold, GCLM 2.11-fold),
which may contribute to the decrease in cell survival seen in
the combination treatment. Both HMOX1 and GCLM play
important antioxidant roles in the cell. Up-regulation of these
antioxidant genes that aid in cell survival signifies that the
cells are under oxidative stress (7,8). HMOX1 is an antioxidant
enzyme involved in the heme degradation process and confers
resistance to stress-mediated cell injury (42,46,53). HMOXI1 can
also be induced by AP-1, NF-«xB, and their upstream kinases
(ERK, JNK, p38MAPK, PI3K/Akt, PKC) (54). GCLM is the
modulatory subunit of glutamate cysteine ligase, which catalyzes
the first rate-limiting step of glutathione synthesis (55,56).
GSH is the most abundant non-protein thiol in cell, and plays
an essential role in the protection of cells against toxicants
and metabolism of reactive compounds through reduction and
conjugation reactions by reducing hydrogen peroxide and lipid
hydroperoxides (8,57). Depletion of GSH by conjugation and
reduction reactions results in an increased production of GSH
(57). It is likely that nifurtimox and TM treatment depleted the
GSH stores in the medulloblastoma cells. An increase in GSH
levels serves as an adaptive response for the cell to defend itself
against subsequent stresses.

In addition to the antioxidant genes HMOX1 and GCLM,
two other antioxidant genes, SRXNI1 and TXNIP, are regulated
by nifurtimox, TM, and nifurtimox plus TM combination
treatment. SRXN1 (sulfiredoxin 1) expression is up-regulated
to the same levels with nifurtimox and combination treatment
(2.16-fold), but unchanged with TM treatment. Recent studies
have identified SRXN1 as a new Nrf2 target gene (58).
Sulfiredoxin restores inactive peroxiredoxins (peroxidases)
back to the thioredoxin cycle to prevent permanent oxidative
inactivation of peroxiredoxins (58). In this way, sulfiredoxin
and thioredoxin work in conjunction. The expression of TXNIP
(thioredoxin-interacting protein) is repressed by nifurtimox
(1.49-fold) and TM (2.11-fold) treatments alone, while the
combination treatment (4.34-fold) showed a greater fold
repression than either treatment alone. TXNIP inhibits the
reducing activity of thioredoxin (TRX) through direct protein-
protein interaction (59). Thioredoxin reduces ROS through
reversible oxidation of thioredoxin at its two cysteine residues;
thioredoxin is then reduced by thioredoxin reductase and
NADPH (8). Therefore, when TXNIP gene is repressed, TRX
expression is increased, leading to increased TRX-reducing
activity, and potentially an improved cellular response to
oxidative stress (60-63). While TRX is typically involved in
inhibiting apoptosis, it can also regulate p53, which controls
response of proapoptotic genes (63). It is possible that the
synergistic down-regulation of TXNIP by the nifurtimox plus
TM combination treatment contributes to the increase in
apoptosis and decrease in cell survival. Clearly, both nifurtimox
and nifurtimox plus TM combination treatment differentially
regulate the expression of various antioxidant genes, which
may affect the cellular response to oxidative damage and cell
survival.
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Additional Nrf2 target genes are up-regulated by nifurtimox
and nifurtimox plus TM treatment, including SLC7A11,
HERPUDI, and ATF3 (Table I). HERPUDI expression is up-
regulated in response to the accumulation of unfolded proteins
in the endoplasmic reticulum (ER) as part of the ER stress
response (64). SLC7A11 is a member of the heteromeric Na*-
independent anionic amino acid transport system, where it
exchanges cystine for glutamate, which ultimately enhances
glutathione synthesis (65). Of these, SLC7A11 was up-regulated
similarly by nifurtimox and nifurtimox plus TM treatment,
while HERPUDI and particularly ATF3 were more up-regulated
by the nifurtimox plus TM combination treatment. ATF3, which
is a bZIP-containing ATF/CREB family transcription factor,
is a stress-responsive gene, as well as a p53 target gene with both
protective and proapoptotic effects (66-71). Up-regulation of
these Nrf2 target genes by the nifurtimox plus TM combination
treatment may signify the increased oxidative stress caused by
this treatment.

Microarray data also shows a change in gene expression of
other genes involved in oxidative stress, DNA damage, apoptosis,
protein folding, and nucleosome formation in cells treated with
nifurtimox, TM, and the combination of nifurtimox and TM.
Some of these genes are differentially regulated by nifurtimox
or TM treatment alone, but all of them are significantly regulated
at least 2-fold by the nifurtimox plus TM combination treatment
(Table I). For example, NR4A2, an orphan nuclear receptor, is
up-regulated 2.27-fold (p=0.002) by the combination treatment,
but only 1.27-fold by nifurtimox and 1.18-fold by TM treatment.
DUSPI (also known as mkp-1) is the MAPK phosphatase-1, a
nuclear phosphatase that dephosphorylates proteins of the
MAPK family (p38 MAPK, JNK, ERK1/2) and thereby
inactivates them, which may contribute to changes in cell cycle,
cellular proliferation, and cell survival (72). The expression is
slightly increased with nifurtimox (1.31-fold) or TM (1.18-fold)
treatment alone, but is further increased in the combination
treatment (2.31-fold). Typically DUSP1 expression is induced
by oxidative stress and DNA damaging agents (72). OBFC2A
(also known as hSSB2) showed similar expression pattern as
DUSPI, slightly increased with nifurtimox (1.2-fold) or TM
(1.61-fold) treatment alone, but increased more in the combination
treatment (2.24-fold). While it is thought that this protein
functions as a single-stranded DNA-binding protein to partici-
pate in the DNA damage response, the mechanism is unclear
(73).

Three different DNA damage inducible genes, DDIT3,
DDIT4, and GADD45B, showed the greatest level of expression
in cells treated with the combination of nifurtimox and TM.
This provides further evidence that DNA damage was likely
induced, which could contribute to an increase in apoptosis.
Furthermore, three stress-inducible molecular chaperones
involved in protein folding, DNAJB1, DNAJB4, and DNAJB9,
were increased by nifurtimox plus TM treatment. As molecular
chaperones, these proteins bind to unfolded proteins or mutant
proteins to ensure proper protein folding (74,75). Since oxidative
stress causes the accumulation of damaged proteins, the up-
regulation of these genes signifies a cytoprotective response to
the proteotoxic stress induced by the nifurtimox plus TM
treatment. Of potential interest is the down-regulation of
several histones with the nifurtimox plus TM treatment. The
histones HIST3H2BB, HIST1H2BF, HISTIH1B,HISTIH2BL,
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HIST1H2BM, HIST1H2AB, HISTIH3B, HISTIH2AL,
HISTIHID were down-regulated by at least 2-fold with
significant p-values of 0.004-0.04, with the exception of
HIST3H2BB, which had a p-value of 0.14. The down-
regulation of histone genes may affect nucleosome formation
and cell replication. However, because of the complexity of
histone gene clusters and the numerous copies of each histone
gene, further validation of histone protein levels is necessary
to confirm this result. The differential regulation of several
genes involved in apoptosis, DNA damage, oxidative stress,
protein folding, and nucleosome formation by the combination
treatment further demonstrates the synergistic effect of
nifurtimox and TM.

While it is clear from the cell viability data that nifurtimox
and TM treatment are synergistic, the microarray data provide
a genomic snapshot of this synergism. Certain target genes,
including NR4A2, DUSP1, DDIT4, GADD45B, ATF3,
DNAIJB9, HIST3H2BB, and HIST2H2BE, appear to be
differentially regulated in a synergistic manner by nifurtimox
and TM combination treatment as compared to either treatment
alone. Furthermore, it is obvious that the cells are responding
to oxidative stress by turning on several different antioxidant
genes, particularly targets of the Nrf2 pathway. Based on the
data, the combination of nifurtimox and TM generates an
overwhelming level of ROS which results in oxidative stress.
It is possible that earlier or later time points than 6 h might
provide more insight into the mechanism by which these two
drugs function synergistically to decrease the viability by
inducing apoptosis of medulloblastoma cells. Further experi-
ments are underway to develop the combination of nifurtimox
and TM as a potential treatment for medulloblastoma.
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