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Abstract

In the pediatric population, brain tumors represent the most commonly diagnosed solid neoplasms and the leading cause of
cancer-related deaths globally. They include low-grade gliomas (LGGs), medulloblastomas (MBs), and other embryonal,
ependymal, and neuroectodermal tumors. The mainstay of treatment for most brain tumors includes surgical intervention,
radiation therapy, and chemotherapy. However, resistance to conventional therapy is widespread, which contributes to the high
mortality rates reported and lack of improvement in patient survival despite advancement in therapeutic research. This has been
attributed to the presence of a subpopulation of cells, known as cancer stem cells (CSCs), which reside within the tumor bulk and
maintain self-renewal and recurrence potential of the tumor. An emerging promising approach that enables identifying novel
therapeutic strategies to target CSCs and overcome therapy resistance is drug repurposing or repositioning. This is based on using
previously approved drugs with known pharmacokinetic and pharmacodynamic characteristics for indications other than their
traditional ones, like cancer. In this review, we provide a synopsis of the drug repurposing methodologies that have been used in
pediatric brain tumors, and we argue how this selective compilation of approaches, with a focus on CSC targeting, could elevate
drug repurposing to the next level.
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1 Introduction

Brain tumors are the most common solid neoplasms and the
leading cause of cancer-related deaths among children world-
wide [1-4]. They are a group of neoplasms, each with its own
pathophysiology, prognosis, and treatment, that arise from
different types of cells within the central nervous system
(CNS). Low-grade gliomas (LGGs) are by far the most
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commonly diagnosed brain tumors in the pediatric age group,
followed by medulloblastomas (MBs) and other embryonal,
ependymal, and neuroectodermal tumors [5].

Treatment of most brain tumors requires a multimodality
approach that includes surgical intervention, radiation therapy
(RT), and chemotherapy. Unlike many other forms of cancer,
treatment of brain tumors has proved to be particularly chal-
lenging due to their location, which renders them beyond the
reach of neurosurgeons and inoperable. In addition, chemo-
therapeutic agents are unable to traverse the blood-brain bar-
rier (BBB) system due to its selective permeability [6]. Those
tumors also harbor unique genetic and epigenetic characteris-
tics that make them resistant to various conventional chemo-
therapeutic agents [7-9]. Moreover, several studies demon-
strated that therapy resistance could be attributed to the pres-
ence of a subpopulation of cells residing within the tumor
bulk, known as cancer stem cells (CSCs) [10-12]. Indeed, it
is becoming apparent that CSCs play a crucial role in the
failure to respond to conventional therapy and subsequent,
recurrence of different brain tumors [13]. Hence, it is
crucial—with the unassertive improvements in the outcomes
of patients during the past few years—to look for new
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treatment strategies that focus on targeting CSCs via a
computational-based drug repurposing approach.

The idea of drug repurposing—by using previously ap-
proved drugs for new indications other than their traditional
use—has recently gained considerable popularity in different
fields of medicine, especially cancer [14, 15]. This attractive
approach is anticipated to provide novel avenues to overcome
conventional therapy resistance and eradicate the highly ma-
lignant brain CSCs. In tumors such as breast cancer, for ex-
ample, genomics-based tools have been used to identify Food
and Drug Administration (FDA)-approved drugs and repur-
pose them to treat patients through targeting CSCs within the
tumor [16]. In addition, data-driven computational methods
were utilized in glioblastoma multiforme (GBM) to identify
compounds and drugs that can be repositioned to inhibit GBM
CSCs [17]. Such synthetic drugs could present promising mo-
lecular weapons against cancer, and henceforth predict a
bright future for efficient management of lethal cancers such
as brain tumors.

2 Repurposing approved drugs in pediatric
brain tumors

Advancements in analyzing the genetic and epigenetic alter-
ations in tumor cells in the past few years drove the discovery
of novel molecular signatures and therapeutic targets implicat-
ed in oncogenesis, including pediatric tumors, which in turn
instigated remarkable improvement in the survival rates of
patients [18]. According to the Surveillance, Epidemiology,
and End Results (SEER) Program of the National Cancer
Institute, there was a conspicuous increase in the 5-year rela-
tive survival rate for all childhood cancer combined from
61.7% in 1975-1977 to 81.4% in 1999-2006, except for gli-
omas [19]. Particularly, children with metastatic diseases and
brain tumors have not shown significant improvement in their
survival over the past three decades [18]. This necessitates
seeking a different approach to identify more effective drugs
for pediatric brain tumors that mainly target signaling path-
ways of stemness and thus block tumor growth and metastasis.
Consequently, drug repurposing could be the promising next-
generation strategy to pursue in cancer research [20]. By com-
bining genetic evidence with suitable in vitro/in vivo pheno-
typic analyses, FDA-approved drugs—with known
pharmacokinetics/pharmacodynamics and drug-drug interac-
tion parameters—could be repurposed to serve as potential
candidates to treat brain tumors among children [14].
However, those candidate compounds must have a number
of unique features in order to be efficient in the case of pedi-
atric brain tumors, including (1) ability to traverse the BBB,
(2) safe for infants and children with no serious adverse ef-
fects, (3) FDA approved, (4) considerably less costly and less
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time-intensive, and (5) proven efficient and safe against brain
CSCs in preclinical models (Figs. 1 and 2).

3 Pediatric glioma

Gliomas are the most common brain tumors in children [21].
These tumors are divided into two categories; the low-grade
glioma (LGG) and the high-grade glioma (HGG), where the
former accounts for 50% of all primary pediatric CNS tumors
[22] while the latter accounts for only 8% [23]. Surgical resection
is the mainstay of management for gliomas in both children and
adults, followed by conventional chemotherapy, mainly
Temozolomide (TMZ), or radiation therapy [22, 23]. Although
these conventional therapies might improve the quality of life,
they do not always increase patients’ survival [24]. Under the
current treatments, LGG shows much higher survival rates than
HGG, where patients diagnosed with glioblastoma (astrocytoma
grade V), the most aggressive form of glioma, have an overall
survival of several months after diagnosis despite major advances
in translational research and therapeutic interventions [24-26].
This has been attributed, in part, to the incomplete eradication
of the CSC subpopulation present within the heterogeneous tu-
mor bulk, which is held responsible for fueling tumor regrowth
and self-renewal, leading to tumor progression and malignant
recurrence [27, 28].

New studies are redirecting the use of pre-approved
existing drugs, which have been used clinically for
nonneoplastic pathologies, alone or combined with conven-
tional therapies to increase their efficacy [29]. This is the case
for several solid tumors as it is for glioma, where a set of drugs
is under investigation for targeting cancer cells, and in partic-
ular the CSC subpopulation, to increase survival of glioma
patients [29] (Table 1).

3.1 Antidiabetic drugs

Metformin and its analog phenformin, two biguanide drugs used
to treat type 2 diabetes mellitus, were found to be effective on
glioma cell lines leading to reduced migration [44] and cell death
through the generation of reactive oxygen species (ROS) [30].
When compared to metformin, phenformin was able to signifi-
cantly decrease the proliferation of glioblastoma stem cells
in vitro and to reduce the expression of stem cell markers such
as SOX2, OCT4 and CD44. Phenformin was also shown to
prolong the survival of xenografted mice by inhibiting angiogen-
esis within the tumor and inducing apoptosis of tumor cells
in vivo, especially when combined with TMZ [31].

3.2 Antihyperlipidemic drugs

Another category of repurposed therapeutic drugs for
targeting glioma (specifically the HGG) includes statins.
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Fig. 1 Schematic diagram showing how repurposed drugs targeting
cancer stem cells (CSCs) promote tumor regression. While majority of
cancer cells within a tumor are affected by conventional therapies leading
to shrinkage of the tumor, surviving CSCs may resist these types of

These lipid-lowering drugs are traditionally used to reduce
heart attacks and strokes, therefore decreasing the mortality
of patients with cardiovascular diseases and lowering pleio-
tropic effects [45]. In cancer, simvastatin was shown to reduce
proliferation and induce apoptosis of the C6 glioma cell line
via increased phosphorylation of c-jun by activating the INK
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therapeutic agents prompting cancer recurrence with time. This renders
the need for novel targeted therapeutic approaches for “repurposed drugs”
directed against CSCs to elicit complete tumor regression and prevent
recurrence

pathway [32]. Other statins were shown to induce cytotoxic-
ity, reduce migration and invasion, and cause apoptosis of
glioblastoma cell lines mainly through manipulating TGF-3
activity, a common target for statins in both glioma and car-
diovascular diseases [33]. However, when combined with
chemotherapy, and specifically TMZ, statins sensitized

Drug Repurposing to Target CSCs in Pediatric Brain Tumors
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Fig. 2 Drug repurposing to target cancer stem cells (CSCs) in pediatric
brain tumors. Using genomics-based tools, computational approaches,
and in vitro/in vivo analyses, many Food and Drug Administration
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In vitro/in vivo analyses
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(FDA)-approved drugs could be identified and repurposed to specifically
target CSCs in patients with pediatric brain tumors
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glioblastoma cell lines to this treatment, therefore increasing
the efficiency of standard of care therapy in targeting this
tumor [46].

3.3 Antihypertensive drugs

Angiotensin I converting enzyme inhibitors (ACElIs) and an-
giotensin II receptor blockers (ARBs)—known for lowering
blood pressure in hypertensive patients and treating conges-
tive heart failure [47, 48]—have been involved in targeting
solid tumors [34]. In glioblastoma, studies revealed numerous
ways by which ACEIs and ARBs can efficiently decrease
tumorigenic properties. It was proven that angiotensin and
angiotensinogen receptors I and II signaling promote the re-
lease of several cytokines and proinflammatory factors favor-
ing tumor development and aggressiveness [49-51].
Interestingly, ACEIs and ARBs played a critical role in mod-
ifying the tumor microenvironment by reducing hypoxia, en-
hancing T cell infiltration, and ameliorating the antitumor im-
munity. In addition, these drugs were able to enhance the
delivery of conventional therapies to the destined sites by
increased BBB penetrance, hence prolonging the survival of
glioblastoma patients [34]. These data support the notion that
targeting the renin-angiotensin system by ACEIs and ARBs,
improves cancer treatment via activating immune-stimulatory
pathways to enhance cancer immunotherapy [34].

GBM tumors

« Inhibited GBM cell invasion and prolonged survival of mice bearing

Effect(s)

Mode(s) of action

3.4 GSK3-B inhibitors

TMZ is the most effective FDA-approved chemotherapeutic
treatment for glioma, especially when combined with radia-
tion therapy [52]. However, during treatment, cancer cells
might become resistant, a phenomenon attributed to the CSC
population residing within the tumor bulk [10, 53]. Thus,
shortly after treatment, glioma, in particular HGG, becomes
refractory to both chemotherapy and radiation therapy, and the
survival is drastically decreased. Therefore, studies have fo-
cused on improving glioblastoma prognosis mainly by
targeting the CSC population and by enhancing the outcome
of conventional treatments [35]. To fulfill these purposes, sev-
eral molecular studies were conducted to better understand the
mechanisms underlying aggressiveness and therapy resistance
in glioblastoma.

One of the most critical findings states that GSK3-f3, a
serine-threonine kinase, is overexpressed in glioblastoma,
yet its role remains controversial as it promotes cancer pro-
gression in some tissues and suppresses tumors in others [54].
In glioblastoma, knocking down GSK3-{ has been shown to
promote cellular apoptosis [55]. In light of these data, new
strategies have emerged to inhibit GSK3-[3, especially after
the pathologic link of some neurodegenerative diseases to
GSK3-p3, such as Alzheimer’s disease (AD) [56]. This fortu-
nate finding has led to the commencement of several clinical

MB cell lines targeted In vivo studies
hGICs

Original
indication

ROS, reactive oxygen species; DM2, diabetes mellitus type 2; HLD, hyperlipidemia; GSC, glioma stem cell; GBM, glioblastoma multiforme; 2#GIC, human glioma-initiating cells; HTN, hypertension; CHF,

congestive heart failure; GSK, glycogen synthase kinase; VEGF, vascular endothelial growth factor; TMZ, temozolomide; NSC, neuroblastoma x spinal cord cell line

Table 1 (continued)

Ref. Drug
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trials using GSK3-f3 inhibitors to treat AD and progressive
supranuclear palsy [57, 58]. Hence, it was worth repurposing
GSK3-3 inhibitors to treat glioblastoma, thereby decreasing
drug costs and increasing treatment success rates. Several
drugs have been tested for this purpose, out of which
kenpaullone was found to inhibit stemness properties by re-
ducing the number and size of cultured glioblastoma spheres
[35]. In vivo studies also showed that combinatorial treatment
of kenpaullone with TMZ prolonged survival of mice com-
pared to sole treatment with TMZ as the penetrance of
kenpaullone across the BBB enhances when administered
with TMZ [35]. Lithium chloride, another GSK3-f3 inhibitor
and well-known drug for the treatment of bipolar disorder,
was shown to inhibit cellular proliferation and invasion of
glioblastoma spheres in vitro [36, 37].

Moreover, several studies reported more potent antitumor ef-
fects of other GSK3-f3 inhibitors in targeting CSCs as alterna-
tives to lithium due to its potential toxicities in humans when
administered at high concentrations. Those inhibitors include
indirubins and their derivatives which reduce the phosphoryla-
tion of (3-Catenin, a GSK3-f3 substrate, thereby decreasing mi-
gration and increasing survival [36], and CHIR99021 which in-
creases the permeability of endothelial cells, allowing therapeutic
drugs to traverse the BBB and reach the tumor site [36]. More
recently, a new drug named tideglusib that irreversibly inhibits
GSK3-[3 was placed on clinical trials for AD [57, 59]. This same
drug is referred to as an “orphan drug” for AD [60]. Tideglusib is
still under investigation for its role in treating glioblastoma and
other nervous system tumors. In one study, tideglusib was found
to significantly reduce the sphere forming ability of glioblastoma
cells and to sensitize cancer cells to TMZ chemotherapy by
inhibiting GSK3-f3 [61]. A study from our group also revealed
that tideglusib is an effective in vitro treatment for neuroblastoma
by significantly reducing cell proliferation, viability, and migra-
tion of SK-N-SH and SH-SYS5Y cells, and inhibiting the
neurosphere forming ability of SH-SYSY cells [62].

3.5 NSAIDs

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used as
antipyretics, anti-inflammatory, and analgesic agents. They
are arachidonic acid pathway inhibitors primarily targeting
cyclooxegenase-2 (Cox-2) enzyme, hence decreasing the syn-
thesis of various prostaglandins implicated in a wide range of
diseases such as cancer, inflammation, cardiovascular disease,
and hypertension [63]. Prostaglandin E2 (PGE,), through EP
receptor signaling, enhances tumor cell proliferation and angio-
genesis and inhibits apoptosis and immune responses [63, 64].

Ibuprofen and diclofenac, which are usually used as anal-
gesics, have been shown to reduce cell proliferation and mi-
gration of glioblastoma cell lines [38, 39]. While both reduced
signal transducer and activator of transcription 3 (STAT3)
phosphorylation, diclofenac further reduced extracellular
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lactate, c-myc expression, and lactate dehydrogenase (LDH-
A) activity. As such, diclofenac may give rise to decreased
lactate-mediated immunosuppression in gliomas. The COX-
2 inhibitor celecoxib reduced tumor edema and exhibited an
anti-angiogenic effect on glioblastoma [40, 65].

3.6 Antipsychotic drugs

Antipsychotic drugs such as thioridazine [41] and trifluoper-
azine [42] were tested as anticancerous agents as well.
Thioridazine prevented the occurrence of adaptive metabolic
alterations associated with TMZ resistance and was able to
impair autophagy by inhibiting the fusion between lysosomes
and autophagosomes, thereby increasing the chemosensitivity
of glioblastoma to TMZ [41]. In vivo studies showed that an
analog of trifluoperazine, 3 dc, reduced the size of xenografted
brain tumors in a mouse model of glioblastoma and increased
intracellular calcium levels with a selective effect on glioblas-
toma cells over normal neural cells [42].

3.7 Antidepressants

Antidepressants were also part of the repurposing strategy.
One such drug, fluvoxamine, is able to disrupt actin polymer-
ization, inhibit FAK and AKT/mTOR signaling, and subse-
quently inhibit glioblastoma migration and invasion in vitro.
Similarly, an in vivo model demonstrated the anti-invasive
effect of fluvoxamine, where it confined the CSC (CD133"
staining) dissemination to the area where the tumor was locat-
ed compared to the untreated group of mice, where the CSC
population was more widespread [43].

3.8 Antineoplastic drugs

Another category of repurposed drugs for treating glioma lies
in the cancer field itself. In an attempt to reduce the long-term
toxicity caused by radiotherapy in pediatric glioma patients, a
study showed that combining rapamycin, an mTOR signaling
pathway inhibitor [66], and erlotinib, an EGFR tyrosine ki-
nase inhibitor [67], both used to treat lung cancer, was found
to be well tolerated in children with LGGs and some patients
exhibited prolonged disease stabilization [68].

4 Medulloblastoma

Medulloblastoma (MB) is a highly aggressive malignant tu-
mor arising from the CNS primitive neuroectodermal cells,
mainly originating from the cerebellum or posterior fossa
[69]. It is by far the most common malignant tumor of the
CNS in children, consisting of about 20% of the total brain
tumors in this patient population, with a prevalence of around
5 per 1000,000 children younger than 15 years [70, 71].
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There are distinct molecular classifications of MB, as dem-
onstrated by Pomeroy et al. [72], Thompson et al. [73], Kool
et al. [74], and E. Cho et al. [75]. These molecular subgroups
differ in their demographics, transcriptomes, somatic genetic
events, and clinical outcomes. Variations in the number, com-
position, and nature of the subgroups between studies brought
about a consensus conference in Boston in the fall of 2010,
where the discussants agreed on four main transcriptional sub-
groups of MB named MBWNT, MBS"H MBS 3 and
MBS 4 clearly distinct in terms of demographics, histolo-
gy, DNA copy-number aberrations, and clinical outcome [76].

The standard of care therapy for MB encompasses maximal
safe resection followed by radiation therapy and chemothera-
py [77]. However, MB harbors a population of CSCs that are
resistant to the multimodal therapy used and are thought to be
responsible for the consequent increase in tumor progression,
metastasis, and recurrence [78, 79]. Moreover, the tumorigen-
ic interplay that exists between the neighboring signaling cas-
cades, the epidermal growth factor receptor (EGFR), and
platelet-derived growth factor receptor (PDGFR), previously
reported in MB cells [80, 81], may explain the aggressive
mechanisms these cells utilize to evade therapy. However,
many drugs used in the treatment of chronic and
nonneoplastic diseases have been repurposed to target molec-
ular pathways that are involved in the pathogenesis of MB, as
shown below (Table 2).

4.1 Cardiac glycosides

Cardiac glycosides, such as digoxin, digitoxin, and ouabain,
are naturally derived steroid-like compounds widely used in
the treatment of congestive heart failure and cardiac arrhyth-
mias. They act by binding to and inhibiting sodium-potassium
ATPase (Na*/K*-ATPase) [95, 96]. The initial interest in car-
diac glycosides was for use in cardiac disease, yet several
studies were conducted thereafter to assess the use of these
medications in the treatment of cancer [97].

Among the receptor tyrosine kinases, the EGFR family is
known to regulate growth, differentiation, motility, and sur-
vival of fibroblasts and epithelial cells. It triggers various
downstream signaling cascades, including the Erk1/2
(MAPK) and phosphoinositide-3 (PI3)-kinase/Akt pathways.
EGFR family is also expressed in neurons of the hippocam-
pus, cerebellum, and cerebral cortex in addition to other re-
gions of the CNS [82, 98, 99]. Linking EGFR with MB, co-
expression of c-erbB2/HER2 and c-erbB4/HER?2 subtypes of
the EGFR family had been significantly associated with the
advanced metastatic disease and poor clinical outcome
[100-102]. D. Wolle et al. revealed a crosstalk between Na,
K-ATPase and EGFR signaling, where treatment of DOAY
MB cells with ouabain, a cardiac glycoside, inhibited EGF-
induced downstream activation of Erk1/2 and Akt but activat-
ed Erkl1/2 and Akt independently from EGFR. Aside from

that, ouabain inhibited p21 Ras activation, hindered EGF-
mediated formation of actin stress fibers, prevented EGF-
induced FAK phosphorylation, and hence DAOY cell motili-
ty, hypothetically through stress signaling activation [82].

Huang et al. studied the in vitro effects of 5 members of the
cardiac glycoside family (proscillaridin A, digoxin, lanatoside
C, digitoxigenin, and digoxigenin) on MEDSA (MB“™"P )
and D283 (MBY™" #) cells [103]. Both cell lines showed a
significant decrease in viability, with ascending doses of all
cardiac glycoside family members. In addition, digoxin was
found to prolong survival in orthotopic PDX models. Huang
et al. also reported better survival among mice treated with
digoxin and radiation therapy compared to mice treated with
radiation therapy only [83].

4.2 Antihyperlipidemic drugs

Statins, antihyperlipidemic drugs that inhibit the HMG-CoA
reductase enzyme of cholesterol biosynthesis, have also been
used to target MB [104, 105]. HMG-CoA inhibition prevents
the formation of isoprenoid intermediates that are essential for
post-translational modification (prenylation) of intracellular
signaling proteins, including the G-proteins Ras and Rho
[105, 106]. Interestingly, inhibiting Ras and Rho prenylation
by statins alters numerous downstream signaling pathways
that are implicated in cancer, such as the PI3K/Akt/mTOR
and MAPK/ERK pathways [107, 108].

Takwi et al. studied the interplay between statins,
microRNAs (miRNAs) and c-Myec in vitro [84]. Lovastatin
was found to induce miR-33b (miRNA precursor whose gene
is located at 17p11.2, a genetic locus identified to be lost in
patients with MB [109]) expression, which in turn negatively
regulated c-Myc expression, and extended survival and re-
duced growth of xenografted DAOY cells in mice [84].

Another studied target for statins is the Hedgehog (Hh)
signaling pathway. Hh pathway is an essential pathway to
maintain the activity of CSCs population in various tumors
[110]. PTCHI gene mutation, which is reported in 8—10% of
sporadic MB cases, leads to ligand-independent constitutive
activation of the Hh pathway [110, 111]. Hh signaling path-
way effector Gli 1 was associated with Belll overexpression,
and both were present in areas of decreased apoptosis in nod-
ular MB. Lovastatin treatment of DAOY MB cells was asso-
ciated with upregulation of pro-apoptotic genes with reduction
in Bclll mRNA and protein levels. Significant apoptosis was
seen with lovastatin monotherapy of DAOY cells and co-
treatment with cyclopamine, an Hh antagonist [85, 86]. In
another study by Sheikholeslami et al., the effect of
Simvastatin on 3 MB cell lines (DAQY, D283, D231) was
investigated [87]. Simvastatin induced apoptotic cell death
in the treated cell lines compared to untreated controls by
activation of intrinsic and extrinsic apoptosis pathways.
Rescue assays reversed simvastatin induced cell death,
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- E % gb variably among the three studied MB cell lines. Simvastatin
% % N é also decreased Mcl-1 and Bcl2 expression, both of which are
S 2 & = anti-apoptotic proteins that regulate apoptosis [87].
2o k. 5 273 4.3 Antihelminthic drugs
LT
2 = g E\ E 'é Mebendazole is a benzimidazole antihelminthic drug used to
E % % iEr S 2 _;g treat parasitic infestations via inhibiting microtubule forma-
g T2 £ S _%2 8 tion within the parasites [112, 113]. This drug was repurposed
2 g s g fé E £ to study its effect on MB. Bai et al. revealed that mebendazole
%“a E é Iz = % inhibited vascular endothelial growth factor receptor 2
%.§ E 5 < %d “ (VEGFR-2) in cultured HUVECs in vitro and in MB xeno-
% g g § § i 5 grafts. Notably, VEGFR-2 is known to induce angiogenesis,
%’ E © eo E 4 5 "u:: enhance vascular permeability, and maintain CSCs [114].
2%3- § Tumor sections from mebendazole-treated mice also showed
é § a decrease in the angiogenic activity within the tumor with no
= effect on the microvasculature within normal brain tissue.
% g Furthermore, results showed improved survival by 150%
§ & E and slowed tumor growth [88]. In a second study, Bai et al.
E & - demonstrated the brain penetration and efficacy of the 3
,; § = mebendazole polymorphs A, B, and C [115]. Mebendazole
z '§ é’o polymorph C exhibited greater brain tissue penetrance in mice
s ',ng g leading to a significant concentration and high brain to plasma
S 55 ratio (B/P ratio: 0.82). Combining mebendazole with
g 0 elacridar, a third generation P-glycoprotein inhibitor, the latter
" >Q< g marginally increased mebendazole cytotoxicity in vitro on
g = GL261 mouse glioma cells. However, co-administration of
% % g mebendazole polymorph C and elacridar had no effect on
& 25 mebendazole brain concentration. Interestingly, the combina-
= % % tion of the two drugs improved survival in GL261 glioma and
§ E" D425 MB models [115].
< B Larsen et al. also advocated the anticancer effect of
‘i 2 g mebendazole as a target for SHH signaling pathway [89].
g E 2 Knowing that the primary cilia is an essential component for
E g %ﬁ SHH signal transduction [116], binding of mebendazole to
% §' § = human tubulin and subsequent inhibition of primary cilia as-
@ = é;}) g sembly was an important mechanism by which mebendazole
= g 2 %» exerted its anti-SHH signaling pathway effect. Mebendazole-
- § 2 B treated DAOY MB cells showed decreased expression of
% gﬂé 2 GLI-1, a downstream effector of SHH signaling pathway.
é Té SR Mebendazole in vitro studies also revealed a decrease in
= 5 cg : DAOY cells proliferation and viability with biochemical and
Eﬂ B =8 morphological evidence of apoptosis. /n vivo studies in mice
S Ry xenografted with DAOY cells exhibited a prolongation in
8 % % median survival with decreased expression of GLI1 and
g ﬁ E PTCHI expression and reduced tumor cell proliferation.
2l . E 23 4.4 HDL nanoparticles
2| Z v3 8
g = Eﬂg % As described above, cholesterol signaling plays an essential
: § = g role in tumor growth and CSCs population maintenance. Bell
21 w23 et al. studied the effect of HDL nanoparticles (HDL NPs) in
Sl & 8 g § SHH-MB that express scavenger receptor type B-1
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(SCARBI), being as HDL NPs receptor. SCARB1 showed to
be highly expressed in SHH MB subtype and associated with
poor prognosis. Co-expression of other Hh pathway genes
such as GLI2, GLI3, and HHIP was also seen in MB patients
with high SCARBI1 expression. Upon HDL NPs binding to
SCARBI1, there was an increase in cholesterol efflux with a
decrease in total cholesterol in SHH driven MB and Ewing
sarcoma cells. HDL NPs also disrupted MB and Ewing sar-
coma cellular viability. Importantly, CSC frequency was also
reduced in HDL NPs-treated MB and Ewing sarcoma-treated
cells, reflected by a decrease in ALDEFLUOR positive
(ALDH+) cells and reduction in 3-D sphere formation in
CSC medium [90].

4.5 Antiretroviral drugs

Abacavir is a nucleoside antiretroviral drug that acts by inhibiting
the reverse transcriptase enzyme. It has been approved for the
treatment of HIV infection with good tolerability and favorable
safety profile [117]. Abacavir was also studied as a potential
inhibitor of human telomerase activity, a ribonucleoprotein com-
plex that maintains telomere length at the end of chromosomes,
including CSCs [118], thereby contributing to tumorigenesis and
cellular immortalization [119, 120]. Increased telomerase activity
was reported in MB, rendering it as a potential target in the
treatment of MB [121]. A study by Rossi et al. demonstrated
the effect of Abacavir on MB cell lines [91], revealing decreased
cellular proliferation with cellular accumulation at G2/M phase
of the cell cycle. In addition, Abacavir-treated cells exhibited a
significant increase in cell death, inhibition of telomerase activity,
and downregulation of hTERT mRNA. Abacavir also induced
cellular differentiation, rendering tumor cells responsive to nor-
mal growth regulatory signals and sensitive to chemotherapeutic
agents [122]. The Abacavir-induced inhibition of telomerase ac-
tivity resulted in telomere induced senescence, which is consid-
ered one of the tumor suppressive mechanisms that mediate the
antitumor effects of chemotherapeutic agents [123].

4.6 NSAIDs

As previously described, NSAIDs are potent COX inhibitors
capable of reducing the synthesis of various prostaglandins.
Baryawno et al. evidenced the expression of Cox-2, micro-
somal prostaglandin E synthase-1 (mPGES-1), and Prostanoid
EP receptors in MB primary tumors and cell lines [92]. He
demonstrated the effect of diclofenac (Cox1/Cox2 inhibitor)
and celecoxib (Cox2 inhibitor) on MB. In vitro studies on
9 MB cell lines revealed a dose and time-dependent decrease
in cell viability of MB cells, associated with the induction of
caspase-dependent apoptosis [92]. In vivo studies on mice
carrying xenografted D283 cells treated with either diclofenac
or celecoxib suppressed tumor growth by stimulating apopto-
sis and inhibiting angiogenesis [92].

@ Springer

STATS3 activation plays a crucial role in the progression of
many tumors, including brain tumors, by enhancing cancer
cell growth, invasion, and metastasis while hindering apopto-
sis [124, 125]. STAT3-related pathways are constitutively ac-
tivated in MB-derived CD133/Nestin double-positive cells
(MB-DPs) and regulate cancer stem-like properties in MB-
DPs [93]. MB-DPs treated with celecoxib demonstrated
downregulation of STAT3 gene, phosphorylated STAT3,
STAT3-related protein, JAK2, Bcl2, and c-Myec, suppressing
their stem-like gene properties [93]. Moreover, celecoxib po-
tentiated the effect of ionizing radiation in both in vivo and
in vitro studies [93, 126].

A study by Eslin et al. revealed the effect of the NSAID
tolfenamic acid on MB cell lines and mouse xenografted tu-
mor models, targeting specificity protein 1 (Sp1) and survivin
[94]. Spl is a transcription factor that regulates genes involved
in cellular proliferation, differentiation and growth [127], in-
cluding survivin, an inhibitor of apoptosis protein that regu-
lates apoptosis and cellular mitosis in cancer cells [128].
Overexpression of Sp1 and survivin has been associated with
unfavorable prognosis in cancer [129]. Tolfenamic acid
showed a decrease in cellular proliferation in DAOY and
D283 MB cell lines in a time and dose-dependent manner
and induced apoptosis in both MB cell lines with increased
expression of the pro-apoptotic c-PARP [94]. Tolfenamic acid
also caused downregulation of Sp1 and survivin expression in
both cell lines [94]. In vivo studies on nude mice xenografted
with D283 MB cells and treated with tolfenamic acid revealed
reduced tumor growth and decreased expression of Spl and
survivin in mice tumor tissues [94]. Similar observations were
demonstrated in another study by Patil et al. that reported
synergistic effects of tolfenamic acid and vincristine on inhi-
bition of MB cellular growth, increased apoptosis and cell
cycle arrest, and decreased survivin expression [130].

5 Neuroblastoma

Neuroblastoma (NB) is the most common extra-cranial solid
tumor in the pediatric population, accounting for almost 15%
of cancer-related deaths in this group [131]. The current stan-
dard of care for NB is a combination of chemotherapy, radio-
therapy, and surgical intervention depending on the staging of
the tumor. Unfortunately, despite major advancements in treat-
ment options, therapeutic resistance, often manifested by com-
pensatory activation of tumorigenic pathways [132], especial-
ly in NB CSCs [133], leads to malignant recurrence [131], and
hence, alternative treatment modalities must be sought. Drug
repurposing is indeed a promising strategy that allows existing
drugs with known pharmacokinetic and pharmacodynamic
profiles to be evaluated in treating cancer such as NB. A
multitude of drugs have been identified to have in vitro and
in vivo effects on NB (Table 3).
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5.1 Antimicrobials

Ketoconazole, an antifungal drug and CYP3 A4 inhibitor, was
shown to increase intra-tumoral levels of the NB chemother-
apeutic agent fenretinide, subsequently enhancing its cytotox-
icity and inhibiting NB tumor growth in vivo [134]. Another
antihelminthic drug, flubendazole, was found to destabilize
microtubules, induce p53-dependent apoptosis, and increase
necrotic areas within UKF-NB-3 and UKF-NB-3rCDDP1000
(human NB cell lines derived from bone marrow metastasis)
NB tumors [135]. Tigecycline, a widely used antibiotic, was
also studied in NB revealing decreased cell proliferation and
tumor growth by disrupting PI3K/Akt pathway and inducing
Gl-phase cell cycle arrest [136].

Di Zanni et al. proved that chloroquine (CQ), an antimalar-
ial drug, inhibits IMR32 NB cell proliferation through
PHOX2B gene downregulation in the early phase of tumori-
genesis [137]. CQ also appears to increase the antitumor ac-
tivity of RTKi by inhibiting autophagy, a potential escape
mechanism used by NB cells when treated with RTKi [138].
In a case report, nifurtimox, an antiprotozoal drug used in
Chagas disease, caused remission of NB in a child with con-
comitant NB and Chagas [139]. In other studies, this same
drug was found to inhibit NB cell growth in vitro and
in vivo via ROS formation, inhibition of Akt phosphorylation
[140], and upregulation of downstream GSK3[3 [142]. It also
decreased NMYC expression and glucose utilization [141].
DFMO is another antiprotozoal repurposed as a potential
treatment of NB. It was found to block polyamine synthesis
by inhibiting ornithine decarboxylase, which is implicated in
NB and to inhibit MYCN driven protein translation, leading to
depletion of thymidine pools and disruption of the tumor mi-
croenvironment (TME) [143]. Interestingly, it also caused
dysregulation of CSCs and glycolytic metabolism via the
LIN28/Let-7 pathway, specifically in the setting of elevated
MYCN levels [144]. In fact, DFMO appears to be more ef-
fective against NB cells when combined with celecoxib [143].

5.2 Drugs used in musculoskeletal diseases

Larsson et al. demonstrated that diclofenac NSAID reduces
PGE2 secreted by cancer-associated fibroblast (CAFs) in the
immunosuppressant TME of chemotherapy-resistant 11q-de-
leted NB [145]. Sulfasalazine, a drug used in rtheumatoid ar-
thritis, hindered NB cell proliferation by decreasing
tetrahydrobiopterin (BH4) levels through the inhibition of
sepiapterin reductase (SPR) [146]. Interestingly, TL-118 an-
ti-angiogenic drug combination of cyclophosphamide,
diclofenac, sulfasalazine, and cimetidine displayed synergy
with gemcitabine through the former’s anti-angiogenic activ-
ity and the latter’s cytotoxic effect [147]. Among drugs used in
gout, probenecid was found to be effective in NB cell treat-
ment, especially when combined with cisplatin leading to
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reduced expression of the drug efflux transporters, multidrug
resistance-associated proteins (MRPs) and to a diminished
population of CSCs within the tumor [148].

Cinacalcet may be a promising drug for NB because it
upregulated and stimulated the calcium-sensing receptors
(CaSR) that are normally downregulated in MYCN NB tu-
mors. In addition, its capacity to upregulate the expression of
cancer-testis antigens (CTAs) warrant it as a potential target
for immunotherapy [149]. Zoledronate, another drug that
could be repurposed for NB treatment functions by blocking
the mevalonate pathway, which enhances the cytolytic activity
of yd T cells in NB cells (including CSCs) [150].

5.3 Antihyperlipidemic drugs

Simvastatin, an inhibitor of mevalonate synthesis that has
been repurposed to target gliomas and MBs, has also been
evaluated as a potential drug for NB treatment. This
antihyperlipidemic medication induced apoptosis of NB cells
via impaired prenylation of small Rho GTPases, which are
implicated in tumor proliferation and migration [151].
Another drug indicated for hyperlipidemia, fenofibrate, was
found to increase oxidative stress in NB cells by enhancing
production of the ROS scavenger TXNIP [152].

5.4 Antidiabetic drugs

Metformin is another promising agent for NB [153—158], par-
ticularly if used in combination with conventional chemother-
apeutic agents [155]. It induced apoptosis by disrupting both
Rho GTPase/MAPK [154] and Akt/mTOR pathways [153,
155]. Our group showed that metformin, an activator of the
AMPK pathway, reduced NB and glioblastoma sphere forma-
tion and cell migration and invasiveness via decreasing MMP-
2 production [156]. Moreover, Binlateh et al. recently showed
that metformin promotes NB cell differentiation by increasing
ROS levels, and subsequent disinhibition of Sox6 by cdkS5, as
well as dephosphorylating Erk1/2, and phosphorylating Akt
[157]. Thiazolidinediones (TZDs), such as ciglitazone, pio-
glitazone, troglitazone, and rosiglitazone, were also found to
inhibit NB cells in vitro by activating PPAR gamma.
Rosiglitazone and pioglitazone specifically inhibited cell ad-
hesion and migration, stimulated differentiation, and de-
creased tumor growth in vivo [158].

5.5 Drugs used in cardiovascular diseases

Propranolol, a beta-blocker drug used in cardiovascular dis-
eases, increased apoptosis of NB cells by acting on 32 recep-
tors to induce expression of p53 and its paralogue TAp73. It
appears to be more effective when combined with SN-38 and
celecoxib [159]. In addition, the anti-anginal drug, perhexiline
maleate, downregulated the expression of ABC transporters,
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key players in chemoresistance, via NDM?29. It enhanced the
effect of cisplatin, decreased sphere formation—hence
targeting the CSCs population, and enhanced cellular differ-
entiation [160].

5.6 Drugs used in neurological disorders

Valproic acid (VPA) has been well documented to target
NB cells via epigenetic modifications mediated by
HDAC inhibition [161-164, 170—174] and has displayed
synergy with etoposide, cisplatin [163], ellipticine [170],
and celecoxib [171]. Gu et al. showed that VPA induces
cell cycle arrest in MYCN NB cell lines LA1-55n and
NBL-W-N by “rescuing tumor suppressor genes” [161].
Shah and colleagues showed that besides its HDAC in-
hibitory functions, VPA also downregulates Akt/Survivin
and induces staurosporine (STS) mediated cell cycle ar-
rest [162]. Moreover, VPA inhibits NB cell proliferation
by downregulating MKK7/Rafl, inhibiting subsequent
Fra-1/c-Jun dimer formation and, AP-1 dimer activation
[172]. Recently, a study showed that VPA inhibits aero-
bic glycolysis in NB cells by downregulating E2F, the
transcription factor that controls GPI and PGK1 glycoly-
sis genes [164]. Also, VPA abolished the stimulatory
effect of BDNF seen in aggressive MYCN NB tumors
by suppressing TrkB via RUNX3 upregulation [173].
However, a drawback to VPA is its ability to induce
CD133 expression in UKF-NB-3 cells displaying
pluripotency biomarkers Nanog, Oct-4 and Sox2, higher
proliferation, increased sphere formation, and lower sen-
sitivity to cytostatic drugs [174]. When acetazolamide
was combined with MS-275, a HDAC inhibitor, there
was reduced proliferation and migration of tumor cells,
particularly SP cells, and decreased expression of these
markers [165]. Moreover, mTOR and Akt inhibitors have
been documented to reduce the number of CD133+ cells
[169], signifying the importance of different drug combi-
nations as a promising therapeutic intervention that war-
rants further investigation.

Fingolimod, a drug used in refractory multiple sclerosis,
inhibited TRMP7 channels, which are associated with a
higher risk of mortality in NB. Their inhibition decreased
intracellular calcium levels and compromised calcium-
dependent signaling pathways. This drug might be a strong
candidate for repurposing as it sensitizes drug-resistant NB
cells to doxorubicin and other chemotherapeutics [175]. Bilir
et al. elaborated that through inhibition of CSCs, lithium chlo-
ride (LiCl) and clomipramine (CLMP) are able to potentiate
the activity of vinorelbine (VNR) on SH-SY5Y NB cells and
that the combination of lithium chloride with VNR was asso-
ciated with lower levels of the chemoresistance biomarker
midkine (MK) [166].

5.7 Antineoplastic drugs

Vorinostat, another HDAC inhibitor, increased the
chemosensitivity of N-MYC amplified NB cells and reduced
stemness [167]. Ponatinib is also another drug that induced
PARP mediated apoptosis and inhibited proliferation, colony
formation, and invasion of NB cells. Ponatinib treatment of
CHP-134 and IMR-32 spheroids impaired migration without
affecting spheroid size. This effect had been attributed to the
inhibition of the mTOR pathway and its downstream players
[168]. This is similar to what our group has previously docu-
mented, whereby Triciribine (Akt inhibitor) and Rapamycin
(mTOR inhibitor) dysregulated the oncogenic PI3K/Akt/
mTOR/S6K1 pathway and inhibit CSCs in both NB and glio-
blastoma [169].

6 Other pediatric brain tumors
6.1 Pinealoma

Pineal parenchymal tumors (PPTs) are aggressive brain tu-
mors that are usually treated with chemoradiotherapy and sur-
gery [176]. Due to their rarity, the literature is scant. A case
report showed that the combination of the HDAC inhibitor
vorinostat and retinoic acid exhibited complete remission of
a pineoblastoma [177].

6.2 Ependymoma

Ependymomas usually arise in the brain (children) or spinal
cord (adults) and rarely metastasize outside the central ner-
vous system. The standard of care therapy involves surgical
resection with or without the need for further radio- or chemo-
therapy depending on the tumor infiltration into the neighbor-
ing healthy tissue [178]. In an in vivo study, Nimmervoll et al.
showed that gemcitabine can be repurposed to be used in
ependymoma as gemcitabine infusions following tumor resec-
tion and radiotherapy doubled the median survival of mice
and led to 50% cure [179].

7 Conclusion

Repurposing of previously approved drugs and bypassing the
time-consuming toxicology/safety pharmacology testing in drug
development steps carries a ray of hope in tackling extensive
drug resistance in pediatric brain tumors to help better manage
these diseases of childhood. However, and as previously men-
tioned, the candidate compounds must be brain penetrants, safe
for infants and children, FDA approved, and previously tried in
preclinical models with proven efficiency against CSCs. In this
review, we propose that a multidisciplinary approach might be
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required to set up the landscape for a successful computational-
based drug repurposing in pediatric brain tumors as well as other
cancer types. Such an approach must take into consideration a
group of parameters, such as cancer bioinformatics data, sub-
networks of biomolecules and/or pathways controlled by each
drug, drug pharmacokinetic/pharmacodynamic characteristics,
related preclinical studies conducted, and drug-sensitive cell
types within the tumor among others.
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