Novel Treatment
Strategies for
Glioblastoma

lted by
Stanley Stylli



Novel Treatment Strategies for
Glioblastoma






Novel Treatment Strategies for
Glioblastoma

Editor
Stanley Stylli

MDPI e Basel o Beijing « Wuhan e Barcelona e Belgrade e Manchester o Tokyo e Cluj e Tianjin

WVI\DPI

F



Editor

Stanley Stylli

Surgery (RMH)

The University of Melbourne
Parkville

Australia

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Cancers
(ISSN 2072-6694) (available at: www.mdpi.com/journal/cancers/special_issues/Novel_Treatment_
Glioblastoma).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-2599-0 (Hbk)
ISBN 978-3-0365-2598-3 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.



www.mdpi.com/journal/cancers/special_issues/Novel_Treatment_Glioblastoma
www.mdpi.com/journal/cancers/special_issues/Novel_Treatment_Glioblastoma

Contents

About the Editor . . . . . . . . . . vii
Preface to "Novel Treatment Strategies for Glioblastoma” . . . . . . . ... .. ... ... ..... ix

Stanley S. Stylli
Novel Treatment Strategies for Glioblastoma—A Summary
Reprinted from: Cancers 2021, 13, 5868, d0i:10.3390/cancers13225868 . . . .. .. ... ... ... 1

Marija Dinevska, Natalia Gazibegovic, Andrew P. Morokoff, Andrew H. Kaye, Katharine J.
Drummond, Theo Mantamadiotis and Stanley S. Stylli

Inhibition of Radiation and Temozolomide-Induced Glioblastoma Invadopodia Activity Using

Ion Channel Drugs

Reprinted from: Cancers 2020, 12, 2888, d0i:10.3390/cancers12102888 . . . . ... ... ... ... 7

Michael O’'Rawe, Ethan J. Kilmister, Theo Mantamadiotis, Andrew H. Kaye, Swee T. Tan and
Agadha C. Wickremesekera

The Renin—Angiotensin System in the Tumor Microenvironment of Glioblastoma

Reprinted from: Cancers 2021, 13, 4004, d0i:10.3390/cancers13164004 . . . . . .. ... ... ... 29

Vladimir Shapovaloyv, Liliya Kopanitsa, Lavinia-Lorena Pruteanu, Graham Ladds and David

S. Bailey

Transcriptomics-Based Phenotypic Screening Supports Drug Discovery in Human
Glioblastoma Cells

Reprinted from: Cancers 2021, 13, 3780, d0i:10.3390/cancers13153780 . . . . .. ... ... .. .. 47

Stanley S. Stylli
Novel Treatment Strategies for Glioblastoma
Reprinted from: Cancers 2020, 12, 2883, d0i:10.3390/cancers12102883 . . . ... ... .. ... .. 83

Sarah Adriana Scuderi, Giovanna Casili, Alessio Ardizzone, Stefano Forte, Lorenzo
Colarossi, Serena Sava, Irene Paterniti, Emanuela Esposito, Salvatore Cuzzocrea and Michela
Campolo

KYP-2047, an Inhibitor of Prolyl-Oligopeptidase, Reduces GlioBlastoma Proliferation through
Angiogenesis and Apoptosis Modulation

Reprinted from: Cancers 2021, 13, 3444, d0i:10.3390/cancers13143444 . . . . ... ... ... ... 95

Nguyen Thi Thanh Ho, Chinmay Satish Rahane, Subrata Pramanik, Pok-Son Kim, Arne
Kutzner and Klaus Heese

FAM?72, Glioblastoma Multiforme (GBM) and Beyond

Reprinted from: Cancers 2021, 13, 1025, d0i:10.3390/cancers13051025 . . . . ... ... ... ... 113

Vincenzo Di Nunno, Enrico Franceschi, Alicia Tosoni, Lidia Gatto, Raffaele Lodi, Stefania
Bartolini and Alba Ariela Brandes

Glioblastoma: Emerging Treatments and Novel Trial Designs

Reprinted from: Cancers 2021, 13, 3750, d0i:10.3390/cancers13153750 . . . . ... ... ... ... 141

Chirayu R. Chokshi, Benjamin A. Brakel, Nazanin Tatari, Neil Savage, Sabra K. Salim, Chitra
Venugopal and Sheila K. Singh

Advances in Immunotherapy for Adult Glioblastoma

Reprinted from: Cancers 2021, 13, 3400, d0i:10.3390/cancers13143400 . . . .. .. ... ... ... 159



Kavitha Godugu, Mehdi Rajabi and Shaker A. Mousa

Anti-Cancer Activities of Thyrointegrin 3 Antagonist Mono- and Bis-Triazole
Tetraiodothyroacetic Acid Conjugated via Polyethylene Glycols in Glioblastoma

Reprinted from: Cancers 2021, 13, 2780, d0i:10.3390/cancers13112780 . . . . ... ... ... ... 181

Beate M. Schmitt, Anne S. Boewe, Claudia Gotz, Stephan E. Philipp, Steffi Urbschat, Joachim
Oertel, Michael D. Menger, Matthias W. Laschke and Emmanuel Ampofo

CK2 Activity Mediates the Aggressive Molecular Signature of Glioblastoma Multiforme by
Inducing Nerve/Glial Antigen (NG)2 Expression

Reprinted from: Cancers 2021, 13, 1678, d0i:10.3390/cancers13071678 . . . . .. ... ... .. .. 195

Oleg Mozhei, Anja G. Teschemacher and Sergey Kasparov
Viral Vectors as Gene Therapy Agents for Treatment of Glioblastoma
Reprinted from: Cancers 2020, 12, 3724, d0i:10.3390/cancers12123724 . . . . . . . ... ... ... 213

Elia Bozzato, Chiara Bastiancich and Véronique Préat
Nanomedicine: A Useful Tool against Glioma Stem Cells
Reprinted from: Cancers 2020, 13, 9, d0i:10.3390/cancers13010009 . . . . . ... ... .. .. ... 237

Kimia Ghannad-Zadeh and Sunit Das
One-Carbon Metabolism Associated Vulnerabilities in Glioblastoma: A Review
Reprinted from: Cancers 2021, 13, 3067, d0i:10.3390/cancers13123067 . . . . ... ... ... ... 255

vi



About the Editor

Stanley Stylli

Stanley Stylli completed his PhD in 2013 at The University of Melbourne. He is a researcher
within the Department of Neurosurgery at The Royal Melbourne Hospital and an Honorary Fellow
of the Department of Surgery (RMH) at The University of Melbourne. He has a background in
glioblastoma research and focuses on invasion, with a particular emphasis on invadopodia and more
recently extracellular vesicles. He also has a strong interest in the repurposing of drugs for the
treatment of glioblastoma aimed at disrupting invadopodia and exosome-related processes to form
the basis of novel anti-invasive therapies that can be utilized in the clinic. He is a member of The
Invadosome Consortium, which is an international, open network of laboratories interested in tissue

invasion, invadopodia and podosomes.

vii






Preface to “Novel Treatment Strategies for
Glioblastoma”

Glioblastoma is the most common and deadliest primary central nervous system tumor in
adults. Glioblastomas diffusely invade into the surrounding normal brain tissue, resulting in a
local neurologically destructive impact on the brain tissue and function. The extensive intra- and
intertumoral heterogeneity displayed by glioblastoma cells and its tumor microenvironment give
rise to a cancer that is extremely difficult to treat. Since the introduction of the Stupp protocol
in 2005, there has not been a significant increase in the survival of patients with glioblastoma
and prognosis continues to be poor with an approximate median survival of 12-15 months from
diagnosis, despite ongoing improvements in surgical techniques, disease monitoring and systemic
therapies. Despite the slow, incremental increase in glioblastoma patient survival, clinicians and
researchers have maintained their motivation to make important gains in the understanding and
management of glioblastoma. Chemotherapy-based approaches remain an essential part in the
treatment of glioblastoma, and this area continues to evolve as we attempt to overcome the challenges
of treatment resistance, efficient drug delivery to the tumor to limit off-target toxic side effects,
drug efflux and blood-brain barrier permeability. The design of novel clinical trial strategies, the
use of immunotherapeutic approaches, viral vectors used as cytotoxic agent or gene delivery tools,
drug repurposing, nanomedicines and genomic based studies mapping this heterogeneous disease
to define a cellular drug response are just some of the areas that signify that the management of
glioblastoma is entering a new era, with an increasing number of potential treatments being made

available to improve the survival outcome of glioblastoma patients.

Stanley Stylli
Editor
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Glioblastoma (GBM) is the most common primary central nervous system tumor
in adults, accounting for approximately 80% of all brain-related malignancies [1]. It is a
highly invasive disease and a paradigm of extensive intra- and intertumoral heterogeneity,
presenting critical barriers to current therapies and invariably leading to treatment resis-
tance as well as disease relapse. The current standard of care for GBM patients, involving
maximal safe resection, radiotherapy and concomitant temozolomide (Stupp protocol) [2],
has only provided a modest increase of 2.5 months in survival since its introduction in
2005. GBM patients have a poor prognosis, with a median survival of 12-15 months after
diagnosis and a 5-year survival rate of less than 5%. Even though there have been limited
advances in the progression of GBM therapeutics to significantly increase patient survival
compared to other cancers, this has not dampened the motivation of researchers and clini-
cians to investigate novel treatment strategies for combating this disease. The Special Issue,
‘Novel Treatment Strategies for Glioblastoma’ [3], contains twelve articles (five original
research articles and seven reviews) that explore a range of novel and strategic approaches
for improving the treatment of GBM [4-15]. This editorial aims to briefly summarize the
content of these articles.

The seven review articles focus on topics of great interest. O’'Rawe et al. [9] highlight
the dynamic relationship between the renin-angiotensin system (RAS), the GBM cancer
stem cell niche and the tumor microenvironment (TME), and how it contributes to driving
tumorigenesis and treatment resistance. They provide a concise overview on the effect of
the RAS and its convergent signaling pathways on the TME, directly influencing various
factors of cancer progression, including proliferation, invasion and survival. Importantly,
they present data from observational and epidemiological cancer studies that involve the
use of RAS inhibitors. Although the data remain inconclusive, RAS inhibitors appear to
potentially be protective against cancer. They propose that existing commonly available
medications can be repurposed as RAS-modulating drugs to therapeutically target the RAS
in GBM, either as an alternative treatment or as an adjunct to the current standard of care.

Di Nunno et al. [10] review promising ongoing clinical trials for the treatment of pri-
mary and recurrent GBM, with a focus on novel trial design strategies. They discuss how
these can be further developed in the future to streamline the testing of an ever-expanding
cohort of innovative drugs to provide a tailored treatment approach for patients based on
both molecular and clinical parameters. There are a number of biological obstacles that
can hinder any therapeutic improvement in GBM treatment protocols, some of which are
outlined in the review, including the (i) blood-brain and blood—-tumor-brain barriers that
impede the effective passage of therapeutic compounds to the tumor, (ii) the extensive
heterogeneity of the tumor and (iii) the ability to develop/activate compensatory mecha-
nisms to promote treatment resistance. The authors provide a summary of a number of
trials for primary and recurrent GBM, but none to date have shown significant therapeutic
improvements, even though there has been an increase in the molecular and biological
understanding of the disease. Critical evaluation of the published results of clinical trial
surveys has identified that there are well-known issues with GBM interventional trials
that are terminated. These include a lack of accrual, funding problems, the absence of
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reliable surrogate endpoints and unbalanced patient distribution (higher numbers enrolled
in the phase III component), which ultimately leads to an unpowered early efficacy study.
Improvements for GBM interventional clinical trials design are presented, such as the
use of ‘phase 0" studies, which aim to target tumors with investigational agents based on
the molecular profiling of the tumor coupled with an early assessment of these drugs to
penetrate the blood-brain barrier.

As current treatment strategies have not delivered significant improvements in GBM
patient survival, some emerging therapeutics have redirected their efforts towards repro-
gramming the patient’s immune system to generate an anti-tumor response. The review by
Chokshi et al. [11] focuses on evaluating several immunotherapeutic approaches that have
been trialed for the treatment of GBM, including various vaccination strategies, immune
checkpoint inhibitors (ICIs) and chimeric antigen receptor (CAR) T cells. The exposure
of tumor-associated antigens to antigen-presenting cells, which activate immune effector
cells to achieve an anti-cancer immune response, form the framework of cancer vaccine
functionality. Single- and multiple-antigen vaccines are presented in this review, but as
they have displayed varying degrees of response, none are currently listed as being in-
tegrated into a standard of care. Immune checkpoints exist as part of a complex system
of stimulatory and inhibitory regulators, with immune cells upregulating these immune
checkpoints to maintain immune homeostasis and avoid autoimmunity; however, it has
been determined that cancer cells can also express immune checkpoint proteins to suppress
the anti-cancer immune response. Antibodies against these checkpoints, acting as IClIs,
have shown great progress against melanoma and non-small-cell lung cancer, especially in
blocking programmed cell death protein 1 (PD-1), which is being tested against GBM.

One of the hallmarks of cancer cell biology is an altered cell metabolism, with metabolic
reprogramming occurring in cancer cells to facilitate an increase in cell proliferation, main-
tain self-renewal and develop treatment resistance. The review by Ghannad-Zadeh et al. [12]
focuses on a one-carbon mediated de novo purine-synthesis-based metabolic pathway,
summarizing the evidence supporting its role in GBM cell proliferation and tumorigenesis,
as well as proposing how it can be utilized as a therapeutic modality. Alterations of this
pathway have been identified in brain-tumor-initiating cells, and therefore may serve as a
phenotypic marker of tumor recurrence, especially as they have a higher mitochondrial
reserve than differentiated glioma cells, allowing them to use adaptive metabolic strategies
to resist therapeutic stress, leading to treatment resistance. In addition, purine nucleotide
synthesis has been shown to regulate DNA repair and therapeutic resistance in GBM, with
increased rates of de novo nucleotide synthesis providing GBM cells with the enhanced
ability to repair temozolomide (TMZ)-mediated DNA damage. As studies have demon-
strated a correlation between treatment resistance and purine metabolism in GBM, the
direct inhibition of purine synthesis in GBM has fueled interest in the therapeutic efficacy
of this approach, including a current on-going phase 0/1 trial of mycophenolate mofetil
(inhibitor of IMPDHI1 and GTP synthesis) in primary and recurrent GBM. Although the
research is in its infancy, targeting metabolic vulnerabilities in GBM may offer an attractive
strategy to overcome treatment resistance and recurrence.

Ho et al. [13] discuss the role of the gene pair |-SRGAP2-FAM72-| in the cell cycle
and GBM, with the possibility of defining new therapeutic possibilities for GBM. Endoge-
nous FAM?72 expression has been detected in the hippocampal dentate gyrus, where the

|-SRGAP2-FAM72- | master gene pair regulates neural stem cell (NSC) renewal, neurogen-
esis and brain plasticity. Alterations in the intergenic region of the two sub-gene units (gene
transcription control unit) can lead to dysregulated gene expression, which may transform
NSCs into cancer stem cells, leading to GBM. Through the use of gene expression data of
GBM patient tumor biopsies deposited within cBioportal, the authors have demonstrated
that a strong correlation exists between high FAM72 expression and the highly mutated
gene signatures (EGFR, TP53, NF1, SPTA1, PIK3CA or SCN9A, MXRA5, ADAM?29, KDR,
PIK3C2G and LRP1B), which can lead to cell cycle activation, cell transformation and pro-
liferation. They propose that FAM72 is an attractive target for therapy, as it is a proliferative
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marker expressed in the late G2M phase of the cell cycle and exhibits low expression in
normal, non-neuronal tissue.

Bozzato et al. [14] highlight how nanomedicines are being investigated as an alterna-
tive treatment approach for GBM in an attempt to overcome the limitations of conventional
chemotherapies, such as the lack of tumor cell specificity, toxic side effects and low biologi-
cal stability. Nanomedicines can bypass some of these limitations through the encapsulation
of drugs in nanosized carriers (protecting them from degradation and reducing off-target
side effects in the patient) and the ability to modify the surface of the nanocarrier with
targeting moieties, allowing for easy transport through the BBB or the recognition of GBM
or glioma stem cells. Importantly, the use of nanocarriers as a drug delivery system can
also reduce the efflux of free drugs, as the nanomedicines enter the tumor cells through the
process of endocytosis via endo-lysosomal trafficking, whereas free drugs enter through
diffusion, which can be located near efflux pumps.

The manuscript by Mozhei et al. [15] reviews the idea of using viral vectors either as
cytotoxic agents or gene delivery tools for the treatment of GBM and provides a concise
summary of molecular strategies and current clinical trials, concluding that approaches
based upon targeting a specific biochemical pathway or mutation will ultimately lead to
failure due to the high genomic instability and clonal selection characteristics of GBM.
However, they do suggest that engaging the immune system to induce an anti-tumor
response should be explored further, or alternatively that a system should be designed
which irreversibly targets dividing tumor cells and not quiescent brain cells. They present
an extensive list of viral vector types that have been used in gene-therapy-based clinical
trials for GBM and an overview of studies that have investigated vectors based on viral
backgrounds, such as adenovirus, herpes simplex, reovirus, parvovirus and poliovirus.
Importantly, they indicate that a major factor which will determine the success of viral
gene therapy is the physical access of the virus to the GBM cells.

The five original articles in this Special Issue outline the innovative approaches and
methodologies that research groups are utilizing to uncover novel treatment strategies
for the treatment of GBM. Shapovalov et al. [8] used a genome-wide drug-induced gene
expression (DIGEX) approach to define the cellular drug response phenotypes of two
drugs, Mardepodect and Regorafenib, with three human GBM cell lines—U87MG, A172
and T98G. Employing a DIGEX approach allowed them to reposition the schizophrenia
drug, Mardepodect, as a possible antiproliferative candidate for GBM, against Regorafenib,
a drug which is already in clinical trials for GBM. The study was performed with a Clariom
S Human Array, yielding more than 20,000 genes, which were linked to 18,316 identifiable
protein-coding genes after being mapped to their Entrez IDs. They employed a dedicated
analysis pipeline using UniProt, Entrez, Gene Ontology, the Pharos database, Reactome
pathway and gene network analysis, focusing on the 200 genes with the most elevated or
lowered gene expression levels and their corresponding subsets. They observed that both
drugs upregulated genes encoding for specific growth factors, transcription factors, cellular
signaling molecules and cell surface proteins, in addition to downregulating a broad range
of targetable cell-cycle- and apoptosis-associated genes. The significant outcome of this
approach is that it allowed for the detection of upregulated genes encoding for therapeutic
targets of existing FDA-approved drugs, but also uncovered targets for which there are
no approved drugs that may be future novel druggable targets as part of a chemistry-led
discovery campaign. This approach provides a comprehensive phenotypic landscape for
visualizing complex drug responses following the treatment of GBM cells, and shows that
diagnosing and targeting GBM cellular phenotypes before and after drug treatment should
be adopted as part of a personalized therapy program, given the pharmacological plasticity
displayed by such an extremely heterogeneous disease as GBM.

As angiogenesis and apoptosis play key roles in the development of GBM, the study
by Scuderi et al. [7] focused on the modulation of these two processes as a possible strategy
to combat GBM progression. They used an inhibitor of the prolyl-oligopeptidase KYP-
2047, which is known to modulate angiogenesis, in a series of in vitro experiments with
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various human GBM cell lines and in vivo experiments with a subcutaneous U87 xenograft
model. They demonstrated that KYP-2047 treatment of the mice resulted in a reduced
tumor burden, and that immunohistochemical studies of tumor sections revealed reduced
expression of vascular endothelial growth factor, angiopoietins and endothelial-nitric-oxide
synthase. The in vitro studies showed that KYP-2047 treatment was able to reduce GBM
cell viability, which was coupled with an increased expression of the pro-apoptotic protein,
Bax, p53 and caspase-3, and a reduction in Bcl-2.

Integrin ocv[33 receptors are overexpressed in a number of different cancers, including
GBM, especially at the tumor margins (invasive regions) and blood vessels within the tumor,
facilitating tumor cell motility and invasion through interactions with the extracellular
matrix. It is known that the extracellular domain of integrin «v(33 contains a novel small-
molecule binding site, and the authors in the study by Godugu et al. [5] synthesized a
number of high-affinity thyrointegrin «v33 antagonists to investigate their therapeutic
efficacy against primary human GBM cell lines and the commercially available U87 cell
line, using both in vitro experiments and a subcutaneous xenograft model. They observed
that all antagonists were able to reduce GBM cell viability, in addition to driving a decrease
in angiogenesis. Importantly, treatment with the antagonists resulted in the reduced
growth of subcutaneous tumors in a U87 xenograft model, as determined by tumor volume
and weight.

Schmitt et al. [6] undertook a study investigating the impact of CK2 (a ubiquitously
expressed, constitutively active serine/threonine kinase) on nerve/glial antigen (NG)2 in
GBM, as both have been shown to be highly expressed in GBM, determined by examination
of TCGA glioma datasets. Inhibition of CK2 via a CRISPR/Cas9-mediated knockout
approach or the use of a pharmacological compound, CX-4945, significantly reduced NG2
gene and protein expression in GBM cells, but also resulted in a decrease in cell proliferation
and migration. Notably, they also demonstrated that CX-4945 reduced NG2 expression
in patient-derived GBM cells, indicating that CX-4945 should be investigated further in
preclinical studies.

Finally, as there has been evidence linking ion channels in cancer cells to a pro-
invasive phenotype, and also that invadopodia as cancer-cell-based structures function
to degrade the ECM and facilitate the invasive capacity of the cells, Dinevska et al. [4]
performed a screening of FDA-approved ion channel drugs (that have not been previously
used for the treatment of GBM patients) for their ability to have a dual impact on GBM
cells; firstly, by reducing cell viability (cytotoxic effect), and secondly, by diminishing
their invasive capacity (by eliciting an anti-invadopodia effect). The initial screening
examining the impact of FDA-approved ion channel drugs on cell viability resulted in
three drugs, flunarizine dihydrochloride, econazole nitrate and quinine hydrochloride
dihydrate, being explored further for their impact on invadopodia activity. Treatment of
the GBM cell lines with the three drugs demonstrated a reduction in MMP-2 secretion
and invadopodia activity in comparison to the untreated GBM cells. However, the most
significant observation was the reduction in radiation/temozolomide-induced invadopodia
activity in the GBM cells, as radiation and temozolomide treatment forms part of the
standard of care for GBM patients [2], indicating that these drugs could potentially be
incorporated into current treatment to target the enhanced invasive ability of GBM cells
that survive this treatment.

In summary, this Special Issue contains a set of multidisciplinary contributions that
utilize various techniques and methodologies to investigate novel treatment strategies
for GBM. As Guest Editor, I wish to thank all of the authors for their involvement in the
Special Issue, but more importantly for tackling this challenging disease with the intention
of potentially providing alternative therapeutic strategies for GBM patients in the future,
which could significantly improve patient outcome.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: Glioblastoma accounts for approximately 40-50% of all primary brain cancers and
is a highly aggressive cancer that rapidly disseminates within the surrounding normal brain. Dynamic
actin-rich protrusions known as invadopodia facilitate this invasive process. Ion channels have also
been linked to a pro-invasive phenotype and may contribute to facilitating invadopodia activity
in cancer cells. The aim of our study was to screen ion channel-targeting drugs for their cytotoxic
efficacy and potential anti-invadopodia properties in glioblastoma cells. We demonstrated that the
targeting of ion channels in glioblastoma cells can lead to a reduction in invadopodia activity and
protease secretion. Importantly, the candidate drugs exhibited a significant reduction in radiation and
temozolomide-induced glioblastoma cell invadopodia activity. These findings support the proposed
pro-invasive role of ion channels via invadopodia in glioblastoma, which may be ideal therapeutic
targets for the treatment of glioblastoma patients.

Abstract: Glioblastoma (GBM) is the most prevalent and malignant type of primary brain cancer.
The rapid invasion and dissemination of tumor cells into the surrounding normal brain is a major
driver of tumor recurrence, and long-term survival of GBM patients is extremely rare. Actin-rich
cell membrane protrusions known as invadopodia can facilitate the highly invasive properties of
GBM cells. Ion channels have been proposed to contribute to a pro-invasive phenotype in cancer
cells and may also be involved in the invadopodia activity of GBM cells. GBM cell cytotoxicity
screening of several ion channel drugs identified three drugs with potent cell killing efficacy:
flunarizine dihydrochloride, econazole nitrate, and quinine hydrochloride dihydrate. These drugs
demonstrated a reduction in GBM cell invadopodia activity and matrix metalloproteinase-2 (MMP-2)
secretion. Importantly, the treatment of GBM cells with these drugs led to a significant reduction in
radiation/temozolomide-induced invadopodia activity. The dual cytotoxic and anti-invasive efficacy
of these agents merits further research into targeting ion channels to reduce GBM malignancy, with a
potential for future clinical translation in combination with the standard therapy.
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1. Introduction

Malignantbrain tumors are among the most aggressive cancers, resulting in impaired health-related
quality of life and survival measured in months or a few years [1]. As classified by the World Health
Organization (WHO), glioblastoma (GBM) is a highly malignant grade IV astrocytoma accounting for
approximately 50% of all gliomas [2—4]. Although GBM has an incidence of less than 10 per 100,000,
it is incurable; thus, the burden of disease on patients and carers remains significant, resulting in an
average loss of 12 years of life [5].

The current therapeutic regime for GBM patients follows the “Stupp Protocol”, which involves
maximal safe surgical resection of the tumor followed by radiotherapy (RT) and concomitant
chemotherapy with temozolomide (TMZ), an oral DNA alkylating agent and subsequent adjuvant TMZ
for 6-12 months [6]. Despite a modest increase in survival since the introduction of TMZ (14.6 month
median survival), 50% of GBM patients do not respond to TMZ, developing resistance to both RT and
TMZ [7]. In addition, GBM widely infiltrates the surrounding brain parenchyma [8]. This invasive
capacity hinders surgical resection, making gross tumor debulking impossible with inevitable tumor
recurrence within 1-2 cm of the resection cavity [8,9].

Cancer cell invasion is a multi-step process orchestrated by tumor cell interactions with the
tumor microenvironment [10]. This process is initiated by cell polarization and adhesion to the
extracellular matrix (ECM), which is followed by acquired cancer cell mobility and ECM degradation [8].
More specifically, research has indicated that dynamic actin-rich subcellular protrusions known as
invadopodia are integral in facilitating cancer cell invasion [11]. These structures serve to proteolytically
degrade the ECM through the complex interactions within a network of signaling molecules and
proteins [12,13]. Invadopodia can extend up to 8 pm into the surrounding environment and have
a diameter ranging from 0.1 to 0.8 um [12]. The physical force generated by actin polymerization
and the action of transmembrane and secreted matrix metalloproteinases (MMP-2 and -9) in ECM
degradation are integral to the invadopodia-mediated invasion of malignant cells [14]. Numerous
proteins, including Tks5 (Tyrosine Kinase substrate with 5 SH3 domains) and cortactin, are involved
in the processes required for the biogenesis of invadopodia, which include cell signaling, adhesion,
and actin remodeling [15]. Our laboratory has previously demonstrated that expression levels of
the invadopodia regulator Tks5 in human glioma biopsies are related to prognosis [16]. Importantly,
the amplification of the cortactin gene (CTTN) is evident in a number of cancers, correlating with
enhanced tumor invasiveness and poor prognosis [17,18].

Ion channels regulate several cancer promoting processes, including tumor cell invasion [19,20].
Under physiological conditions, potassium, sodium, and calcium channels are responsible for
maintaining intracellular ionic balance, cell shape, and cell volume [21]. However, during tumorigenesis,
the altered expression of ion channel genes can lead to the dysregulation of normal cellular functions,
including proliferation, migration, and apoptosis [22]. For example, potassium channels, such as
calcium-activated potassium channels (that is, KCa3.1), have been linked to enhanced invasion via the
regulation of cellular ionic balance [19,23-25]. The gene encoding KCa3.1, KCNN4, is overexpressed in
32% of gliomas and correlates with shorter survival [26]. Additionally, potassium channels have been
described to contribute to cancer cell invasion via their interaction with molecules associated with
invadopodia formation, such as focal adhesion kinase (FAK), integrins, and cortactin [25]. Likewise,
voltage-gated calcium channels (VGCCs) and non-voltage activated calcium permeable channels are
associated with malignant transformations in a number of cancers, including glioma [27]. A study
by Zhang et al. [28] demonstrated a decrease in cell migration in human GBM cell lines following
the inhibition of T-type Ca®* channels (low-voltage activated channels). Under resting membrane
conditions, these ion channels play an integral role in the maintenance of intracellular Ca?* and have
been linked to tumor cell migration and invasion in GBM cells [29]. In the context of tumor cell
invasion, the role of ion channels is only beginning to be understood [19]. The proposed influence
of ion channels on actin cytoskeletal rearrangement and various proteins including cortactin and
integrins may contribute to mechanisms mediating invadopodia formation and activity in cancer
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cells [30,31]. This highlights the potential for ion channel blockers to target invadopodia and inhibit
GBM cell invasion.

Over the past decade, the standard of care for GBM has remained unchanged, emphasizing the
urgent need for drug discovery and development. This process requires high-throughput screening of
candidate compounds, followed by extensive pre-clinical and clinical studies [32]. However, major
limitations with this approach include both the time from the initial studies to clinical implementation
(ranging from 11.4 to 13.5 years) and the associated costs ($161 million to $1.8 billion) [32]. For this
reason, drug repurposing has become an increasingly attractive option. This is advantageous as it
offers a reduction in the time required for pre-clinical and clinical studies and the associated costs,
as drug toxicity, pharmacokinetics, dosage, and safety are already understood [33].

In this study, we investigated the cytotoxicity and anti-invasion activity of a panel of ion
channel-binding drugs on GBM cells. The aim of this work was to screen a panel of 20 ion
channel-targeting drugs for their ability to inhibit GBM cell viability and invadopodia activity.

2. Results

2.1. GBM Tissue Exhibits Increased Invadopodia Regulator and Ion Channel Gene Expression

To investigate the clinical relevance of invadopodia regulator (Table 1) and ion channel
(Table 2) genes in glioma, we used the online database, Oncomine™. The expression levels of
the pro-invadopodia regulators cortactin, MMP-2, Src, NWASP (Neural Wiskott-Aldrich syndrome
protein), Tks4 (Tyrosine Kinase substrate with 4 SH3 domains), Tks5, and Nck (non-catalytic region of
tyrosine kinase adaptor protein), and ion channel (calcium, sodium, and potassium) genes in GBM
and non-tumor brain tissue were examined. MMP-2 and Nck1 (non-catalytic region of tyrosine kinase
adaptor protein 1) were the most frequently overexpressed invadopodia regulators in GBM compared
to non-tumor brain tissue (Table 1).

The data presented in Table 2 demonstrate that the potassium and calcium ion channels, KCNH2
and CACNA1C, were most frequently overexpressed in GBM tissue compared to normal tissue.
Subsequently, the SurvExpress online database for cancer gene expression data was used to examine
the clinical relevance of invadopodia regulators and ion channel gene expression in GBM.

Figure 1 demonstrates poorer survival outcomes for high gene expression of the pro-invadopodia
regulator, CTTN, or ion channel, CACNA1EFE. The co-expression of CTTN and CACNAT1F reveals a
further impact on survival, and additional combinations are listed in Table 3. Together, these data
suggests a role for ion channels in the process of glioma cell invasion mediated by invadopodia.

CTTN CACNATF CTTNICACNATF
Concordance Index = 65.39, Log-Rank Equal Curves p=2122x10% LRA2:0.1370987  Concordance Index = 62.69, Log-Rank Equal Curves p=0004098, RA2:0.047,0.967  Concordance Index = 67.25, Log-Rank Equal Curves p=4.453<10° X
Risk Groups Hazard Ratio = 5.06 (conf. int. 2.24 ~ 11.42), p=9.317x10° i Ratio = 2.93 (conf. int. 1.37 ~ 6.29), p=0.005767 Risk Groups Hazard Ratio = 7.39 (contf. int. 2.8 ~ 19.5), p:
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Figure 1. Co-expression of invadopodia regulator and ion channel genes correlates with poor GBM
patient survival. (A) High invadopodia regulator (cortactin gene, CTTN), (B) ion channel (CACNA1S),
and (C) combined gene expression indicates significantly poorer survival outcomes in GBM patients
from the Nutt Louis dataset (deposited within the SurvExpress database). The Kaplan-Meier plots
show the two risk groups, the log-rank test of differences between risk groups, the hazard ratio estimate,
and the concordance indices.
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Table 3. Pro-invadopodia regulator and ion channel gene co-expression correlates with shorter survival

in GBM patients.
Number of Concordance

Gene Study Dataset Patients p-Value Index

CTTN Nutt Louis [42] 50 212x107° 65.39
CTTN+CACNAIF Nutt Louis [42] 50 449 x 1070 67.25
MMP2 Freije Nelson GPL96 [43] 85 5.95x 1073 59.74
MMP2+CACNAI1B  Freije Nelson GPL96 [43] 85 1.71 x 1073 62.46
MMP2+CACNAIF  Freije Nelson GPL96 [43] 85 5.05 x 1073 60.94
MMP2+CACNA1S  Freije Nelson GPL96 [43] 85 1.87 x 1073 62.04
MMP2+KCNH2 Freije Nelson GPL96 [43] 85 428 x 1074 64.08
MMP2+KCNJ10 Freije Nelson GPL96 [43] 85 1.32 x 1073 61.17
MMP2+KCNN4 Freije Nelson GPL96 [43] 85 251 x 1073 61.97
MMP2+SCNSA Freije Nelson GPL96 [43] 85 1.90 x 1073 61.26
MMP9 Freije Nelson GPL96 [43] 85 218 x 1073 59.84
MMP9+CACNAI1B  Freije Nelson GPL96 [43] 85 1.36 x 1073 63.62
MMP9+CACNA1G  Freije Nelson GPL96 [43] 85 4.06 x 107> 65.92
MMP9+KCN5A Freije Nelson GPL96 [43] 85 1.31 x 1074 63.24
Nck Freije Nelson GPL96 [43] 85 1.05 x 1073 62.01
Nck+CACNAIC Freije Nelson GPL96 [43] 85 3.55x 1074 62.17
Nck+CACNA1G Freije Nelson GPL96 [43] 85 5.06 x 1074 62.94
Nck+CACNAII Freije Nelson GPL96 [43] 85 1.61 x 107> 64.53
Nck+CACNA1S Freije Nelson GPL96 [43] 85 2.50 x 1074 63.33
Nck+KCNAS5 Freije Nelson GPL96 [43] 85 468 x 1074 62.1
Nck+KCNH2 Freije Nelson GPL96 [43] 85 227 x 1074 63.92
Nck+KCNJ10 Freije Nelson GPL96 [43] 85 1.35 x10~4 62.56
SH3PXD2A Yamanaka Nishio [38] 29 3.80 x 1072 77.89
SH3PXD2A+KCNA5 Yamanaka Nishio [38] 29 1.49 x 1072 84.21
SH3PXD2A+KCNJ10 Yamanaka Nishio [38] 29 1.04 x 1073 84.21
SH3PXD2A+SCN5A Yamanaka Nishio [38] 29 7.27 x 1073 85.26
Src Lee Nelson GPL570 [40] 27 3.80 x 1072 62.36
Src+CACNAI1D Lee Nelson GPL570 [40] 27 2.10 x 1072 64.94
Src+CACNAI1G Lee Nelson GPL570 [40] 27 3.04 x 1072 58.91
Src+CACNA1S Lee Nelson GPL570 [40] 27 3.39 x 1072 61.21
Src+KCNB1 Lee Nelson GPL570 [40] 27 3.39 x 1072 61.78
Src+SCNBA Lee Nelson GPL570 [40] 27 2.10 x 1072 60.92
Src Nutt Louis [42] 50 1.10 x 1072 56.48
Src+CACNAT1F Nutt Louis [42] 50 4.10x 1073 62.49
Src+CACNA1H Nutt Louis [42] 50 6.58 x 1073 65.8
Src GBM TCGA 538 5.76 x 1073 54.65
Src+CACNA1C GBM TCGA 538 6.60 x 1073 54.68
Src+CACNAI1G GBM TCGA 538 7.24 x 1073 54.67
Src+CACNA1H GBM TCGA 538 7.75 % 1073 54.59
Src+KCNA5 GBM TCGA 538 7.48 x 1073 54.59
Src+KCNN4 GBM TCGA 538 7.03 x 1073 54.82

Co-expression of pro-invadopodia regulator and ion channel genes correlates with poorer GBM patient outcome as
determined by analysis of GBM-derived datasets in the SurvExpress online database for cancer gene expression (the
log-rank test was used to generate the p value).

2.2. GBM Cells Form Functional Invadopodia and Express Invadopodia Regulator Proteins

Invadopodia are actin-rich protrusions that facilitate the invasion of tumor cells from the tumor
bulk into the surrounding healthy parenchyma [12,13]. MMPs (specifically MMP-2 and MMP-9) are
enriched and secreted at the tips of invadopodia, thus mediating the proteolytic degradation of the
ECM [11]. We utilized gelatin-based zymography to examine the conditioned medium isolated from
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three GBM cell lines and determine the extracellular secreted levels of MMP-2 and MMP-9. Analysis
of the conditioned media of the LN229, U87MG, and MU41 GBM cell lines revealed the presence of
pro-MMP-2 (72 kDa) and active-MMP-2 (65 kDa). The LN229 cell line displayed the highest level of
MMP-2 secretion, while the U87MG cell line showed the least (Figure 2A).
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Figure 2. GBM cell lines secrete MMP-2 and form functional fluorescein isothiocyanate (FITC)—gelatin
degrading invadopodia. (A) Gelatin-based zymogram analysis of LN229, U87MG, and MU41 cells
cultured in serum-free conditioned media for 24 h showing MMP-2 activity. (B) Western blot analysis
of GBM cell lines for a range of pro-invadopodia regulator proteins (Src, NWASP, MMP-2, Nck,
phospho-cortactin, cortactin, and TKS5), the uncropped Western Blot figure is in Figure S2 (C)
LN229, US7MG, and MU41 cells were plated on a thin film of cross-linked FITC-labeled gelatin for
24 h. Cells were stained with rhodamine phalloidin (red) to visualize actin filaments and DAPI
(4’ 6-diamidino-2-phenylindole) (blue) for cell nuclei. FITC—gelatin degradation is evident as black
areas devoid of FITC-labeled gelatin. Images were acquired with a 60x oil immersion lens using a Nikon
A1 confocal system. (D) Quantification of the basal invadopodia-mediated FITC—gelatin degradation.

Representative of n = 3 independent experiments, error bars represent SEM. Scale bar = 20 um.

Several invadopodia regulator proteins, including Tks5, Src, and cortactin, participate in the
formation and matrix-degrading activity of invadopodia. Therefore, we next examined the expression
of these proteins in the LN229, U87MG, and MU41 cell lines (Figure 2B). The protein expression profile
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of these regulators varied across cell lines, with Tks5 highly expressed in LN229 cells. Cortactin was
highly expressed in the MU41 and LN229 cell lines. Notably, Src, MMP-2, and NWASP were detected
at higher levels in the MU41 cell line.

As the GBM cells secreted MMP-2 and expressed a range of invadopodia regulator proteins,
we next used a fluorescent gelatin matrix degradation assay to determine whether the GBM cell
lines could form functional invadopodia. This assay, which measures MMP-2-mediated invasion
by determining the clearance of fluorescein isothiocyanate (FITC)-labeled gelatin (absence of green)
colocalized with rhodamine phalloidin actin-stained puncta, showed activity in the three GBM cell
lines (Figure 2C). LN229 cells exhibited the highest FITC-gelatin degrading activity, followed by MU41
and U87MG cells (Figure 2D). This observation was consistent with the levels of MMP-2 secreted by
each cell line (Figure 2A).

To further verify the presence of invadopodia, we co-stained GBM cells for Tks5 and cortactin
as they colocalize with invadopodia and are integral for invadopodia formation and activity.
As demonstrated in Figure 3, the co-localization of Tks5/cortactin with actin puncta validated the
presence of invadopodia in the LN229, U87MG, and MU41 GBM cell lines.

_ Rhodamine
Rhodamine , Phalloidin &
FITC gelatin  Phalloidin Cortactin Cortactin

Rhodami Rhodamine
_ odamine Phalloidin &
FITC gelatin Phalloidin Tks5 Tks5

Figure 3. Cortactin and Tks5 co-localize with actin in GBM cell invadopodia. LN229 and MU41cells
were seeded on FITC-labeled gelatin coverslips for 24 h prior to fixing and staining for rhodamine
phalloidin to probe for F-actin filaments, cortactin, and Tks5 primary antibodies and an Alexa 405
secondary antibody (blue). Images were acquired with a 60x oil immersion lens using a Nikon Al
confocal system. Images displayed co-localization with actin puncta as follows: LN229 ((A)-cortactin),
MU41 ((B)-cortactin), LN229 ((C)-Tks5), and MU41 ((D)-Tks5). White arrows denote co-localization
with cortactin or Tks5 and actin puncta. Figure is representative of n = 3 experiments. Scale bar = 20 um.
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2.3. Ion Channel-Targeting Drugs Reduce GBM Cell Viability

The current standard of care for GBM patients is inadequate, and there is an urgent need to
develop additional treatment options to target tumor cells that survive radiotherapy and chemotherapy.
To identify ion channel-binding drugs that can kill GBM cells, we screened 20 drugs (Table 4) that
inhibit ion channels (It must be noted that flunarizine dihydrochloride is the only ion channel drug
in the list that is not currently FDA (Food and Drug Administration)-approved for clinical use in
the USA). The drugs were first screened for their ability to reduce GBM cell viability using an
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell proliferation assay and then
screened for their anti-invasive properties and regulation of invadopodia activity. The cytotoxicity of
the 20 ion channel drugs was assessed across a range of concentrations (0.01, 0.1, 1, and 10 uM) in the
three GBM cell lines (Figure S1).

Table 4. Ion channel drugs used in this study.

Drug Indication Ion Channel

Amiloride hydrochloride dihydrate Cardiovascular disease Sodium
Ouabain Neurological disease Sodium
Oxcarbazepine Neurological disease Sodium
Primidone Neurological disease Sodium
Procaine hydrochloride Neurological disease Sodium
Zonisamide Neurological disease Sodium
Azelnidipine Neurological disease Calcium
Cinepazide maleate Inflammation Calcium
Diltiazem hydrochloride Cardiovascular disease Calcium
Econazole nitrate Neurological disease Calcium
Flunarizine dihydrochloride Neurological disease Calcium
Nicardipine hydrochloride Neurological disease Calcium
Nilvadipine Cardiovascular disease Calcium

Glimepiride Type 2 diabetes mellitus Potassium

Glyburide Endocrinology Potassium

Nateglinide Immunology Potassium

Quinine hydrochloride dihydrate Cardiovascular disease Potassium

Repaglinide Endocrinology Potassium

Tolbutamide Type 2 diabetes mellitus Potassium

The degree of cytotoxicity varied amongst the cell lines and drugs. To rank the drugs based on cytotoxic efficacy, a
20-30% threshold reduction in cell viability across the concentrations was applied. This identified the three most
potent drugs: flunarizine dihydrochloride, econazole nitrate, and quinine hydrochloride dihydrate, which we
further investigated.

2.4. Ion Channel Drugs Reduce MMP-2 Secretion and Invasion

Following the shortlisting of ion channel drugs based on their cytotoxicity profiles, we examined
the impact of the drugs on MMP-2 secretion. LN229 and MU41 cells were investigated further,
as they had the highest MMP-2 secretion and invadopodia activity (Figure 2). Econazole nitrate
and quinine hydrochloride dihydrate-treated LN229 and MU41 cells showed a decrease in MMP-2
secretion, while flunarizine dihydrochloride led to a reduction of MMP-2 secretion in MU41 cells only
(Figure 4A,B). Subsequently, we investigated the ability of these drugs to reduce invadopodia-mediated
FITC—gelatin degradation (Figure 4C-F). All three drugs resulted in reduced invadopodia-mediated
gelatin-degradation activity in both GBM cells lines. Quinine hydrochloride dihydrate treatment
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resulted in the greatest reduction in FITC—gelatin degradation in both cell lines. This is consistent
with the reduced level of MMP-2 secretion following quinine hydrochloride dihydrate treatment.
Interestingly, the level of MMP-2 secretion in flunarizine dihydrochloride-treated LN229 cells (Figure 4A)
did not correspond to the inhibitory effect seen in the invadopodia-mediated FITC—gelatin degradation
assay, indicating that this drug may influence other factors regulating invadopodia biogenesis.
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Figure 4. Ion channel drugs inhibit MMP-2 secretion and invadopodia activity in GBM cells.
Gelatin-based zymogram analysis of (A) LN229 and (B) MU41 GBM cells in serum-free conditioned
media treated with 10 uM flunarizine dihydrochloride (FL), econazole nitrate (EN), and quinine
hydrochloride dihydrate (Q) for 72 h. Representative of n = 2 experiments. (C) LN229 and (D) MU41
GBM cells were seeded on coverslips coated with a thin film of cross-linked FITC-labeled gelatin
following 72-h treatment with 10 uM of FL, EN, and Q. Following a 24-h incubation, cells were fixed
and stained with thodamine phalloidin (red) to probe for actin filaments and DAPI (blue) for nuclear
staining. Black areas devoid of FITC-labeled gelatin represent areas of gelatin degradation. Graphical
representation of (E) LN229 and (F) MU41 invadopodia mediated FITC-gelatin degradative activity
(relative to untreated control). Mean of n = 3 independent experiments, error bars represent SEM,
*p <0.05. Scale bar = 20 pm.

2.5. MMP-2 Secretion and Invadopodia Gelatin Degradation Is Enhanced Following Radiation and
Temozolomide Treatment

To investigate the impact of RT and TMZ on invadopodia-mediated invasion, GBM cells were
treated with 2 Gy RT and 50 uM TMZ. Zymographic analysis of conditioned GBM cell medium
highlighted an increase in pro-MMP-2 secretion in both LN229 and MU41 cell lines, while an increase
in active-MMP-2 was seen in the LN229 cell line only (Figure 5C). As MMP-2 secretion increased
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following RT/TMZ treatment, we next examined the effect of RT/TMZ treatment on the ability of GBM
cells to form functional FITC-gelatin-degrading invadopodia. The GBM cell lines showed an increase
in the level of invadopodia-mediated FITC-gelatin degradation post-RT/TMZ treatment (Figure 5A,B).
The increase in MMP-2 secretion and invadopodia-mediated FITC-gelatin degradation suggests that
cells that survive RT/TMZ treatment may acquire a more pro-invasive phenotype.
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Figure 5. Radiation/temozolomide (R/T) treatment enhances MMP-2 secretion and invadopodia activity
in GBM cells (A) LN229 and MU41 GBM cells were seeded and incubated for 24 h on coverslips coated
with a thin film of cross-linked FITC-labeled gelatin 24 h post-treatment with R/T (2 Gy/50 uM). Then,
the cells were stained with rhodamine—phalloidin (red) for actin filaments and DAPI for nuclei labelling
(blue). FITC-gelatin degradation is evident as black areas devoid of FITC-labeled gelatin. (B) Fold
change of FITC—gelatin degradation per GBM cell relative to the corresponding untreated cells for each
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cell line. Mean of n = 3 independent experiments, error bars represent SEM. Scale bar = 20 um, applicable
to all images in the panel. (C) LN229 and MU41 GBM cells were treated with R/T (2 Gy/50 uM) for 24 h
and incubated in serum-free Optimem before conditioned medium was analyzed via gelatin-based
zymography. Representative of n = 2 independent experiments.

2.6. Inhibition of RT/TMZ-Induced Invadopodia Activity

We next examined the ability of the selected candidate drugs to reduce RT/TMZ-induced
invadopodia activity in the GBM cells. Here, we demonstrate that treatment with flunarizine
dihydrochloride, econazole nitrate, and quinine hydrochloride dihydrate resulted in a significant
decrease in RT/TMZ induced invadopodia activity in both the LN229 and MU41 GBM cells (Figure 6).
The greatest reduction in invadopodia-mediated FITC—gelatin degradation was noted with quinine
hydrochloride dihydrate in the MU41 cell line and flunarizine dihydrochloride in the LN229 cell line.
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Figure 6. Ion channel-targeting drugs reduce radiation and temozolomide enhanced invadopodia
activity. (A) LN229 and (B) MU41 GBM cells were subjected to R/T (2 Gy/50 uM) and 10 uM treatment
of flunarizine dihydrochloride (FL), econazole nitrate (EN), or quinine hydrochloride dihydrate (Q) for
72 h prior to being seeded a thin film of cross-linked FITC-labeled gelatin. Cells were stained with
rhodamine phalloidin (red) to visualize actin filaments and DAPI (blue) for cell nuclei. FITC-gelatin
degradation is evident as black areas devoid of FITC-labeled gelatin. Graphical representation of (C)
LN229 and (D) MU41 invadopodia-mediated FITC—gelatin degradative activity per GBM cell (relative
to R/T treated groups). Mean of n = 3 independent experiments, error bars represent SEM, * p < 0.05.
Scale bar = 20 pm.
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With a focus on identifying drugs with dual “anti-invasive” and “cytotoxic” activity on
RT/TMZ-resistant GBM cells, we also examined cell viability with the three candidate drugs in
RT/TMZ pre-treated cells. While these drugs led to a reduction in cell viability in most cell lines when
compared to the RT/TMZ-only treated, only econazole nitrate in conjunction with RT/TMZ significantly
reduced the cell viability of LN229 and U87MG cells when compared to RT/TMZ-only treated cells
(Figure 7).
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Figure 7. Econazole nitrate can further reduce cell viability following R/T treatment. LN229,
U87MG and MU41 GBM cells were treated R/T (2 Gy/50 uM) and 10 uM of each candidate
drug: flunarizine dihydrochloride (FL), econazole nitrate (EN), and quinine hydrochloride
dihydrate (Q) for 7 days.  Subsequently, cell viability was determined using an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell proliferation assay. Cell viability is
represented as a percentage relative to the control cells. Mean of n = 3 experiments, error bars represent
SEM, * p < 0.05 (relative to R/T).

3. Discussion

Despite a multi-modal treatment approach involving maximal-safe surgical resection, adjuvant
radiotherapy, and chemotherapy, GBM remains invariably fatal, which is facilitated by infiltrative
growth into the surrounding healthy brain tissue [44]. Tumor cellinvasion is acomplex process involving
cancer cell cytoskeletal changes and remodeling of the ECM mediated by invadopodia [14,45—47].
Ion channels have been shown to facilitate various aspects of cancer progression, including invasion [48].
Koltai [49] has proposed a role for sodium ion channels in protease secretion, while potassium channels
can contribute to an invasive phenotype through the altered regulation of intracellular Ca?* levels,
leading to cytoskeletal changes [19,49]. Importantly, the relevance of invadopodia and ion channels
in GBM can be highlighted by the overexpression of key invadopodia regulators (Table 1) and ion
channels in GBM tissue (Table 2) and their impact on glioma patient survival (Figure 1).

The aim of this work was to screen a panel of 20 ion channel-targeting drugs for their ability to
select candidate drugs that inhibit GBM cell viability and invadopodia activity. This study identified
three drugs that behaved in a “dualistic” manner, reducing both cell viability and invadopodia activity.
The shortlisted drugs were flunarizine dihydrochloride (a calcium antagonist approved for use for the
prevention of migraines) [50,51], econazole nitrate (an anti-fungal calcium antagonist) [52], and quinine
hydrochloride dihydrate (an anti-malarial potassium channel blocker) [53]. A decrease in MMP-2
secretion (Figure 4A,B) was observed with econazole nitrate and quinine hydrochloride dihydrate
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in both the LN229 and MU41 GBM cell lines, while flunarizine dihydrochloride resulted in reduced
MMP-2 secretion only in the MUA41 cell line.

Furthermore, treatment with the three shortlisted ion channel drugs revealed a statistically
significant reduction in the level of invadopodia-mediated FITC—gelatin degradation activity in the
GBM cell lines (Figure 4C-F), suggesting that all three drugs exhibit an “anti-invadopodia” effect.
These findings were consistent with the trend seen in the reduced level of MMP-2 secretion following
treatment with econazole nitrate and quinine hydrochloride dihydrate (Figure 4A,B). This w—s not
observed with flunarizine dihydrochloride treatment of the LN229 GBM cell line. Although flunarizine
dihydrochloride led to a decrease in invadopodia-mediated FITC—gelatin degradation, the secreted
levels of MMP-2 were not significantly altered, indicating that flunarizine dihydrochloride may exert its
action on the dynamics of actin cytoskeletal reorganization and subsequent invadopodia formation and
not on the secretion of proteases (Figure 4A). Studies have proposed that Ca®* oscillations are required
for the initiation of invadopodia formation [48,54]. Flunarizine dihydrochloride, as a calcium channel
antagonist, may reduce Ca?* oscillations and interfere with the assembly of invadopodia. An impact
on the dynamics of invadopodia could lead to a reduction in the number and size of invadopodia (less
invadopodia/smaller invadopodia leading to reduced focal FITC—gelatin degradation) [55,56].

Several studies have shown that radiotherapy promotes an invasive and pro-migratory phenotype
in GBM [57,58]. Trog et al. [59] showed that RT and TMZ promote the upregulation of pro-invasive
proteins such as MMP-2 and MT1-MMP (Membrane type 1-matrix metalloproteinase) in vitro.
Consistent with these findings, we demonstrated that clinically relevant doses of RT and TMZ
not only led to an increase in the level of MMP-2 secretion but also an increase in invadopodia-mediated
FITC-gelatin degradation activity (Figure 5) in GBM cells. Such findings suggest that RT/TMZ treatment
promotes an invasive phenotype through invadopodia via the upregulated expression and secretion of
MMP-2 in cells that survive treatment [59].

Considering the increase in invasion following RT and TMZ treatment and the “anti-invadopodia
activity of the ion channel drugs, we sought to examine whether treatment with these agents could
inhibit treatment-induced enhanced invadopodia activity. While econazole nitrate was the only drug
to result in a significant reduction in cell viability following RT/TMZ treatment (Figure 7), all three
drugs led to a significant reduction in RT/TMZ-induced invadopodia activity (Figure 6). These results
suggest that targeting ion channels can overcome the infiltrative and invasive properties of GBM cells
by interfering with invadopodia activity. Flunarizine dihydrochloride and econazole nitrate both block
calcium channels and may promote anti-invasive activity. This may occur via the inhibition of the
Ca2* influx required for the activation of other ion channels, such as potassium and chloride channels,
which are known to enhance cell migration and invasion [60]. Alternatively, these agents may also act
to reduce the invadopodia-mediated focal ECM degradation by blocking the Ca?* signaling required
for the upregulation of proteolytic enzymes such as MMPs and cathepsins [54,60]. As a potassium
channel blocker, quinine hydrochloride dihydrate may act by antagonizing potassium channels such as
KCa3.1. These channels are involved in mediating cell volume changes required for the reorganization
of the actin cytoskeleton and promoting an invasive phenotype in cancer cells [23,24,61].

After identifying drugs that complement the current recommended therapy for GBM patients,

”

one must also consider drug delivery and blood-brain barrier (BBB) penetrance. This is a significant
challenge in the use of small molecule compounds in the clinical treatment of GBM where the penetrance
of the BBB is limited [62]. Flunarizine dihydrochloride has been shown to have a concentration in
the brain that is 10 times higher than in the plasma [50,51,63], whilst quinine has been used for the
treatment of malarial-causing parasites in the central nervous system [53,64]. Furthermore, econazole
nitrate has also been patented as a neuroprotective agent (US 2010/0298394A1) [52]. This suggests
that these drugs can cross the BBB. The predicted BBB penetrance of the candidate ion channel drugs
is presented in Table S2. Plasma levels that have been achieved for the candidate agents are listed
in Table S3. Therefore, we propose that flunarizine dihydrochloride, econazole nitrate, and quinine
hydrochloride dihydrate demonstrate the potential for clinical applicability as an adjuvant treatment,
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in combination with the current standard of care for GBM patients. Furthermore, we posit that targeting
ion channels to regulate invadopodia activity and inhibit GBM cell invasion is a promising therapeutic
avenue that merits further investigation.

4. Materials and Methods

4.1. Ion Channel Drugs

The ion channel drugs used in this study were supplied by Selleckchem, (Selleckchem, Houston,
TX, USA) at a concentration of 10 mM in DMSO and were stored at —80 °C until use. The ion channel
drugs utilized in this study were included within a larger commercial library supplied by Selleckchem
and were screened to provide preliminary data examining their impact on invadopodia activity in
GBM cells, as there is evidence that ion channels can regulate tumor cell invasion [19,20].

4.2. Cell Lines and Cell Culture

LN229, US7MG, and MU41 human GBM cell lines were maintained in Dulbecco’s Modified Eagle’s
Medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (HyClone, Global Life Sciences Solutions, Parramatta, Australia) and 1% antibiotic-antimycotic
(Life Technologies). All cell lines were incubated at 37 °C in a 10% CO2 humidified atmosphere.
LN229 and U87MG human GBM cell lines were obtained from the ATCC Biological material repository.
The MU41 human GBM cell line was harvested from a GBM patient biopsy sample at the Royal
Melbourne Hospital (Melbourne Health Research Ethics Approval Number HREC 2009.116).

4.3. Zymographic Analysis

LN229 and MU41 GBM cells were seeded in 6-well plates and allowed to adhere for 24 h. Cells were
washed with sterile phosphate-buffered saline (PBS) before a further 24-h incubation in 2 mL serum-free
Optimem® (Thermo Fisher Scientific, Waltham, MA, USA). Then, 200 pL aliquots of the conditioned
Optimem® medium were sampled and stored at —80 °C until further use. Optimem® media samples
were normalized based on the GBM cell protein concentration using a BCA (bicinchoninic acid)
protein assay (Pierce, ThermoFisher Scientific) and by performing densitometry of GAPDH bands
in corresponding Western blots. The conditioned medium samples were diluted 1:1 with 2x Novex
tris-glycine SDS sample buffer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) prior to being
loaded in 10% gelatin substrate zymogram NuPAGE 10 well pre-cast gels (Novex, Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) and separated at 125 V for 90 min in 1x Novex tris-glycine
SDS running buffer. The gels were incubated in 1xX Novex zymogram renaturing buffer for 30 min
and subsequently incubated in 1x Novex zymogram developing buffer for 30 min. Then, they were
incubated overnight at 37 °C with fresh 1x Novex zymogram developing buffer. Following incubation,
the gels were washed in distilled water before being stained in SimplyBlue SafeStain (Life Technologies)
for 1 h. The gels were washed with distilled water until clear bands (representing gelatinolytic activity)
against the undigested blue-stained gel were visible; then, gels were scanned using a flatbed scanner,
and image files were used for analysis.

4.4. Invadopodia Degradation Assay

Fluorescein isothiocyanate (FITC)-conjugated gelatin prepared as per previously established
protocol [65] was used to coat 25 mm round coverslips. LN229 and MU41 GBM cells were pre-treated
with either 2 Gy radiation and 50 pM of temozolomide, or 10 uM of FL, EN, and Q. Following a
72-h incubation, cells were trypsinised and seeded at a density of 1 x 10° cells per FITC-conjugated
gelatin coverslip and incubated for a further 24 h. The cells were washed with PBS, fixed in 4%
paraformaldehyde, and then permeabilized using with 0.2% Triton-X-100. Subsequently, they were
stained with rhodamine phalloidin (actin filaments and invadopodia puncta) and DAPI (nuclei), and the
coverslips mounted on glass slides with VectaShield (Vector Laboratories, Burlingame, CA, USA)
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mounting medium. Images were acquired using a Nikon Al+ confocal microscope system with a
Plan Apo VC 60x Oil DIC N2 immersion objective. A total of 10-15 images were acquired for each
experimental condition. Image J (Version 1.52e) was used for the analysis of the confocal images.
The region and threshold tools were used to define the total area of FITC—gelatin degradation in an
image field, while the particle counter macro was used to determine the area of degradation, which
was normalized with respect to the number of cells (DAPI-positive nuclei).

4.5. Cell Viability

LN229, US7MG, and MU41 GBM cells were seeded (1 x 10* cells /100p1) in 96-well plates and
allowed to adhere for 24 h. Initially, the cells were treated with the 20 ion channel drugs over a
concentration range (0.01, 0.1, 1, and 10 uM) (Table 1) for 7 days. Further experiments examining the
effect of the shortlisted ion channel agents on cell viability in conjunction with RT and TMZ involved
2 Gy RT and 50 uM of TMZ pre-treatment 4 h prior to the addition of the ion channel drugs (10 uM).
A CellTiter 96 Non-Radioactive Cell Proliferation Assay (MTT) (Promega, Alexandria, Australia) was
used as per the manufacturer’s instructions to assess cell viability post-treatment.

4.6. Western Blot Analysis

Western blot analysis of GBM cell protein lysates (20 ug) was performed using NuPAGE 4-12%
Bis-Tris pre-cast gels (Invitrogen) and transferred onto a 0.45 um nitrocellulose blotting membrane
(GE Healthsciences, Parramatta, Australia). The membrane was blocked in 3% bovine serum albumin in
1% TBST (Tris-buffered saline with Tween) for 1 h prior to overnight incubation with a primary antibody,
including GAPDH, NWASP, Nck-1, phospho-cortactin (1:1000, Cell Signalling Technologies, Danvers,
MA, USA), MMP-2, c-Src, cortactin, and Tks5 (1:1000, Santa Cruz Biotechnology). The membrane
was subsequently incubated with the appropriate secondary antibody and developed using enhanced
chemiluminescence reagent (GE Healthcare, Melbourne, Australia) and exposure onto Fujifilm Super
RX film.

4.7. Oncomine Data Mining

Differential mRNA and DNA expression levels of invadopodia regulators and ion channels in
GBM tissue were retrieved from the Oncomine™ v4.5 (www.oncomine.org Compendia Bioscience™,
Ann Arbor, MI, USA, part of Life Technologies) database. Oncomine™ is an online cancer microarray
database containing 715 datasets (86,733 samples) compiled from various studies. The threshold for
inclusion for data analysis was set to p < 0.05 for significance and an mRNA expression fold difference
of >2. All data are log transformed, and the standard deviation is normalized to one per array studied.
Alist of all analyzed genes is provided in Table S1. Further details regarding the Oncomine™
are provided in the Supplementary Methods.

analyses

4.8. SurvExpress

Glioma patient survival analysis was conducted using gene expression datasets deposited in
the SurvExpress (http://bioinformatica.mty.itesm.mx/SurvExpress) database [66]. SurvExpress is an
online database for evaluating cancer gene expression data using survival analysis. Data sourced
from the SurvExpress platform was used for the survival analysis of invadopodia regulator and ion
channel gene co-expression in glioma patients. Further details regarding the SurvExpress analyses are
provided in the Supplementary Methods.

4.9. Statistical Analysis

Statistical significance was determined using an unpaired, unequal variance, two-tailed t-test
with the use of GraphPad Prism 7 (Prism 7.00 for Windows, GraphPad Software, La Jolla, CA, USA,
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www.graphpad.com). Values were considered statistically significant if the p < 0.05. In all figures
* denotes p < 0.05 and error bars represent the standard error of the mean (SEM).

5. Conclusions

During recent years, studies have been investigating the role of invadopodia in mediating cancer
invasion. GBM, the most common primary brain tumor, is a highly proliferative and invasive cancer,
and the current standard therapy involving surgical resection, radiotherapy, and chemotherapy
(temozolomide) is insufficient to eradicate the tumor. Therefore, new therapies are required to not
only reduce the number of cells surviving the current therapy but also to reduce the neurologically
destructive invasive ability of the GBM cells. Ion channels have emerged as contributors to tumor
pathophysiology in the various hallmarks of cancer including cell proliferation, migration, and invasion
via their capacity in cell volume regulation. The data from our current study demonstrates that there is
potential for repurposing ion channel agents with ion channel targets as novel prospective therapeutic
agents to be utilized in targeting the invasive GBM cells that survive the current treatment for
GBM patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/10/2888/s1,
Figure S1: Cell viability profile of GBM cells (LN229, US7MG, MU41) following treatment with ion channel drugs,
Table S1: Invadopodia regulator genes and ion channel genes utilized in the analyses of online gene expression GBM

datasets deposited within the Oncomine® and SurvExpress databases, Figure S2: The uncropped Western Blot
figure, Table S2: Candidate drug predicted blood-brain barrier penetrance properties. We examined information
on the three candidate drugs, flunarazine dihydrochloride, quinine hydrochloride dihydrate, and econazole nitrate
present in the online database, ‘DrugBank’(go.drugbank.com), Table S3: Clinically achievable plasma levels of
candidate ion channel drugs.

Author Contributions: Conceptualization, S.S.S.; Methodology, S.S.S.; Formal analysis, M.D.; Investigation,
M.D. and N.G.; Data Curation, M.D. and N.G.; writing—original draft preparation, M.D., TM. and S.S.S,;
writing—review and editing, M.D., N.G., A PM., AHK., K].D., TM,, and S.S.S.; Supervision, S.S.S.; Project
administration, S.S.S.; Funding Acquisition, 5.5.S., A.HK. and K.J.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the following funding sources: Perpetual IMPACT Philanthropy
Grant IPAP2017/0766 and The Royal Melbourne Hospital Neuroscience Foundation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ellor, S.V,; Pagano-Young, T.A.; Avgeropoulos, N.G. Glioblastoma: Background, standard treatment
paradigms, and supportive care considerations. J. Law Med. Ethic. 2014, 42, 171-182. [CrossRef] [PubMed]

2. Delgado-Loépez, P.D.; Corrales-Garcia, E.M. Survival in glioblastoma: A review on the impact of treatment
modalities. Clin. Transl. Oncol. 2016, 18, 1062-1071. [CrossRef] [PubMed]

3.  Zygogianni, A.; Protopapa, M.; Kougioumtzopoulou, A.; Simopoulou, F.; Nikoloudi, S.; Kouloulias, V.
From imaging to biology of glioblastoma: New clinical oncology perspectives to the problem of local
recurrence. Clin. Transl. Oncol. 2018, 20, 989-1003. [CrossRef] [PubMed]

4. Goodenberger, M.L.; Jenkins, R.B. Genetics of adult glioma. Cancer Genet. 2012, 205, 613-621. [CrossRef]

5. Taylor, O.G.; Brzozowski, J.S.; Skelding, K.A. Glioblastoma Multiforme: An Overview of Emerging
Therapeutic Targets. Front. Oncol. 2019, 9, 1-11. [CrossRef]

6. Stupp, R.; Mason, W.P; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].; Belanger, K.; Brandes, A.A;
Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma.
N. Engl. ]. Med. 2005, 352, 987-996. [CrossRef] [PubMed]

7. Lee, S.Y. Temozolomide resistance in glioblastoma multiforme. Gene Funct. Dis. 2016, 3, 198-210. [CrossRef]
[PubMed]

8.  Paw, I; Carpenter, R.C.; Watabe, K.; Debinski, W.; Lo, H.-W. Mechanisms regulating glioma invasion.
Cancer Lett. 2015, 362, 1-7. [CrossRef] [PubMed]

9. Nakada, M.; Nakada, S.; DeMuth, T.; Tran, N.L.; Hoelzinger, D.B.; Berens, M.E. Molecular targets of glioma
invasion. Cell. Mol. Life Sci. 2007, 64, 458-478. [CrossRef] [PubMed]

24



Cancers 2020, 12, 2888

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

De Gooijer, M.C.; Navarro, M.G.; Bernards, R.; Wurdinger, T.; Van Tellingen, O. An Experimenter’s Guide to
Glioblastoma Invasion Pathways. Trends Mol. Med. 2018, 24, 763-780. [CrossRef]

Brown, G.T.; Murray, G.I. Current mechanistic insights into the roles of matrix metalloproteinases in tumour
invasion and metastasis. J. Pathol. 2015, 237, 273-281. [CrossRef] [PubMed]

Artym, V.V,; Zhang, Y.; Seillier-Moiseiwitsch, F.; Yamada, K.M.; Mueller, S.C. Dynamic Interactions of Cortactin
and Membrane Type 1 Matrix Metalloproteinase at Invadopodia: Defining the Stages of Invadopodia
Formation and Function. Cancer Res. 2006, 66, 3034-3043. [CrossRef] [PubMed]

Paz, H.; Pathak, N.; Yang, J. Invading one step at a time: The role of invadopodia in tumor metastasis.
Oncogene 2013, 33, 4193-4202. [CrossRef] [PubMed]

Sibony-Benyamini, H.; Gil-Henn, H. Invadopodia: The leading force. Eur. J. Cell Biol. 2012, 91, 896-901.
[CrossRef] [PubMed]

Yamaguchi, H.; Pixley, E; Condeelis, ]. Invadopodia and podosomes in tumor invasion. Eur. J. Cell Biol. 2006,
85,213-218. [CrossRef] [PubMed]

Stylli, S.S.; Stacey, T.T.; Kaye, A.H.; Lock, P. Prognostic significance of Tks5 expression in gliomas. J. Clin.
Neurosci. 2012, 19, 436-442. [CrossRef]

Stylli, S.S.; Kaye, A.H.; Lock, P. Invadopodia: At the cutting edge of tumour invasion. J. Clin. Neurosci. 2008,
15,725-737. [CrossRef]

Buccione, R.; Caldieri, G.; Ayala, I. Invadopodia: Specialized tumor cell structures for the focal degradation
of the extracellular matrix. Cancer Metastasis Rev. 2009, 28, 137-149. [CrossRef]

Prevarskaya, N.; Skryma, R.; Shuba, Y. Ion channels and the hallmarks of cancer. Trends Mol. Med. 2010, 16,
107-121. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-674. [CrossRef]
Joshi, A.D.; Parsons, D.W.; Velculescu, V.E.; Riggins, G.J. Sodium ion channel mutations in glioblastoma
patients correlate with shorter survival. Mol. Cancer 2011, 10, 17. [CrossRef] [PubMed]

Pollak, J.; Rai, K.G.; Funk, C.C.; Arora, S.; Lee, E.; Zhu, ].; Price, N.D.; Paddison, P.J.; Ramirez, J.-M.;
Rostomily, R.C. Ion channel expression patterns in glioblastoma stem cells with functional and therapeutic
implications for malignancy. PLoS ONE 2017, 12, e0172884. [CrossRef] [PubMed]

Cuddapah, V.A,; Robel, S.; Watkins, S.; Sontheimer, H. A neurocentric perspective on glioma invasion.
Nat. Rev. Neurosci. 2014, 15, 455-465. [CrossRef] [PubMed]

Cuddapah, V.A,; Turner, K.L.; Seifert, S.; Sontheimer, H. Bradykinin-induced chemotaxis of human gliomas
requires the activation of KCa3.1 and CIC-3. ]. Neurosci. 2013, 33, 1427-1440. [CrossRef] [PubMed]
D’Alessandro, G.; Ecatalano, M.; Sciaccaluga, M.; Chece, G.; Cipriani, R.; Rosito, M.; Grimaldi, A.; Lauro, C.;
Cantore, G.; Santoro, A.; et al. KCa3.1 channels are involved in the infiltrative behavior of glioblastoma
in vivo. Cell Death Dis. 2013, 4, €773. [CrossRef]

Turner, K.L.; Honasoge, A.; Robert, S.M.; McFerrin, M.M.; Sontheimer, H. A proinvasive role for the Ca(2+)
-activated K(+) channel KCa3.1 in malignant glioma. Glia 2014, 62, 971-981. [CrossRef]

Deliot, N.; Constantin, B. Plasma membrane calcium channels in cancer: Alterations and consequences for
cell proliferation and migration. Biochim. Biophys. Acta. (BBA)-Biomembr. 2015, 1848, 2512-2522. [CrossRef]
Zhang, Y.; Zhang, ].; Jiang, D.; Zhang, N.; Qian, Z.; Liu, C.; Tao, J. Inhibition of T-type Ca2+ channels by
endostatin attenuates human glioblastoma cell proliferation and migration. Br. J. Pharmacol. 2012, 166,
1247-1260. [CrossRef]

Simon, O.].; Miintefering, T.; Grauer, O.M.; Meuth, S.G. The role of ion channels in malignant brain tumors.
J. Neuro-Oncol. 2015, 125, 225-235. [CrossRef]

Stock, C.; Ludwig, ET.; Hanley, PJ.; Schwab, A. Roles of Ion Transport in Control of Cell Motility. Compr. Physiol.
2013, 3, 59-119. [CrossRef]

Molenaar, R.J. Ion Channels in Glioblastoma. ISRN Neurol. 2011, 2011, 1-7. [CrossRef] [PubMed]

Sleire, L.; Forde, H.E.; Netland, LA ; Leiss, L.; Skeie, B.S.; Enger, P. @yvind Drug repurposing in cancer.
Pharmacol. Res. 2017, 124, 74-91. [CrossRef] [PubMed]

Pushpakom, S.; Iorio, F,; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.J.; Guilliams, T.; Latimer, J.;
McNamee, C.; et al. Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov.
2018, 18, 41-58. [CrossRef] [PubMed]

25



Cancers 2020, 12, 2888

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Bredel, M.; Bredel, C.; Juric, D.; Harsh, G.R.; Vogel, H.; Recht, L.D.; Sikic, B.I. Functional network analysis
reveals extended gliomagenesis pathway maps and three novel MYC-interacting genes in human gliomas.
Cancer Res. 2005, 65, 8679-8689. [CrossRef]

Liang, Y,; Diehn, M.; Watson, N.P,; Bollen, A.W.; Aldape, K.D.; Nicholas, M.K.; Lamborn, K.R.; Berger, M.S.;
Botstein, D.; Brown, P.O.; et al. Gene expression profiling reveals molecularly and clinically distinct subtypes
of glioblastoma multiforme. Proc. Natl. Acad. Sci. USA 2005, 102, 5814-5819. [CrossRef]

Murat, A.; Migliavacca, E.; Gorlia, T.; Lambiv, W.L.; Shay, T.; Hamou, M.-E;; De Tribolet, N.; Regli, L.; Wick, W.;
Kouwenhoven, M.C,; et al. Stem Cell-Related “Self-Renewal” Signature and High Epidermal Growth Factor
Receptor Expression Associated with Resistance to Concomitant Chemoradiotherapy in Glioblastoma. J. Clin.
Oncol. 2008, 26, 3015-3024. [CrossRef]

Sun, L.; Hui, A.-M.; Su, Q.; Vortmeyer, A.; Kotliarov, Y.; Pastorino, S.; Passaniti, A.; Menon, J.; Walling, J.;
Bailey, R.; et al. Neuronal and glioma-derived stem cell factor induces angiogenesis within the brain.
Cancer Cell 2006, 9, 287-300. [CrossRef]

Yamanaka, R.; Arao, T,; Yajima, N.; Tsuchiya, N.; Homma, J.; Tanaka, R.; Sano, M.; Oide, A.; Sekijima, M.;
Nishio, K. Identification of expressed genes characterizing long-term survival in malignant glioma patients.
Oncogene 2006, 25, 5994-6002. [CrossRef]

Beroukhim, R.; Getz, G.; Nghiemphu, L.; Barretina, J.; Hsueh, T.; Linhart, D.; Vivanco, I; Lee, ].C.; Huang, ]. H.;
Alexander, S.; et al. Assessing the significance of chromosomal aberrations in cancer: Methodology and
application to glioma. Proc. Natl. Acad. Sci. USA 2007, 104, 20007-20012. [CrossRef]

Lee, Y.; Scheck, A.C.; Cloughesy, T.; Lai, A.; Dong, J.; Farooqi, HK,; Liau, L.M.; Horvath, S.; Mischel, P.S.;
Nelson, S. Gene expression analysis of glioblastomas identifies the major molecular basis for the prognostic
benefit of younger age. BMC Med. Genom. 2008, 1, 52. [CrossRef]

Shai, R.; Shi, T.; Kremen, T.J.; Horvath, S.; Liau, L.M.; Cloughesy, T.F.; Mischel, P.S.; Nelson, S.F. Gene expression
profiling identifies molecular subtypes of gliomas. Oncogene 2003, 22, 4918-4923. [CrossRef] [PubMed]
Nutt, C.L.; Mani, D.R.; Betensky, R.A.; Tamayo, P.; Cairncross, J.G.; Ladd, C.; Pohl, U.; Hartmann, C.;
McLaughlin, M.E.; Batchelor, T.; et al. Gene expression-based classification of malignant gliomas correlates
better with survival than histological classification. Cancer Res. 2003, 63, 1602-1607. [PubMed]

Freije, W.A.; Castro-Vargas, FE.; Fang, Z.; Horvath, S.; Cloughesy, T.; Liau, L.M.; Mischel, P.S.; Nelson, S.
Gene Expression Profiling of Gliomas Strongly Predicts Survival. Cancer Res. 2004, 64, 6503-6510. [CrossRef]
[PubMed]

Olar, A.; Aldape, K.D. Using the molecular classification of glioblastoma to inform personalized treatment.
J. Pathol. 2014, 232, 165-177. [CrossRef]

Saykali, B.A.; El-Sibai, M. Invadopodia, Regulation, and Assembly in Cancer Cell Invasion. Cell Commun.
Adhes. 2014, 21, 207-212. [CrossRef]

Mao, L.; Whitehead, C.A.; Paradiso, L.; Kaye, A.H.; Morokoff, A.P.; Luwor, R.B.; Stylli, S.S. Enhancement of
invadopodia activity in glioma cells by sublethal doses of irradiation and temozolomide. J. Neurosurg. 2018,
129, 598-610. [CrossRef]

Whitehead, C.A.; Nguyen, H.P.; Morokoff, A.P.; Luwor, R.B.; Paradiso, L.; Kaye, A.H.; Mantamadiotis, T.;
Stylli, S.S. Inhibition of Radiation and Temozolomide-Induced Invadopodia Activity in Glioma Cells Using
FDA-Approved Drugs. Transl. Oncol. 2018, 11, 1406-1418. [CrossRef]

Prevarskaya, N.; Skryma, R.; Shuba, Y. Ion Channels in Cancer: Are Cancer Hallmarks Oncochannelopathies?
Physiol. Rev. 2018, 98, 559-621. [CrossRef]

Koltai, T. Voltage-gated sodium channel as a target for metastatic risk reduction with re-purposed drugs.
F1000Research 2015, 4, 297. [CrossRef]

Kataki, M.; T Mani Senthil Kumar, K.; Rajkumari, A. Neuropsychopharmacological profiling of flunarizine:
A calcium channel blocker. Int. J. Pharmatech Res. 2010, 2, 1703-1713.

Fischer, W,; Kittner, H.; Regenthal, R.; De Sarro, G. Anticonvulsant profile of flunarizine and relation to Na(+)
channel blocking effects. Basic Clin. Pharmacol. Toxicol. 2004, 94, 79-88. [CrossRef] [PubMed]

Steiner, J.P; Nath, A.; Haughey, N. Antifungal Agents as Neuroprotectants. US Patent 2010/0298394A1,
25 November 2010.

Golden, E.B.; Cho, H.-Y.; Hofman, EM.; Louie, S.G.; Schonthal, A.H.; Chen, T.C. Quinoline-based antimalarial
drugs: A novel class of autophagy inhibitors. Neurosurg. Focus 2015, 38, E12. [CrossRef] [PubMed]

26



Cancers 2020, 12, 2888

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Iamshanova, O.; Pla, A.F,; Prevarskaya, N. Molecular mechanisms of tumour invasion: Regulation by calcium
signals. J. Physiol. 2017, 595, 3063-3075. [CrossRef] [PubMed]

Hoskin, V,; Szeto, A.; Ghaffari, A.; Greer, P.A.; Coté, G.P; Elliott, B.E. Ezrin regulates focal adhesion and
invadopodia dynamics by altering calpain activity to promote breast cancer cell invasion. Mol. Biol. Cell
2015, 26, 3464-3479. [CrossRef] [PubMed]

Brisson, L.; Alfarouk, K.; Goré, J.; Roger, S. pH regulators in invadosomal functioning: Proton delivery for
matrix tasting. Eur. ]. Cell Biol. 2012, 91, 847-860. [CrossRef] [PubMed]

Wild-Bode, C.; Weller, M.; Rimner, A.; Dichgans, J.; Wick, W. Sublethal irradiation promotes migration and
invasiveness of glioma cells: Implications for radiotherapy of human glioblastoma. Cancer Res. 2001, 61,
2744-2750. [PubMed]

Wang, S.-C.; Yu, C.-E; Hong, ].-H.; Tsai, C.-S.; Chiang, C.-S. Radiation Therapy-Induced Tumor Invasiveness
Is Associated with SDF-1-Regulated Macrophage Mobilization and Vasculogenesis. PLoS ONE 2013, 8, e69182.
[CrossRef]

Trog, D.; Yeghiazaryan, K.; Fountoulakis, M.; Friedlein, A.; Moenkemann, H.; Haertel, N.; Schueller, H.;
Breipohl, W.; Schild, H.; Leppert, D.; et al. Pro-invasive gene regulating effect of irradiation and combined
temozolomide-radiation treatment on surviving human malignant glioma cells. Eur. |. Pharmacol. 2006, 542,
8-15. [CrossRef]

Schwab, A.; Stock, C. Ion channels and transporters in tumour cell migration and invasion. Philos. Trans. R.
Soc. B Biol. Sci. 2014, 369, 20130102. [CrossRef]

Thompson, E.G.; Sontheimer, H. A role for ion channels in perivascular glioma invasion. Eur. Biophys. ].
2016, 45, 635-648. [CrossRef]

Munson, ].M.; Bonner, M.Y.; Fried, L.; Hofmekler, J.; Arbiser, J.L.; Bellamkonda, R.V. Identifying new small
molecule anti-invasive compounds for glioma treatment. Cell Cycle 2013, 12, 2200-2209. [CrossRef] [PubMed]
Ciancarelli, I.; Tozzi-Ciancarelli, M.G.; Di Massimo, C.; Marini, C.; Carolei, A. Flunarizine Effects on Oxidative
Stress in Migraine Patients. Cephalalgia 2004, 24, 528-532. [CrossRef] [PubMed]

Bebin, M.; Bleck, T.P. New Anticonvulsant Drugs. Drugs 1994, 48, 153-171. [CrossRef] [PubMed]

Stylli, S.S.; Stacey, T.T.I.; Verhagen, A.M.; Xu, S.S; Pass, I.; Courtneidge, S.A.; Lock, P; I, S.T.T. Nck adaptor
proteins link Tks5 to invadopodia actin regulation and ECM degradation. J. Cell Sci. 2009, 122, 2727-2740.
[CrossRef]

Aguirre-Gamboa, R.; Gomez-Rueda, H.; Martinez-Ledesma, E.; Martinez-Torteya, A.; Chacolla-Huaringa, R.;
Rodriguez-Barrientos, A.; Tamez-Pefia, J.G.; Trevino, V. SurvExpress: An Online Biomarker Validation
Tool and Database for Cancer Gene Expression Data Using Survival Analysis. PLoS ONE 2013, 8, e74250.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

27






cancers

Review

The Renin-Angiotensin System in the Tumor
Microenvironment of Glioblastoma

Michael O’'Rawe 1'*, Ethan J. Kilmister 2*{0, Theo Mantamadiotis 3, Andrew H. Kaye 4 Swee T. Tan 2:3/5*
and Agadha C. Wickremesekera 1-2-3:*

check for

updates
Citation: O'Rawe, M.; Kilmister, E.J.;
Mantamadiotis, T.; Kaye, A.H.;
Tan, S.T.; Wickremesekera, A.C. The
Renin-Angiotensin System in the
Tumor Microenvironment of
Glioblastoma. Cancers 2021, 13, 4004.
https:/ /doi.org/10.3390/ cancers
13164004

Academic Editor: Sheila K. Singh

Received: 17 July 2021
Accepted: 6 August 2021
Published: 9 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Neurosurgery, Wellington Regional Hospital, Wellington 6021, New Zealand;
michael.orawe@ccdhb.org.nz

Gillies McIndoe Research Institute, Wellington 6021, New Zealand; ethankilmister467@gmail.com
Department of Surgery, The Royal Melbourne Hospital, The University of Melbourne,

Parkville, VIC 3050, Australia; theo.mantamadiotis@unimelb.edu.au

Department of Neurosurgery, Hadassah Hebrew University Medical Centre, Jerusalem 91120, Israel;
andrewk@hadassah.org.il

5 Wellington Regional Plastic, Maxillofacial & Burns Unit, Hutt Hospital, Lower Hutt 5040, New Zealand
*  Correspondence: swee.tan@gmri.org.nz (S5.T.T.); agadha.wickremesekera@ccdhb.org.nz (A.C.W.)

1t Equal first authors.

Simple Summary: Glioblastoma (GB) is the most aggressive brain cancer in humans. Patient survival
outcomes have remained dismal despite intensive research over the past 50 years, with a median
overall survival of only 14.6 months. We highlight the critical role of the renin-angiotensin system
(RAS) on GB cancer stem cells and the tumor microenvironment which, in turn, influences cancer
stem cells in driving tumorigenesis and treatment resistance. We present recent developments and
underscore the need for further research into the GB tumor microenvironment. We discuss the novel
therapeutic targeting of the RAS using existing commonly available medications and utilizing model
systems to further this critical investigation.

Abstract: Glioblastoma (GB) is an aggressive primary brain tumor. Despite intensive research over
the past 50 years, little advance has been made to improve the poor outcome, with an overall median
survival of 14.6 months following standard treatment. Local recurrence is inevitable due to the quies-
cent cancer stem cells (CSCs) in GB that co-express stemness-associated markers and components
of the renin—angiotensin system (RAS). The dynamic and heterogeneous tumor microenvironment
(TME) plays a fundamental role in tumor development, progression, invasiveness, and therapy
resistance. There is increasing evidence showing the critical role of the RAS in the TME influencing
CSCs via its upstream and downstream pathways. Drugs that alter the hallmarks of cancer by modu-
lating the RAS present a potential new therapeutic alternative or adjunct to conventional treatment
of GB. Cerebral and GB organoids may offer a cost-effective method for evaluating the efficacy of
RAS-modulating drugs on GB. We review the nexus between the GB TME, CSC niche, and the RAS,
and propose re-purposed RAS-modulating drugs as a potential therapeutic alternative or adjunct to
current standard therapy for GB.

Keywords: glioblastoma; renin-angiotensin system; pluripotent stem cells; organoids; cancer stem
cells; cancer stem cell niche; tumor microenvironment

1. Introduction

Glioblastoma (GB), the most common and most aggressive primary brain cancer in hu-
mans, is classified as a WHO grade IV astrocytoma, and is characterized by microvascular
proliferation and central necrosis [1]. Primary GB arises de novo and accounts for 90% of
cases with a predilection for older individuals, while secondary GB arises from low-grade
astrocytoma and affects younger patients [2]. GB has been categorized into four distinct
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molecular subtypes: classical, mesenchymal, neural, and proneural [3], although other
studies have only identified classical, mesenchymal, and proneural subtypes [4]. The classi-
cal subtype includes amplification or mutation of epidermal growth factor receptor (EGFR),
the mesenchymal subtype includes deletions of the 17q11.2 region containing the gene NF1,
and the proneural subtype is characterized by high levels of platelet-derived growth factor
receptor o« (PDGFR«) expression and point mutations in isocitrate dehydrogenase 1 (IDH1)
and p53 [3].

Various genetic or epigenetic changes may affect the prognosis of GB patients includ-
ing IDH mutations and O6-methylguanine-DNA methyltransferase (MGMT) methylation
status. GB may be divided into IDH-wild-type and IDH-mutant tumors. IDH is an enzyme
that catalyzes oxidative decarboxylation of isocitrate to 2-oxoglutarate. The most common
mutation in GB affects IDH1 with a single amino acid missense mutation at arginine 132
which is replaced by histidine [5]. IDH-wild-type GB is more common, tends to arise de
novo, and is generally more aggressive with a worse prognosis than IDH-mutant GB. By
contrast, IDH-mutant GB is predominantly observed in secondary GB and is associated
with a better prognosis [6]. The current standard treatment for GB involves maximal safe
surgical resection with adjuvant chemotherapy and radiotherapy, known as the Stupp
protocol [7]. Temozolomide, an alkylating agent, is used as first-line chemotherapy for
GB with its efficacy related to the methylation status of the MGMT promoter [8]. MGMT
methylation is associated with an improved overall survival in GB patients [9]. Despite this
intensive treatment, tumor recurrence in GB patients is inevitable with an overall median
survival time of 14.6 months with a range of 12-14 months which has not changed since
the introduction of the Stupp protocol in 2005 [10,11].

We reviewed the dynamic relationship between the tumor microenvironment (TME),
the RAS, and cancer stem cells (CSCs) in GB. We speculate that RAS-modulating drugs may
offer a potential therapeutic alternative or adjunct to current standard therapy. Further
functional and epidemiological studies are required to investigate the efficacy of RAS-
targeting drugs in the treatment of GB.

2. GB Tumor Microenvironment

The GB tumor microenvironment (TME) is highly heterogeneous and consists of
cancer cells and non-cancer cells. Non-cancer cell types include immune cells, such as
tumor-associated macrophages (TAMs), resident glial cells, peripheral macrophages, en-
dothelial cells, pericytes, astrocytes, CSCs, fibroblasts, and other components such as the
extracellular matrix (ECM) [12]. Given the rarity of extracranial metastasis from GB [13], it
appears that GB development requires the unique intracerebral microenvironment inclu-
sive of the blood—brain barrier (BBB) [14]. The TME, with emphasis on glioma-associated
microglia/macrophages, pericytes, and reactive astrocytes, is increasingly recognized to
play a critical role in GB development and progression [15]. The idea that cytokines, growth
factors, chemokines, inflammatory mediators, and remodeling enzymes are involved in
intra- and inter-cellular communications within the TME is not novel [16]. Additionally,
constant communication between GB cells and the surrounding TME [14] is facilitated by
extracellular vesicles that expedite bi-directional cross-talk within the TME [12,17].

Anatomically distinct regions of the TME, known as tumor niches, are thought to
contain CSCs and play a fundamental role in the regulation of metabolism, immune surveil-
lance, survival, invasion, and self-maintenance with the renin—angiotensin system (RAS)
playing a critical role [15,18,19]. The GB TME may consist of several distinct tumor niches
including the hypoxic tumor niche, the perivascular or angiogenic tumor niche, and the
vascular-invasive tumor niche. The perivascular niche contains CSCs in close juxtaposition
with the abnormal angiogenic vasculature and provides a supportive environment for CSC
growth, maintenance, and survival. The vasculature in the hypoxic tumor niche is either
non-functional or has regressed, leading to areas of necrosis that are surrounded by rows
of hypoxic palisading tumor cells [20]. The vascular-invasive tumor niche contains tumor
cells co-opted with normal blood vessels that migrate deep into the brain parenchyma [20].
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GB is highly vascular and is characterized by extensive neovascularization and patho-
logical angiogenesis predominantly induced by vascular endothelial growth factor (VEGF),
which is produced by tumor cells, CSCs, and immune cells [21,22]. Other angiogenic
factors, such as transforming growth factor-3; (TGF-f31), platelet-derived growth factor-BB,
and fibroblast growth factor-2, may also play a role in the pathological angiogenesis [23,24].
In addition to endothelial proliferation, bone marrow-derived endothelial and pericyte
progenitor cells may be recruited and incorporated into the growing vessels [25]. There
is also evidence that CSCs may be involved in neovascularization by differentiating into
endothelial cells or pericytes in GB [26-28]. Increased VEGF expression also fosters an
immunosuppressive microenvironment that enables tumors, including GB, to evade host
immune surveillance [29]. The abnormal vasculature in GB includes dilated and leaky ves-
sels and glomeruloid microvascular proliferation in which endothelial cells and pericytes
form poorly organized vascular structures, which effectively disrupt the BBB, leading to
cerebral edema. In addition, the blood-brain tumor barrier (BBTB) hinders drug delivery
to the tumor [30].

The BBB is a highly specialized, selectively permeable barrier between the brain and
the systemic blood supply that helps to maintain homeostasis of the cerebral microenviron-
ment. The structure of the BBB includes endothelial cells with tight junctions, adherens
junctions, astrocytes, pericytes, and the basement membrane [31]. The BBB plays several
fundamental roles, including supplying the brain with essential nutrients, such as oxygen
and glucose, mediating the efflux of waste products, facilitating the movement of nutrients
and plasma proteins, and restricting toxins into the central nervous system (CNS) [32].
Disruption of the BBB and its tight regulation of the cerebral microenvironment leads to
increased blood vessel permeability with plasma and fluid leakage into the tumor tissue
causing cerebral edema and raised interstitial and intracranial pressure [33]. The combina-
tion of abnormal vasculature in GB and the disruption of the BBB leads to impaired blood
flow and reduced oxygen delivery within the tumor [34]. Microvascular thrombosis may
also occur causing occlusion of the blood vessels, further promoting intra-tumoral hypoxia,
leading to pseudo-palisading necrosis [35]. Hypoxia is also a consequence of increased
oxygen diffusion distance due to the fact of tumor growth and expansion [34], which may,
in and of itself, be a key regulator of tumor cell survival, stemness, and immune surveil-
lance in the TME [36-38]. Hypoxia also sustains tumor cell proliferation, invasiveness, and
contributes to chemotherapy and radiotherapy resistance. This occurs via inhibition of
free radicals, which reduces the efficacy of radiotherapy [39], and through upregulation of
the multi-drug resistance gene, MDR1/ABCB1, which reduces chemotherapy effectiveness.
Hypoxia-inducible factor-1 (HIF-1) and HIF-2 mediate the response to hypoxia on a molec-
ular level in GB [40] and may potentially modify CSCs [41]. The GB microenvironmental
niche also consists of pseudo-palisading glioma cells that upregulate HIF proteins, inducing
expression of factors, such as VEGF and interleukin 8 (IL-8), which are implicated in tumor
cell survival, metabolism, invasion, and angiogenesis. The resultant cross-talk releases
pro-inflammatory signals from the areas of necrosis in the hypoxic tumor niche into the
surrounding TME, promoting immunosuppression, and angiogenesis [42].

Immune cells, including circulating monocytes, neutrophils, and myeloid-derived
suppressor cells (MDSCs), are another source of angiogenic factors. In ovarian cancer,
MDSCs increase CSC characteristics by increasing microRNA-101 expression, which in-
duces the expression of stemness genes [43]. It is interesting to speculate that MDSCs also
regulate the stemness of CSCs within the GB TME via this mechanism (Figure 1). These
cells may enter the brain as a result of breakdown of the BBB in GB and the production
of tumor-derived chemokines and cytokines, contributing to the immunosuppressive GB
TME [44-46]. TAMs are the dominant immune cell population in GB and may include
resident microglial cells and peripheral macrophages [47,48]. Traditionally, TAMs have
been defined as either anti-tumoral M1/Th1 (classical-activated macrophages) or pro-
tumoral M2/Th?2 (alternative-activated macrophages) phenotypes. M1 macrophages foster
the inflammatory response by secreting pro-inflammatory cytokines such as IL-12, tumor
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necrosis factor-o (TNF-a), CXCL-10, and interferon-y (IFN-y) and produce high levels
of nitric oxide synthase to exert anti-tumor cell activity (Figure 1). M2 macrophages, on
the other hand, play a key immunosuppressive function by secreting anti-inflammatory
cytokines, such as IL-10, IL-13, and IL-4, and express abundant arginase-1, mannose recep-
tor CD206, and scavenger receptors to promote tumor progression [49-51]. The release
of TGF-3 by TAMs has been shown to induce matrix metalloproteinase 9 (MMP9) and,
thus, increase CSC invasiveness [52]. A more recent study has demonstrated that the TAM
population is in a constant state of transition or plasticity between the two phenotypes
and that M1 phenotype expression may be enhanced by TME changes or therapeutic
interventions [51]. Resident microglia are present within the brain, but it is the recruit-
ment of peripheral macrophages to the GB TAM pool, in particular, that may mediate
tumor phagocytosis with disruption of the signal regulatory protein « receptor (SIRP-o)—
CD47 axis. This facilitates immune evasion because the antiphagocytic “don’t eat me”
surface protein CDA47 is upregulated, which binds to SIRP-« on phagocytic cells to inhibit
phagocytosis [53]. However, even in the absence of macrophages, resident microglia may
be transformed into effector cells of tumor cell phagocytosis, in response to anti-CD47
blockade [54]. In models of pancreatic ductal adenocarcinoma, for example, RP-182 may
selectively induce conformational switching of the mannose receptor CD206, which is
expressed on the M2 TAM phenotype, ultimately reprogramming M2-like TAMs into an
anti-tumor M1-like phenotype [55]. The immunosuppressive phenotype of TAMs may
be controlled by long-chain fatty acid metabolism, and chemical inhibitors targeting this
metabolic pathway may block TAM polarization in vitro and tumor growth in vivo [56].
GB-derived exosomes may reprogram M1 macrophages to M2 macrophages and condition
M2 macrophages to become strongly immunosuppressive TAMs [57].
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Figure 1. A schema demonstrating the role of the renin-angiotensin system (RAS) and its convergent signaling pathways in the
glioblastoma tumor microenvironment (TME) and cancer stem cells (CSCs). A cancer stem cell (with the cytoplasm depicted in
light blue and the nucleus in purple) residing within the glioblastoma TME. Angiotensin II (ATII), the physiologically active
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end-product of the paracrine RAS, activates ATII receptor 1 (AT;R) leading to increased tumor cell proliferation, oxidative
stress, hypoxia and angiogenesis, and inflammation—the hallmarks of cancer. This contributes to an inflammatory TME by
increasing the number of inflammatory cells, partly by increasing the number of NADPH complexes, leading to tumor cell
proliferation, DNA damage from oxidative stress, and release of growth factors. AT;R also activates phosphatidylinositol
signaling, which increases cytosolic Ca?* to promote mitogenesis. Hypoxia increases paracrine RAS activity by upregulating
angiotensin-converting enzyme (ACE) and the expression of hypoxia-inducible factor 1oc (HIF-1x) and HIF-2c, which
increase tumor progression and treatment resistance. HIF-1«, HIF-2¢, and hypoxia increase the expression of vascular
endothelial growth factor (VEGF) which increases angiogenesis. AT{R, via MAPK-STAT3 signaling, contributes to a cytokine
release that leads to CSC renewal. C-X-C chemokine receptor type 4 (CXCR4) promotes tumor cell migration and invasion.
AT{R signaling and the prorenin receptor, which act in a feedback loop with Wnt/ 3-catenin, increase Wnt signaling which
promotes CSC stemness by upregulating stemness-associated markers. Myeloid-derived suppressor cells (MDSCs) promote
CSC characteristics by increasing microRNA-101 expression that induces expression of stemness-related genes in CSCs. The
Ang(1-7)/MasR axis opposes the ACE/ATII/AT;R axis. Cathepsins B, D, and G act as bypass loops for the RAS. Under the
influence of the TME, polarization of tumor-associated macrophages (TAMs)—immune cells that are located within the
TME—changes from the M1 to M2 phenotype. M2 TAMs induce the proliferation of CSCs via interleukin 6 (IL-6)-induced
activation of STAT3, leading to cytokine release and positive feedback contributing to CSC renewal. Glioblastoma CSCs
secrete Wnt-induced signaling protein 1 (WISP1), which facilitates a pro-tumor TME by promoting the survival of CSCs
and M2 TAMs, and also promotes CSC maintenance. Abbreviations: ATI, angiotensin I; AT,R, ATII receptor 2; Ang(1-7),
angiotensin 1-7; ATIII, angiotensin III; MAPK, mitogen-activated protein kinase. Figure modified and reproduced with
permission from the | Histochem Cytochem [19].

3. Glioblastoma Cancer Stem Cells

The CSC concept proposes that a small distinct population of cells within a tumor with
self-renewal capability are responsible for driving tumorigenesis [58,59]. These CSCs may
be defined as stem cell-like cells within a tumor that also have the capacity for proliferation
and multi-potency. This may be regarded as a functional definition insofar as CSCs may
be characterized through the generation of serially transplantable tumors that faithfully
recapitulate the parent tumor [60]. There is marked intra- and inter-tumoral heterogeneity
including, differing numbers of highly tumorigenic CSCs [61]. Such heterogeneity may
be best explained by a combination of different models of cancer, including the stochastic
model (also known as the clonal evolution model), the CSC concept of cancer (also known
as the hierarchical model of cancer), and the concept of plasticity [62,63].

The traditional model of cancer is predicated on the stochastic model of carcinogenesis
which proposes that cancer cells are derived from normal cells that acquire genetic and/or
epigenetic mutations resulting in typically unidirectional transitions from benign to ma-
lignant cells. These malignant tumor cells have unrestricted division capacities and their
high mutation rates increase the likelihood of successive generations of cloned cells being
adapted to the selection pressures of the tumor site. However, the stochastic model does
not fully account for all aspects of cancer biology including tumor recurrence following
treatment [64].

In contrast, the CSC concept of cancer proposes that CSCs contribute to carcinogenesis,
invasion, metastasis, therapy resistance, and recurrence [65,66]. CSCs divide asymmetri-
cally into non-tumorigenic cancer cells, which form the bulk of a tumor, and identical highly
tumorigenic but less abundant CSCs, which sit at the apex of the cellular hierarchy [67].
CSCs have been postulated to originate from non-malignant stem cells or progenitor
cells [66] or dedifferentiated cancer cells [68]. The overlap between the stochastic model
and the CSC concept may be explained by the concept of cellular plasticity whereby cancer
cells may reversibly transition between stem-like and non-stem-like cell states [69]. This
process of transition may be driven by embryonic stem cell (ESC)-associated regulatory
networks and may be affected by the dynamic TME including the CSC niche [70]. Moreover,
certain cancer cells may de-differentiate and re-enter the CSC pool, thus regaining the
capacity for tumorigenesis and clonal expansion [71].

CSCs have been found in many different cancer types, including myeloid leukemia [72],
pancreatic cancer [73], breast cancer [74], oral cavity squamous cell carcinoma (SCC) [75-77],
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primary [78] and metastatic [79] cutaneous SCC, primary [80] and metastatic [81] colon
adenocarcinoma, metastatic malignant melanoma [82,83], and GB [84]. The aggressive
nature of GB and its resistance to conventional therapy has been attributed to the pres-
ence of CSCs [85] that were first postulated in human brain tumors, identified by their
expression of the neural stem cell surface marker CD133 [86]. Stem-like neural precursor
cells responsible for the growth and recurrence in serial transplantations were identified
in GB [87]. The presence of such quiescent CSCs is well-supported in the literature and
the interaction of such cells with the ECM and TME factors, including TGF-f3 and hypoxia,
may contribute to their resistance to conventional therapy [88] (Figure 1). There is evidence
that CSCs may be stimulated to differentiate into endothelial cells by activating Notchl
signaling [89] and may be associated with induction of cytokines, MMPs, and adhesion
proteins in the TME [90].

A crucial function of stem cells is self-renewal, for which the Notch, Sonic hedgehog,
and Wnt signaling pathways may be essential [91] (Figure 1). GB expresses a number of
stemness-associated markers including cell surface markers (CD133, CD15, A2B5, and
L1CAM), cytoskeletal proteins (nestin), transcription factors (SOX2, NANOG, and OCT4),
post-transcriptional factors (Musashil), and polycomb transcriptional suppressors (Bmil
and Ezh2) [85]. There is also evidence of plasticity and bi-directional interconversion
between CSCs and cancer cells [92]. In a landmark study, pluripotent stem cells were
formed from reprogrammed mouse embryonic and adult fibroblasts by the addition of
transcription factors OCT4, SOX2, c-MYC, and KLF4 [93]. These factors, in addition to
NANOG, which are expressed by ESCs, have been identified in GB [84]. The capacity of
GB cells for perpetual self-renewal may rely on the contribution from transcription factors
such as OCT4 and SOX2 [85]. SOX2 is highly expressed in GB [84] and may play a key
role in maintaining plasticity for bi-directional cellular conversion in GB [94]. Moreover,
silencing of SOX2 inhibits tumor proliferation in GB [95] and, thus, it may be a potential
therapeutic target in the treatment of GB [96]. Another potential therapeutic target involves
the JAK-STATS3 signaling pathway which is also associated with the self-renewal capacity
of GB. Inhibition of this pathway may impede the migratory and invasive potential of GB
by decreasing activation of the transcription factor STAT3 and, thus, reducing the levels of
MMPs and associated invadopodia activity [97]. In addition, STAT3 binding to the Notch1
promoter inhibits this signaling pathway and may impede the maintenance of glioma
stem-like cells while reducing the expression of glioma stem cell markers CD133, SOX2,
and nestin [98] (Figure 1).

4. The Renin—Angiotensin System and Convergent Signaling Pathways in Glioblastoma

The RAS has been proposed to play an important role in the TME [19] in various cancer
types, including lung cancer, through its effect on tumor cells, non-malignant cells, hypoxia,
angiogenesis, and the inflammatory response [99]. The RAS is a complex physiological
system and has a multitude of interactions with many different convergent signaling
pathways that operate in carcinogenesis, some of which lie outside the scope of this article.

Classically, the RAS regulates blood pressure and electrolyte and fluid homeostasis
involving primarily the renal, cardiovascular, and endocrine systems [100]. The RAS
pathway is composed of multiple steps culminating in the formation of the main effector
hormone, angiotensin II (ATII) [101]. Activity of this key homeostatic system in the CNS is
well documented [102]. In this review article, RAS inhibition broadly refers to inhibition of
any of the components of the RAS, reducing its downstream effects.

Angiotensinogen, primarily synthesized in the liver by hepatocytes, is cleaved by
renin, to form angiotensin I (AT1) [103]. Angiotensinogen is synthesized and secreted by
astrocytes and is converted to several neuroactive peptides [104,105]. Angiotensinogen is
also produced within neurons, which can secrete or retain it intracellularly. These neuroac-
tive peptides bind their respective receptors within the local microenvironment to induce
receptor signaling by different cell types [104,105]. Renin is physiologically derived from
the juxtaglomerular apparatus in the kidneys and its release is tightly regulated by macula

34



Cancers 2021, 13, 4004

densa and local baroreceptors [106]. Renin is formed by the binding of prorenin to the
prorenin receptor (PRR) [107] and is also catalyzed by enzymes such as cathepsins B, D,
and G [108-111]. ATI is converted to ATII by angiotensin-converting enzyme (ACE), also
known as ACE1, which is primarily found in the lungs [112]. ATII binds to ATII receptor 1
(AT{R) and ATII receptor 2 (AT,R) [113]. ATII binding to AT{R causes MAPK-STATS3 acti-
vation [114] and phosphatidylinositol signaling, which increases cytosolic Ca?* and effects
mitogenesis [115]. ATR signaling increases RAS activity in the TME, and the formation of
NF-«B and TGF-f3; which promotes cellular proliferation, inflammation, and angiogene-
sis [116]. AT,R activation by ATII inhibits cellular growth and enhances apoptosis [116].
ATII can be further converted into angiotensin III (ATIII), and then angiotensin IV (ATIV)
by aminopeptidase-A (AP-A) and aminopeptidase-N (AP-N), respectively. ATIV binds
to ATII receptor 4 (AT4R), and in high concentrations, may bind to AT;R. Angiotensin
(1-7) (Ang(1-7)) is produced by the cleavage of either ATI by neutral endopeptidase (NEP)
or ATII by ACE2, an isoform of ACE. Ang(1-7) binds to Mas receptors (MasRs) [117,118].
ATI may also be cleaved by ACE2 to form Ang(1-9), which can be cleaved by ACE1 and
is converted to Ang(1-7), which in addition to binding to MasRs, can also bind to AT;R
with low affinity, and Mas-related-G protein coupled receptors (MrgDs) [119]. MrgDs are a
recently discovered component of the RAS [102], and their role in the GB TME is yet to be
defined. Lastly, the primary ligand for MrgDs is almandine, an Ang(1-7) analog formed by
decarboxylation of Ang(1-7) [102] (Figure 2).

Key components of the RAS are also activated in CNS diseases [101]. Renin, and its
precursor prorenin, are expressed variably in neurons, astrocytes, oligodendrocytes, and
microglia in different regions of the brain [120,121]. PRR is widely distributed in different
organs throughout the body including the brain, eyes, and immune system [122]. ACE1
is expressed in areas of the brain involved in blood pressure control and homeostasis
including the choroid plexus, organum vasculosum of the lamina terminalis, subfornical
organ, and area postrema [104]. ACE2 is found in the endothelium of the brain in various
regions including the cortex and brainstem [123]. ACE2 contributes to the neuroprotective
ACE2/Ang(1-7)MasR signaling axis by converting ATII to Ang(1-7) which is a ligand for
MasR [124].

The RAS, as a constituent of the TME, is involved in several hallmarks of cancer,
including angiogenesis, hypoxia, and tumor cell proliferation [125]. Components of the
RAS are expressed in different types of cancer including colon adenocarcinoma [126] and
malignant melanoma [127]. RAS components are also expressed by CSCs in oral cavity
SCC [128,129], renal clear cell carcinoma [130], primary [131], and metastatic [132], cuta-
neous SCC, metastatic colon adenocarcinoma [133], metastatic malignant melanoma [82,83],
and GB [134]. In GB, PRR, AT{R, and AT;R are co-expressed with stemness-associated
markers [134]. PRR is highly expressed in GB compared with lower-grade gliomas; this
higher expression of PRR in higher-grade glioma is notable as the Wnt/3-catenin signaling
pathway is implicated in the self-renewal of stem cells [135] (Figure 1).

The Wnt/ -catenin signaling pathway, which sits downstream of the RAS, is impli-
cated in tumor initiation in several cancer types [136]. In brief, this pathway results in
active 3-catenin translocating into the nucleus, upregulating the expression of oncogenes
such as c-Myc, AXIN2, and CCND1 [136]. PRR is a component of the Wnt receptor com-
plex and acts as an adapter between vacuolar H*-adenosine triphosphate (V-ATPase) and
low-density lipoprotein receptor-related protein 6. V-ATPase, a proton pump, is essential
for cellular acidification and is involved in the mechanism for 3-catenin activation [137].
This process facilitates binding of Wnits to their respective Wnt receptor complex [138].
Further, PRR promotes brain cancers via the Wnt/3-catenin signaling pathway, and in
addition to being a membrane receptor, exists in the cytoplasm and increases the protein
expression of Wnt2 within glioma cells [135]. This evidence underscores the PRR as a
potential oncoprotein via Wnt/3-catenin pathway-related carcinogenesis [136], which
influences cell stemness [139], tumorigenesis, and cellular proliferation [140,141]. Renin is
expressed in GB and may contribute to the mechanisms of neovascularization in GB [142].
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Furthermore, downregulation of the Ang(1-7)/MAS signaling axis by podocalyxin results
in enhanced GB cell invasion and proliferation [143]. Finally, bypass loops of the RAS
involving various cathepsins that may also contribute to the proliferative activity in GB,
for example, cathepsin G coverts ATI to All and from AGT directly to ATII, which binds
to AT1R, to promote cancer progression [144-146]. GB CSCs have been shown to secrete
Wnt-induced signaling protein 1 (WISP1) that promotes the survival of both the CSCs and
M2 TAMs to promote a pro-TME [147] (Figure 1).
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Figure 2. A schema showing the effect of the renin—angiotensin system (RAS) and its convergent signaling pathways
on the tumor microenvironment to influence cellular proliferation, invasiveness, and cell survival in cancer develop-
ment. The RAS interacts with downstream pathways, such as the Ras/RAF/MEK/ERK (light blue) pathway and the
PIBK/AKT/mTOR (dark blue) pathway, and the upstream Wnt/3-catenin pathway (intermediate blue) that influence
cellular proliferation, migration, inhibition of apoptosis, migration, and invasion (see text). PRR, pro-renin receptor; LRP6,
low-density lipoprotein receptor-related protein; Fzd, frizzled receptor; Cath G, cathepsin G; Cath B, cathepsin B; Cath D,
cathepsin D; ACE1, angiotensin-converting enzyme 1; ACE2, angiotensin-converting enzyme 2; ADP, adenosine diphos-
phate; AGT, angiotensinogen; ATP, adenosine triphosphate; Ang(1-7), angiotensin (1-7); Ang(1-9), angiotensin (1-9); AP-A,
aminopeptidase-A; NEP, neutral endopeptidase; AP-N, aminopeptidase-N; ATI, angiotensin I; ATII, angiotensin II; ATTII,

angiotensin III; ATIV, angiotensin IV; AT1R, angiotensin II receptor 1; AT,R, angiotensin II receptor 2; AT4R, angiotensin II
receptor 4; MrgD, Mas-related-G protein coupled receptor; MasR, Mas receptor; mTOR, mammalian target of rapamycin;
NF-«B, nuclear factor kappa B; TGF-f31, transforming growth factor-B1; V-ATPase, vacuolar H"-adenosine triphosphate.

Other related signaling pathways, such as the PI3K/AKT/mammalian target of ra-
pamycin (mTOR) and Ras/RAF/MEK/ERK pathways within the GB TME, downstream to
the RAS, are activated via AT{R and PRR signal transduction. MAPK/ERK signaling is
activated upon binding of renin or prorenin to PRR, and this upregulates ERK1/2 in vari-
ous cell types including neurons [148]. ERK1/2 activation induces TGF-f3; formation and
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cellular proliferation, both of which influence cancer development [136]. Supporting this is
the fact that silencing of PRR downregulates expression of ERK1/2, AKT, and NF-«B [149].
Additionally, PRR activation leads to the production of reactive oxygen species, which
activates both the PI3K/AKT/mTOR and Ras/RAF/MEK/ERK pathways (Figure 2). It
is interesting to speculate that both pathways operate in conjunction with the RAS and
Wnt/ 3-catenin to influence proliferation, survival, stemness, and invasiveness of CSCs
within the GB TME.

The use of RAS inhibitors (RASis) in the treatment of cancer may mitigate the cytotoxic
treatment-related adverse effects experienced by cancer patients to improve their overall
quality of life [150]. A meta-analysis of 17 observational studies by Shen et al. [123]
show RASis are associated with a reduced risk of cancer [151]. A prospective population-
based study also shows long-term (>3 years) administration of RASis is associated with
a decreased risk of cancer in patients with a DD genotype, which is associated with high
levels of ACE and, thus, increased RAS activity. This is relevant as increased levels of ATII
caused by elevated RAS activity promotes cancer progression by its actions on AT R [152].
Other epidemiological studies have shown a protective benefit of RASis against colorectal
cancer [153,154] and an overall reduced risk of cancer [155]. RASis have also been shown to
improve the overall survival of patients with aggressive non-metastatic pancreatic ductal
adenocarcinoma [156]. Although current data remain inconclusive, RASis appear to be
broadly protective against cancer [157].

A retrospective study analyzing clinical data from 810 patients enrolled in two large
multicenter studies investigating the role of two drugs targeting the RAS combined with
statins in GB, shows no benefit in overall survival [158]. A recent trial on repurposing
multiple drugs in combination with temozolomide, including two drugs that affect the RAS
(i.e., captopril and celecoxib) for patients with GB, observed maintenance of good quality
of life [159]. Captopril, an ACE inhibitor, and celecoxib, which inhibits cyclocoxygenase-2,
reduce RAS activity [19]. In addition, RASis, in combination with bevacizumab, improve
survival in patients with GB [160], although there is no overall survival benefit of this
VEGEF inhibitor as a monotherapy for de novo or recurrent GB [161]. PRR may be a crit-
ical biomarker and a therapeutic target for the treatment of GB with its connections to
V-ATPase function [162], and the Wnt/ 3-catenin, MAPK/ERK, and PI3K/AKT/mTOR
pathways [135,136,149,163] (Figure 1). Several other steps of the RAS pathway can poten-
tially be targeted [164]. The effects of a novel approach, targeting the RAS, its bypass loops,
and converging pathways simultaneously using multiple repurposed drugs on the quality
of life and progression-free survival in GB patients are currently being investigated in a
clinical trial [165]. Therapeutic options may be facilitated by augmenting the compensatory
mechanisms of the RAS [136,164-166].

5. Recent Developments

Recent technological breakthroughs in generating human cerebral organoids [167]
from pluripotent cells, combined with genetic engineering [168], mass spectroscopic pro-
teomics [169], and next generation gene sequencing tools [170], allow more detailed investi-
gation into the GB TME, and the role of the RAS in this niche. Cerebral organoids have been
shown to more faithfully recapitulate the temporal and spatial aspects of the developing
brain [171,172]. Vascularized cerebral organoids have been developed by utilizing ectopic
expression of human ETS variant 2 in engineered ESCs to form a vascular-like network
in organoids akin to endothelial cells [173]. In addition, VEGF has been used to induce
blood vessel-like structures in cerebral organoids expressing markers associated with the
BBB, namely, CD31 and claudin-5 [174]. In addition, human umbilical vein endothelial
cells have been used to develop cerebral organoids with a well-developed tubular vascular
structure. In another notable development, choroid plexus-like organoids modeled cere-
brospinal fluid production with a selective barrier akin to the BBB, which may be used to
model the BBTB in the GB TME [175-177]. Using RNA sequencing, moreover, GB cerebral
organoid models have been shown to best mimic the cellular states and plasticity found in
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the GB TME compared to gliospheres, tumor organoids, and orthotopic patient-derived
xenografts [177].

6. Conclusions

Despite intensive research into the biology and treatment of GB, the prognosis of
patients with GB remains dismal. Understanding the heterogeneity of the tumor-host
microenvironment in GB, the role of RAS and CSCs, and mapping salient interactions on a
cellular level employing techniques, such as single-cell RNA sequencing, may lead to the
discovery of potential therapeutic targets [178]. Cerebral and GB organoids represent an
exciting yet relatively cost-effective way to delineate relevant signaling pathways within
the GB TME, including the RAS, and provide models for developing and testing drug
screening and therapeutic targets including RASis [179].
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Simple Summary: Glioblastoma (GBM) remains a particularly challenging cancer, with an aggressive
phenotype and few promising treatment options. Future therapy will rely heavily on diagnosing
and targeting aggressive GBM cellular phenotypes, both before and after drug treatment, as part
of personalized therapy programs. Here, we use a genome-wide drug-induced gene expression
(DIGEX) approach to define the cellular drug response phenotypes associated with two clinical
drug candidates, the phosphodiesterase 10A inhibitor Mardepodect and the multi-kinase inhibitor
Regorafenib. We identify genes encoding specific drug targets, some of which we validate as effective
antiproliferative agents and combination therapies in human GBM cell models, including HMGCoA
reductase (HMGCR), salt-inducible kinase 1 (SIK1), bradykinin receptor subtype B2 (BDKRB2),
and Janus kinase isoform 2 (JAK2). Individual, personalized treatments will be essential if we
are to address and overcome the pharmacological plasticity that GBM exhibits, and DIGEX will
play a central role in validating future drugs, diagnostics, and possibly vaccine candidates for this
challenging cancer.

Abstract: We have used three established human glioblastoma (GBM) cell lines—U87MG, A172,
and T98G—as cellular systems to examine the plasticity of the drug-induced GBM cell phenotype,
focusing on two clinical drugs, the phosphodiesterase PDE10A inhibitor Mardepodect and the multi-
kinase inhibitor Regorafenib, using genome-wide drug-induced gene expression (DIGEX) to examine
the drug response. Both drugs upregulate genes encoding specific growth factors, transcription
factors, cellular signaling molecules, and cell surface proteins, while downregulating a broad range
of targetable cell cycle and apoptosis-associated genes. A few upregulated genes encode therapeutic
targets already addressed by FDA approved drugs, but the majority encode targets for which there
are no approved drugs. Amongst the latter, we identify many novel druggable targets that could
qualify for chemistry-led drug discovery campaigns. We also observe several highly upregulated
transmembrane proteins suitable for combined drug, immunotherapy, and RNA vaccine approaches.
DIGEX is a powerful way of visualizing the complex drug response networks emerging during GBM
drug treatment, defining a phenotypic landscape which offers many new diagnostic and therapeutic
opportunities. Nevertheless, the extreme heterogeneity we observe within drug-treated cells using
this technique suggests that effective pan-GBM drug treatment will remain a significant challenge for
many years to come.

Keywords: glioblastoma; drug-inducible gene expression; Mardepodect; Regorafenib; drug targets;
tumor antigens
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1. Introduction

Glioblastoma (GBM) is characterized by pronounced cellular heterogeneity, with
different glioblastoma cell lineages presumed to emanate from glioma stem cells (GSCs)
within the same patient tumor [1]. GSCs often retain neural differentiation characteristics,
although they do not terminally differentiate [2]. Transcriptomics studies have previously
identified gene expression signatures that correlate with patient survival [3]. Using single-
cell RNA sequencing, individual tumor cells can be positioned within a spectrum spanning
proneural to mesenchymal cell types, with the mesenchymal phenotype correlating with
significantly poorer patient survival [4]. Moreover, tumor-initiation studies with cell surface
marker-enriched GBM populations, xenografted into immunodeficient mouse models,
show that these cells retain their capability to re-form the full spectrum of proneural to
mesenchymal phenotypes observed in the original patient tumors [5], emphasizing the
phenotypic plasticity and stem-like characteristics of GBM tumor cells.

At a genetic level, attention has centered on the ‘driver’ mutations implicated in
the development of GBM and other cancers, confirmed by sequencing at the single-cell
level [6]. Nevertheless, despite an increasing understanding of the molecular evolution of
such tumors, and the development of powerful new approaches such as immunotherapy
to target them, GBM clinical outcomes remain poor [7]. New drug and vaccine targets
which translate into effective therapies are urgently required.

One of the hallmarks of GBM is its extreme resistance to growth inhibition by tradi-
tional anti-proliferative drugs as monotherapies, such as EGFR inhibitors [8]. To address
this challenge, several novel GBM treatment modalities, such as combination drug ther-
apy [9], immunotherapy [10], and adjuvant-enabled CAR-T cell therapy [11] are being
developed. Work in other cancers has highlighted the importance of phenotypic plasticity
in cancer initiation, progression, and resistance to therapy [12], and progress in GBM
treatment is likely to mirror that in other cancers, such as multiple myeloma and melanoma
where phenotyping is central to therapy selection [13,14].

The last decade has seen a resurgence in phenotypic screening, largely due to the
realization that sifting through the thousands of potential therapeutic targets delivered from
genomics, one by one, is both time-consuming and expensive [15,16]. Building oncology
drug discovery campaigns on mechanistically validated chemical compounds and relevant
phenotypic screens is now an established route to accelerated drug discovery [17,18].
Moreover, rapidly repositioning existing drugs for use in GBM could provide radically
new and effective GBM pipelines [19].

Drug-focused chemical biology has one further big advantage—it provides insights
into the quality of drug candidates on their way to drug development. The genome-wide
drug induced gene expression (DIGEX) techniques employed here provide a formidable
platform for comparing drug action, using thousands of ‘reporter” gene expression data
points to tease apart drug properties. The approach can also provide new insights into
the dynamics of the drug response, a feature that could prove invaluable in an adaptive
clinical trial setting.

Previous work from our laboratory has used genome-wide DIGEX to define the GBM
cell phenotype and its modulation by drugs. In that work, we focused on the proto-
typic PI3K growth inhibitor LY-294002 and the natural product Fucoxanthin as chemical
probes [20]. In the current study, we extend these detailed observations to a suite of three
well-characterized GBM cell lines—U87MG, A172, and T98G—and two further growth
inhibitory drugs in the clinic, the phosphodiesterase 10A (PDE10A) inhibitor Mardepodect
(PF-02545920) and the multi-protein kinase inhibitor Regorafenib (Stivarga, BAY 73-4506).

Mardepodect is a CNS penetrant PDE10A inhibitor [21,22], developed by Pfizer
initially for schizophrenia [23] and later repositioned for Huntington’s Chorea within the
AMARYLLIS clinical trial [24]. Mardepodect is thought to increase cAMP /PKA signaling
in medium spiny neurons of the human striatum, which in turn leads to potentiation of
dopamine D1 receptor signaling with concomitant inhibition of dopamine D2 receptor
signaling. However, although safe and well tolerated, and capable of crossing the blood-
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brain barrier, Mardepodect failed to achieve satisfactory therapeutic endpoints in either
schizophrenia or Huntington’s chorea. Here, we show that Mardepodect potently inhibits
the growth and proliferation of GBM cells, raising the new possibility of its repositioning
in GBM.

Regorafenib was originally approved for patients with treatment-refractory metastatic
colorectal cancer as an adjunct to sorafenib treatment [25]. Regorafenib has a radically
different molecular mode of action to that of Mardepodect, promiscuously targeting many
protein kinases including VEGFR-1, -2, -3, TIE 2, PDGFR, FGFR, KIT, RAF-1, RET, and
BRAF [26]. Regorafenib has already been evaluated for its effects on GBM within the
REGOMA clinical trial [27] and is currently a component of the ongoing GBM AGILE
adaptive clinical trial [28].

Although to date no drug, including Regorafenib, has provided effective therapy for
GBM, it is still important to define the GBM cell response to every FDA approved drug
showing promise in GBM, since such drugs are valuable assets and may elicit responses that
can be exploited in new ways, perhaps in combination therapy or phenotypic modulation.

Thus, in this study, we reposition the schizophrenia drug Mardepodect as a possible
antiproliferative candidate in GBM. Using DIGEX we compare the effects of Mardepodect
to those of Regorafenib, a drug already in clinical trials for GBM.

We chose to study Mardepodect and Regorafenib not only because the two drugs are
clinical candidates, but also because they cover highly complementary pharmacological
space and, in combination, might synergize in providing a novel way to address the
pronounced drug resistance which characterizes GBM.

Previously, we have used a range of pharmacological probes, including PDE inhibitors,
to show that raised cAMP levels are associated with growth inhibition in rat C6 glioma
cells [29]. Here, we focus on human PDE10A, a dual specificity cyclic nucleotide phos-
phodiesterase that is expressed in GBM but has not previously been studied as a potential
therapeutic target. Using DIGEX, we compare and contrast the transcription phenotypes
accompanying growth inhibition by the PDE inhibitor Mardepodect with those of the
kinase inhibitor Regorafenib, reasoning that this information might enable us to design
new combination therapies targeting these two anti-proliferative signaling pathways.

2. Materials and Methods
2.1. Cells Used in This Study

Cell proliferation experiments were carried out in the well characterized established
GBM cell lines US7MG, A172, and T98G. The human glioblastoma astrocytoma cell lines
U87MG (ECACC 89081402) and A172 (ECACC 88062428) were obtained from the European
Collection of Authenticated Cell Cultures. The T98G cell line was obtained from the Amer-
ican Type Culture Collection (ATCC® CRL1690™, Manassas, VA, USA). The mutational
landscapes of all three cell lines have been archived within Expasy (www.expasy.org/
cellosaurus accessed on 15 November 2020) as U-87MG ATCC (RRID:CVCL_0022), A-172
(RRID:CVCL_0131), and T98G (RRID:CVCL_0556).

All cell lines were maintained in Dulbecco’s modified Eagle’s medium: Nutrient
Mixture F-12 (DMEM/F12, Gibco, ThermoFisher, Loughborough, UK) supplemented with
10% fetal bovine serum (FBS, Sigma, Dorset, UK) and 5% antibiotic antimycotic solution
(10,000 units of penicillin, 10 mg streptomycin, and 25 pg/mL amphotericin B, Sigma,
Dorset, UK) at 37 °C in humidified atmospheres of 95% air and 5% CO,.

2.2. Compounds Used in This Study

The compounds LY-294002, Regorafenib, Mardepodect (PF-02545920), Atorvastatin,
and Simvastatin were purchased from Sigma UK. AZD1480 and Ruxolitinib were purchased
from Selleckchem (Miinchen, Germany). HG-9-91-01 and Icatibant were purchased from
MedChemExpress (Insight Biotechnology Limited, Wembley, Middlesex, UK). WH-4-
023 and WIN 64338 were purchased from Tocris (Bio-techne Ltd., Abingdon, UK). Stock
solutions of all compounds, except Icatibant, were prepared in dimethyl sulfoxide (DMSO)
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before addition to culture medium for testing. Stock solutions of Icatibant were prepared
in water.

2.3. Proliferation Assay

Inhibition of proliferation by compounds in the three glioblastoma cell lines was
determined using the Cell Counting Kit-8 (CCK-8) assay (Sigma, UK), as described previ-
ously [20].

2.4. Drug Combination Assays and Their Analysis

To study the effects of combined treatments with Mardepodect, Regorafenib, LY-
294002, and Fucoxanthin with inhibitors of JAK2 kinase, SIK1, and HMGCoA reductase,
proliferation assays were performed, followed by an analysis of the observed combination
effects with the additive Loewe synergy effect as a baseline model, using Combenefit
software (version 2.021) [30] for analysis.

2.5. Microarray Analysis

Cells were seeded into T25 flasks at a density of 500,000 cells/flask and allowed to
adhere and grow for 24 h. The culture medium was removed, and fresh medium containing
test compound in 1% DMSO at the previously determined 72 h IC50 concentration was
added to each flask. Control cells were treated with medium containing 1% DMSO alone.
All experiments were performed in triplicate. The cells were visualized during culture
using the EVOS Cell Imaging System (Thermo Fisher Scientific, UK).

After 24 h of treatment, the cells were trypsinized and total RNA was isolated using
the RNeasy Mini kit (Qiagen, Manchester, UK) as described previously [20]. Expression
analysis was performed on a Clariom S Human Array (Thermo Fisher Scientific, catalog
number 902926) using a fixed number of probes per transcript and probe sets compris-
ing a subset of 10 probes per gene, yielding >20,000 annotated genes, as documented
by the NetAffx Analysis Center (www.affymetrix.com/analysis/netaffx/, accessed on
3 November 2020).

The raw data from all samples, in triplicate, were normalized taking average signal
intensities, and an expression matrix was created by applying the Robust Multi-array
Average (RMA) algorithm as a multi-chip model [31]. The control housekeeping gene
intron/exon separation area under the receiving operating curve value threshold was
selected as 0.8, ensuring high quality in all samples. Finally, the Clariom S chip probe sets
were mapped to their Entrez IDs, resulting in a list of 18,316 identifiable protein-coding
genes after exclusion of duplicate and non-coding gene sequence signals.

Specific genes were analyzed and annotated using the UniProt (www.uniprot.org
accessed on 4 November 2020), Entrez (www.ncbi.nlm.nih.gov/gene accessed on 4 Novem-
ber 2020), and Gene Ontology (www.geneontology.org/ accessed on 5 November 2020)
databases, together allowing identification of the putative function of particular genes,
as well as the pathways in which they have been observed previously. In the analyses
reported, UniProt protein entries are denoted in block capitals with NCBI Gene entries in
italics. The Pharos database (www.pharos.nih.gov accessed on 9 June 2020) was used to
identify potential drug targets based on their inherent druggability [32]. Color coding of
these genes in the accompanying tables is based on the system used by the University of
New Mexico (http://juniper.health.unm.edu/tcrd/ accessed on 9 June 2020). Principle
component analysis (PCA) was used to study the reproducibility of gene expression among
the different drug treatments. Reactome pathway analysis (https://www.reactome.org
accessed on 3 June 2020) and gene network analysis (www.genenetwork.nl accessed on
4 January 2021) were also conducted, focusing on the 200 genes with most elevated, or
lowered gene expression levels, and their subsets.
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3. Results
3.1. Established Cell Lines Used in These Studies

Established cell lines, while possessing lengthy passage histories, provide well charac-
terized, robust and relatively reproducible systems in which to compare drug responses,
and studies with them have provided the bulk of the information we have on drug response
in GBM. Well-adapted to large-scale tissue culture, established cell lines are also good
starting points for dissecting the underlying biochemical and pharmacological processes
governing the GBM drug response—and purifying the effectors involved. In this study, we
have used the established cell lines US7MG, A172, and T98G to investigate drug-induced
gene expression changes. All three cell lines have been completely sequenced and their
mutational landscapes defined. They are also the three most highly represented GBM cell
lines in more than 1000 studies reported in the GBM Drug Bank [33].

3.2. Compounds Used to Probe Drug-Induced Gene Expression

The primary focus of the current studies was to define the effects of the drug Marde-
podect on GBM cell transcription. Mardepodect, a Phase 3 clinical candidate developed by
Pfizer as PF-02545920 for schizophrenia and more recently repositioned for Huntington’s
Disease, is a potent PDE10A inhibitor with CNS penetrant properties that may make it
suitable for repositioning in GBM.

A second objective was to compare the Mardepodect response to that of the Bayer
drug Regorafenib, approved by the FDA for colorectal carcinoma and currently in clinical
trials for GBM [27,28]. Regorafenib is a well characterized multi-kinase inhibitor [26].

In an earlier study [20], we characterized the DIGEX profiles of two additional growth
inhibitors, the chemical probe LY-294002 (another well characterized multi-kinase inhibitor),
and Fucoxanthin (a xanthophyll natural product). Here, we use the profiles of both LY-
294002 and Fucoxanthin as benchmarks against which to compare the gene expression
profiles of Mardepodect and Regorafenib.

3.3. Growth Inhibition Characteristics of the Compounds

Dose response relationships are shown for all four compounds—Mardepodect, Re-
gorafenib, LY-294002, and Fucoxanthin—in a standardized 72 h proliferation assay, using
the three human GBM cell lines—U87MG, T98G and A172—growing in serum-containing
medium (Figure 1).
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Figure 1. Survival of the three human GBM cell lines US7MG, A172, and T98G, treated with (a) Mardepodect (PF-02545920);
(b) Regorafenib; (c) LY-294002; (d) Fucoxanthin. Data are presented as the mean = standard error of the mean (SEM) (1 = 6-10).
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The IC507,}, determined for Mardepodect varied from 32 uM for U87MG cells, to 5 uM
for A172 cells, with T98G cells showing an intermediate IC50,,y, of approximately 16 uM.
In contrast, the dose-response relationships observed for Regorafenib and Fucoxanthin
were similar in all three cell lines, giving an IC507,, of approximately 10 pM.

3.4. DIGEX Profiles for the Four Treatments

Having determined the cellular IC507,}, for Regorafenib, Mardepodect, LY-294002 and
Fucoxanthin, we prepared RNA samples from batches of cells treated for 24 h with these
compounds at their IC507,,, concentrations, a standardized treatment protocol designed to
capture significant DIGEX information under conditions of minimal toxicity. Twenty-four-
hour dosing also mirrors a preferred clinical dosing regimen. The protocol gives highly
reproducible DIGEX results, validated by PCA analysis (Supplementary Figure S1).

3.5. Upregulated Genes Accompanying Drug Treatments in U87MG Cells

In initial experiments, we focused on the human glioblastoma cell line US7MG. Treat-
ment of US7MG cells under standardized conditions with any of the four proliferation
inhibitors—Mardepodect, Regorafenib, LY-294002, or Fucoxanthin—upregulated many
genes when compared to control cells grown under the same culture conditions but without
inhibitors. The 200 genes with the most elevated expression levels in each drug treatment
were identified and compared in a four-way Venn diagram (Figure 2). Amongst the
200 gene sets in U87MG cells, the genes partitioned between different drug treatments
were identified (Table 1).

Figure 2. Four-way Venn diagram showing an analysis of the 200 genes with most elevated expression
levels in US7MG cells treated with Mardepodect (MAR), Regorafenib (REG), LY-294002 (LY), and
Fucoxanthin (EX).

Table 1. Genes, partitioned between the drug treatments, based on sets of 200 genes with most elevated expression levels in
U87MG cells (shown in Figure 2).

Gene Group

Gene Number Gene Names

Upregulated by Mardepodect,
Regorafenib, LY-294002 and Fucoxanthin 2 PNLIPRP3, FAMA49A

Upregulated by Mardepodect
and Regorafenib

PNLIPRP3, FAM49A, PFKFB2, WDR78, GDF15, HMOX1, MSC,
TRIB3, GPNMB, ERICH2, CRYM, SLC22A15, NUPR1, LURAPIL,
34 ATP6V0D2, CLEC2D, GCNT3, SLIT3, IDH1, CTH, TM4SF19,
RFTN2, KCP, RPS6KA2, KIF26B, UNC5B, PLK2, PLXDC2,
FLYWCH1, THBS2, PPARGC1A, PLEKHF1, SLFN5, HECW1

ADARBI1,SOD2, TTLL1, RSPO3, PPIL6, GPCPD1, H1F0,

Upregulated by the two multi-kinase

inhibitors Regorafenib and LY-294002 1 PFKFB2, WDR78, PNLIPRP3, FAM49A
Upregulated by Mardepodect only, not by .
Regorafenib, LY-294002 or Fucoxanthin 116 Gene names are found in Supplementary Table S1
Upregulated by Regorafenib only, not by 110 Gene names are found in Supplementary Table S1

Mardepodect, LY-294002 or Fucoxanthin
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3.6. Interpretation of the U87MG DIGEX Signatures

All four compounds produced richly complex DIGEX signatures in transcriptomic
analyses of US87MG cells. However, relatively few genes were shared between treatments
within the Top 200 upregulated genes (Figure 2 and Table 1). Concomitantly, many el-
evated genes were seen that were restricted to each treatment. These are documented
in the Supplementary Materials (Supplementary Table S1). From these initial results we
concluded that:

1.  The DIGEX signature for each cell/ treatment combination is reproducible and specific,
confirmed by the PCA analysis (Supplementary Figure S1).

2. A GBM cell line such as US7MG, can radically change its DIGEX response when encoun-
tering different drug treatments, exhibiting considerable transcriptional plasticity.

We found the extreme diversity of gene expression produced within a single cell line
by a single biological event—growth inhibition—somewhat surprising. However, the data
show clearly that the U87MG cell line can deploy a vast range of specific drug-induced
transcriptional responses when growth is inhibited under standardized conditions.

3.7. Two Genes Upregulated by All Four Drug Treatments in U87MG

We next examined more closely the few genes that were shared between treatments.

Only two genes in the Top 200 upregulated set were upregulated by all four US7MG
treatments: PNLIPRP3 and FAM49A.

The PNLIPRP3 gene encodes the protein Pancreatic Lipase Related Protein 3 (LIPR3),
a rarely studied gene as judged by PubMed citation, previously observed as overexpressed
in hepatocellular carcinoma [34]. We note from the literature that the peptide glioma
growth inhibitor hHSS1/C190rf63/EMCI10 also upregulates PNLIPRP3 very highly in
U87 cells [35]. From its entry in the Human Protein Atlas [36], PNLIPRP3 has not been
associated with either a favorable or unfavorable prognosis in glioma and is not expressed
even at low levels in most normal human tissues.

The encoded LIPR3 protein bears a signal sequence and is most likely secreted from
the cell, suggesting it might possibly represent an informative circulating biomarker for
GBM. LIPR3 also possesses the catalytic triad characteristic of the esterase active site, and
shares 47% overall homology to human pancreatic lipase (LIPP). LIPP is an important drug
target upon which much medicinal chemistry has been undertaken, culminating in the
development of the lipase inhibitor Xenical (otherwise known as Orlistat) approved for
obesity management, reviewed in [37].

The FAM49A gene, also known as CYRI-A, encodes CYFIP-related Racl interactor A, a
highly conserved regulator of the small GTPase RAC1, to which it binds [38]. FAM49A is
expressed in the brain where the protein regulates chemotaxis, cell migration and epithelial
polarization [39]. In contrast to LIPR3/PNLIPRP3, CYRIA/FAM49A is widely expressed
in both normal and cancerous tissues and is a marker for unfavorable prognosis in both
renal and urothelial cancer [40]. The X-ray structure of the closely related CYRIB protein
has recently been solved [41], opening the way to homology modeling and structure-based
drug design for CYRIA, if required.

3.8. Which U87MG Genes Are Upregulated in Mardepodect and Regorafenib Treatments?

As mentioned previously, we were especially interested in comparing the drug re-
sponses of GBM cells to the two clinical compounds Mardepodect and Regorafenib.

Including PNLIPRP3 and FAM49A, U87MG cells treated with these compounds share
34 of their top set of 200 upregulated genes (Table 1). This set of 34 genes is particularly
striking, encoding several cell membrane-associated proteins (GPNMB, CLC2D/CLEC2D,
GCNT3, T4519/TM4S5F19, UNC5B, RFTN2, PXDC2/PLXDC2), cytoplasmic metabolism-
related proteins (F262/PFKFB2, IDHC/IDH1, CGL/CTH), and transcription regulators
(CRYM, MUSC/MSC, NUPR1, FWCH1/FLYWCH1, PRGC1/PPARGC1A), as well as se-
creted growth and cell guidance factors (GDF15, SLIT3, KCP, TSP2/THBS2). Several
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kinases associated with cancer cell survival, including KS6A2/RPS6KA2 and PLK2, are
also amongst this gene set.

We also see upregulation of the gene encoding growth/differentiation factor GDF15 in
both Mardepodect and Regorafenib treated US7MG cells. GDF15 is of potential diagnostic
and therapeutic significance in GBM, since elevated levels of GDF15 in the cerebrospinal
fluid are associated with worse GBM outcome [42,43]. Conversely, downregulation of
GDF15 increases T-cell infiltration into GBM tumors, improves immune responses and
prolongs survival [44]. Reducing GDF-15 production and signaling have been proposed as
ways of improving outcomes more generally in immunotherapy [45].

Also of potential clinical importance is the upregulation of the gene encoding the pseu-
dokinase Tribbles homolog 3 (TRIB3). Like GDF-15, TRIB3 upregulation is associated with
poor prognosis in GBM [46]. In ovarian cancer, TRIB3 downregulation inhibits progression
via the MEK/ERK signaling pathway [47]. TRIB3 has also been reported to facilitate GBM
progression, both by suppressing autophagy [46], and enhancing stemness [48].

3.9. Pathway Enrichment Analysis for the Upregulated U87MG Gene Sets

To gain further insight into the possible functional significance of the DIGEX data,
pathway enrichment analyses were performed on the Top 200 upregulated gene sets
accompanying individual drug treatments, using the Reactome database (Supplementary
Tables S2 and S3). Although mainly based on studies in non-GBM cell systems, such
pathway enrichment analyses can highlight important gene networks that are shared by
GBM cells.

Several distinctive genes characterized the Mardepodect-upregulated pathway sig-
nature “PIP3 activates AKT signaling” in U87MG cells, including those encoding the
EMT-promoting transcription factors SNAI1 (Snail) and SNAI2 (Slug), which have key
roles in tumor growth, invasion, and metastasis in GBM [49,50]. Again, highlighted within
this signature is the pseudokinase TRIB3 (Tribbles homolog 3), discussed previously in
the context of the upregulated genes shared by Mardepodect and Regorafenib. All three
members of the NR4A nuclear receptor gene family (NR4A1, NR4A2, and NR4A3) are also
present within the Mardepodect “generic transcription” pathway signature, together with
two members of the Ras related GTP binding (RRAG) gene family (RRAGC and RRAGD).

In contrast, Regorafenib-treated US7MG cells show prominent pathways for the “Re-
sponse of EIF2AK1 (HRI) to heme deficiency”, “Netrin-1 signaling”, “Serine biosynthesis”,
and “Transcriptional activation of mitochondrial biogenesis” pathways (Table S2). The
“Response of EIF2AK1 (HRI) to heme deficiency” pathway signature contains the com-
ponent genes DDIT3, TRIB3, ATF3, and ASNS, a grouping associated with endoplasmic
reticulum (ER) stress, and characteristic of genotoxic agents [51]. DDIT3 is a member of
the CCAAT/enhancer-binding protein (C/EBP) family of transcription factors. It also fea-
tures prominently amongst the most highly upregulated pathways in Fucoxanthin treated
U87MG cells. Importantly, in glioblastoma the ATF4-ATF3-DDIT3 axis also triggers G2/M
arrest [52].

Targeting energy metabolism has been suggested as a fruitful therapeutic strategy in
GBM [53]. PPARGC1A, the gene encoding PRGC], a transcriptional coactivator regulating
energy metabolism via multiple transcription factor interactions, including the cAMP
response element binding (CREB) protein and nuclear respiratory factors (NRFs), is a
component of the “mitochondrial biogenesis” pathway. This pathway also contains TBL1X,
an F-box-like protein involved in the recruitment of the ubiquitin/19S proteasome complex
to nuclear receptor-regulated transcription units [54].

The “netrin signaling” pathway includes Netrin-4 (NET4/NTN4), a specific netrin
family member previously reported to promote GBM proliferation through ITB4/ITGB4
signaling [55]. Netrins are laminin-related proteins that function in axon guidance and
neurite growth and migration, tumorigenesis, angiogenesis and neural cell adhesion to
endothelial cells, processes that are known to occur in GBM [56].
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Upregulated alongside Netrin-4 is UNC5B, the gene which encodes the netrin receptor.
In the absence of netrin, UNC5B triggers apoptosis, but an excess of netrin promotes cell
survival, inducing interaction of UNC5B with the brain specific GTPase PIKE-L which
opposes apoptosis by activating nuclear PI3K [56]. This interaction triggers activation of
PI3K-signaling, prevents UNC5B’s pro-apoptotic activity and enhances neuronal survival.
Studies of cell survival in glioma show that netrin acts as a pro-survival ligand for UNC5B
in glioma as well [57], while also promoting invasion and angiogenesis of GBM cells
by activating RhoA, cathepsin B, cAMP response element binding protein, and Notch
signaling [58,59]. The genes encoding the secreted proteins ABLM1, ABLM3, and SLIT3,
implicated in cell guidance and migration, are found within the same netrin cluster.

Taken together, the upregulation of these pathways by Regorafenib treatment indicates
a delicately balanced network of cell proliferation and invasion.

Inspection of the pathways upregulated by LY-294002 and Fucoxanthin show the
emergence of several new themes, including ‘signaling by interleukins’. In LY-294002-
treated U87MG cells, we see upregulation of the interleukin pathway genes RPS6KAS5,
IL36B, DUSP4, GAB2, FOS, PELI2, PTGS2, STX3, CCL20, IRS2, MAP3KS8, SQSTM1, FOXO1,
MMP1, and SOD2, while the secretory chemokines CCL20, CXCL8, CXCL1, and CXCL2,
component genes of the “Interleukin-10 signaling” pathway, show enhanced upregulation
in Fucoxanthin-treated U87MG cells.

3.10. Downregulated Genes Revealed by DIGEX

Amongst the genes in US7MG downregulated by the four growth inhibitory com-
pounds, 36 are shared within the top set of 200 most highly downregulated genes in each
treatment (Figure 3 and Table 2). This is in sharp contrast to the upregulated genes, where
only two genes were upregulated by all four treatments (Figure 2). The majority of the
U87MG downregulated genes shared between treatments are associated with cell division,
suggesting a coordinated and specific downregulation of the transcription of cell division
genes in response to growth inhibition by these four compounds.

Figure 3. Four-way Venn diagram showing an analysis of the 200 genes with most lowered expression
levels in US7MG cells treated with Mardepodect (MAR), Regorafenib (REG), LY-294002 (LY), and
Fucoxanthin (FX).

Amongst the most downregulated U87MG genes in all treatments is that encoding
the transcription factor E2F8, the master regulator of the cell cycle [60]. Downregulation
of E2F8 has been reported as a driver for prostate cancer growth suppression [61], and if
cancer selectivity could be obtained, might represent a good target for stabilizing growth
inhibition in GBM.

Other prominently downregulated genes which might encode good drug targets
include RIR2/RRM2, which encodes the regulatory subunit M2 of ribonucleotide reductase,
the enzyme that catalyzes the biosynthesis of deoxyribonucleotides for DNA synthesis.
RIR2 is specifically inhibited by hydroxyurea and has been suggested as a combination
therapy with temozolomide for GBM [62].
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Table 2. Genes, partitioned between the drug treatments, based on sets of 200 genes with most elevated expression levels in
U87MG cells (shown in Figure 3).

Gene Group Gene Number Gene Names
KIAA1524, ESCO2, E2F8, HIST1H1B, LMINB1, HIST1H2BB,
D lated b CDCA3, HIST2H3A, HIST1H2BM, TCF19, FBXO5, HIST1H3B,
ownreguated by TYMS, DNA2, ORC1, HIST1H2BI, FAM111B, RRM2, ZWINT,
Mardepodect, Regorafenib, 36

LY-294002, and Fucoxanthin

HIST1H3A, ASF1B, HIST1IH2BH, GPR19, HELLS, PLK4,
HIST1H2AG, RAD54L, CDC45, HIST1H3F, HIST1H2AI, SPC25,
KIFC1, KIF15, GINS2, UBE2T, HJURP

ARLI4EPL, HIST1H4D, PBK, HISTIH2AB, RFC3, ATAD?2,
BARD1, KIF20A, MCM7, KIF11, HIST1H2B], TRMU, MKI167,
CENPE, ASPM, SPAGS5, KIF4A ANGPTL4, ANLN, TACC3,
HIST2H4A, HIST2H4B, CPA4, PLEKHG4B, H2AFX, GTSEI,

Downregulated by 63 NCAPG, KIAA1524, ESCO2, E2F8, HIST1H1B, LMNBI,
Mardepodect and Regorafenib HIST1H2BB, CDCA3, HIST2H3A, HISTIH2BM, TCF19, FBXO5,
HIST1H3B, TYMS, DNA2, ORC1, HIST1H2BI, FAM111B, RRM2,
ZWINT, HIST1H3A, ASF1B, HIST1H2BH, GPR19, HELLS, PLK4,
HIST1H2AG, RAD54L, CDC45, HIST1H3F, HIST1H2AI, SPC25,
KIFC1, KIF15, GINS2, UBE2T, HJURP
Downregulated by Mardepodect only, not .
Regorafenib, LY-294002, or Fucoxanthin 95 Gene names are found in Supplementary Table S4
Downregulated by Regorafenib only, not 90 Gene names are found in Supplementary Table S4

Mardepodect, LY-294002, or Fucoxanthin

Further substantially downregulated genes include those encoding the transcription
factor TCF19, which is associated with cancer cell survival and proliferation [63], and
FAM111B, which encodes the DNA replication-associated serine protease F111B associated
with both proliferation and cell cycle control [64,65]. Many genes encoding histones,
important in maintaining nuclear and chromosome structure during cell cycling and
division, are also significantly downregulated.

The mechanism controlling such a marked downregulation of genes encoding nuclear
structural proteins after drug treatment is unclear. It is possible that mRNAs encoding
nuclear components are no longer required in non-proliferating GBM cells and simply
decay. Alternatively, the cells may be undergoing a controlled program of transcriptional
and translational rebalancing, in which survival processes predominate and translation of
cell division genes is specifically downregulated. Such dysregulation and restoration of
translational homeostasis has been reported in fragile X syndrome where mRNA stability
is thought to play a central role [66]. In either case, a new transcriptional equilibrium is
being established, influenced by the presence of Mardepodect within the cells.

3.11. Pathway Analysis for the U87MG Downregulated Gene Sets

Pathway analyses were also performed for the US7MG downregulated gene sets,
shown in Supplementary Tables S5 and S6. These confirmed that all four compounds
exerted anti-mitotic effects in US7MG cells, but also highlighted specific genes within these
pathways. For example, members of the MCM (mini-chromosome maintenance) gene
family are broadly downregulated within cells treated with all four compounds, while
pathways downregulated by Fucoxanthin often include SKP2 as a prominent component.
SKP2 is a member of the F-box family of SCF ubiquitin ligases, pointing to reprogramming
of the ubiquitin system during Fucoxanthin treatment.

3.12. Summary of the US7MG Results

Taken together, these DIGEX and pathway analyses highlight the considerable tran-
scriptional plasticity of US7MG cells, with the upregulation of specific tumor cell survival
pathways accompanying the downregulation of genes controlling mitosis and cell division.
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This pattern is consistent with transcriptional reprograming leading to a quiescent and/or
drug resistant tumor cell population, a previously recognized mode of targeted therapy
evasion [14,67].

3.13. Which DIGEX Genes Are Shared between Mardepodect Treated US7MG, T98G, and
A172 Cells?

The U87MG DIGEX profiles for Mardepodect were then compared to those identified
in T98G and A172 cells, to search for common targets (and identify specific differences)
between the three cell lines. An overview of the Top 200 most highly induced genes within
each cell type is shown in Figure 4, with individual genes listed in Table 3.

Us7MG A172

T98G

(a) (b)

Figure 4. Venn diagrams showing the partitioning of the 200 genes most significantly modulated by Mardepodect in
U87MG, A172, and T98G cells; (a) upregulated genes; (b) downregulated genes.

Table 3. Genes modulated by Mardepodect, shared between US7MG, A172, and T98G cells.

Sharing Groups Upregulated Downregulated
U87MG, A172, and T98G GDF15, DUSP1, SIK1 CPA4, FAM111B, CCL2
HMOX1, SLC11A2, GPNMB, GPR183, UAP1LI,
PLEKHO1, DUSP4, LIPG, NUPR1, PPARGC1A,
U87MG and A172 LURAPIL, AK5, FAM49A, RRAGD, RRAGC, E2F8, TNFRSF11B, PI3, TXNIP
TM4SF19, FBXO32, RFTN2
NR4A2, CD55, HES1, SLC16A6, S1PR1, NR4A1,
C8orf4, CEMIP, DNAJBY, TNFAIP6, SNAI1, SGK1,
U87MG and T98G ITGB3, RND3, TRIB1, GRAMD4, NR4A3, CD84, HIST1H2BM
ZCWPW2, IL6, RPS6KA2
HMGCR, DDIT4, EASN, CLCN5, SLC2A3, EDNI, IRF1, PLXNA2, TRIM22, SERTAD4,
JAKMIP2, IDI1, AGT, CYP51A1, HLA-DMA, SCD TNFRSF9, TNFSF10, RARRES3, LGALS9, CCNE2,
A172 and T98G ’ ’ ! ’ ! " KRT18,IL7R, VCAMI1, TNFAIP2, ENC1, RNF150,

FDFT1, MVD, HMGCS1, ST3GAL5, DHCR7,

ZBEDS, RELL?, INSIGT ANKRD1, ROR1, APOL3, CYR61, GBP4, CTGF,

PRDM1, ALPK2, LYPD1, BIRC3, IL2RG

3.13.1. Upregulated Genes

Our first observation was that over 75% of the Mardepodect upregulated genes in
the three cell lines were cell-specific, suggesting that each GBM cell line responds in a
unique way to Mardepodect treatment. A complete list of cell-specific genes is provided in
Supplementary Table S7.
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In contrast, very few upregulated genes were shared between the three Mardepodect-
treated cell lines. Only three genes were expressed in common within the Top 200 upregu-
lated gene sets: GDF15, DUSP1, and SIK1, all of which encode proteins that are involved in
important growth-related processes.

e GDF15 is a secreted growth factor, reportedly overexpressed in the cerebrospinal
fluid (CSF) of GBM patients with poor treatment outcomes [42]. GDF15 binds to the
GFRAL/RET receptor complex, stimulating cell growth through the ERK and AKT
signaling pathways [68]. GDF15 has been suggested as a tumor-associated clinical
biomarker suitable for liquid biopsy detection [69].

e DUS1/DUSP1 is a dual specificity phosphatase which dephosphorylates and inac-
tivates the MAP kinase MAPK1/ERK2, leading amongst other effects to aberrant
regulation of the cell cycle. DUSI plays important roles in the initiation, progression,
and recurrence of GBM [70].

e SIK1 is a serine/threonine protein kinase that regulates transcription by phospho-
rylating transcriptional coactivators such as the CRTCs and HDACs. When cAMP
levels increase, SIKs are phosphorylated by activated PKA and sequestrated by phos-
phorylated 14-3-3 proteins as inactive complexes in the cytoplasm [71]. Increased
SIK1 transcription in Mardepodect-treated GBM cells may reflect changes in these
cAMP-driven processes.

When the three Mardepodect-treated cell types were analyzed pair-wise, more exten-
sive correlations were revealed.

Strikingly, both A172 and T98G cells upregulated many genes associated with the
cholesterol/isoprenoid biosynthesis pathway, including HMGCR, IDI1, CYP51A1, FDFT1,
MVD, HMGCS1, DHCR?, and INSIGI. In parallel, but at a lower abundance, several genes
involved in fatty acid metabolism were also upregulated, namely DDIT4, FASN, and SCD.
These changes in lipid biosynthesis and metabolism are consistent with enhanced sterol
and fatty acid biosynthesis, perhaps associated with autophagy [72].

Upregulated gene expression in T98G and U87MG cells showed many common-
alities. Most noticeably, all members of the NR4 nuclear receptor transcription factor
family—NR4A1, NR4A2, and NR4A3—were upregulated in both T98G and U87MG by
Mardepodect treatment, as were the transcriptional repressor HES1, the epithelial to mes-
enchymal (EMT) transactivator SNAI1, and the histone methylation reader ZCWPW2.
Several genes encoding members of the MAPK-signaling system were also upregulated
in T98G and U87MG cells, including: the transcriptional and immune response regula-
tor TCIM (C8orf4) which positively regulates G1-to-S-phase transition in the cell cycle,
and promotes cell proliferation and inhibits apoptosis in thyroid and lung cancer [73,74];
the serine/threonine-protein kinase SGK1 which also regulates cell growth, proliferation,
survival, migration, and apoptosis through phosphorylation of MAPK1/ERK2, and inter-
action with MAP2K1/MEK1 and MAP2K2/MEK?2; and the adapter protein TRIB1 which
regulates COP1 ubiquitin ligase and MAP kinase signaling.

Genes controlling other processes such as complement decay (CD55), as well as
cell adhesion, migration and hyaluronan degradation (ITGB3, CEMIP, TNFAIP6), were
also upregulated.

Levels of the genes encoding 2 well-characterized druggable targets, KS6A2/RPS6KA2
and the G-protein coupled receptor (GPCR) S1PR1, were also elevated.

o KS6A2/RPS6KA2, also known as RSK/RSK3, is a member of the RSK serine /threonine-
protein kinase family that acts as a downstream effector of ERK in the MAPK1/ERK2
and MAPK3/ERK1 signaling pathway, mediating cellular proliferation and survival
in prostate cancer [75]. The related RSK kinase, KS6A3/RSK2, encoded by RPS6KA3,
has been reported to regulate growth and invasion in GBM [76].

e  SIPRI1 is the GPCR for the bioactive lyso-sphingolipid sphingosine 1-phosphate (S1P)
which is coupled to the G; subclass of heteromeric G proteins. In cancer cells, signaling
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through S1PR1 leads to the activation of RAC1, SRC, PTK2/FAK]1, as well as MAP
kinases, and influences cell proliferation and survival in GBM [77].

Three further upregulated genes encode functionally relevant proteins: the small
GTPase RND3; the mediator of E2F1-induced apoptosis, GRAM4/GRAMD4; and the
interleukin IL6, which participates in an important axis for intrinsic VEGF production [78].

Comparison of the Mardepodect-upregulated genes shared in U87MG and A172
reveals further new signatures, with genes encoding the key glioma-associated cell sur-
face proteins GPNMB and T4519 (TM4SF19) being upregulated in concert with the anti-
apoptotic heme-degrading enzyme HMOX]1, reported to facilitate glioma survival and
progression [79].

Interestingly, while the FAM49A gene is induced in the Top 200 genes expressed in
Mardepodect-treated US7MG and A172 cells, the other gene induced by all four compounds
in U87MG cells, namely PNLIPRP3, is notably absent. PNLIPRP3 appears to be specifically
induced in drug-treated US7MG cells.

3.13.2. Downregulated Genes Shared between Cells

Cell-specific gene signatures are also seen within the Mardepodect downregulated genes
(Supplementary Table S8), with a small number of highly downregulated genes occurring in
all three cell lines, namely those encoding the nuclear serine protease F111B/FAM111B, the
chemokine CCR2 receptor ligand CCL2 and the secreted carboxypeptidase CBPA4/CPA4.
As proteases, both F111B and CBPA4 are druggable targets. CBPA4 is secreted as a zy-
mogen, raising the further possibility of multi-level targeting during its maturation. The
CCL2/CCR2 signaling axis is particularly relevant as a therapeutic target since its down-
regulation inhibits glioma development [80,81].

3.14. Differential Gene Expression Is Recapitulated in the Corresponding Pathway Analyses

Pathway analyses using the Reactome database were then undertaken to further
examine the changes in individual gene expression profiles observed between the cell lines.
They confirmed the striking divergence in signaling between U87MG and the other two
cell lines.

In Mardepodect-treated U87MG cells, PIP3/AKT- and PTEN-driven signaling path-
ways were highly upregulated (Supplementary Tables S9 and S10), reflected in upregulation
of genes encoding the transcription regulators RRAGC/RRAGD and SNAI1/SNAI2 asso-
ciated with these pathways. Enhanced PI3K signaling has previously been reported in this
cell line [82].

In contrast, in both T98G and A172 cells, Mardepodect treatment prominently upreg-
ulated sterol biosynthesis pathways. Although these pathways are driven by the Sterol
Response Element-Binding Proteins (SREBPs/SREBFs) [83], levels of the genes for the
transcription factors SRBP1 (SREBF1) and SRBP2 (SREBF2) themselves were not elevated
upon Mardepodect treatment, consistent with the post-translational regulation of these
proteins by protein processing [84].

Differences in pathway upregulation in the US7MG compared to the T98G and A172
cell lines most likely reflects both their origins and stage of differentiation, as well as the
more generally heightened transcriptional plasticity of US7MG cells. These pathway pro-
files may be useful diagnostics for analyzing GBM drug-response phenotypes in the clinic.

Cell-specific differences are also seen amongst the pathways downregulated by Marde-
podect (Supplementary Tables S11 and S12). The prominent cell cycle and cell division
pathways characteristically downregulated in U87MG cells, are replaced in both T98G and
A172 cells by immune-type cytokine signaling. Further downregulation of these pathways
(and genes expressed within them) could be fruitful therapeutic targets.

To visualize functional connectivities within cell-specific DIGEX signatures, network
analysis was undertaken for each signature. Again, highly significant differences between
the cell lines were seen (Supplementary Figures S2 and S3).
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Taken together, these results demonstrate that a single drug treatment (in this case
Mardepodect) elicits quite different gene expression responses in specific GBM cell lines. If
these DIGEX signatures translate to freshly isolated patient-derived GBM cells, both the
signatures themselves as well as the component drug targets within them, could form the
basis for new personalized GBM treatment strategies.

3.15. How Do the DIGEX Signatures of Mardepodect-Treated Cells Compare to Those Seen in
Regorafenib-Treated Cells?

An analysis of the Top 200 genes upregulated by Mardepodect in the three cell lines
has been shown in Figure 4 and Table 3—only GDF15, DUSP1, and SIK1 were coordinately
upregulated in all three cell lines. Likewise, only three downregulated genes were shared in
Mardepodect treated cells—CPA4, FAM111B, and CCL2. The small number of shared genes
suggests that the drug response elicited by Mardepodect in the three cell lines is pleiotropic,
involving the expression and recruitment of a wide variety of downstream signaling
effectors, an observation confirmed by pathway analysis (Supplementary Tables S9-512).

In sharp contrast, there was extensive overlap in both upregulated and downregulated
gene expression profiles in the three cell lines treated with Regorafenib, with 30 upregulated
genes and 41 downregulated genes shared within the Top 200 expressed genes (Figure 5
and Table 4).

A172 us7Mm A172

T98G
(a) (b)

Figure 5. Venn diagrams showing the 200 most significantly modulated genes in Regorafenib-treated U87MG, A172, and

T98G

T98G cells; (a) elevated genes; (b) downregulated genes.

Only GDF15 was shared within the upregulated gene sets in Mardepodect and Re-
gorafenib treated cells; the genes DUSP1 and SIK1, seen previously in cells treated with
Mardepodect alone, were absent, even within pairwise cell line comparisons.

Similar disparities were noted amongst the gene sets downregulated by Mardepodect
and Regorafenib. Three genes—CPA4, FAM111B, and CCL2—were observed as downregu-
lated in all three Mardepodect-treated cell lines (Figure 4), but only one of these, FAM111B,
was seen in the Top 200 downregulated genes in Regorafenib-treated cells. CPA4 was
entirely absent from any of the Top 200 gene sets downregulated by Regorafenib, and CCL2
was only downregulated in the A172/T98G pairwise comparison.

To summarize, the three GBM cell types differ markedly in their DIGEX profiles
when growth is inhibited by Mardepodect and Regorafenib under standardized conditions,
yielding highly informative and distinctive drug response signatures.
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Table 4. Genes modulated by Regorafenib, shared between U87MG, A172, and T98G cells.

Cell Line Groups

Upregulated Genes

Downregulated Genes

TUBE1, GDF15, TRIB3, PTPDC1, WARS, ERICH2,
SLC22A18, SLC6A9, CD22, ATF3, FAM49A, CBS,

IL7R, ESCO2, E2F8, MCM3, CLSPN, DTL,
HIST1H1B, LMNBI, PCNA, EXO1, GINS1, MCM6,
ATAD2, BARD1, HIST1H2BM, SERTAD4, MCM10,

US7MG, A172, SLFN5, TMEM159, DDIT3, PSAT1, IL20RB, FBXO5, POLE2, TYMS, DNA2, MCMS5, F3, ORC1,
and T98G SOHLH2, TTLL1, PCK2, P2RX7, ASNS, NUPR1, UHRF1, FAM111B, RRM2, HIST1H3A, ATADS,
DFNAS5, AARS, CCDC169, GTPBP2, PPIL6, HELLS, E2F1, H2AFX, CCNE2, SPC25, MCM2,
RAB39B, KCNH1 MCM4, FANCB, GINS2, WDR76,
HISTIH2AB, CDC25A
TMPO, KIAA1524, MKI67, TGFBR2, KIF20B,
ZGRF1, RAD51, ASPM, LDLR, SPAG5, RFC3,
ESRP1, PKD1L2, HMOX1, TBL1X, KCNT2, MSC, =~ DUSP6, CDCA3, HIST2H3A, LRR1, CENPI, BRIP1,
LURAPIL, ANK2, UNC5B, GPNMB, STK32A, TACC3, TCF19, SGOL2, STIL, MCM?7, CASCS,
U87MG and A172 PHGDH, IDH1, PIP5KL1, THBS4, PLPPR4, HIST1H3B, STARD13, KIF11, ZWINT, ASF1B,
SLC43A1, HKDC1, TPK1, TM4SF19, MOCOS, FEN1, HISTIH2BO, PLK4, RAD54L, ZNF367,
PTPN13, SCN9A, CLIP4 CDC45, NCAPD2, POLQ, PBK, NCAPG, CDCe6,
HIST1H2B], POLA2, KIFC1, ARL6IP6, CDCAS,
UBE2T, LIN9, HJURP, XRCC2
TSPAN1, PRELID3A, DUS4L, PPARGC1A, TSLP,
UHRF1BP1, STAT2, CCDC113, TUFT1, RCANI,
USTMG and T98G GADD45A, SH3BGR, CLDN1, Céorf48, GARNL3, STC1, MEST, CCNF, EGLN3, SPRY1, HIST1H4D,
TNFRSF9, ABI3BP, CTH, DDR2, SLC22A15, HIST1IH2BI, FAM20C, HIST1H2BH, EGR1, CDK2
CCPG1, GPR1, CCNB1IP1, DMGDH, GPCPD1,
ERN1, CYP2R1, ACAD11
GRB10, FYN, PCDH1, PPP1R3B, HOXB9,
FAM129A, SYCP2L, SYT14, SEL1L3, S1PR1, EDN1, MMP13, HIST1H3H, MYCBP, HIST1H4L,
A172 and T98G SLC1A4, THBS3, VEGFA, OSBPL6, ULBP1, GMNN, CCND1, CENPW, TNFRSF11B, HISTIH4A,

ARHGEF2, SESN2, AGT, DINA, MAP2, CHACI,
C100rf107, LCA5L, CREB5, STEAP1, CYP4V2,
ADGRGI, AFF3

MIS18BP1, CCL2, TRIB2, CDC7, PRDM],
CSNK1G1, MYB, HIST1H2BF

3.16. What Can Be Inferred from the Cell-Specific DIGEX Signatures?

Finally, we examined the cell line-specific gene sets from each treatment. Results
obtained by treating US7MG cells with all four inhibitors showed many compound-specific
genes (Figure 2 and Table 1), with the two clinical candidates Mardepodect and Regorafenib
each showing over 100 compound-specific genes amongst the Top 200 examined.

Extending these observations to all three GBM cell lines, we again see expression
of a high level of cell-specific genes (Supplementary Tables S7 and S8 for Mardepodect;
Supplementary Tables S13 and S14 for Regorafenib). Network analysis confirmed the
marked differences in DIGEX profiles between treated cell lines (Supplementary Figure S4).

In summary, taking the Top 200 genes in each DIGEX profile operationally defines
a distinctive drug ‘fingerprint’, specific to each cell line, from which much underlying
biological information can be retrieved.

3.17. Which Genes Encode Proteins That Could Be Viable Drug Targets in GBM?

The development of new GBM therapies requires target validation to be coupled to
effective drug and vaccine production. In this study, we have used genome-wide gene
expression analysis of drug-treated cells to reveal subsets of genes which are characteristic
of the underlying cell biology of the GBM cells. These DIGEX signatures are powerful
diagnostics—but how many of the genes thus identified represent viable drug targets?

Complete profiles of the Top 200 differentially expressed genes drawn from the set
of 18,316 tracked in all three GBM cell lines studied, are shown for all treatments in
Supplementary Table S15. These gene sets contain many biological targets that have not
previously been directly associated with GBM, including specific adhesion molecules,
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transcription factors, protein kinases, and glycosyltransferases. We used the Pharos, NCBI
Gene, and UniProt databases to identify, classify, and annotate all the likely drug and
vaccine targets present in the three cell lines. In the analysis below, UniProt protein entries
are denoted in block capitals with corresponding NCBI Gene entries in italics.

The Pharos database is a chemical biology resource that allows rapid association of
genes encoding proteins with potential chemical modulators, including both approved
drugs and exploratory compounds. We use the database as part of a drug target triage
strategy, separating the Top 200 gene sets into groups encoding (1) proteins with associated
FDA approved drug modulators; (2) proteins with chemical modulators that can be used
as starting points for drug discovery; and (3) proteins which merit further biological study.

3.17.1. US7MG Cells Treated with Mardepodect

To illustrate this process, focusing on the cell line US7MG treated with Mardepodect,
we see that one of the most highly upregulated genes is PNLIPRP3, encoding the lipase
LIPR3, previously seen as one of only two genes that are shared within the Top 200 most
highly upregulated genes in all four initial drug treatments in this cell line (Figure 2).

The PNLIPRP3 gene encodes a novel druggable protein, with a well-defined Lipase do-
main harboring the active site, sandwiched between an N-terminal signal peptide and a hy-
drophobic PLAT domain—a structure the gene shares with pancreatic lipase (LIPP/PNLIP)
and the other members of this gene family (LIPR1/PNLIPRP1 and LIPR2/PNLIPRP?2).
However, LIPR3 has no specific FDA-approved or exploratory chemical leads associated
with it, and is therefore annotated by Pharos as Tdark, implying a protein without well-
defined biological precedent as a drug target and without chemical leads [85].

Although no drug discovery campaigns have been reported for LIPR3, the pancreatic
lipase gene family of which LIPR3 is a member has been the subject of considerable
medicinal chemistry attention due to the role of the closely related LIPP protein in obesity,
for which there is an FDA-approved drug (Orlistat) with an associated X-ray co-crystal
structure [37].

PNLIPRP3 is highly induced only in drug treated U87MG cells and is not highly
upregulated by Mardepodect in either T98G or A172 cells (Supplementary Table S15). It
is not even modestly expressed in normal tissues [36]. We classify LIPR3/PNLIPRP3 as a
novel druggable GBM target in cells with the U87MG phenotype.

Using Pharos classification alone as a benchmark, amongst the Top 200 US7MG
genes upregulated by Mardepodect, we identify 36 (18%) as encoding potential targets
with currently unexplored biology; 118 (59%) as target genes corresponding to proteins
for which biological targeting rationales exist but which have no associated chemical
modulators; 36 genes (18%) encoding proteins with exploratory chemical leads; and only
7 genes encoding proteins with corresponding FDA-approved drugs.

The FDA-approved target class is important, since drugs targeting these proteins
could be repositioned immediately within clinical trials in GBM. The relative paucity of
validated FDA-approved drugs for the targets we reveal by DIGEX suggests that target
validation remains a key challenge for GBM drug discovery.

For Mardepodect-treated US7MG cells, the 7 upregulated FDA-approved targets as
classified by Pharos comprise: the Vitamin D-binding nuclear receptor VDR; the secreted
cytokine IL6; the Thioredoxin Reductase TRXR1/TXNRDI; the kinase-insert domain
receptor VGFR2 (known variously as KDR, FLK1, CD309, VEGFR, or VEGFR?2), the integrin
beta chain ITB3/ITGB3, and the GPCRs S1PR1 and EDNRA.

3.17.2. T98G and A172 Cells Treated with Mardepodect

Broadening this analysis from U87MG to the other two GBM cells T98G and A172, we
see that very few of the U87MG Pharos-annotated FDA-approved drug target genes are
replicated within the Top 200 genes upregulated by Mardepodect, translating into a gene
signature with a radically different FDA-approved drug profile.
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For T98G cells, 12 genes form the ‘FDA signature’, comprising the two interleukins
IL1B and IL6; five G-protein coupled receptors (the dopamine receptor DRD2, the adreno-
ceptor ADRB2, the adenosine receptor ADORA1, the sphingosine-1-phosphate receptor
S1PR1, and the bradykinin receptor BDKRB2); the heparin-binding growth factor VEGFA;
two cholesterol biosynthesis enzymes HMGCR and HSD11B1; the phosphodiesterase
PDE4D; and, as in U87MG cells, the integrin beta chain ITGB3. Except for ITGB3 upregula-
tion, the US7MG and T98G FDA drug signatures are mutually exclusive.

For A172 cells, the FDA signature includes nine components: the two cholesterol
biosynthesis enzymes HMGCR and FDPS; the phosphodiesterase PDE7B; the somatostatin
receptor SSTR2; the androgen receptor AR (also known as the nuclear receptor NR3C4);
the NMDA receptor GRIN2A; the carbonic anhydrase isozyme CA12; the thyroid hormone
receptor THRA; and the lipase LIPF. Again, the US7MG and A172 FDA drug signatures are
mutually exclusive. T98G and A172 cells notably share HMGCR expression.

Turning our attention from FDA targets to the more extensive Exploratory drug
target class exemplified within Pharos, we find many attractive, chemistry-led drug
discovery targets.

For U87MG, these include the GPCRs T2R14/TAS2R14, C3AR/C3AR1, C5AR1, GPR84,
and GP183/GPR183; the kinases SIK1, PDK4, ACKR3, PLK2, KS6A2/RPS6KA2, F262 / PFKFB2,
SGK1, KITM/TK2, and CHKA; the interleukin IL1A; the metalloproteinases ATS5/ADAMTS5
and MMP14; the nuclear receptor NR4A2; the asparagine N-linked glycosyltransferase
TUSCS3; the cell adhesion molecule KIAA1462/JCAD; the transporters ACATN/SLC33A1,
XCT/SLC7A11, NRAM2/SLC11A2, and CLCNY; the lipases LIPE/LIPG and LIPR/PNLIPRP3;
the enzymes CGL/CTH, DHB14/HSD17B14, HMOX1, OGT1/0GT, AK1C1/AKR1C1,
FHIT, and IDHC/IDH1; the dual specificity phosphatase DUS1/DUSP1; the ligand-gated
chloride channel GBRR1/GABRR1 (otherwise known as the GABA(C) receptor); the G-
protein linked potassium channel KCNJ3; and the phosphocholine/phosphoethanolamine
phosphatase PHOP1/PHOSPHO1.

Several previously validated anti-proliferative targets are contained within this US7MG
Exploratory target set, including:

1. The atypical chemokine GPCR ACKR3/CXCR?, which in glioma cells transduces
signals via the MEK/ERK pathway, mediating resistance to apoptosis and promoting
cell growth and survival [86]; and

2. The nuclear receptor NR4A2, previously validated as a drug target in glioblas-
toma [87].

Mardepodect-inhibited A172 and U87MG cells share some of these Exploratory tar-
gets, including LIPE/LIPG, HMOX1, GP183/GPR183, DUS1/DUSP1, NRAM2/SLC11A2,
and the serine/threonine protein kinase SIK1. Druggable components of the choles-
terol/fatty acid biosynthesis pathways are also prominent within the A172 Exploratory
target set (DHCR7; HMCS1/HMGCS1; FDFT/FDFT1; KIME/MVK; MVD1/MVD; IDI1,;
DHB7/HSD17B7; CP51A/CYP51A1; ACACA; SCD; ELOV6/ELOVL6,; FAS/FASN; ABHD6;
FABPH/FABP3), together with more established anticancer drug discovery targets such as
the PI3-kinase P3C2B/PIK3C2B and the lysine-specific demethylase KDM4D. We also see
unique targets, such as the small GTPase RAB7L/RAB29 (involved with LRRK?2 in vesicle
trafficking); the P2X receptor P2RX7; the cell adhesion protein VITRN/ VIT; the opioid
neuropeptide GPCR OPRX/OPRL1 and the olfactory GPCR OR1L4; the spermatogenesis-
associated, calmodulin-binding protein SPT17/SPATA17; the ectonucleoside diphosphatase
ENTP1/ENTPD1; the cystathionine beta-synthase CBS; the DNA methylation enzyme
DNM3B/DNMT3B; the P-type ATPase AT12A/ATP12A; the putative P-glycoprotein-
associated drug transporter EBP; the apoptosis suppressor XIAP; the protein tyrosine
phosphatase PTN22/PTPN22; and the ephrin receptor tyrosine kinase EPHAS.

In passing, for target-based drug discovery purposes, it is notable that several specific
members of extended gene families of potential drug discovery importance are revealed
by DIGEX in these exploratory gene sets, for example, the PI3-kinase catalytic domain
isoform P3C2B/PIK3C2B and the lysine demethylase KDM4D. PI3-kinases participate in
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the signaling pathways involved in cell proliferation and oncogenic cell survival, and the
induction of P3C2B/PIK3C2B is therefore not surprising, since this protein has previously
been identified as significantly correlated with cellular resistance to erlotinib [88]. How-
ever, Regorafenib also upregulates P3C2G/PIK3C2G, confirming this isoform, also, as a
potential target in drug resistant GBM [89]. Likewise, although KDM5A has previously
been identified in temozolomide resistant GBM cell lines [90], here we see Mardepodect
upregulating KDM4D and KDM7A. The advent of small molecules specifically targeting
individual lysine demethylase isoforms may open the way to more precise drug targeting
within this extended family [91,92].

Many of the highly upregulated Exploratory targets seen in A172 cells are also
present in T98G, including GTR3/SLC2A3; DUS1/DUSP1; the sterol biosynthesis en-
zymes HMCS1/HMGCS1; SCD; FDFT/FDFT1; DHCR7; MVD1/MVD; IDI1 and the multi-
functional fatty acid biosynthesis enzyme FAS/FASN, as well as the additional steroid
hormone biosynthesis enzymes 3BHS1/HSD3B1 and DHB2/HSD17B2 and ERG1/SQLE,
the rate-determining enzyme in the steroidogenic pathway. Several highly upregulated
Exploratory targets seen in A172 cells are also shared with US7MG: NR4A2; SGK1;
KS6A2/RPS6KA2.

Top 200 Mardepodect-upregulated Exploratory targets seen only in T98G include
the IGF-binding protein IBP4/IGFBP4; the membrane lipid remodeling phospholipase
PA24A /PLA2G4A; the chromatin silencing histone H10/H1F0; the prostaglandin trans-
porter SO2A1/SLCO2A1; the drug metabolizing methyltransferase NNMT; the histone
demethylase KDM7A; the neurotrophin receptor signaling adapter BEX1; the transcrip-
tion factor JUN; the hypoxia-inducible master transcription activator HIF1A; the ser-
ine/threonine protein kinases TNI3K/TNNI3K and NIM1/NIM1K; the MMP-9 activator
MMP26; the histamine receptor GPCR HRH4; the tyrosine protein kinase FRK; and the
GPCR specific serine/threonine kinase GRK5.

Together, these targets represent a prodigious amount of relatively unexplored drug
discovery space. Systematic target validation studies are now required to establish experi-
mentally how many of the exploratory targets within the Mardepodect-induced GBM cell
phenotypes are valid as drug targets for GBM. We illustrate features of a possible chemical
biology-driven target validation process below.

3.18. Downregulated Genes May Indicate Cell Cycle Control Imposed by Drug Treatment

The Pharos analysis of the genes that are coordinately downregulated by Mardepodect
in the three GBM cell lines, is presented in Supplementary Table S15. As observed in the
case of US7MG, above, these DIGEX profiles are dominated by reduced cell cycle and cell
division gene expression.

Although a full analysis of the downregulated genes accompanying drug treatment
is beyond the scope of this initial DIGEX study, it is clear from initial inspection that
the downregulated gene sets contain many intriguing drug discovery targets, from well
characterized enzymes such as ribonucleoside-diphosphate reductase RIR2/RRM2, to
less well-known targets such as the serine protease F111B/FAM111B. The Venn analyses
also show that most of the downregulated cell-cycle associated genes are differentially
regulated between GBM cell types and the four drug treatments, suggesting a tight and
precise downregulation of cell division, rather than random repression, possibly reflecting
a more complex spatiotemporal control of cell division [93].

3.19. Summary of Drug-Induced Gene Expression (DIGEX) Analysis Results

An overall diagrammatic summary of the most highly upregulated drug-induced
genes encoding potential drug targets, secretory proteins and cell surface antigens ex-
pressed in the three GBM cell lines is shown in Figure 6.
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Figure 6. Summary of the most highly elevated drug induced genes encoding potential drug targets, secretory proteins

and cell surface antigens expressed within the Top 25 gene set in the three GBM cell lines. (a) Mardepodect-treated cells;

(b) Regorafenib-treated cells. Note the clear differences between the drug modulated phenotypes, both between GBM cell

types and individual drug treatments. Targets underlined in green have existing FDA approved drugs; those underlined in

blue have chemical leads but no approved drugs; those in yellow have only biological rationales, while those in red remain

relatively unexplored.

3.20. Validating Individual Drug-Inducible Genes as Pharmacological Targets in GBM as
Monotherapies and Drug Combinations

DIGEX profiling in conjunction with Pharos yields a rich vein of potential targets.

With detailed bioinformatic analyses in hand, we moved to experimental validation of
some of the targets themselves as potential GBM modulators.

To establish a screening sequence for potential combination therapies using Marde-

podect as the initial drug, we identified a set of targets with cognate inhibitors to validate
our triage strategy. These included:

Two FDA approved inhibitors for HMGCoA reductase, Atorvastatin and Simvastatin.
The gene encoding HMGCoA reductase (HMGCR) is in the Top 200 genes upregulated
by Mardepodect in A172 and T98G cells but not US7MG. HMGCR is absent from the
Regorafenib Top 200.

Two exploratory inhibitors of the salt-inducible kinase SIK1, HG-9-91-01, and WH-4-
023. The gene encoding SIK1 is present in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>