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ABSTRACT
Tumor necrosis factor related apoptosis-inducing ligand (TRAIL) has tremendous promise in treating
various forms of cancers. However, many cancer cells exhibit or develop resistance to TRAIL. Interestingly,
many studies have identified several secondary agents that can overcome TRAIL resistance. To expand on
these studies, we conducted an extensive drug-re-profiling screen to identify FDA-approved compounds
that can be used clinically as TRAIL-sensitizing agents in a very malignant type of brain cancer,
Glioblastoma Multiforme (GBM). Using selected isogenic GBM cell pairs with differential levels of TRAIL
sensitivity, we revealed 26 TRAIL-sensitizing compounds, 13 of which were effective as single agents.
Cardiac glycosides constituted a large group of TRAIL-sensitizing compounds, and they were also effective
on GBM cells as single agents. We then explored a second class of TRAIL-sensitizing drugs, which were
enhancers of TRAIL response without any effect on their own. One such drug, Mitoxantrone, a DNA-
damaging agent, did not cause toxicity to non-malignant cells at the doses that synergized with TRAIL on
tumor cells. We investigated the downstream changes in apoptosis pathway components upon
Mitoxantrone treatment, and observed that Death Receptors (DR4 and DR5) expression was upregulated,
and pro-apoptotic and anti-apoptotic gene expression patterns were altered in favor of apoptosis.
Together, our results suggest that combination of Mitoxantrone and TRAIL can be a promising therapeutic
approach for GBM patients.

Abbreviations: TRAIL, tumor necrosis factor related apoptosis-inducing ligand; GBM, glioblastoma multiforme; TMZ,
temozolomide; IAP, inhibitors of apoptosis protein; SD, standard deviation; BBB, Blood-brain barrier; ATCC, American
Tissue Type Culture Collection
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Introduction

Glioblastomamultiforme (GBM) is the most common of all malig-
nant brain and CNS tumors and relative survival estimates are
quite low; 5.1% of patients survive 5 year post diagnosis.1 The
aggressive nature and heterogeneity of GBMs make treatment very
difficult. Current therapies include surgery, radiation therapy and
administration of Temozolomide (TMZ), an alkylating agent and
the most widely used drug for GBM patients. However TMZ can
confer a modest increase in patient survival due to inherent or
acquired resistance of tumor cells.2 Similarly, most therapeutic
approaches applied as a single chemotherapeutic agent fail to sig-
nificantly increase patient survival, making the use of multiple
agents that target multiple hallmarks of cancers a necessity.

In tumors, reactivating dormant apoptotic programs with
pro-apoptotic ligands or small molecules is a promising
approach to direct tumor cells to self-destruct. As such, the
tumor-selective killing capacity of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)3 makes it a potential treat-
ment option in GBM. Binding of TRAIL to death receptors,
DR4 and/or DR5, triggers the caspase-dependent extrinsic apo-
ptosis pathway, which also cooperates with the intrinsic

apoptosis pathway mediated by mitochondria.4 To exploit the
tumor killing ability of TRAIL in therapy, different recombi-
nant forms of human TRAIL or DR4/DR5 agonist antibodies
have been developed and are being tested. 4,5 Although TRAIL
has the ability to selectively kill cancer cells,3 many cancer cells
are intrinsically resistant or acquire resistance to TRAIL. While
the mechanisms behind TRAIL resistance are still ill-defined,
they include aberrant expression or dysregulation of apoptosis
pathway components at the transcriptional level, such as the
suppression of death receptors6 or at the protein level, such as
the degradation of FLIP.7 Apoptosis resistance can be caused
by reduced caspase expression,8 increased expression of anti-
apoptotic molecules such as the inhibitors of apoptosis proteins
(IAPs), overexpression of Bcl-2 family members and other
inhibitors of intrinsic apoptosis pathway.6,9

Accumulating evidence suggest that sensitization of tumor cells
to TRAIL is possible10,11 through secondary agents. A widely stud-
ied approach for TRAIL-sensitization involves the use of secondary
therapeutics in addition to TRAIL, where the timing and sequence
of application of each agent might be different. For example, it has
been reported that combination of Bortezomib, a proteasome
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inhibitor, and TRAIL synergize and lead tumor cells to undergo
apoptosis, as shown for GBM cell lines and primary tumors.10

However, most studies have traditionally focused on a small num-
ber of compounds rather than large-scale libraries. While there is
growing interest in the identification of single therapeutic agents
through chemical library screens for all cancer types, there has
been relativelymuch lower attention to identification of novel com-
bination therapies in GBM cells.

In this study, we aimed to identify molecules with a capacity
to augment TRAIL efficacy and overcome resistance in an iso-
genic GBM cell line model system, where TRAIL-mid-sensitive
and TRAIL-resistant cells were screened in parallel. We utilized
drugs that are already FDA-approved with a potential to be
translated to clinical repurposing. Our screen among 1200
FDA-approved drugs revealed Mitoxantrone as a potential and
powerful candidate as a TRAIL-sensitizing agent in GBM cells.

Results

Screen among 1200 FDA-approved drugs reveals 26 drugs
as novel TRAIL-sensitizing agents

To identify drugs with novel TRAIL-sensitizing potential, we first
examined the basal level of TRAIL responses of our GBM cells
lines. According to the degree of cell death observed with a range
of TRAIL concentrations (0–500 ng/ml), we categorized the cell
lines as sensitive, mid-sensitive and resistant to TRAIL (Fig. S1).
While the A172 cells die completely with TRAIL, the LN229 or
U373 cells are resistant and do not die. On the other hand,
U87MG cells die up to 40% at the indicated concentrations. We
chose U87MG cells for the screen as these cells displayed
medium level of sensitivity and had the potential to display
higher level of apoptosis when combined with secondary agents.

With the aim of finding new drugs that could cooperate with
TRAIL in GBM cells, we utilized a chemical library of 1200
FDA approved drugs. These drugs, all with established thera-
peutic effects and chemical structures, belonged to 15 different
therapeutic classes by the supplier, namely, endocrinology, car-
diovascular, immunology, diagnostic, metabolism, allergology,
dermatology, gastroenterology, hematology, ophthalmology,
neuromuscular, infectiology, respiratory, central nervous sys-
tem, and oncology. To obtain new TRAIL-sensitizing agents
among these drugs, we conducted an ATP-based cell viability
screen on U87MG cells with a fixed concentration of TRAIL
treatment (25 ng/ml), which was previously defined by dose-
response experiments and caused 10–30% cell death as a single
agent (Fig. S1). In parallel, we tested the efficacy of each drug
on GBM cells as single agents. Since the drug library was sup-
plied in DMSO, DMSO-only treated cells were included in
each plate as negative controls, in addition to untreated con-
trols. We included Bortezomib as positive control, since it is a
known TRAIL sensitizer in GBM cells.10

First, we assessed the effect of drugs applied at a concentra-
tion of 5 mM as single agents on U87MG cell viability
(Fig. 1A). Previously, this FDA-approved chemical library was
used in a variety of cancer screens in concentrations of 2 –
10 mM 12-15 and 5 mM was the chosen dosage for our TRAIL-
sensitizing screen. The average cell viability of the screen with
single agents was 88 § 7.5% compared to controls. Taking 3

standard deviations (SDs) below and above the mean, we
defined the lower threshold as 64%. Accordingly, 13 of 1200
agents caused reduction in U87MG cell viability below the
threshold after 24 hours of treatment (Fig. 1C). These drugs
were Doxorubicin hydrochloride (39 § 8.1%), Alexidine dihy-
drochloride (62 § 5.1%), Monensin sodium salt (62 § 8.8%),
Camptothecine (S,C) (61 § 6.1%), Lanatoside C (31 § 7.3%),
Digitoxigenin (39 § 6.3%) Proscillaridin A (42 § 4.8%), Digox-
igenin (52 § 2.6%), Pyrivinium pamoate (52 § 1.6%), Niclosa-
mide (41 § 0.7%), Quinacrine dihydrochloride (61 § 2.2%),
Terfenadine (62 § 6.7%), and Astemizole (64 § 3.4%).

Validation of the effects of TRAIL sensitizing agents on
GBM cell viability

To test the combination effect of drugs with TRAIL, each drug
(5mM)was co-applied with TRAIL (25 ng/ml). The mean effect of
DMSOCTRAIL treatment on cell viability was 60§3.9%; and the
mean effect of drugCTRAIL was 57§9.4% compared to controls.
Using 3 SDs, the new threshold was defined as 29%. Accordingly,
26 drugs reduced cell viability below this threshold in combination
with TRAIL (Fig. 1B, Table 1).While 13 of these 26 drugs were also
effective as single agents (as shown in Fig. 1A), remaining 13 out of
26 drugs were effective only in combination with TRAIL. These
drugs, which reduced the cell viability below 29% when combined
with TRAIL, were Mitoxantrone dihydrochloride (1.7 § 0.16%),
Cycloheximide (3.2§ 4.7%), Thonzonium bromide (3.2§ 0.81%),
Daunorubicin hydrochloride (8.0 § 0.8%), Methyl benzethoium
chloride (8.3 § 2.7%), Topotecan (9.3 § 0.42%), Benzethoium
chloride (12 § 4.4%), Digoxin (13 § 3.5%), Vorinostat (16 §
2.7%), Azacytidine-5 (17 § 0.91%), Cyclosporin A (10 § 1.2%),
Pinaverium bromide (27 § 7.3%) and Amphotericin B (30 §
3.7%) (Fig. 1C, Table 1).

To further characterize the drugs that were classified as TRAIL-
sensitizers, we first tested the response of U87MG cells to varying
doses of drugs that included as low as 10 nM and as high as 10mM
(Fig. S2). Accordingly, the drugs that were singly effective at 5 mM
also reduced cell viability at higher doses as expected. To then
assess the TRAIL-cooperative action of the drugs, we tested the
combined effect of 3 different doses of TRAIL and 3 different doses
of the selected drugs on U87MG cell viability (Fig 2A, Fig 3B,
Fig. S3, Fig S5). Accordingly, the combinatorial effects of drugC-
TRAIL were validated for each drug.

As cardiac glycosides constituted one of the largest therapeutic
classes among our hits, we focused on characterizing their effi-
cacy in GBM cells. To this end, 6 different doses of 5 cardiac gly-
cosides (0.3, 0.6, 1.25, 2.5 and 5 mM) were tested on 3 different
GBM cell lines, U87MG, U373 and LN229. Accordingly, all car-
diac glycosides reduced the viability of all GBM cells in a dose-
dependent manner (Fig. S4). To further validate the cooperation
of the cardiac glycosides with TRAIL, combined effect of different
drug and TRAIL doses were tested and shown to markedly
reduce GBM cell viability (Fig. 2A, Fig. 5A-D). Doses for the
combination treatment were chosen (Fig S5E) such that drug
alone did not induce cell death more than 10% as a single agent,
whereas the combination with TRAIL reduced cell viability below
29%. Since our eventual aim with the combinatorial treatment is
to target tumor cells specifically, we included non-malignant cells
in our further experiments. To this end, the chosen doses of

CANCER BIOLOGY & THERAPY 547



cardiac glycosides and their combination with TRAIL were tested
on BJ fibroblasts and Normal Human Astrocytes (NHAs)
(Fig. 2B, Fig. S6A). After observing that they reduced BJ cell via-
bility with TRAIL, we sought to determine the overall effect of
these drugs on an expanded panel of non malignant cells, includ-
ing primary patient-derived cells and NHAs (Fig. 2C,Fig. S6C). A
selected cardiac glycoside, Digitoxigenin, reduced the viability of
all non-malignant cells even at concentrations (7.5–50 nM) that
were far below 5 mM used previously. The doses that did not
reduce cell viability significantly in non-malignant cells (Fig. 2D)
were not effective in reducing GBM cell viability (Fig. 2E). Similar
effects were observed with other cardiac glycosides Digoxigenin
and Proscillaridin A (Fig. S6). Given the effects of cardiac glyco-
sides alone on non-malignant and GBM cells, we decided to
explore other candidates as TRAIL-sensitizing agents.

Mitoxantrone and TRAIL combination reduces GBM cell
viability and induces apoptosis

With an interest in drugs that do not have significant effect on
cell viability as single agents, but can cooperate with TRAIL

specifically on tumor cells, we shifted our focus to the DNA-
damaging agent Mitoxantrone, which belonged to the antineo-
plastic oncology drugs. Mitoxantrone was not effective as a sin-
gle agent in the screen, but it reduced the viability of U87MG
cells to 2% when combined with TRAIL (Fig. 1C, Table 1). It
was previously identified as a TRAIL-sensitizing agent for pan-
creatic cancer, prostate cancer and breast cancer.16,17 Up to
5 mM, Mitoxantrone did not reduce U87MG cell viability as a
single agent (Fig. 3A). To investigate the ideal dosage combina-
tion, 3 different doses of Mitoxantrone (50, 500 and 5000 nM)
were combined with 5, 25 and 50 ng/ml TRAIL (Fig. 3B); and
500 nMMitoxantrone and 50 ng/ml TRAIL was chosen for fur-
ther studies. In addition, combinatorial effect of Mitoxantrone
and TRAIL on cell viability was validated by a secondary non-
ATP based colorimetric assay (Fig. S8A). To obtain a TRAIL-
sensitizing agent that does not affect viability of non-malignant
cells, the effect of Mitoxantrone was tested on our panel of
fibroblasts and NHAs. Accordingly, Mitoxantrone did not
affect viability of fibroblasts and NHAs significantly up to
1 mM; however, higher doses reduced viability of 3 of the 5
lines tested (Fig. 3C). Besides, the combination of Mitoxantrone

Figure 1. Screening of FDA-approved drugs for TRAIL-sensitizers in GBM cells (A) Scatter plot of U87MG cell viability upon 24 hours of treatment with drug
library composed of 1200 compounds. Each dot represents the percent cell viability compared to untreated control samples. Horizontal dashed lines depict the
range of viability within 3 SD of the mean viability (64 % and 112%). Red dots are drugs that have significant effect on cell viability as single agents. (B) Scat-
ter plot of U87MG cell viability upon 24 hours of treatment with drug library composed of 1200 compounds and TRAIL together. Each dot represents the com-
binatorial effect of the individual drug (5 mM) and TRAIL (25 ng/ml) on cell viability compared to untreated control samples. Horizontal dashed lines depict
the range of viability within 3 SD of the mean viability (29% and 83%). Red and blue dots indicate the combination effect below the threshold of 3 SD from
the mean cell viability. (C) Top 26 hits were determined via cut off value of 29% cell viability after drug and TRAIL addition. DMSO and Bortezomib, negative
and positive control respectively, are indicated in gray bars. The effect of drug and TRAIL are grouped among hits, as drugs with significant effect on cell via-
bility as single agents (red bars) and the others (blue bars). Error bars represent “mean § NSEM.” SD: standard deviation from mean cell viability.
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Table 1. Top hits of U87MG and U87MG-R50 drug screens. Drugs that have significant effect on GBM cells as single agents are indicated in bold.

U87MG Screen U87MG-R50 Screen

Therapeutic class Drug Name

Drug alone % cell
viability § SEM (%
of control )

In combination with
TRAIL % cell viability
§ SEM (% of control)

Drug alone % cell
viability § SEM (%
of control )

In combination with
TRAIL % cell viability §
SEM (% of control)

Antibacterial Doxorubicin hydrochloride 39 § 8.1 13 § 0.76 64 § 4.1 12 § 0.77
Alexidine dihydrochloride 62 § 5.1 6.4 § 1.2
Monensin sodium salt 62 § 8.8 24 § 0.44 69 § 2.3 37 § 5.1
Daunorubicin hydrochloride 65 § 5.5 8.0 § 0.76 58 § 6.2 11 § 1.3
Methyl benzethonium chloride 72 § 1.4 8.3 § 2.7 76 § 3.7 38 § 22
Cycloheximide 73 § 5.9 3.2 § 4.7 73 § 10 12 § 2.8
Benzethonium chloride 77 § 7.8 12 § 4.4 89 § 18 30 § 12
Amphotericin B 84 § 5.5 21 § 3.7
Thiostrepton 84 § 1.2 35 § 4.4

Antineoplastic Camptothecine (S,C) 61 § 6.1 5.1 § 0.40 66 § 4.9 8.1 § 0.37
Azacytidine-5 74 § 5.5 17 § 0.91
Vorinostat 75 § 7.3 16 § 2.7 81 § 14 26 § 0.10
Topotecan 78 § 4.5 9.3 § 0.42 66 § 7.3 14 § 2.9
Mitoxantrone dihydrochloride 91 § 1.8 1.7 § 0.16 76 § 1.8 3.1 § 0.68

Cardiac glycosides Lanatoside C 31 § 7.3 10 § 2.1 37 § 2.1 15 § 0.37
Digitoxigenin 44 § 6.3 10 § 3.2 41 § 2.5 12 § 2.3
Proscillaridin A 42 § 4.8 14 § 2.2 38 § 1.9 19 § 1.4
Digoxigenin 52 § 2.6 6.9 § 0.70 52 § 4.7 11 § 1.1
Digoxin 74 § 7.9 13 § 3.5 35 § 1.7 13 § 2.6

Immuno-suppressant Cyclosporin A 84 § 4.3 21 § 1.2

Metabolism Pyrvinium pamoate 52 § 1.6 2.8 § 0.28 56 § 10 7.6 § 1.7

Antihelmintic Niclosamide 41 § 0.74 3.4 § 0.21 70 § 2.6 11 § 3.6
Quinacrine dihydrochloride 61 § 2.2 1.5 § 0.37 60 § 7.8 3.0 § 0.77

Antihistaminic Terfenadine 62 § 6.7 27 § 2.8
Astemizole 64 § 3.4 26 § 2.7

Antiseptic Thonzonium bromide 67 § 3.1 3.1 § 0.81 62 § 7.0 8.1 § 4.2

Antispastic Pinaverium bromide 81 § 0.97 27 § 7.3
Threshold for % cell viability 64% 29% 67% 40%

Figure 2. Effect of a cardiac glycoside, Digitoxigenin, on GBM and non-malignant cell viability. Cell viability detection after 24 hours of Digitoxigenin and/or TRAIL addition. (A) The
effect of different doses of Digitoxigenin and TRAIL combinations on U87MG. (B) The chosen dose combination of 500 nM Digitoxigenin and 50 ng/ml TRAIL on BJ and NHA. (C) Low
doses of Digitoxigenin (1–50 nM) tested on a panel of human fibroblasts: KUFibro4, KUFibro5, KUFibroMNG, BJ and Human Astrocytes (NHA). (D) Doses up to 10 nM were combined
with 50 and 100 ng/ml TRAIL on BJ cells. (E) Low dose combination of Digitoxigenin on U87MG cells. � indicates p<0.05 and ns indicates nonsignificant (p>0.05).
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and TRAIL did not have a major effect on BJ fibroblasts and
NHAs at concentrations that synergized to reduce the viability
of GBM cells (Fig. 3D). To then study the time-dependent
effects of Mitoxantrone and/or TRAIL, U87MG cells were
treated with Mitoxantrone and/or TRAIL and observed with
live cell imaging for 24 hours (Fig. 3E). Accordingly, the num-
ber of viable cells decreased with TRAIL treatment at 9 hours
and continued decreasing during the rest of the treatment.
However, combination of Mitoxantrone and TRAIL exerted
their effects at 6 hours, which reached maximum killing effi-
ciency at 12 hours (Supp. Videos 1–4).

To assess the features of Mitoxantrone and TRAIL-induced
apoptosis in GBM cells, we performed assays to measure the
activation of caspases. While Caspase-8 levels showed approxi-
mately 3-fold increase in U87MG cells in the combinatorial
treatments, Caspase-9 activity increased 8-fold, and Caspase-3/
7 activity increased 13-fold compared to controls suggesting
the involvement of caspase activation in MitoxantroneCTRAIL
mediated cell death (Fig. 3F). The inhibition of these caspases
with specific inhibitors partially rescued the combinatorial
effects on viability (Fig. S8B). The activation of apoptosis was
further evidenced with increased levels of cleaved PARP and
cleaved caspase-3 protein only in the combination of

Mitoxantrone and TRAIL compared to individual treatments
or controls (Fig. 3G).

Screen on a resistant subpopulation of GBM cells leads to
the identification of same drugs as TRAIL-sensitizers

Resistance to treatment is a major problem for the treatment of
cancer. To test whether a TRAIL-resistant cell line can be re-sensi-
tized to TRAIL with secondary agents, we performed a similar
screen on a TRAIL-resistant subpopulation of U87MG cells,
U87MG-R50. This TRAIL-resistant population, whichwas selected
through chronic TRAIL treatment (manuscript in preparation), is
less affected by TRAIL even at high doses (Fig. 4A). The drug
screen performed on U87MG-R50 cells revealed 20 hits, which
were all common with the hits from screen performed on U87MG
cells except Thiostrepton (Fig. 4B, Fig. S7, Table 1). The overall
effect of drug treatment alone was 91§ 8 % compared to controls
(Fig. S7A). Taking 3SDs, the lower threshold of single agent effect
was determined as 67%. 12 out of 20 hits were below this threshold
as single agents (5 mM). When combined with TRAIL, the overall
effect of all drugsCTRAIL was 77§ 12 %, and the lower threshold
was determined as 40% (Fig. 4B,Fig. S7). Table 1 contains all the
hits and their cell viability percentages after 24 hours of treatment.

Figure 3. Effect of a DNA damaging agent, Mitoxantrone, on GBM and non-malignant cell viability (A) Viability of U87MG cells upon 0.02–20 mM of Mitoxantrone treat-
ment. (B) The effect of different dose combinations of Mitoxantrone and TRAIL on U87MG cell viability. (C) The effects of Mitoxantrone doses between 50–5000 nM on pri-
mary human fibroblasts: KUFibro5, KUFibroMNG and established cell lines, BJ and human astrocytes (NHA). (D) The effect of the combination Mitoxantrone (500 nM) and
TRAIL 50ng/ml) on BJ and NHA. (E) Live cell imaging of U87MG cells treated with Mitoxantrone, TRAIL and the combination for 24 hours. Left: graph depicting viable cell
numbers, Right: representative snapshot images at t D 0 and t D 24 hours. Statistics were performed by 2-way ANOVA with Tukey’s post hoc testing. (F) Caspase-8, ¡9
and ¡3/7 level activity of Mitoxantrone and/or TRAIL-treated U87MG cells. (G) Detection of apoptosis markers, cleaved PARP and cleaved caspase-3 protein levels, by
Western Blot. �Indicates p <0.05, ��� indicates p<0.0001 and ns stands for nonsignificant.
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Accordingly, Mitoxantrone was the most effective agent, where it
reduced the viability to 2§ 0% when combined with TRAIL.

Mitoxantrone and TRAIL combination induces cell death in
TRAIL-resistant GBM cell lines

To characterize the effects of Mitoxantrone in resistant cells
further, U87MG-R50 cells were sequentially treated with
Mitoxantrone followed by TRAIL and cell viability was

detected. Cell death up to 80% was observed in the combination
treatment (Fig. 4C). Both Caspase-8 and ¡9 showed approxi-
mately 3-fold activation in U87MG-R50 cells in the combina-
tion treatment compared to controls. Approximately 7-fold
increase was observed in Caspase-3/7 levels (Fig. 4D).

Next, we sought to investigate the effect of our combination
on an innately TRAIL-resistant cell line, U373. TRAIL concen-
tration up to 500 ng/ml in this cell line indicated no significant
cell death (Fig. 5A). To test the effect of Mitoxantrone alone,

Figure 4. The effect of Mitoxantrone on TRAIL-resistant subpopulation, U87MG-R50. (A) The difference of U87MG cells and U87MG-R50 cells response to different doses
(50, 250 and 500 ng/ml) of TRAIL. (B) Scatter plot of U87MG cell viability upon 24 hours of treatment with drug library composed of 1200 compounds and TRAIL together.
Each dot represents the combinatorial effect of the individual drug (5 mM) and TRAIL (25 ng/ml) on cell viability compared to untreated control samples. Horizontal
dashed lines depict the range of viability within 3 SD of the mean viability (41% and 113%). Red and blue dots indicate the combination effect below the threshold of 3
SD from the mean cell viability. (C) The effect of Mitoxantrone (500 nM) and/or TRAIL (50 ng/ml) on U87MG-R50 cells. (D) Detection of Caspase-8, ¡9 and ¡3/7 activity
levels of Mitoxantrone and/or TRAIL treated U87MG-R50 cells. � indicates p <0.05 and ns indicates nonsignificant (p>0.05).

Figure 5. The effect of Mitoxantrone on TRAIL resistant cell line, U373. (A) The effect of TRAIL (5–500 ng/ml) on intrinsically TRAIL resistant cells U373. (B) Effects of 0.02–
20 mM of Mitoxantrone on U373 viability. (C) The effect as single agents and of the combination of the chosen dose of Mitoxantrone and TRAIL on U373 cells. (D) Cas-
pase-8, ¡9 and ¡3/7 level detections of Mitoxantrone and/or TRAIL treated U373 cells. (E) The effect of caspase-8 or ¡9 inhibitors and general caspase inhibitors on
U373 cells treated with Mitoxantrone, TRAIL and the combination. � indicates p <0.05 and ns indicates nonsignificant (p>0.05).
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we tested dosages between 0.02–20 mM and validated that up to
5 mM, no significant increase in U373 cell death is observed
(Fig. 5B). With the same treatment regimen of U87MG and
U87MG-R50, U373 cells showed a notable decrease of cell via-
bility when treated with Mitoxantrone and TRAIL together
(Fig. 5C). We also observed that Caspase-8 showed approxi-
mately 3-fold increase in the combination, whereas Caspase-9
activity levels were not markedly altered in U373 cells. 16-fold
increase was observed in Caspase-3/7 levels (Fig. 5D). Inhibi-
tion of Caspase-8, ¡9 or all caspases using specific caspase
inhibitors significantly rescued the Mitoxantrone and TRAIL
induced cell death in U373 cells (Fig. 5E).

Mitoxantrone causes DNA damage and alters the
expression of apoptosis mediators and death receptors in
GBM cells

To validate the DNA-damaging effects of Mitoxantrone on GBM
cells, U87MG and U373 cells were treated with 500 and 5000 nM
Mitoxantrone for 24 hours and stained for gH2AX as a well-estab-
lished marker for the presence of double-stranded DNA breaks. As
expected, Mitoxantrone caused the accumulation of gH2AX-posi-
tive puncta in both cell types (Fig. 6A, 6B). TRAIL sensitization has
been shown to be linked to TRAIL receptor levels,6,18 thus we eval-
uated the receptor expression levels in all 3-cell lines’ upon

Mitoxantrone treatment. U87MG cells have shown >10-fold
increase in DR4, without any effect of Mitoxantrone on DR5 gene
expression levels. Among decoy receptors, DcR1 and DcR2 levels
were elevated, whereas OPG levels were reduced. These patterns
were similar for U87MG-R50 cells, where DR4 was the most
affected among the receptors (Fig. 6C). These changes were vali-
dated at the protein level byWestern blotting, whereMitoxantrone
treatment caused marked increase in DR4 and a modest increase
in DR5 levels in both the parental and TRAIL-resistant subpopula-
tion of U87MG cells (Fig. 6D). In U373 cells, we were not able to
detect DR4 levels and no significant shift in DR5 levels were
observed. However, DcR2 and OPG levels were slightly increased
with Mitoxantrone treatment (Fig. 6C). To test the functional link
between death receptors and Mitoxantrone-mediated TRAIL sen-
sitization, we employed shRNA to knockdown DR4 or DR5
expression in U87MG and U373 cells. While we did not observe a
significant change with DR4 knockdown, we observed a significant
decrease in cell death in response to Mitoxantrone and TRAIL
combination with DR5 knockdown in U87MG cells (Fig. S9A,
S9B). DR5 knockdown of U373 cells resulted in a 10% decrease in
cell death in cells treated with Mitoxantrone and TRAIL combina-
tion (Fig. S10A). Next, in order to get a better insight into the
mode-of-action of Mitoxantrone, we investigated the expression
changes of a panel of apoptosis-related genes in U87MG and U373
cells upon treatment. These genes included the pro- and anti-

Figure 6. The effect of Mitoxantrone on apoptosis pathway. (A-B) gH2AX staining of U87MG cells (A) and U373 cells (B) treated with 0, 500 and 5000 nM Mitoxantrone. (C)
Gene expression levels of death receptors of U87MG, U87MG-R50 and U373 cells treated with Mitoxantrone for 24 hours. (D) DR4 and DR5 protein levels of U87MG and
U87MG-R50 cells treated with Mitoxantrone for 24 hours. (E-F) The expression of pro-apoptotic and anti-apoptotic genes of U87MG cells (E) and U373 cells (F) treated
with Mitoxantrone for 24 hours.
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apoptotic Bcl-2 family members such as Bik, Bak, Bid, Bim, Bag1,
Bag3, Puma, Noxa, Hrk, Bcl-2, Bcl-XL, Bclaf1, Bcl10, Bcl2L10 and
Mcl1. In addition, apoptosis regulators such as XIAP, Birc2, Birc3,
Birc5, Birc8, FADD, Bnip2 and Bnip3 were included; as well as
NfKB and its associated p100 and p65. Accordingly, in U87MG
cells, Puma, Noxa and Hrk were among the pro-apoptotic genes
that were most upregulated with Mitoxantrone treatment, and
Bcl2L10, Birc5, Birc3 and Bcl2 were among the downregulated
anti-apoptotic genes (Fig. 6E). In U373 cells, Bim, Noxa, Bik and
Hrk were among markedly upregulated pro-apoptotic genes
(Fig. 6F). Together, Mitoxantrone treatment altered the gene
expression in favor of apoptosis in both U87MG and U373 cells.
To test the function of HRK or Puma in Mitoxantrone-mediated
TRAIL sensitization, we employed loss-of-function experiments
using shHRK or shPuma. HRK knockdown of U87MG cells par-
tially rescued the cells from TRAIL induced cell death, but the
response to the combination of Mitoxantrone and TRAIL treated
cells was similar to the controls (Fig. S9C). On the other hand, nei-
ther Puma nor HRK knockdown changed the overall response to
Mitoxantrone and TRAIL combination in U373 cells (Fig. S10B,
S10C). Taken together, these results suggest that Mitoxantrone
treatment has the ability to prime GBM cells for TRAIL induced
apoptosis by changing the apoptosis-related gene expression in
favor of enhanced apoptosis, and that DRs may serve as a major
functional target ofMitoxantrone in this process.

Discussion

In this study, we searched for clinically approved drugs that had
the potential to cooperate with TRAIL as anti-cancer therapies.
Using three different GBM cell line models; one that exhibits
medium level sensitivity to TRAIL (U87MG), one that is
selected as a TRAIL-resistant subpopulation from U87MG cells
(U87MG-R50), and one that is innately resistant (U373), we
demonstrated that a DNA-damaging agent, Mitoxantrone, has
the ability to prime all GBM cells to TRAIL-induced apoptosis
in a cooperative manner.

Our screen was performed with 1200 FDA-approved com-
pounds, which was with the motivation of repurposing clini-
cally approved drugs for GBM therapy. While screening with
na€ıve compounds without prior characterization, very labori-
ous and costly biological evaluations would be needed such as
in vitro and in vivo efficacy and safety. However, a repurposed
drug already comes with the systemic toxicity knowledge,
reducing cytotoxicity problems.19 Indeed, repurposed drugs
contain 30% of FDA approved drugs in the last years.20 There-
fore, we selected an already-approved drug library as our start-
ing point for identifying TRAIL-sensitizing agents.

Specifically, our screen included the test of agents as single
agents or in combination with TRAIL. Accordingly, we identi-
fied 13 drugs that were effective as single agents. Some of them
were previously suggested as therapeutic candidates for GBM
as single agents such as Doxorubicin hydrochloride,21 Campto-
thecine (S,C),22 Proscillaridin A,15 Pyrivinium pamoate,23 and
Niclosamide.24 We report Alexidine dihydrochloride, Monen-
sin sodium salt, Lanatoside C, Digitoxigenin, Digoxigenin,
Digoxin, Quinacrine dihydrochloride, Terfenadine and Astemi-
zole as novel drugs that can be therapeutic candidates for GBM.
Notably, we did not identify Temozolomide (TMZ), the most

common drug used as anti-GBM therapy,2,25 as an effective
agent in our screen although it was included, attesting to the
unmet need for identifying novel drugs.

While TRAIL is a prime therapeutic candidate, its translation
to clinics suffers from the problem of innate or acquired TRAIL
resistance. Therefore, identifying the mechanisms of TRAIL
resistance and finding secondary agents that can overcome this
resistance is promising. To this end, there have been reports on
the use of several drugs as TRAIL-sensitizers in various cancer
types.16,26 However, an important consideration to make while
performing combinatorial strategies is the effect on non-malig-
nant cells. Thus, while validating our candidate TRAIL sensitiz-
ing drugs from the screen, we sought to identify drugs with
minimal toxicity on normal cells as single agents or in combina-
tion with TRAIL.

The 26 hits from our screen belonged to distinct pharmaco-
logical classes including antibacterials, antineoplastics, antihel-
mintics and cardiotonics. Nine of these hit drugs (Doxorubicin,
Daunorubicin, Camptothecine (S,C), Azacytidine-5, Vorinostat,
Topotecan, Mitoxantrone, Cycloheximide and Quinacrine dihy-
drochloride) were previously indicated as TRAIL-sensitizing
agents in several cancers;17,27-36 and 6 of them (Cycloheximide,
Monensin sodium salt, Doxorubicin, Topotecan, Digoxin and
Lanatoside C) were also studied as TRAIL-sensitizers in GBM.37-
42 The novel TRAIL-sensitizers for GBM were Alexidine dihy-
drochloride, Daunorubicin, Methyl benzethonium chloride, Ben-
zethonium chloride, Amphotericin B, Camptothecine (S,C),
Azacytidine-5, Vorinostat, Mitoxantrone, Digitoxigenin, Proscil-
laridin A, Digoxigenin, Cyclosporin A, Pyrivinium pamoate,
Niclosamide, Quinacrine dihydrochloride, Terfenadine, Astemi-
zole, Thonzonium bromide, and Pinaverium bromide in our
screen.

There have been many studies toward combining TRAIL
with secondary agents, and one major class of drugs that is
known to cooperate with TRAIL is histone deacetylase
(HDAC) inhibitors.43 Indeed, MS-275, an HDAC inhibitor,
was previously shown to have a significant effect on GBM cell
viability when combined with TRAIL.44 In our library of 1200
drugs, there was only one HDAC inhibitor, Vorinostat, which
was previously indicated as an anti-cancer agents and also stud-
ied as a TRAIL sensitizing agent in various cancers including
leukemia and lung cancer.43,45,46 Consistent with these observa-
tions, Vorinostat cooperated with TRAIL and scored as a hit in
our screen, highlighting the validity of our screen findings.
Given the growing interest in the field of epigenetic enzyme
inhibitors as therapies, Vorinostat and TRAIL combination can
also offer promise in the future for GBMs.

Cardiac glycosides constituted a major therapeutic class of hit
compounds in our screen; therefore we first studied their effects
on GBM cells. Indeed, this family of drugs were previously sug-
gested as potential cancer therapeutics,47 and also shown to be
effective in GBMs.15 However, the need for the use of high doses
blocked their introduction to clinic. In addition, it has been
shown by different groups that the combination of low dose car-
diac glycosides with TRAIL can trigger cell death in various can-
cers, including GBM.37,42,48 Our studies are in line with these
previous findings, validating the utility and consistency of our
screen. However, when we applied the low dosages of the cardiac
glycoside Digitoxigenin, Proscillaridin A and Digoxin in
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combination with TRAIL on non-malignant cells such as human
fibroblasts and normal human astrocytes, we observed equal
amount of cell death in these cells, highlighting a possible toxic-
ity issue. However, given the wide use of cardiac glycosides for
the treatment of heart disorders in patients, these clinically
approved drugs might offer promise as single agents in GBMs.
The effect of cardiac glycoside and TRAIL combination prompts
further studies in in vivo models and in clinical settings to thor-
oughly investigate their efficacy and possible toxicity.

The second functional class of drugs that scored as hits included
DNA damaging agents such as Daunorubicin, Doxorubicin, and
Topotecan. Doxorubicin was already identified as a TRAIL sensi-
tizing agent for GBM, however cardiac toxicity of Doxorubicin and
poor drug delivery across blood-brain barrier (BBB) is a chal-
lenge.40 Of the DNA-damaging agents, Mitoxantrone was the only
one that reduced cell viability only in combination with TRAIL,
but not on its own. Mitoxantrone-induced DNA damage is known
to induce expression of the p53 protein and result in cellular apo-
ptosis.17 Here we showed that Mitoxantrone could cooperate with
TRAIL and lead to GBM cell death in 3 GBM cell lines, U87MG,
U87MG-R50, and U373. While we do not see a direct correlation
between cell lines’ p53 status and response to Mitoxantrone and/or
TRAIL combination, it will be of major interest to investigate the
role of p53 in TRAIL sensitization in an expanded panel of estab-
lished and patient-derived GBM cell lines in the future. While
enhanced caspase activation, and therefore apoptosis, was observed
in all cell lines with combination, inhibition of caspases was suffi-
cient to fully rescue death in U373 cells, but not in U87MG cells.
Therefore, additional forms of cell death, such as necroptosis and
autophagy, or caspase-independent apoptotic pathways might be
at play during Mitoxantrone-induced TRAIL sensitization in dif-
ferent cell lines.49 At the low doses that Mitoxantrone was used as a
TRAIL sensitizing agent, the toxicity to fibroblasts was also very
minimal compared to cardiac glycosides. Therefore, Mitoxantrone
and TRAIL combination might be very promising therapy
approach for GBMs.

There are several reports on the mechanism of TRAIL sensiti-
zation by secondary agents. These include the up-regulation of
the death receptors DR4 and DR5, downregulation of cell survival
proteins such as IAPs, rescued caspase-8 activity, upregulation of
pro-apoptotic elements like Bax, Bid, etc. While some of these
changes were reported to be through transcriptional regulation of
apoptosis pathway components; translational and posttransla-
tional regulation of the expression and stability of apoptosis-
related proteins was often reported.7 In this study, we validated
the DNA-damaging action of Mitoxantrone and showed the for-
mation of double strand breaks in our GBM cell lines by gH2AX
staining. However, the ability of Mitoxantrone’s TRAIL sensitiza-
tion and its relation to p53 activation prompts further detailed
studies. We found that treatment of U87MG and U87MG-R50
cells with Mitoxantrone results in elevated expression of a signifi-
cant DR4 receptor upregulation both at the transcriptional level
and the translational level. In addition, DR5 receptor levels were
slightly upregulated, suggesting that receptor activation could be
one possiblemechanism of TRAIL sensitization byMitoxantrone.
Further knockdown experiments of DR4 and DR5 in U87MG
cells revealed that DR5 knockdown resulted in decrease in cell
death in Mitoxantrone and TRAIL combination treatment,
whereas DR4 knockdown did not cause a significant change. In

innately-resistant U373 cells, receptor levels were not dramatically
altered, suggesting another modulatory mechanism of Mitoxan-
trone. Yet, DR5 knockdown in U373 cells slightly decreased cell
death of the combination treatment compared to controls, sug-
gesting the role of death receptors in these cell line also. While a
single molecular component of apoptosis pathway can be altered
and be responsible for different responses to TRAIL, ideally, a
combination of changes at the gene and protein levels and func-
tion would be more effective in changing the apoptotic tendency
of GBM cells. To this end, we observed that marked changes in
gene expression levels of pro-apoptotic and anti-apoptotic genes
occurred withMitoxantrone treatment. Puma andHrk were most
affected genes in U87MG and U373 cells, respectively. Although
the individual silencing of Puma or Hrk did not change the
response of GBM cells to Mitoxantrone and TRAIL, our future
efforts will be directed to understand to functional role of the apo-
ptosis-related molecules in further detail.

In GBMs, although the in vitro biological activity of many drugs
offers promise, their application to clinics is a challenge due to the
existence of BBB.50 Because Mitoxantrone is a very small molecule,
it is able to cross the blood–brain barrier and interact with cells in
the CNS.51 Therefore, it will be of interest to investigate the combi-
nation of Mitoxantrone and TRAIL in in vivo models of GBM to
further characterize the utility of this therapeutic approach. To this
end, combining Mitoxantrone with local delivery of TRAIL utiliz-
ing neural stem cells can be a candidate therapy approach.11 Over-
all, our results suggest that Mitoxantrone and TRAIL combination
might offer a promising alternative therapy in the future.

Materials and methods

Cell culture

Human glioblastoma cells U87MG (p53 wild-type, PTENmutated),
LN229 (p53 mutated, PTEN wild-type), A172 (p53 wild-type,
PTENmutated) and U373 (p53 mutated52, PTENmutated 53) were
supplied and authenticated by American Tissue Type Culture Col-
lection (ATCC). NormalHumanAstrocytes (NHA)were purchased
from Lonza. TRAIL-resistant subpopulation of U87MG cells
(U87MG-R50) was generated by selection of U87MG cells under
TRAIL treatment (50 ng/ml) for onemonth (manuscript in prepara-
tion). BJ humanfibroblast linewas kindly gifted byDr. TamerOnder
(Koc University, TURKEY). Primary GBM patient-derived fibro-
blasts (KUFibroMNG, KUFibro4 and KuFibro5) were generated in
collaboration with Dr. Ihsan Solaroglu (Koc University, TURKEY)
according to guidelines and protocols approved by the Institutional
Review Board (IRB2013.198.IRB2.61). Accordingly, 1-mm2 skin
biopsies around incision site were obtained during surgery, and cul-
tured for 2 weeks for fibroblasts to grow out of explants. All cells
except NHAwere grown inDMEMmedium (Gibco) with 10% fetal
bovine serum (Invitrogen) and 1% Penicillin-Streptomycin (Gibco).
NHAwas grown in AGMBulletKit (Lonza) according to the manu-
facturer’s instructions. All cells were cultured in were cultured in
37�Chumidified incubator with 5% CO2.

Reagents

The drug library composed of 1,200 FDA (Food and Drug Admin-
istration of US) and EMA (EuropeanMedicines Agency)-approved
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drugs. The selected individual drugs (Mitoxantrone dihydrochlor-
ide, Digitoxigenin, Digoxin, Lanatoside C, Digoxigenin, Proscillari-
din A) and Bortezomib were purchased from Prestwick Chemicals
(France), and Selleck Chemicals (US), respectively. TRAIL was
supplied from Enzo Life Sciences or produced from 293T cells as
described.54

Drug screen

2,000 cells/well were seeded to 384-well black plates via Multi-
dropTM Combi Reagent Dispenser (Thermo-Scientific). Next
day, a single concentration of TRAIL (25 ng/ml) was applied to
cells alone or with individual drugs at a final concentration of
5 mM. Untreated cells and DMSO-treated cells were used as
negative controls. Bortezomib (50 nM) was used as a positive
control. For drug treatment, final concentration of 5 mM was
used in 384-well plates. Each treatment was performed in tripli-
cates. Cell viability was determined after 24 hours.

Cell viability assays

Cells were treated with the respective drug and TRAIL simulta-
neously for 24 hours. Cell viability was detected by an ATP based
assay; Cell Titer-Glo� (CTG) Luminescent Cell Viability Assay
(Promega) according to manufacturer’s instructions using Lumi-
nometric measurements at a plate reader (Synergy H1 Reader, Bio-
Tek). For validation experiments that assessed combination of
Mitoxantrone and TRAIL, cells were treated with Mitoxantrone
for 24 hours, followed by its removal and addition of TRAIL
(50 ng/ml). Cell viability was detected after 24 hours with CTG. In
addition, cell viability wasmeasuredwithCell Proliferation Reagent
WST-1 (Roche), a non-ATP-based assay. Biological triplicate cells
were treated with Mitoxantrone and/or TRAIL for 24 hours and
cell viability was quantified.

Live cell imaging

200,000 U87MG cells were plated to 6-well plates. All live-cell
imaging experiments were carried out by Xcellence Pro
inverted microscope (Olympus) with a 10X air objective in a
chamber at 37�C, supplied with 5% CO2. Five random posi-
tions in each well were recorded per sample. After addition of
reagents, live cell images were captured every 4 minutes for
24 hours. Time-lapse images were acquired and converted
using Xcellence RT 1.2 software. Cell viability was statistically
analyzed by counting the number of live cells using ImageJ
(NIH Image). Statistics were performed by 2-way ANOVA
with Tukey’s post hoc testing calculated by GraphPad Prism.
�Indicates p<0.05 and ��� indicates p< 0.0001

Caspase activity assays

10,000 cells/well were seeded to 96-well black plates. Cells were
treated with Mitoxantrone (500 nM) for 24 hours followed by
TRAIL (50 ng/ml) for 3 hours. Caspase Glo 8, 9 and 3/7 (Prom-
ega) were used to detect caspase activity levels according to
manufacturer’s instructions. All conditions were performed in
triplicate. Results were presented as fold changes normalized to
untreated control cells.

Caspase inhibition assays

10,000 cells/well were seeded to 96-well black plates. Respective
wells were treated withMitoxantrone (500 nM) and the indicated
caspase inhibitors. After 24 hours, Mitoxantrone was removed
and TRAIL (50 ng/ml) was added to respective wells along with
freshly added caspase inhibitors: Caspase-8 inhibitor; z-IETD-
FMK (550380, BD PharMingen), Caspase-9 inhibitor; z-LEHD-
FMK (550381, BD PharMingen), General Caspase inhibitor; z-
VAD-FMK (550377, BD PharMingen), Negative Control for
Caspase Inhibitors; z-FA-FMK (550411, BD PharMingen). After
24 hours, cell viability was detected as described above.

Real-time PCR

RNA was collected via Qiagen RNeasy Mini Kit following manu-
facturer’s instructions (Qiagen). 500 ng RNA was used to synthe-
size cDNA with M-MLV Reverse Transcriptase (Invitrogen).
Relative gene expression levels of TRAIL receptors were detected
by using LightCycler

�
480 SYBR Green I Master (Roche). Gene

expression levels of anti-and pro-apoptotic genes were assessed
by EvaGreen� (Biotium). The primers used in these experiments
are listed in Table S1.

Western blot analysis

Cells were seeded to 6-well plates at a density of 300,000 cells/
well. The corresponding wells were treated with Mitoxantrone
for 24 hours. Next day, after the removal of Mitoxantrone,
TRAIL was added. Following 3 or 6 hours, cells were trypsi-
nized, collected with centrifugation at 1500 rpm for 5 minutes,
and pellets were lysed in an appropriate volume of cell lysis
buffer [1% NP-40, 150 mM NaCl, 1mM EDTA, 50 mM Tris-
HCl (pH 7.8), 1 mM NaF, 0.5 mM PMSF and 1X protease
inhibitor cocktail (cOmplete Protease Inhibitor Cocktail Tab-
lets, Roche]. Following 30 minutes of incubation on ice and
centrifugation at 14,000 rpm for 15 min at 4�C, protein-con-
taining supernatants were quantified with BCA Protein Assay
Kit (Thermo-Scientific). 25 mg of proteins were separated by
SDS-polyacrylamide gel electrophoresis and transferred onto a
PVDF membrane by Trans-Blot� TurboTM RTA Mini PVDF
Transfer Kit (#170–4272, Biorad). The membranes were
blocked with 5% nonfat dry milk in TBS-T (20 mM TrisHCl,
pH 7.8, 150 mM NaCl, 0.1%, v/v Tween-20) at RT for 1 hour,
primary antibodies were added and incubated overnight at
4�C. PARP (#9664, Cell Signaling) and caspase-3 (#9665, Cell
Signaling) were used in 1:1000. DR4 (1139, ProSci) and DR5
(2019, ProSci) were used in 1:500. Histone H3 (#9715, Cell Sig-
naling) and a-tubulin (T9026, Sigma-Aldrich) were used in
1:1000 as loading controls. Secondary antibodies conjugated to
HRP, anti-rabbit and anti-mouse were used in 1:3000 (#7074
and #7076 respectively, Cell Signaling). Membranes were devel-
oped using ClarityTM Western ECL Substrate (#170–5061, Bio-
rad) and CL-XPosure Film (Thermo-Scientific).

gH2AX staining

6 £ 104 cells were seeded on 12 mm round cover slips and
treated with 0, 500 or 5000 nM Mitoxantrone next day.
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Following 24 hour-treatment, cells were stained for gH2AX as
described previously.55 g-H2AX antibodies (1:400 diluted in
0.2% gelatin/PBS, Cell Signaling, #9718) at C4�C, overnight
and FITC-conjugated secondary antibodies (1:100 diluted in
PBS, Abcam) for 2 hours at RT were used for immunofluores-
cence. The nuclei were counter stained with 5 mg/mL DAPI
and visualized using a Leica DMI 6000 microscope. All images
were taken using the same camera settings.

Statistics

All normalizations were performed to untreated control cells,
denoted as 100% using GraphPad Prism version 6 and Microsoft
Excel. Significance was detected by student’s t-test, ANOVA and
at p value <0.05.
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