UC Davis
UC Davis Previously Published Works

Title

Repurposing FDA approved drugs inhibiting mitochondrial function for targeting glioma-

stem like cells

Permalink

|https://escholarship.orgc/item/SGg | 547§

Authors

Datta, Sandipan
Sears, Thomas

Cortopassi, Gino

Publication Date
2021

DOI
10.1016/j.biopha.2020.111058

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/56g1547q
https://escholarship.org/uc/item/56g1547q#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.

Published in final edited form as:
Biomed Pharmacother. 2021 January ; 133: 111058. doi:10.1016/j.biopha.2020.111058.

“Repurposing FDA Approved Drugs Inhibiting Mitochondrial
Function for Targeting Glioma-Stem Like Cells.”

Sandipan Dattal, Thomas Sears?, Gino Cortopassil, Kevin Woolard?, James M.
Angelastrol”

LDepartment of Molecular Biosciences, School of Veterinary Medicine, University of California,
Davis, CA, USA.

2-Department of Pathology, Microbiology and Immunology, School of Veterinary Medicine,
University of California, Davis, CA, USA.

Abstract

Glioblastoma Multiforme (GBM) tumors contain a small population of glioma stem-like cells
(GSCs) among the various differentiated GBM cells (d-GCs). GSCs drive tumor recurrence, and
resistance to Temozolomide (TMZ), the standard of care (SoC) for GBM chemotherapy. In order
to investigate a potential link between GSC specific mitochondria function and SoC resistance,
two patient-derived GSC lines were evaluated for differences in their mitochondrial metabolism.
In both the lines, GSCs had significantly lower mitochondrial -content, and -function compared to
d-GCs. In vitro, the standard mitochondrial-specific inhibitors oligomycin A, antimycin A, and
rotenone selectively inhibited GSC proliferation to a greater extent than d-GCs and human primary
astrocytes. These findings indicate that mitochondrial inhibition can be a potential GSC-targeted
therapeutic strategy in GBM with minimal off-target toxicity. Mechanistically the standard
mitochondrial inhibitors elicit their GSC-selective cytotoxic effects through the induction of
apoptosis or autophagy pathways. We tested for GSC proliferation in the presence of 3 safe FDA-
approved drugs--trifluoperazine, mitoxantrone, and pyrvinium pamoate, all of which are also
known mitochondrial-targeting agents. The SoC GBM therapeutic TMZ did not trigger
cytotoxicity in glioma stem cells, even at 100 pM concentration. By contrast, trifluoperazine,
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mitoxantrone, and pyrvinium pamoate exerted antiproliferative effects in GSCs about 30-50 fold
more effectively than temozolomide. Thus, we hereby demonstrate that FDA-approved
mitochondrial inhibitors induce GSC-selective cytotoxicity, and targeting mitochondrial function
could present a potential therapeutic option for GBM treatment.
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1.0 Introduction

Glioblastoma multiforme (GBM) is a lethal form of a brain tumor in adults, accounting for
~40% of total malignant brain tumors [1]. Every year approximately 14,000 new cases of
GBM are diagnosed in the United States [2]. Standard of Care for GBM consist of maximal
surgical resection of the tumor, followed by radiation therapy and adjuvant chemotherapy
with Temozolomide (Temodar®) [3, 4]. Even after employing all possible treatments, the
prognosis of GBM is poor with 15-18 months median survival [5]. A well-accepted
hypothesis for the cause of poor prognosis is the development of radio- and chemotherapy
resistance leading to tumor progression [6]. According to the current paradigm, the
development of chemo- and radioresistance is derived from genetic and functional
heterogeneity of GBM cells, which is thought to be driven by a small population of glioma
stem-like cells (GSCs) [7]. The small population of GSCs expresses stem cell markers and
exhibits unlimited self-renewal and tumorigenic properties. By contrast, the highly prevalent
d-GCs exhibit limited self-renewal and tumor-initiating capacity [8].

GSCs can evade the immune system [9], infiltrate nearby healthy brain tissues [10] and show
higher expression of ATP-binding cassette transporters, which confer them resistance to
anticancer chemotherapy [11]. These GSCs can also repopulate a tumor by first converting
into progenitor-like cells and then differentiating into d-GCs [12]. The infiltration of GSCs
into adjacent tissues creates extreme difficultly for surgical resection and/or radiotherapeutic
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regression. GBM’s resistance to treatment seems driven by GSC-cell biology--as even a few
GSCs evading treatment can repopulate the tumor and cause a malignant relapse [6].
Although GSCs have been identified as a major obstacle in improving GBM patient
prognosis and survival, there is currently no GSC-targeted FDA-approved therapy in the
clinic. The standard of care (SoC) chemotherapeutic Temozolomide exerts a short-term
antiproliferative effect on the GSCs and extends patient survival for 6 months to 1-year.
Despite the treatment, however, GBMs typically recur after one year, and the recurrent GBM
is TMZ-resistant [13]. In addition, studies show that TMZ can increase GSC enrichment /n
vitro as well as in human patients and, therefore, potentially increase the chance of tumor
relapse [14, 15]. Hence there is an urgent need to develop new drugs that selectively target
GSCs.

In order to develop drugs that selectively kill GSCs and/or limit the off-target adverse
effects, efforts should focus on targeting a biochemical property unique to the GSC or a
metabolic pathway that should have a much higher impact on GSCs compared to the
surrounding non-malignant cells [16]. Cancer cells often acquire unique metabolic
rearrangement to suit their need for unlimited proliferation and tissue invasion [17-19]. A
well-known metabolic change of some cancer cells, known as the Warburg effect, restricts
aerobic (mitochondrial) metabolism and increases anaerobic metabolism, including
glycolysis. However, this phenomenon is not universal among all cancers [20]. Metabolic
targeting /n vitro and /n vivo has shown to be effective in reversing the stem-like properties
of GSCs [21]. While it is ambiguous whether GSCs have a universal glycolytic or oxidative
metabolic phenotype, the mitochondrial function has shown to be essential for GSC-survival
and maintenance of stem-like properties [22]. In addition, mitochondrial heterogeneity
among glioma cells has been reported to create resistance to TMZ through the loss of
mitochondrial DNA (mtDNA) copy number in patients with relapsing GBMs [23]. MtDNA
heteroplasmy and decreased mitochondrial complexes | and V activity with upregulation of
a cytochrome c oxidase isoform has been observed in GBM. Apparent knock-down of this
isoform restores TMZ sensitivity in resistant glioma cells. This indicates a metabolic
vulnerability of GSCs, which could be targeted with small-molecule mitochondrial electron
transport chain (ETC) inhibitors. We previously screened a library of 1600 safe FDA-
approved drugs to identify novel mitochondrial inhibitors [24], and in this study, we tested
the potency of three previously known mitochondrial inhibitors to kill GSCs.

In summary, in the current study, we demonstrate that patient-derived recurrent GSC lines
show intertumoral mitochondrial heterogeneity, and have a lower mitochondrial number,
lower mitochondrial gene expression, and lower mitochondrial function as compared to
differentiated tumor cells. We also demonstrated that classical mitochondrial ETC inhibitors
such as rotenone, antimycin A and oligomycin A decrease GSC viability about 100-fold
more potently than temozolomide. Furthermore, three FDA-approved drugs, trifluoperazine,
mitoxantrone, and pyrvinium pamoate, also reduce GSC viability about 50-fold more
potently than temozolomide.

Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.
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2.0 Materials and Methods

All the chemicals used for this study were obtained from Sigma-Aldrich (MO, USA) unless
specified otherwise.

2.1 Cell culture:

Patient-derived primary GSCs (0827 and 0923) were cultured as neurospheres in neurobasal
A medium supplemented with 20 ng/ml Epidermal Growth Factor, 20 ng/ml basic-fibroblast
growth factor, 0.5x B27 (Gibco), 0.5x N2 (Gibco), 0.5x glutamax (Gibco), 100 ug/mL
streptomycin and 100 unit penicillin G, under 5% CO» at 37 °C. The mature GBM cells (d-
GCs) were obtained by culturing the GSCs in an adherent monolayer in DMEM media
supplemented with 10% fetal bovine Albumin (FBS, Corning), 50 pg/mL unit streptomycin
and 50 unit/mL penicillin G, under 5% CO, at 37 °C for 10 days. These cell lines were
originally established from patient-derived tissue after the approval of the National Cancer
Institute Institutional Review Board from patient samples [25, 26]. All procedures to
generate the patient-derived primary GSCs were done in accordance with relevant guidelines
and regulations. Informed consents were obtained from the patients, and all the experimental
protocols were approved by the National Cancer Institute Institutional Review Board and
University of California, Davis Biological Use Authorization (BUA#R2077).

2.2 Cellular O, consumption assay:

Cellular O, consumption assays were performed using an Oxytherm Clark-type electrode
system (Hansatech) as described previously [27]. The O, consumption for each experiment
were recorded after putting 2.5 million cells in the Oxytherm chamber containing 1 mL of
serum, antibiotic, and bicarbonate-free DMEM medium (Corning). The baseline O,
consumption was recorded for 10 min or until the O, tension in the chamber reached 50
nM/mL of O, tension.

2.3 DNA and RNA isolation and quantification:

Following manufacturer’s instructions, the DNeasy blood & tissue kit (Qiagen, Valencia,
CA, USA) was employed to isolate total DNA from 0827 and 0923 GSCs and d-GCs.
Quantification of total isolated DNA was performed by a NanoDrop 2000c or NanoDrop
One Spectrophotometer (Thermo Scientific, Waltham, MA, USA).

RNeasy plus mini kit (Qiagen, Valencia, CA) was used to extract total RNA from 0827 and
0923 GSCs and d-GCs. RNA quantity and quality were measured by a NanoDrop 2000c
Spectrophotometer (Thermo Scientific, Waltham, MA, USA) [28].

2.4 Quantitative PCR (gPCR):

iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) was used to
synthesize cDNA from total mRNA using a C1000 Touch Thermal Cycler (Bio-Rad
Laboratories, Hercules, CA, USA). SensiFAST SYBR No-ROX Kit (Bioline, Taunton, MA,
USA) was used to run the gPCR using Roche Lightcycler 480 (Roche Diagnostics,
Indianapolis, IN, USA). The cycle threshold (Ct) value was determined, and the data were
analyzed by delta CT calculation [28]. Table 1 lists primer sets used in gPCR.

Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.
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2.5 Cell viability assays:

The GSCs (0827 and 0923) and their respective d-GCs were plated at 50,000 cells/well in a
tissue culture-treated, 96-well, white opaque walled, clear flat bottom plate (Corning #3903)
in 100 pL of their respective culture media. The cells were allowed to grow overnight, and
the next day the medium in the d-GC plates were aspirated, and 100 puL of GSC culture
medium was added. This was done to remove any protective effect of 10% FBS in the d-GC
growth medium. The drug stock solutions (1000x) were made in DMSQO, and the working
drug solutions were prepared at 2x concentrations in the GSC growth medium, and 100 uL
of the 2x drug working solution was added in each well. The vehicle wells got treated with
DMSO at the same v/v concentration as the drugs. The DMSO levels were 0.1% or less in
each well. The cells were incubated for 48 h with the respective drugs, and the cell viability
was measured using CellTiterGlo® according to the manufacturer’s instructions.

Human primary astrocytes were purchased from Sciencell (#1800) and were cultured
according to the manufacturer’s instructions. The astrocytes between passage 1 — 3 were
plated at 50,000 cells/well in a tissue culture-treated, 96-well clear flat bottomed plate in 100
uL of culture medium. The cells were allowed to grow overnight, and the next day the
medium in the plates were aspirated, and 100 pL of GSC culture medium was added. The
drug stock solutions (1000x) were made in DMSO, and the working drug solutions were
prepared at 2x concentrations in the GSC growth medium, and 100 uL of the 2x drug
working solution was added in each well. The vehicle wells got treated with DMSO at the
same Vv/v concentration as the drugs. The DMSO levels were 0.1% or less in each well. The
cells were incubated for 48 h with the respective drugs, and the cell viability was measured
using Sulforhodamine B assay [29].

2.6 Protein extraction and western blot analysis:

The methods described in this section are previously published elsewhere [28]. GBM stem-
like cells (GSCs) or d-GCs were homogenized with 1x cell lysis buffer (Cell Signaling
Technologies, Danvers, MA, USA) containing 1x Halt phosphatase and protease inhibitor
cocktail (Thermo-Fisher, Waltham, MA, USA) and 1% PMSF (Sigma-Aldrich, St. Louis,
MO, USA). 25 ug of lysates were loaded per lane into 4-12% Bis-Tris gels (Invitrogen,
Waltham, MA, USA) [28]. Electrophoresis was achieved in accordance with the
manufacturer’s recommendations. After the proteins were resolved by electrophoresis, the
proteins were then transferred to nitrocellulose membranes by the Trans-Blot Turbo System
(Bio-Rad, Hercules, CA, USA) and blocked with an Odyssey blocking buffer (LI-COR
Biosciences, Lincoln, NE, USA) for 1 h. Membranes were labeled overnight with the
following primary antibodies in blocking buffer: 1:10,000 dilution Monoclonal Anti-a.-
Tubulin (T5168 Millipore Sigma, MO, USA), 1:1000 dilution GAPDH (14C10 Rabbit mAb
#2118, Cell Signaling Technologies, Danvers, MA, USA), 1:15,000 dilution GFAP (20334
Agilent-Dako, Santa Clara, CA, USA), 1:2500 dilution OLIG2 (AB9610 polycloncal rabbit,
Chemicon, EMD Millipore, Hayward, CA, USA), 1:500 dilution mt-ND2 (LSC -C137113
LifeSpan Biosciences Inc. Seattle, WA, USA), 1:1,000 dilution COX IV (COX IV (3E11)
Rabbit mAb #4850, Cell Signaling Technologies, Danvers, MA, USA), 1:1,000 dilution
Cleaved caspase-9 (Rabbit mAb #20750 Cell Signaling Technologies, Danvers, MA, USA),
1:1,000 dilution Cleaved caspase-3 (Rabbit #9661 Cell Signaling Technologies, Danvers,
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MA, USA), 1:1,000 dilution Cleaved PARP (Rabbit #9542 Cell Signaling Technologies,
Danvers, MA, USA), 1, 1000 dilution Bcl 2 (Rabbit mAb #2870 Cell Signaling
Technologies, Danvers, MA, USA) and 1:200 dilution MCL1 (sc-12756 Mouse mAb Santa
Cruz Biotechnology Inc., Dallas, TX, USA). Both corresponding IRDye 680CW and IRDye
800CW-coupled secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA) were
diluted 1:20,000, and, subsequently, added to the membranes for a 1 h incubation. Proteins
were visualized with the Odyssey infrared imager and software (LI-COR Biosciences,
Lincoln, NE, USA) according to the manufacturer’s instruction [28].

2.7 Apoptosis Assay:

The GSCs (0827 and 0923) were plated at 200,000 cells/well, and their d-GCs were plated at
150,000 cells in a tissue culture-treated, 24-well, clear flat bottom plate in 500 L of culture
media. The cells were allowed to grow overnight. The drug stock solutions (1000x) were
made in DMSO, and the working drug solutions were prepared at 2x concentrations in the
GSC or d-GC growth medium, and 500 uL of the 2x drug working solution was added in
each well. The vehicle wells got treated with DMSO at the same v/v concentration as the
drugs. The DMSO levels were 0.1% or less in each well. After 48 h incubation with drug or
vehicle, the cells were trypsinized to form a single-cell suspension. Cells were then mixed
with the Muse- Annexin V and Dead Cell Assay solution at a 1:1 ratio by volume and
incubated at room temp in the dark for 30 min per the manufacturer’s recommendations.
Finally, a Muse- Cell Analyzer (Muse-Cell Analyzer; Millipore, Billerica, MA, USA) was
used for data acquisition (percent apoptotic cells).

3. Results

3.1 Patient-derived GSCs show tumorigenicity-dependent mitochondrial heterogeneity
and lower mitochondrial function than d-GCs

We compared the mitochondrial function of the two GSC lines (0827 and 0923) cultured as
3D neurospheres and their respective d-GCs /n vitro. Based on the tumorigenicity, invasion,
and survival of mice injected with the GSCs, 0827 is considered a less lethal and less
invasive phenotype (tumorigenic in ~66% mice, Supplementary Fig. SIA-B) while 0923
was considered as a representative of a more lethal and highly invasive GBM (100% tumor
induction and killing in mice, Supplementary Fig. SIA-B). The d-GCs from 0827 and 0923
were generated by culturing the GSCs in growth factor-free 10% FBS supplemented
medium. Significant reduction of the most specific glioblastoma stem-like cell marker
oligodendrocyte lineage transcription factor 2 (OL1G2) [30] and upregulation of the Glial
fibrillary acidic protein (GFAP) was indicative of differentiation of the GSCs
(Supplementary Fig. S2). Mitochondrial function was significantly higher (~2 fold) in the
less invasive/tumorigenic cell line (0827), than the more invasive/tumorigenic cell line
(0923), indicating mitochondrial heterogeneity in patient-derived GSC lines (Fig. 1A). The
GSCs from both the lines showed significantly lower mitochondrial oxygen consumption
rate (OCR) when compared to d-GCs for each cell line. The basal mitochondrial function
was specific for each GSC line, and differentiation significantly increased mitochondrial
activity for both GSC lines but to a different extent. Differentiation increased mitochondrial
function ~2 fold higher in less aggressive line, while the more aggressive line revealed only
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~1.4. These data indicate impairment in the mitochondrial biogenetic pathway and are
consistent with the previous reports that the GBMs follow a “Warburg effect’, i.e., ‘more
tumorigenic, less mitochondrial’ [21, 31]. The effect on mitochondrial function for each cell
line was confirmed by measuring mitochondrial content in the GSCs and d-GCs using
mitochondrial copy number. Similar to the mitochondrial function, we saw a significant
increase in mitochondrial copy number in the less invasive/tumorigenic line upon
differentiation, while there was no significant increase in the mitochondrial copy number in
the more aggressive cell line after differentiation (Fig. 1B). Furthermore, mitochondrial
content in the less invasive/tumorigenic cell line (0827), especially in the d-GCs, was
significantly higher than the more invasive/tumorigenic cell line (0923) suggesting induction
of Warburg effect in GBM.

3.2 GSCs show lower mitochondrial gene expression

Our findings of reduced mitochondrial functions, and reduced mitochondrial DNA/cell,
suggested that mitochondrial gene expression might also be reduced in Glioma stem cells.
We evaluated the expression of mitochondrially encoded NADH:Ubiquinone
Oxidoreductase Core Subunit 2 (ND2) and cytochrome b (CYB) at the RNA level. The
difference of mitochondrially encoded gene expression between d-GCs and GSCs at the
RNA level was statistically significant in the less tumarigenic cell line (0827) (Fig. 2) while
in, the more tumorigenic cell line (0923) the d-GCs show an increasing trend in ND2 and
CYB expression which was statistically not significant. The increase in the mitochondrial
gene expression was also confirmed at the protein level by Western blot analysis using MT-
ND2 and cytochrome oxidase 1V (COX V) subunit as markers. (Supplementary Fig. S3—
S4).

3.3 Classical mitochondrial inhibitors inhibit patient-derived GSC-growth 100-fold more
potently than the standard of care temozolomide.

Since we observe a mitochondrial heterogeneity between the GSCs and d-GCs, we
hypothesized that there would be differential susceptibility of GSCs and d-GCs to the
antiproliferative/cytotoxic effects of mitochondrial inhibitors. This hypothesis was tested by
concentration-response experiments with the classical mitochondrial inhibitors oligomycin
A (mitochondrial complex V inhibitor), antimycin A (mitochondrial complex 111 inhibitor),
and rotenone (mitochondrial complex I inhibitor). We also used the SoC drug Temozolomide
as a control. We observed two main findings. First, irrespective of the tumorigenic potential,
GSCs were always significantly more sensitive to these classical mitochondrial inhibitors
than the d-GC (Fig 3A-F). Secondly, mitochondrial inhibitors were about 100-fold more
effective at reducing the GSC and d-GC numbers than temozolomide, which is the SoC in
GBM. Thus, current GBM chemotherapy doesn’t appear to selectively target glioma stem
cells at all (Supplementary Fig. S5), which is the rational basis of its long-term
ineffectiveness.

Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.
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3.4 Classical mitochondrial inhibitors induce apoptosis via the intrinsic apoptosis
pathway in the less tumorigenic GSCs, whereas more tumorigenic GSCs are resistant to
apoptosis induction.

Next, we investigated whether the selective reduction in GSC number by the mitochondrial
inhibitors was due to cytotoxicity. We measured the percentage of apoptotic cells present 48
h after incubating with the mitochondrial inhibitors. All three mitochondrial inhibitors dose-
dependently increased the percentage of annexin V positive cells in the less tumorigenic
lines (0827) while the more tumorigenic cell line was resistant to apoptosis induction by the
mitochondrial inhibitors (Fig. 4A—C, Supplementary Figure S6-S11), indicating that the
standard mitochondrial inhibitors trigger cell death by induction of apoptosis in the less
tumorigenic GSCs (0827). Differentiation of the less tumorigenic GSCs (0827) caused a
marked decrease in apoptosis induction by the mitochondrial inhibitors, explaining their
differential sensitivity to these agents (Supplementary Fig. S12). Cleavage of cysteine-
dependent aspartate-directed protease-9 (caspase 9) (Fig. 4D and Supplementary Fig. S13)
was detected in the less tumorigenic line (0827) after 24 h incubation with the mitochondrial
inhibitors indicating the initiation of the intrinsic apoptosis pathway. Activation of the
intrinsic apoptotic pathway was further confirmed by the detection of cleaved caspase 3 (Fig.
4D and Supplementary Fig. S14) and cleaved Poly [ADP-ribose] polymerase 1 (PARP1)
(Fig. 4D and Supplementary Fig. S15) by immunoblotting. On the other hand, the more
tumorigenic line (0923) was completely resistant to the induction of apoptosis by the
mitochondrial inhibitors (Fig. 4A—-C), suggesting that reduction of cell number observed in
the 0923 GSC line is mediated by a non-apoptotic mechanism. We observed an upregulation
of Microtubule-associated proteins 1A/1B light chain 3B (LC3) at the protein level in the
more tumorigenic cell line (0923) in response to the mitochondrial inhibitors, suggesting
that the process of autophagy might be involved in the GSC-specific antiproliferative effects
of mitochondrial inhibitors (Supplementary Fig. S16) [32]. The more aggressive GSC lines
showed a lower expression of B-Cell lymphoma 2 (Bcl 2) and Induced myeloid leukemia
cell differentiation protein (Mcl-1) (Supplementary Fig. S17) indicating a general
downregulation of Bcl 2 family proteins.

3.5 Classical mitochondrial inhibitors do not affect human primary astrocytes at the GSC-
inhibitory concentrations in vitro.

One of the major concerns for any cancer therapy is its specificity to target the tumor cells
while sparing the normal cells in the body. Glioblastomas are thought to originate from glial
cells such as astrocytes. Hence we tested the effects of the mitochondrial inhibitors on the
human primary astrocytes. Oligomycin A, antimycin A, and rotenone did not affect human
primary astrocyte numbers relative to the control at the concentrations they showed anti-
GSC effects (< 15% reduction of human primary astrocytes at the highest dose) (Fig. 5A-F).

3.6 Screening identifies milder mitochondrial inhibitors in a library of FDA-approved
drugs that shows better GSC-selective antiproliferative activity than TMZ in vitro.

Although the classical mitochondrial inhibitors show GSC-specific cytotoxic activity and are
100-fold more potent towards GSCs than temozolomide, they, in general, are used for
laboratory experiments in cells and animals and have not been evaluated in humans. We

Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.
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searched through our screen of 1600 clinically tried and FDA-approved drugs for their
mitochondrial inhibitory properties, to identify three drugs that have been used in humans
for other indications: pyrvinium pamoate, trifluoperazine, and mitoxantrone. Similar to the
standard mitochondrial inhibitors, three FDA drugs showed GSC-specific reduction in cell
number in the lesser tumorigenic GSC line (0827), with them being = 5 fold more potent
towards the GSCs vs. d-GCs (Fig.6A-C, Table 2). Pyrvinium pamoate and trifluoperazine
maintained its GSC-specific activity in the more tumorigenic GSC line (Fig. 6D-E, Table 2).
By contrast, mitoxantrone did not show any differential reduction in cell number between
the GSC and d-GC state (Fig. 6F, Table 2). More importantly, these novel mitochondrial
inhibitors, however, retained their potency compared to TMZ: they were about 50-fold more
cytotoxic to GSCs than TMZ. When tested for cancer cell specificity, these three FDA-
approved drugs showed a significant reduction of human primary astrocyte number (> 25%
reduction in 48 h) (Supplementary Fig S18), indicating that these drugs, if used clinically,
might have some ‘off-target’ toxicity. Among the three FDA-approved molecules, pyrvinium
pamoate showed the best therapeutic selectivity followed by trifluoperazine. Mitoxantrone
affected the GSCs and astrocytes equally, indicating that it may not be a good GSC-selective
agent. Pyrvinium and mitoxantrone induced cleavage of Caspase9/3 in the less tumorigenic
GSC line indicating that they are inducing mitochondria-mediated intrinsic apoptosis
pathway similar to classical mitochondrial inhibitors. Trifluoperazine revealed an absence of
Caspase 9/3 cleavage, which suggests a different mechanism (Supplementary Fig. 19-20). In
Pancreatic ductal adenocarcinoma cells, trifluoperazine triggered mitochondrial stress,
leading to decreased OXPHOS and activation of the unfolded protein response [33]. Both
apoptosis and necroptosis were the cell death pathways initiated by trifluoperazine [33].
Similar findings showed that SH-SY5Y cells underwent apoptosis followed caspase
inhibition and then necrosis induced by trifluoperazine [34]. Similarly, our data may suggest
that trifluoperazine induces cell death favoring necroptosis over apoptosis, or apoptosis is
initiated, but necrosis is the final mechanism in 0827 GSCs.

These data suggest that mitochondrial inhibition elicit preferential cytotoxicity to GSCs
within GBM and could be a potential adjuvant therapy to treat TMZ-resistant GBM. Thus,
the /n vitro data from both classical and novel mitochondrial inhibitors show about 100X
and 50X more potency than TMZ, respectively.

4.0 Discussion

Cellular heterogeneity of GBM tumors has hindered advances in therapeutic intervention to
promote tumor regression and increased patient survival [35]. Currently, DNA alkylating
agent, TMZ, continues to remain the chemotherapeutic SoC for GBMs. However, since the
FDA approval of TMZ in 2005, half of the GBM patients are shown to be nonresponsive to
TMZ-treatment due to the high expression of O6-methylguanine methyltransferase (MGMT)
[36]. Furthermore, under /n vitro conditions, GBM cell lines revealed increased
tumorigenicity (gauged by increased colony formation in soft agar) coupled with a
corresponding significant increase of GSCs within their cell population after treatment with
TMZ [37]. Our experiments indicate that TMZ does not target human patient-derived GSCs
even up to concentrations of 100 pM.

Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.
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Targeting metabolic pathways relevant to cancer cells has shown promising results both for
in vitro and in vivo models for multiple cancers [38]. Additionally, interference of
mitochondrial function by small-molecules in cancer cells has been shown to overcome
radio/chemotherapeutic resistance in several types of cancers [39-42]. Inhibitors of
mitochondrial ETC revealed selective depletion of cancer stem cell or tumor-initiating cell
population in leukemia [43, 44], breast [45-47], pancreatic [48, 49] and colon cancers [50,
51]. In GBMs, mitochondrial inhibition by doxycycline has been shown to mitigate TMZ-
induced enhancement of tumorigenicity in GBM cells determined by soft agar colony
formation assay [37]. Metformin, a biguanide and mild complex I inhibitor, selectively
targeted GSCs and was synergistic with TMZ to inhibit GSC-initiated tumor growth [52]. In
general, small-molecule targeting of the mitochondrial oxidative phosphorylation pathway is
potentially advantageous: 1) Glioblastoma stem-like cells show increased activation of
hypoxia-inducible factor 1(HIF1) [53], which enhances cellular adaption of GSCs in a
hypoxic (<5% O,) microenvironment, promotes drug resistance in GSCs [54], maintains
tumorigenic properties of GSCs [55], and is also responsible for dedifferentiation of non-
GSCs to GSCs [56]. It has been reported that inhibition of mitochondrial respiratory
complexes inhibits hypoxic activation of HIF1 [57]. Hence, inhibition of HIF1 activation by
the mitochondrial inhibitors can be an added advantage. 2) GSCs show an increased
expression of ATP-binding cassettes of efflux transporters contributing to chemotherapy
resistance [58]. Mitochondrial inhibition could lead to a reduction in ATP synthesis with
decreasing drug efflux. 3) Mitochondrial heterogeneity between GSCs and d-GCs promotes
precision targeting to eliminate GSCs. GBM relapse may be less likely to occur upon GSC
eradication. Our results from this study show that, as a class, mitochondrial inhibitors could
be useful as an adjuvant therapy to prevent tumor recurrence in certain GBM patients. Our
data are in accord with multiple reports of mitochondrially active agents, causing selective
GSC-depletion [59, 60]. It is, however, crucial that the potential novel anti-GBM therapeutic
agents must be tested in multiple patient-derived GSC lines as we see significant variation in
cellular signaling in the two patient-derived GSC lines tested in our study.

Irrespective of the advances in medical technologies, the drug discovery efforts against
GBM have been mostly unsuccessful at the clinical level [61]. Loss of efficacy and poor
blood-brain-barrier (BBB) penetration in preclinical /n vivo models and clinical trials are the
biggest challenges in the novel anti-GBM drug discovery efforts. Furthermore, the
requirement of extensive evidence of the safety and efficacy of a novel therapeutic agent can
take an extended period of time and remains a major obstacle to the rapid translation of
novel therapies from bench to bedside. Drug repurposing or repositioning is an established
method of rapidly increasing the availability of effective anti-GBM treatment options.
Repurposed FDA-approved drug candidates with mitochondrial inhibitory effect could serve
as alternate therapeutics to treat GBMs resistant to SoC chemo- and radiotherapies. This
opens doors for hundreds of FDA-approved drugs with anti-mitochondrial effects to be
tested on GBMs, and their repurposing could result in quicker entry into patient clinical
trials due to their lack of documented adverse side effects. We previously screened a library
of 1600 FDA-approved drugs and clinically-trialed molecules for their anti-mitochondrial
effects [24]. We identified three FDA-approved drugs (trifluoperazine, mitoxantrone, and
pyrvinium pamoate) with strong mitochondrial inhibitory effects. Earlier work showed that
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trifluoperazine promotes mitochondria stress with a decrease in OXPHOS and an increase in
ROS [33]. Mitoxantrone decreases complex V activity and ATP production in cardiac cells
[62] and reduces mitochondrial calcium uniporter activity [63]. In myeloma/erythroleukemia
cells, pyrvinium pamoate inhibits mitochondrial complex | [64]. Pyrvinium pamoate impairs
the reversal mitochondrial electron-transport chain complex, NADH-fumarate reductase
system under hypoglycemic and hypoxic conditions found in tumor microenvironments [65].
In confirmation of our hypothesis, all three of these drugs exhibit cytotoxicity against both
the GSC line tested in the current study. All three of these drugs have shown mitochondrial
inhibition as well as efficacy in various GBM models in the past [66—69]. Our data reveal
that mitochondrial inhibition is the mechanism of their cytotoxicity towards GSCs and,
therefore, GBMs. Although out of the three drugs tested, only trifluoperazine is readily
blood-brain-barrier permeable, local administration of pyrvinium pamoate through
intracranial injection in an /n vivo models show tumor xenograft regression [66]. In a clinical
trial, locoregional chemotherapy with mitoxantrone increased the patient survival by 50%
[67]. These results suggest that FDA-approved drugs with antimitochondrial effects can be
considered a potential adjuvant therapy for TMZ-resistant GBM. Moreover, trifluoperazine
has been shown to hinder the plasticity of the dGCs by preventing radiation therapy induced
GSCs [70].

Hereby we report differential sensitivity of GSCs and d-GCs to the mitochondrial inhibitor
and identification of clinically used drugs to overcome a major obstacle in GBM
chemotherapy. In addition, our data suggest that /n7 vitro drug discovery efforts using /n vitro
GSC cultures with serum may miss potential therapeutic agents due to a change in cellular
signaling and subsequently a loss of sensitivity.

5. Conclusions

Efforts aimed at eradicating glioblastoma through mitochondrial inhibition led to the
findings that GSCs were selectively targeted due to their lower mitochondrial content. GSCs
exhibited the “Warburg effect” by showing a decrease in cellular respiration with increased
tumorigenicity. Classical mitochondria inhibitors, Rotenone, Antimycin A, and Oligomycin
A preferentially kill GSCs compared to dGCs. GSCs with low tumorigenicity appear to
undergo apoptotic death, whereas autophagy appears to be the preferred death mechanism in
more tumorigenic GSCs when GSCs were exposed to classical mitochondria inhibitors.
FDA-approved drugs trifluoperazine, mitoxantrone, and pyrvinium pamoate have shown
efficacy toward mitochondrial inhibition with GSCs target selectivity. The three FDA
approved drugs are more effective than TMZ at eradicating GSCs and could be used to treat
a patient’s GBMs and prevent tumor relapse.
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Highlights
. Patient-derived glioma stem-like cells (GSCs) show mitochondrial
heterogeneity
. Classical mitochondrial inhibitors preferentially kill GSCs
. Mitochondrial inhibitors are better than temozolomide in killing GSCs
. Mitochondrial inhibitors induce intrinsic apoptosis pathway or autophagy in

GSCs
. Mitochondria-targeting FDA-approved drugs can selectively kill GSCs
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Figure 1: Glioma stem-like cells show much lower mitochondrial function and content than
differentiated glioma cells.

Glioma stem-like cells have significantly lower (A) mitochondrial function and (B) content
(mitochondrial copy number). Differential glioma cells were generated by culturing glioma
stem-like cells in growth factor-free, and 10% FBS supplemented medium. Mitochondrial
O, consumption was measured by the Clarke Electrode method. Mitochondrial content was
measured by measuring mitochondrial DNA to nuclear DNA ratio by QPCR. Data are
presented as average + std. dev from 3 independent observations (N=3). Data are analyzed
with unpaired two-tailed student’s t-test. “*” denotes statistical significance (p < 0.05).
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Figure 2. Glioma stem-like cells have significantly lower mitochondrial gene expression than
differentiated glioma cells.

Differentiated glioma cells have significantly higher expression of mitochondrially encoded
genes such as complex | subunit ND2 and Cytochrome B at the RNA level. Differential
glioma cells were generated by culturing glioma stem-like cells in growth factor-free, and
10% FBS supplemented media. Mitochondrial gene expression at the RNA level was
measured by QRTPCR. Data are presented as average + std. dev from 3 independent
observations (N=3). Data are analyzed with unpaired two-tailed student’s t-test. “*” denotes
statistical significance (p < 0.05).

Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Datta et al. Page 20
A. Less tumorigenic B. Less tumorigenic c. Less tumorigenic
> (0827) > (0827) % (0827)
= 125+ = 1251 = 125
2 o o
= 3 K.
Z 100+ Z 1004 2 100
3 3 3
3 754 3 754 > 751
& -] =
=4 3 ¥
§ 50 § 501 3 501
e ¢ ¢ 0d-GC ©
3 2 . 3 25 § 3 2
b 9 [+] - ,
£ GSC Z BGSC 2
< [] @
2 0l : ! — > , ' T O - .
& -10 -9 -8 -7 # 9 8 .J R 8 7 I
Log (Conc.) [M] Log (Conc.) [M] Log (Conc.) [M]
D. E. F.
2 More tumorigenic > More tumorigenic . More tgg;%r;gemc
= 1257 = 1254 - £ 425-
g5 (0923) Z 125 (0923) z 125 (
3 ® =
> 100+ > 1004 d-GC 2 1004 d-GC
3 3 3 GSC
3 ™o sec 8| T3 3
[] ° -
5 3 5 5
£ L] £ =
50- 50- .
Bt GSC 3 , &%
g 2 o
9 259 S 259 T 254
$ 5 5
>0 v M v T >0 T T T > 0 T Y T
# 40 9 3 7 ® 9 8 T ® 3 3 A
Conc. Log[M] Conc. Log[M] Conc. Log[M]
Oligomycin A Antimycin A Rotenone

Figure 3. Preferential antiproliferative effects of mitochondrial inhibitors on glioma stem-like
cells.
Glioma stem-like cells are significantly more sensitive to the antiproliferative effects of the

mitochondrial inhibitors (A,D) oligomycin A; (B,E) antimycin A; and (C,F) rotenone. (A-C)
0827 glioma cell line. (D-F) 0923 glioma cell line. Furthermore, Classical mitochondrial
inhibitors are about 100-fold more potent at Killing GSCs than current GBM standard of care
treatment, TMZ. Glioma stem-like cells were differentiated by the withdrawal of growth
factors and the addition of 10% FBS. Cells were treated with specified concentrations of
mitochondrial inhibitors for 48 h, and the cell viability was measured using the Cell titer-
Glo™ method. Data are presented as average + std. dev from 3 independent experiments
(N=3). d-GC, differentiated glioma stem cells; GSC, Glioma stem cells.

Biomed Pharmacother. Author manuscript; available in PMC 2021 May 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Datta et al. Page 21

A. B C.

60 —* Lesstumorigenic GSCs (0827) o4 ® Lesstumorigenic GSCs (0827) w 60- e Less tumorigenic GSCs (0827)
3 -8+ More tumorigenic GSCs (0923) 2 o More tumorigenic GSCs (0923) g o More tumorigenic GSCs (0923)
o o g
= ] P | 8 404
gu g :

: g g
< < =
£ 204 £ 20- S 201
e g = 8 &--ggo-@-o = g
5 S o
°\° 0 T T T T 1 °\° c T T T T ] °\° 0 1 1 T T 1
-11 -10 -9 -8 -7 -10 -9 -8 -7 -6 -9 -8 -7 -6 -5
Log (Conc.) [M] Log (Conc.) [M] Log (Conc.) [M]
Oligomycin A Antimycin A Rotenone
D. 1 2 3 4 1 2 3 4

N e S’ | | S e —? — | O-tUbUlIN (54 Kda)

— Cleaved caspase9 (14 and 16 Kda)

S Cleaved caspase3 (14 and 16 Kda)

— PARP1 (116 Kda)
- . e R ity Cleaved PARP1 (89 Kda)
s — e p—

Less tumorigenic More tumorigenic
GSCs (0827) GSCs (0923)

Figure 4. Concentration-dependent induction of apoptosis by mitochondrial inhibitors.
Mitochondrial inhibitors such as (A) Oligomycin A; (B) Antimycin A and (C) Rotenone

concentration-dependently increase the percentage of total apoptotic cells in less
tumorigenic GSCs (0827) whereas more tumorigenic GSCs are resistant. The GSCs were
incubated with the mitochondrial inhibitors at the specified concentration for 48 h, and the
percentage of annexin V positive cells was measured using a Muse Cell analyzer. Data are
presented as average + std. dev from 3 independent experiments (N=3). (D) A representative
image of a cropped immunoblot showing cleavage of caspase 9 and caspase 3 and PARP1
indicating activation of intrinsic apoptosis pathway (Lane 1 = Vehicle; Lane 2 = Rotenone;
Lane 3 = Antimycin; Lane 4 = Oligomycin A). The full immunoblots are shown in
supplementary figures S13 (Caspase 9), S14 (Caspase 3), and S15 (PARP1).
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Figure 5: GSC-specificity of mitochondrial inhibitors compared to human primary astrocytes.
Human primary astrocytes do not show any prominent toxicity when incubated with

mitochondrial inhibitors such as (A, D) Oligomycin A; (B, E) Antimycin A; and (C,F)
Rotenone at the anti-GSC antiproliferative concentrations. (A-C) 0827 glioma cell line and
astrocytes. (D-F) 0923 glioma cell line and astrocytes. Data are presented as average =+ std.
dev from 3 independent experiments (N=3).
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Figure 6.

GSC-specific antiproliferative effects of mitochondria-targeted FDA approved drugs. An
increase in GSC number is concentration-dependently inhibited by mitochondrially-targeted
FDA-approved drugs (A, D) pyrvinium pamoate; (B, E) trifluoperazine; and (C, F)
mitoxantrone. Glioma stem-like cells were treated with specified concentrations of FDA-
approved drugs for 48 h, and the cell viability was measured using the Cell titre-Glo ™
method. Data are presented as average + std. dev from 3 independent experiments (N=3).
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Table 1.
gPCR primer list.
Species  Gene Sequence (5" — 3")
Human  MT-TL1 (DNA) Forward CACCCAAGAACAGGGTTTGT
MT-TL1 (DNA) Reverse ~ TGGCCATGGGTATGTTGTTA
Human  B2M (DNA) Forward TGCTGTCTCCATGTTTGATGTATCT
B2M (DNA) Reverse TCTCTGCTCCCCACCTCTAAGT
Human  MT-ND2 Forward CATATACCAAATCTCTCCCTC
MT-ND2 Reverse GTGCGAGATAGTAGTAGGGTC
Human  MT-CYB Forward ACCCCCTAGGAATCACCTCC
MT-CYB Reverse GCCTAGGAGGTCTGGTGAGA
Human  B-ACTB Forward GCCAACACAGTGCTGTCTGG

B-ACTB Reverse

CTGCTTGCTGATCCACATCTGC
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Table 2

The ICsqs of the FDA-approved drugs and TMZ on GSC viabilities.

Page 25

0827 GSC 1Cs (M, 95%

0827 d-GC ICsg (UM,

0923 GSC 1Cso UM (95%

0923 d-GC ICso UM (95%

Drugs cl) 95% CI) cl) ch

Pyrvinium pamoate 0.1 (0.1-0.2) 0.5(0.3-0.9) 09(0.7-1.2) 53(35-7.9)
Trifluoperazine 4.7(3.4-6.5) >100 9.1(6.8-125) 35.7 (22.8 - 66.5)
Mitoxantrone 1.8(1.4-2.4) 10.2 (8.5-12.2) 2.6(21-3.2) 3.0 (1.9-4.8)
Temozolomide >100 >100 >100 >100
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