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Abstract

Glioblastoma (GB) is the most lethal neurological malignancy of the central nervous system,
with a median survival of 18 months despite intense treatment involving maximal surgical
resection, ionizing radiation (IR), and temozolomide (TMZ). The inevitability of GB
recurrence is in part driven by a population of self-renewing cancer stem cells known as
brain tumor stem cells (BTSCs) that can evade conventional treatment modalities. Targeting
the signaling pathways that sustains BTSCs holds promise for combating GB recurrence.
Notably, the elevated expression of the cytokine receptor Oncostatin M Receptor (OSMR)
and the frequent co-occurrence of the mutant Epidermal Growth Factor Receptor (EGFR)
gene, Epidermal Growth Factor Receptor variant Ill (EGFRvIII), within BTSCs, contribute to
the establishment of highly tumorigenic and treatment-resistant cells. However, the
mechanisms by which the OSMR/EGFRvIII complex sustains BTSCs and promotes

tumourigenesis remain largely unknown.

In this study, we identified a novel binding partner of OSMR, Chloride Intracellular Channel 1
(CLIC1), in patient-derived BTSCs through a Mammalian Membrane Two-Hybrid High
Throughput (MaMTH-HTS) screen and endogenous validation with proximity ligation assay
analysis. Functional assays demonstrated that CLIC1 affects the viability, proliferation, and
self-renewal of BTSCs in vitro, and tumour progression in vivo. Mechanistically, the functional
capacity of BTSCs to form tumours upon intracranial injection is mediated by the
EGFRVIII/STAT3 pathway, as genetic deletion of CLIC1 resulted in impaired STAT3
activation and reduced EGFRUVIII levels. Finally, we demonstrated that OSMR is required for

CLIC1 function at the plasma membrane.

Our data suggest that CLIC1 is potentially a viable therapeutic target for suppressing
OSMR/EGFRUVIII/STAT3 oncogenic signalling and depleting the resistant BTSCs in GB. This
work provides new insights into the molecular underpinnings of GB but also lays the
foundation for future research aimed at developing targeted therapies against CLIC1 and its

associated pathways to improve treatment outcomes for patients of GB.
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1. Introduction

1.1. Glioblastoma Heterogeneity

Glioblastoma (GB) is a highly lethal neurological malignancy with a median survival of 18
months, representing a significant clinical challenge’?. The annual incidence rate of GB
ranges from 0.59-5 per 100,000 persons according to international studies, marking it as the
most common malignant brain tumour®. GB is characterized by genetic and phenotypic
heterogeneity and highly invasive cells that accelerate tumour growth and pose major barriers
to treatment*’. The current standard of care includes maximal surgical resection of the
tumour followed by ionizing radiation (IR) and temozolomide (TMZ). Despite these intense
efforts, the outlook for GB patients remains grim as recurrence is inevitable®. One of the main
obstacles for treatment efficiency is tumour heterogeneity which facilitates the selection of
resistant subpopulations. Tumour heterogeneity’ includes both inter-tumour heterogeneity,
variance observed at a population level, and intra-tumour heterogeneity, which accounts for
differences within individual tumours®. High resolution classification of heterogeneity and its

drivers serves to improve diagnosis and prognosis'®.

1.1.1. Inter-patient heterogeneity

Patient specific mutations and epigenetic alterations ensures no two patients will behave the
same clinically. A singular driver of GB does not exist, rather, many different oncogenic
programs, genetic mutations and extrinsic factors contributes to brain tumour formation.
Commonly affected tumour suppressor genes include tumour protein 53 (TP53)
neurofibromatosis type 1 (NF1), and phosphatase and tensin homolog (PTEN). Affected
oncogenes often include platelet-derived growth factor receptors (PDGFR), epidermal growth
factor receptor (EGFR), and murine double minute 2 (MDM2) (Figure 1)"'-"3.



Tumour suppressors Oncogenes
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Figure 1. Commonly altered genes and frequency of their modifications in glioblastoma. Tumour
suppressors include TP53, PTEN, and NF1 which are altered in 32%, 40%, and 14% of GB cases, respectively'*
'8, Oncogenes include EGFR, PDGFRa and MDM2 which are altered in 57%, 29% and 8-10% of cases,

respectively'’~'®, Created using Biorender.com.

Among these genes, an active mutant of EGFR, termed EGFR variant Ill (EGFRVIII) is the
most common. EGFRUVIII is constitutively active leading to the activation of key oncogenic
signalling pathways. Notably, the presence of EGFRUvIIl leads to the upregulation of a key
cytokine receptor, Oncostatin M Receptor (OSMR), which is significantly correlated with poor

patient prognosis?.

In addition to gene mutations, most GB cells carry copy number variations (CNV) in
chromosome 7 and 10 (+7/-10), a molecular event that involves either duplications or
deletions of genomic segments. For instance, most GB cells have multiple copies of the

EGFR gene and mutations/deletions in the PTEN tumour suppressor. Upregulation of EGFR



is associated with uncontrollable phosphorylation and low levels of PTEN are correlated with
poor prognosis and therapy resistance®'. The number of gains and losses varies among

patients, thus contributing to inter-patient heteogeneity?>23.

Finally, the tumour microenvironment (TME), which comprises brain-resident cells, immune
and vascular cells, shows variability among patients. While myeloid cells, including
macrophages, dendritic cells, monocytes, and granulocytes, remains relatively consistent
across patients, there are notable variations in the total number of T-cells. Specifically, CD4"
T-cells and regulatory T-cells remain largely absent whereas CD8" cytotoxic T-cells and
natural killer (NK) cells are shown to vary greatly between patients®*?>. Heterogeneity
amongst patients challenges the development of universal agents and treatment modalities
such that the optimal course of action becomes difficult to gauge. This shifts the emphasis
towards individualized therapies, necessitating the understanding of complex cellular

networks.



1.1.2. Intra-tumoral heterogeneity

Transcriptional analyses have revealed the existence of 4 GB subtypes: classical,
mesenchymal (MES), proneural, and neural®®. These subtypes are distinguished largely
based on expression levels of key proteins, including EGFR, NF1, PDGFRA/IDH1%6-%
(Figure 2).

Classical Proneural
EGFR, AKT2, PDGFRA,
SMO, GAST, OLIG2,
GLI2, DDL3,S0X2,
NOTCHS3, NKX2-2
JAGT1, LFNG

r Neural
eura
Mesenchymal
il MBP/MAL,
e NEFL,

: SLC12A5,
MERTYK, SYTT
TRADD, RELB, GABRAT
TNFRSF1A

Figure 2. Glioblastoma subtypes. Each GB subtype is associated with a specific gene expression pattern. The
classical subtype exhibits alterations in EGFR, AKT2, SMO, GAS1, GLI2, NOTCH3, JAG1, LFNG. The proneural
signature includes modifications to PDGFRA, OLIG2, DDL3, SOX2, NKX2-2. The mesenchymal subtype is
associated with the expression of YKL40, MET, CD44, MERTYK, TRADD, RELB, TNFRSF1A. Finally, the neural
subtype expresses MBP/MAL, NEFL, SLC12A5, SYT1, GABRA1?". Created using Biorender.com.

Each subtype demonstrates varying drug sensitivity, with the MES subtype being the most
aggressive and treatment resistance. Single cell RNA-sequencing experiments have
demonstrated that within an individual GB tumour, cells exhibiting characteristics of various
subtypes are present®*?°. In addition, GBs evolve over time, with over 60% of tumours
exhibiting a branched pattern of evolution whereby the molecular subtype of the tumour

changes upon recurrence®. Treatment modalities (IR and TMZ) alter both the genotype and



the phenotype of GB. Longitudinal transcriptome analyses using 91 paired samples taken
from patient’s pre-treatment and upon recurrence, demonstrated that only 55% of GB
samples retain their original molecular subtype®'. In another study, Wang et al. demonstrated
that 66% of primary GB switched their subtype at relapse. Strikingly, the MES subtype was
the most stable primary GB subtype, while the classical and proneural subtypes were less
frequently observed®?®. Recurrent GB tumours possess heightened malignant potential,
which may be attributed to their increased stemness and preferential selection of therapy
resistant subclones that emerge and expand*. Even prior to the selective pressure of
chemotherapy and IR, GB tumours exhibit remarkable plasticity; proliferative, self-renewal,
differentiative, and infiltrative abilities vary significantly between single cell-derived clones. As
such, multiple biopsies are necessary to comprehensively classify a tumour as the intrinsic

plasticity adds several layers of complexity®=°.

1.1.3. Models of heterogeneity

Two models are proposed to account for tumour heterogeneity, clonal evolution and cancer
stem cells. In the clonal evolution model, heterogeneity is ascribed to the result of stochastic
mutations within individual tumour cells that persist through the course of natural

selection®6?7,

Clones with the greatest fitness expand while those with selective
disadvantages are competed against. Notably, clonal advantages vary along a spatial-
temporal landscape as the requirements across tumour regions change. For instance, areas
within a tumour may become less hospitable due to the depletion of oxygen, in such a case,

“hypoxia-fit” clones would thrive. In another case, highly vascularized and nutrient dense
spaces may select for clones that possess high proliferative capacities. Therapeutic
interventions further enhance the complex sub-clonal architecture, as treatment resistant

cells emerge and expand3°,

In contrast, the cancer stem cell (CSC) model holds that a subset of cancer cells possess
indefinite self-renewal capabilities and maintain tumour growth. In this context, tumours are
organized along a hierarchy, with the CSCs cells being at the top, and differentiated cells

being at the bottom3¢41

. Cellular heterogeneity is orchestrated through processes of
differentiation, which are again, spatio-temporally regulated in a cell-intrinsic and extrinsic

manner. Importantly, the hierarchy is bi-directional, with CSCs exhibiting high degrees of



plasticity. In GB, single-cell RNA seq data demonstrates that a stemness continuum exists
across the bulk tumour and interconversions between a CSC state and non-CSC state are
made possible through cross-talks with the TME*?*3. Secretion of growth factors, cytokines,
chemokines, and exosomes by immune, inflammatory, endothelial, adipocyte, and fibroblast

cells influences the acquisition of CSC features**.

1.1.4. Brain tumour stem cells

The discovery of a population of GB CSCs termed brain tumour stem cells (BTSCs) has
transformed our understanding of GB pathogenesis and the many barriers posed by their
existence. Slow cycling or dormant BTSCs can evade conventional treatments (IR and TMZ)
and re-enter the cell cycle to undergo self-renewal and recapitulate all cellular subpopulations
of the tumour, effectively maintaining heterogeneity**°. BTSCs originating from different
populations are highly diverse, with extensive genomic diversity and plasticity*’“**0. For
instance, proliferative, self-renewal and tumourigenic capabilities vary between different
BTSC populations, which also show variable expression of NSC markers such as NESTIN,
SOX2, VIMENTIN, and CD133. Furthermore, BTSCs exhibit differential abilities to reversibly
exit the cell cycle. This is achieved by repressing cell cycle machinery such as cyclins, and
cyclin dependent kinases (CDKs), while increasing the activity of CDK inhibitors, p21 and
p27, to prevent unidirectional passage through the cell cycle®.Whereas some BTSCs are
highly proliferative, resembling normal transit amplifying cells, many are quiescent.
Quiescence represents one category of cell cycle arrest that corresponds to a transient or
prolonged period of dormancy often referred to as the Go phase. Other categories of arrested
states include terminal differentiation and senescence, which are distinguished from
quiescence due to their lack of reversibility®'. On the other hand, transit amplification is the
process by which stem cells differentiate into an “amplified” precursor cell, undergoing a
series of mitotic divisions to expand the progeny of differentiated cells, while maintaining the
NSC pool®2. BTSCs are therefore classified into two categories of precursor states, stem-like
and progenitor-like, with the latter being significantly more tumourigenic®. Understanding the
dynamic behaviour of BTSCs is essential in the development of targeted therapies to combat
GB. Fortunately, their ability to recapitulate heterogenous tumours provides critical insights
into their behaviour. To study BTSCs, their characteristics should be understood in

48,54,55

comparison to normal NSCs . BTSCs display similar phenotypic and functional



characteristics as NSCs and are often cultured under similar conditions*®>°. The neurosphere
culturing system enables BTSCs to: (1) generate clonally derived cells resembling
neurospheres, (2) proliferate and self-renew, (3) retain similar tumour characteristics to parent
cells, (4) differentiate to recapitulate the phenotypic and functional heterogeneity of the
tumours from which they are derived®®’. This fourth ability makes BTSCs an invaluable tool

for modelling GB heterogeneity.

1.2. Key oncogenic pathways of glioblastoma: RTKs

Receptor tyrosine kinases (RTKs) represent a class of transmembrane proteins that are
commonly dysregulated in signal transduction pathways®®%°. They translate extracellular
stimuli into internal responses, regulating proliferation, self-renewal, growth, apoptosis,
migration, and invasion of many cancers (Figure 3)°'-%°. Receptor specific ligands induce
dimerization of receptor chains and subsequent trans-auto phosphorylation of the intracellular
tyrosine kinase domain (TKD) to induce downstream signalling cascades. In GB, the Ras
pathway is upregulated in nearly all tumours, however, activating mutations are rare’®. Rather,
upstream RTKs like EGFR can dysregulate this pathway. Ras is a guanosine-binding protein
that cycles between inactive guanosine diphosphate (GDP) form and active guanosine
triphosphate (GTP) form. Ras-GTP activates downstream effectors such as Raf and MAPK
which initiate a phosphorylation cascade, leading to cell cycle progression, angiogenesis,
survival, and migration”’~"°. RTKs also initiate the PI3K/PTEN/AKT pathway which regulates
survival, cell cycle, and growth. Upon growth factor stimulation of an RTK, PI3K is recruited
to the plasma membrane (PM) where it phosphorylates phosphatidylinositol 4,5 bisphosphate
(PIP2), to phosphatidylinositol 3,4,4-triphosphate (PIP3), which in turn leads to the
phosphorylation of the serine/threonine kinase AKT. Active AKT propagates phosphorylation
marks onto different proteins in the PM, cytosol, or in the nucleus, supporting growth, and
survival’®’’. PTEN is a negative regulator of this process which converts PIP3 back to PIP2,
thus terminating the signal. In GB, PTEN mutations are found in 41% of all cases’®. The signal
transducer and activator of transcription 3 (STAT3) transcription factor is also activated by
RTKs, such as EGFR. Once activated, STAT3 proteins dimerize and move into the nucleus
where they bind target genes such as Cyclin D1 or VEGF to promote cell cycle progression
and angiogenesis, respectively’®. STAT3 activation is correlated with poor prognosis and

promotes an immunosuppressive TME®.



The TP53 pathway also plays an important role in GB signalling. The TP53 gene, located on
human chromosome 17p13, is a highly dysregulated tumour suppressor. TP53 encodes P53,
a highly unstable transcription factor. It is negatively regulated by murine double minute 2
(MDM2), a ubiquitin ligase. MDM2 marks P53 for ubiquitin mediated degradation. In response
to stress signals, such as DNA damage, MDM2 is phosphorylated and P53 is subsequently
released, thus stabilizing its levels®'. P53 is then able to induce cell cycle arrest or
apoptosis®. In GB, P53 inactivation occurs in ~30% of all cases and corresponds to increased
self-renewal, invasion, proliferation. In addition, P53 inactivation is associated with disrupted

apoptosis and an enhanced chemo-resistant phenotype®-2’.

Receptor Tyrosine Kinase Plasma membrane

Cytosol

D)
/

©,

oG WY oo
®

//®

@&
'
@

l Self-renewal

Proliferation
@ | &
STAT3 Migration

/
)

STAT3

HE
i

Invasion

" oo~

m

B (&
54—54_ -«
~

N N

Nucleus

Figure 3. Simplified RTK regulated signalling pathway in glioblastoma. Activation of RTK induces
downstream signalling to STAT3, PI3K/AKT, RAS/RAF/MEK/ERK to promote self-renewal, proliferation, growth,

migration, and invasion. Created with BioRender.com.



1.2.1. EGFR signalling

Upregulation of EGFR is one of the most common abnormalities, observed in ~50% of all GB
cases®?®° While EGFR is sometimes only expressed in a fraction of bulk tumour cells, in
most cases, EGFR amplification is observed across the entirety of the tumour mass*®. EGFR
is a RTK which possesses an extracellular ligand binding domain, a single transmembrane
region, tyrosine kinase activity and a C-terminal region. There are 7 ligands that bind EGFR:
EGF (the canonical ligand), transforming growth factor-a (TGFA), heparin-binding EGF-like
growth factor (HBEGF), amphiregulin (AREG), betacellulin (BTC), epiregulin (EPR), and
epigen (EPGN)®'-%¢. Binding of ligands induces receptor homo- and hetero- dimerization with
others in the ERBB family, induction of tyrosine kinase activity and subsequent
autophosphorylation at tyrosine residues such as Y992, Y1045, Y1068, Y1148, and Y1173 in
the C-terminal tail®®®’. Signalling through EGFR results in the activation of various
downstream oncogenic pathways including RAS/MAPK/ERK, PI3K/PTEN/AKT, JAK/STAT,

and PLC/PKC pathway, leading to proliferation, invasion, and angiogenesis®.

In addition to gene amplification, ~50% of EGFR-amplified tumours express epidermal growth
factor receptor variant Ill (EGFRVIII), a tumour specific variant in which exons 2-7 are
deleted®®. EGFRvIII lacks major components of its extracellular ligand binding domain and
remains constitutively active/phosphorylated, independent of ligand stimulation. Constitutive
tyrosine kinase activity at low levels leads persistent intracellular signalling, which is

98-100

augmented by impaired internalization, and degradation . Signalling mediated by

EGFRUVIIl is believed to influence critical aspects of oncogenesis, including proliferation,

101105 EGFRUVIII is often found in molecular clusters at

resistance, invasion, and migration
the PM and shares overlapping signaling pathways with EGFR while also exhibiting
independent signaling capabilities'”. Unlike EGFR, which is broadly expressed throughout
the tumour, EGFRUVIII is observed in distinct cell populations, specifically, the CSC niche.
Interestingly, EGFRVvIIlI and CD133, a marker for BTSCs, are frequently co-expressed and
delineate the BTSC subpopulation. Co-expression of EGFRvIIlI and CD133 corresponds to

BTSCs with the greatest self-renewal and tumourigenic properties (Figure 4)'%.



EGFRVIII (+) BTSC

Heterogenous tumour Resistant BTSCs Isolate EGFRuvIII T\r _Tumour
survive +/- populations induction
Q T EGFRVIII N "
W o \rcm e = S tur:égur;l?o‘ rer;haat[ion
O— B~ 2
Chemcapy \r T \r \ \r

— . Low
Surgical Resection tumourigenesis

EGFRVIII () BTSC

Figure 4. EGFRVIII delineates highly tumourigenic BTSCs. Treatment of GB with radiation, chemotherapy
and surgical resection often fails to eliminate resistant BTSC populations. Isolation of EGFRvIII+/CD133+ BTSCs
and subsequent injection into 6—8 week nonobese diabetic/severe combined immunodeficiency (NOD-SCID)
mice leads to highly lethal tumour formation. In contrast, mice receiving EGFRuvIII-/CD133+ BTSCs form tumours

at a significantly lower rate with poor tumourigenic capabilities. Created with BioRender.com.
1.2.2. EGFR mediated cellular transformation

The subventricular zone of the forebrain lateral ventricles and the dentate gyrus in the
hippocampus, house adult NSCs'%. These neurogenic niches are integral for the genesis of
new neurons into pre-existing neural circuity and overall brain plasticity. The main implication
however, of an adult NSC pool is its susceptibility to malignant transformation'%_ For
instance, Holland et al. demonstrated that delivering a constitutively active form of EGFR, into
astrocytic progenitors of a genetic mouse model, can induce glial transformation with very
similar features to human gliomas. Notably, EGFR-induced mutagenesis required two
additional mutations: deletion of INK4a—ARF locus'®. This genetic region encodes two
tumour suppressors molecules (p16INK4a and p19ARF) that regulate cell cycle
progression%'" Interestingly, both the NSC (Nestin expressing) and astrocytic
compartments (GFAP expressing) are equally permissive for gliomagenesis''?. Therefore, in
the presence of active EGFR signalling, cells of the glial lineage with dysregulated cell cycles,

are suspectable to the development of glioma-like lesions™%.
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1.2.3. EGFRUVIIl induces STAT3 activation to promote GB progression

Transcriptional variation among GB cells of different lineages intricately influences the
behaviour of oncogenes and thus challenges the selection of appropriate therapeutic targets.
For instance, de la Iglesia et al. demonstrated that STAT3 takes on either a pro-oncogenic or
pro-tumour suppressive role in GB, depending on the status of EGFRVIII. In the presence of
EGFRuVIII, STAT3 functions in a tumourigenic capacity whereby it forms a complex with
EGFRUVIII in the nucleus of glial cells and drives the expression of gene networks involved in
tumourigenesis''*"4. Loss of STAT3 attenuates EGFRuvIII driven transformation, proliferation
and tumourigenesis. In contrast, suppression of STAT3 in PTEN deficient (EGFRvIII negative)

3 One mechanism

GB cells increases proliferation, invasion, and their tumourigenic capacity
by which STAT3 exerts its tumour suppressive effects is through suppression of chemokine
IL8, which is frequently upregulated in PTEN deficient GB. Activated STAT3 occupies the
promoter of IL8 and represses its expression thereby blocking proliferation, invasion, and
tumourigenesis'. In another study, Puram et al identified inducible nitric oxide synthase
(INOS) as a direct target gene of STAT3 during astrocyte transformation in the presence of
EGFRUVIIIL. Loss of INOS significantly attenuates proliferation, invasion and tumourigenesis.
However, in PTEN deficient (EGFRVIII negative) astrocytes, iINOS inhibition does not
significantly influence proliferation and invasion. Thus, depending on the presence or
absence of EGFRUvIIIl, STAT3 takes on a pro-oncogenic or pro-tumour suppressive role. These
studies underscore the importance of mapping the genetic landscape of GB tumours and to
decipher multifaceted interactions between proteins to determine appropriate therapeutic

targets.

1.2.4. EGFRUVIII drives proneural-mesenchymal transition

At present, TMZ is the first line systemic chemotherapeutic agent used for patients with GB"°.
However, in almost all cases, disease recurrence in inevitable. Complex multifactorial
processes such as methylation status of O6-methylguanine-DNA methyltransferase (MGMT),
extracellular vesicles, epithelial to mesenchymal transition (EMT), and BTSCs influence
resistance and recurrence'®""°. Among these mechanisms, EMT provides an important
mechanism of resistance. The process of EMT converts immotile epithelial-like cells, into

motile mesenchymal like cells. During this process, cells can acquire CSC-like features and
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form tumours more easily'?%121,

Preventing shifts towards mesenchymal-like states
represents an attractive but challenging approach with the potential to significantly improve

clinical management of cancer.

In GB, the proneural subtype is known to undergo a switch to MES upon recurrence. In MES
form, cells acquire heightened capacity for proliferation, self-renewal, and therapeutic
resistance'??'?_ |n addition, the MES subtype is closely associated with BTSC features, a
primary cell type that challenges therapeutic success''®. EGFRvIIl has recently been
suggested to promote resistance to TMZ by promoting EMT. To investigate the relationship
between EGFRUVIII status and TMZ sensitivity, Shi et al. followed up with GB patients with
EGFRUVIII negative (-) or positive (+) status. They found that EGFRvIIl (-) patients had
prolonged survival with TMZ treatment, while no significant difference was observed in overall
survival for EGFRUVIII (+) patients regardless of TMZ treatment. This indicates that EGFRuvIII
status affects TMZ sensitivity, with EGFRUVIII (-) patients receiving more benefit. Furthermore,
in addition to the expected increase in proliferation, migration and tumourigenesis, exogenous
expression of EGFRVIII in BTSCs significantly reduced proneural signatures (SOX2,
NOTCH1, OLIG2, and CD13) and increased MES markers (CD44, BCL2A1, LYN, and WT1).
These results suggest that EGFRVIII plays a critical role in orchestrating treatment resistance
by inducing MES states in BTSCs.

Despite a well characterized role in GB pathogenesis, targeted therapies towards EGFR and
EGFRuvIII using tyrosine kinase inhibitors as a monotherapy or antibodies, have shown limited
efficacy in patients®. For instance, in response to gefinitib and lapatinib, first generation
EGFR inhibitors, EGFR acquires a T790M resistance mutation which renders these drugs
ineffective’®12°. A targeted EGFRUVIII vaccine, Rindopepimut (CDX-110) was proven to be
safe, immunogenic and tumour specific in a phase | clinical trial but failed in a double-blind
randomized phase lll trial with a control condition'?=3°. The infectiveness of EGFR and
EGFRUvlll-targeted therapies may be explained by our knowledge gaps in understanding their
mechanism of tumourigenesis'"32. Therefore, it becomes imperative to identify EGFR and
EGFRvIII dependent pathway(s) and drug targets to modulate EGFR and EGFRuvIII in tandem
with complimentary pathways to develop novel therapeutic approaches. This feat leads us to

analyze the relationship between tumours and their microenvironment.
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1.3. Cytokine Signalling

Cancer stromal cells in the TME promote cancer progression through several paracrine
mechanisms'®13°. One such mechanism is through a dysregulated stroma, which can
enhance the production and release of cytokines. Cytokines are small (15-20kDa) secreted

proteins that mediate cell communication in the TME"3.

1.3.1. Tumour Microenvironment

Cancer cells exist in a complex and reciprocal relationship with their microenvironment. This
milieu is composed of soluble factors, vasculature, stromal cells, immune cells, and the
extracellular matrix™”38_ Other components of the TME include specific environmental
conditions such as acidic pH, high concentration of reactive oxygen species (ROS) and/or
hypoxia'’. Exploitation of the local environment and hijacking of non-transformed cells,
enables a cancer permissive niche%'40, Regular interactions between tumour cells and their
adjacent allies stimulates clonal evolution, development of heterogeneity, multi-drug
resistance, invasion, and migration™%'*°_ Immunosuppression is a main driver of cancer
progression. The mechanism to achieve such a state involves release of cytokines,
expression of specific cell surface proteins, or the production of metabolites. Amongst these
mechanisms, cytokines are master regulators of the TME, representing the main

communication link between cancer cells, stroma, and immune cells'®.

The cellular make-up of the glioma TME includes astrocytes, microglia, T-cells, cancer
associated fibroblasts, and macrophages (Figure 5). Amongst each population, the glioma
associated macrophages (GAMs) dominate up to 50% of the TME'. GAMs are divided into
two categories: pro-tumour or anti-tumour. Pro-tumour GAMs can inhibit immune responses
and enhance tumour progression. They lack specific expression of T cell coactivators (CD86,
CD80, and CD40), and release anti-inflammatory cytokines such as IL-6, IL-10, IL-13 and
TGF-B. In an immunosuppressed state, cancer cells evade detection and destruction. Many
IL-6 cytokines are also shown to elicit cancer promoting features, making them an attractive
target for inhibition. In contrast, anti-tumour GAM release pro-inflammatory cytokines such as
TNF-a, IL-1B, IL-12, IL-23, and NO. These cytokines promote an immune response that

consequently enhances the detection and destruction of tumour cells'46:148-153,
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Figure 5: Tumour microenvironment in glioblastoma. The figure describes a simplified view of the
microenvironment present in the diseased brain. Tumour cells emerge and expand in a permissive
microenvironment. Different cell types include glioma cells that interact with astrocytes, microglia, T-cells, cancer
associated fibroblasts, and macrophages which promotes tumour growth, angiogenesis, EMT, metastasis, and

resistance. Created with BioRender.com.

1.3.2. IL-6 Family of cytokines

The Interleukin 6 family of cytokines consists of eight members: IL-6, IL-11, ciliary
neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), oncostatin M (OSM),
cardiotrophin 1 (CT-1), cardiotrophin-like cytokine (CLC), and IL-27. Each member shares a
common gp130 (130kDa) signalling subunit. After ligand binding, IL-6 receptors dimerize with
gp130 and recruit janus kinases (JAK) triggering several intracellular pathways including
STAT, PI3K, and MAPK'#815415 "\ith STAT3 being a critical mediator of cytokine induced
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tumourigenesis through its activation of genes involved with increased proliferation, survival,

EMT, and transformation48:149.15€

1.3.3. Oncostatin M/Oncostatin M Receptor signalling

An important cytokine involved with such immunopathogenesis is OSM, a member of the IL-
6 family of cytokines. OSM is mainly secreted by activated immune cells such as
macrophages, T-lymphocytes, dendritic cells and neutrophils. In addition, microglia, neurons,
and fibroblasts also secrete OSM. OSMR is expressed on solid tumour tissue cells,
endothelial cells, dendritic cells and stromal cells®*'%":'%® OSM binds to the heterodimeric
OSM receptor (OSMR) composed of gp130/OSMRp to propagate external signals (Figure
6)158_
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Figure 6. OSM and OSMR expressing cells. OSM is produced and released by microglia, neurons, astrocytes,
macrophages, activated T-cells, fibroblasts, neutrophils and dendritic cells. OSM binds to OSMR present on fibroblasts,
endothelial cells, BTSCs, and dendritic cells. OSM-OSMR leads to recruitment of JAK1/2 which activates downstream
effectors STAT3, ERK1/2, and PI3K/AKT leading to increased capacity for self-renewal, increased invasion, migration

and MES signature in GB cells. Created with BioRender.com.

Low affinity binding takes place between OSM and gp130 which is strengthened when a
second receptor chain is recruited, either OSMRP or LIFRa'™®. The intracellular domains of
both OSMR and gp130 lack intrinsic kinase domains and thus rely upon the recruitment of
receptor associated JAKs to transmit signals'®. Upon ligand binding, OSM signals are
propagated by JAK1 and JAK2 which transphosphorylate each other and the intracellular
domains of the receptor complex. OSM/OSMR signalling leads to the activation of key
oncogenic signalling pathways including MAP kinase cascade, the PI3K pathway and
STAT3'%. OSM dysregulation is reported in a variety of different cancers where it exhibits
pleiotropic effects. Initially recognized as a tumour suppressor, OSM was observed to
demonstrate inhibitory effects on several tumors like melanoma, lung carcinoma,
neuroblastoma, and breast carcinoma'®''®2, However, additional studies revealed synergistic

effects on tumorigenesis and chronic inflammation63-16¢,

1.3.3.1. OSM/OSMR in glioblastoma

The MES subtype of GB is the most aggressive and treatment resistant subtype. Both cell-
intrinsic and extrinsic mechanisms are suggested to drive malignant transformation. In GB,
OSM is implicated in MES transitions'®”®®. OSMR is highly expressed in the MES subtype
of GB and has low expression in the proneural subtype. Treatment of GB cell lines (LN18 and
LN229) with OSM increases the MES signature (YKL40/CHI3L1, fibronectin) and decreases
the proneural signature (Olig2). This is associated with increased invasion, migration, and
self-renewal. Notably, OSM-mediated signalling contributes to the aggressiveness of GB in a
STAT3-dependent manner'®®. Depletion of STAT3 inhibits the OSM-mediated induction of
MES genes'®'%. The major source of OSM comes from GAMs, which enrich themselves
close to the MES subtype. Notably, the Cancer Genome Atlas Consortium (TCGA) MES gene
expression pattern is highly expressed in immune cells in addition to the GB MES cells.
Interestingly, the number of MES-like GB cells is proportional to the abundance of immune

cells. Depletion of macrophages using clodronate has been demonstrated to decrease MES-
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like GB cells. These macrophages have high expression of OSM which is matched by a high
expression of OSMR in the malignant cells, indicative of a ligand-receptor interaction. While
the GAMs induce MES transition of GB cells, they are reciprocally affected by GB cells
(Figure 7). For instance, GB cells release Colony Stimulating Factor 1 (CSF1) and C-X-C
motif chemokine 10 (CXCL10), which maintains the function and survival of GAMs and
promotes invasion of GB'"°. Other chemokines such as stromal cell-derived factor 1 (SDF-1)
and osteopontin (OPN) promote recruitment of macrophages to the tumour site''. GB
derived chemokine (C-C motif) ligand 2 (CCL2) and chemokine (C-C maotif) ligand 5 (CCL5)
recruit regulatory T-cells which inhibit the function of CD4" and CD8" effector T cells, natural
killer (NK) cells, and antigen-presenting cells (APC)'72-174_ CCL2 also induces the production
and secretion of macrophage derived IL-6, IL-10, which in turn, promotes GB invasion'’°.

Thus, a reciprocal relationship exists between tumour cells and their TME’s which promotes

GB progression.
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Figure 7. Reciprocal relationship between GB cells and glioma associated macrophages. Glioma
associated macrophages are known to be a source of OSM, IL-6, and IL-10 which in turn, leads to the secretion
of CXXL10, SDF-1, OPN, CSF-1, CCL2, and CCL5. Secretion of cytokines and chemokines promotes invasion
and migration, immunosuppression, proneural to mesenchymal transitions and BTSC proliferation. Created using

Biorender.com.
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1.3.3.1.1. OSMR orchestrates feedforward signalling with EGFRvIII
and STAT3 in GB

The tumourigenic mechanisms of EGFRVIII are not fully understood. Recently, Jahani et al.
conducted global RNA sequencing to demonstrate that OSMR is highly expressed in all
EGFRUvIIl expressing human BTSCs and mouse astrocytes. Notably, they found that OSMR
has a common network of target genes with EGFRVIII. This discovery led them to an important
finding that OSMR functions an essential co-receptor of the oncogenic EGFRuvIIl and can also
form a complex with phosphorylated (active) wild type EGFR which leads to the activation of
STAT3. Concurrently, they showed that STAT3 binds to the OSMR promoter to upregulate its
expression thus orchestrating a feed-forward mechanism in GB (Figure 8)?°. Phosphorylation
of EGFR and EGFRUVIII is required for its binding to OSMR and subsequent activation of
STAT3. Loss of OSMR attenuates EGFRUvIIl and STAT3 phosphorylation, thus supressing
downstream signalling pathways and blocking brain tumor formation?. This study highlights
the promiscuous and heterodimeric binding that takes place between EGFRvIII and receptors
in GB cells. Furthermore, it highlights the potential of OSMR as a therapeutic target for GB.

OSMR/EGFRvIII
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active EGFRvIII\r J % Receptor B
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Figure 8. OSMR orchestrates feedforward loop in BTSCs. OSMR binds constitutively active/phosphorylated
EGFRUVIII, leading to STAT3 phosphorylation. Active STAT3 proteins dimerize and move into the nucleus and
drive expression of OSMR, leading to positive feedback. Created using Biorender.com.
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1.3.3.2. OSM/OSMR in breast cancer ECM remodeling

Dynamic restructuring of the extracellular matrix (ECM) provides an opportunity for tumour
cells to grow and escape their local environment'’®. In breast cancer, OSM/OSMR mediate
the biochemical signals that drive ECM remodelling. Both OSM and OSMR are highly
upregulated in the human breast cancer stroma'’’. The stroma harbour cancer associated
fibroblasts (CAFs), which are a central component of primary and metastatic TMEs'’®. Araujo
et al. demonstrated that suppression of OSMR in mammary tumours significantly delays
tumour onset, growth, lung metastasis and tumour burden at 14 weeks. Interestingly, this is
associated with decreased levels of CAF-derived fibronectin, an extracellular matrix protein.
The stromal OSM/OSMR axis is also a critical regulator of tumour progression. By
orthotopically transplanting breast tumour cells into an Osmr-KO mouse or wild-type mice,
researchers assessed the contribution of stromal OSM signalling. Results demonstrated that
OSMR depletion in the TME delayed onset and growth of mammary tumours. Follow up
single-cell RNA sequencing (scRNA-seq) analysis revealed that tumour infiltrating myeloid
cells are mainly responsible for producing OSM while OSMR is mainly expressed by
fibroblasts and some cancer epithelial clusters. Furthermore, CAF activation via OSM
enhances their contractile ability, enabling biomechanical reorganization of extracellular
matrix proteins through active STAT3 signalling’’. This upregulates genes associated with
CAF activation (SERPINB4, THBS1, RARRES1, and TNC) and is associated with invasion
and poor prognosis in breast cancer patients'”7°. Additionally, OSM/OSMR signalling
remodels the TME through chemokine secretion and myeloid cell recruitment, as evidenced
by microarray and transcriptomic analyses showing upregulation of pathways related to
leukocyte chemotaxis and inflammation’” 8181 OSM induces expression of key
chemoattractants (CXCL10, CXCL12, CXCL7, and CCL20) in vitro and accordingly promotes
immune cell colonization at the tumour site in vivo. Abrogation of OSMR signalling in Osmr-
KO mice reduces populations of F4/80-positive macrophages and Ly6G-positive myeloid
cells"””. The tumour infiltrating immune cells adopt a protumoural and immunosuppressive
phenotype as evidenced by CXCR4 and CCR5 positivity'’”18%181 Qverall, OSM in breast
cancer organizes a protumoural crosstalk between cancer cells, the immune system and the

ECM which has major implications in tumour progression.
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1.3.3.3. OSM/OSMR promote pro-tumourigenic TME in pancreatic cancer

In pancreatic ductal adenocarcinoma (PDA), heterocellular OSM/OSMR signalling
reprograms CAFs and orchestrates interactions among immune cells, cancer cells and
stromal components, fostering a pro-tumourigenic microenvironment conducive of tumour
growth and metastasis'®. Elevated OSM and OSMR expression in PDA correlates with
poor prognosis, with OSMR localized to stromal and epithelial compartments, and OSM
expressed by immune cells'®. PDA is regulated by a complex microenvironment composed
of inflammatory CAFs, CD4" regulatory T-cells, myeloid derived suppressor cells and
macrophages (MJ) which infiltrate early during tumour development. These cell types
utilize matrix metalloproteinase (MMP) and IL-6 signalling to promote tumour progression

while concurrently suppressing anti-tumour immunity 183184,

Lee et al. demonstrated that co-culturing pancreatic cancer cells (PCCs), Mds and
pancreatic stellate cells (PSCs) upregulates expression of several pro-tumoural cytokines
(IL6, LIF, CXCL1, GM-CSF and CCL2) previously shown to activate the cancer stroma and
promote an immunosuppressive microenvironment'82.185-18% They determined that
Individual signals are released in a cell-specific manner whereby Mds express tumour
necrosis factor (Tnf) and OSM, PSCs release 116, Cxcl9 and Cxcl10, and PCCs express
Csf2 and Cxcl5. Strikingly, OSM stimulation of CAFs drives a phenotypic shift from
myofibroblastic to inflammatory, characterized by increased expression of 116, ll4ra

Cxcl1, Mt2. This process is accompanied by upregulation of OSMR with concaminent
activation of several signal transduction pathways (PI3K-AKT-mTOR, MEK-MAPK and
EMT). Finally, they performed orthotopic transplantation of PCCs into Osm deficient mice
which resulted in decreased tumour size, no overt metastasis, and a shift towards a more
immunogenic microenvironment'®. Overall, these results demonstrate that OSM/OSMR

establishes a pro-tumourigenic microenvironment that enables PDA progression.

1.3.3.4. OSM in cancer cell plasticity

Cancer cell plasticity is a non-mutational process that enables malignant cells to

dynamically acquire distinct functional and phenotypic characteristics in response
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environmental cues'®'". The developmentally regulated process of EMT has been linked
to cancer plasticity. EMT enables transitions of cancer cells from a more
differentiated/epithelial state into a stem-like/MES state'®2. This process is mediated by the
TME, whereby cytokines, chemokines and growth factors drive phenotypic and functional

transitions'®.

Junk et al. explored the role of 28 cytokines in promoting EMT and CSC acquisition. Their
results demonstrated that six of the nine cytokines that drove the expansion of MES/CSC
(CD24-/CD44+) from epithelial/non-CSC (CD24+/CD44-) are from the IL-6 family of
cytokines: IL-6, CNTF, CT-1, CLC, LIF and OSM. Of these members, OSM was the most
potent inducer of EMT and CSC acquisition, concomitant with the greatest level of STAT3-Y-
705 phosphorylation. Sustained exposure to OSM resulted in the progressive emergence of
spindle-shaped and vimentin expressing, MES cells from epithelial/non-CSC that expressed
E-cadherin at the cell periphery'®®. The loss of E-cadherin, a cell adhesin molecule, leads to
metastatic dissemination and triggers EMT-related processes'®*. Junk et al. further
demonstrated that OSM induction of EMT/CSC properties is STAT3 dependent and requires
TGF-B/SMAD signaling. Flow cytometry analyses demonstrated that while OSM treatment
expanded the CD24-/CD44+ MES/CSC pool from 1.7 to 33.8%, co-administration with a
TGF-pB receptor type | (TGFBRI) inhibitor SB431542 supressed expansion. Finally, global
gene expression analyses demonstrated that OSM or TGF-f treatment induce highly similar
changes in an EMT signature which facilitates invasion, migration, and drug tolerance®?.
This analysis reveals the importance of OSM mediated pathways in sustaining CSC

features.

1.4. lonic Homeostasis

1.4.1. lons and lon Channels

The PM serves as a semi-permeable barrier, selectively enabling ions such as sodium (Na*),
potassium (K*), and chloride (CI) to pass through and thereby establishing an
electrochemical gradient. lon channels are classified into three major superfamilies based on
the stimuli that trigger their activity: voltage-gated, ligand-gated and mechano-sensitive ion
channels'®. Voltage-gated ion channels transmit electrical signals. They are

activated/inactivated in response to changes in the resting membrane potential’®®. Ligand-
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gated ion channels are opened is response to ligand binding to an orthostatic site, resulting

197

in a conductive conformational change™’. Mechanosensitive ion channels are biological force

sensing systems that transmit mechanical stimuli'®.

Allion channels are specialized transmembrane proteins that facilitate the rapid and selective
movement of ions across the membrane. These channels offer energetically favorable routes
for ion flux, driven by the electrochemical gradients established by ion concentration
differences across the membrane. This gradient serves as a source of energy for various
cellular functions, including neuronal signaling, proliferation, motor control, apoptosis, and
memory consolidation. The precise control of ionic fluxes is therefore essential for all life'®°.

Beyond these traditional roles, aberrant expression and dysregulation of ion channels are
implicated in various diseases, including cancer, where they contribute to tumor proliferation,
self-renewal, invasion, migration, angiogenesis, and resistance to conventional therapies
such as chemotherapy'®*?°". Due to their susceptibility to regulation by small molecules, PM
ion channels are promising therapeutic targets and current efforts are aimed at elucidating

their role in cancer.

1.4.2. The ion permeome and cancer

The ion permeome, a dynamic mosaic of channels, transporters and ion controlling proteins,
is increasingly recognized as a pivotal player in tumorigenesis. In over 9000 cancer samples,
genes responsible for the ion permeome show increased expression?°2. For example, voltage
gated Na* channels are implicated in the invasion and metastases of breast cancer cells. In
GB, the Na*/H" exchanger (NHE9) is found to limit luminal acidification of lysosomes and
EGFR turnover, thus sustaining EGFR-related signalling pathways and driving tumour growth
and migration?®®. The mechanosensitive ion channel, Piezo1, orchestrates a feedforward

mechanism to drive proliferation and stiffening of gliomas?**

. Invadopodia formation in
metastatic prostate cancer cells require NALCN-mediated Na* influx to maintain Ca?
oscillations?®. The mitochondrial potassium channel, K,1.3, shows elevated expression in
pancreatic, melanoma, and leukemia where its inhibition induces cell death in chemo resistant
cells?*-2%8_ Of the ion channels, CI- channels are considered one of the most active during
tumourigenesis. Altered CI- flux in tumours is mediated by the expression of several types of

Cl- transporters including voltage-sensitive CIC subfamily, y-Aminobutyric acid type A
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(GABAA) receptors, Ca?* dependent Cl- channels, Maxi-Cl- channels, the cystic fibrosis
transmembrane conductance regulator (CFTR), and volume-regulated channels?®-2'* These
channels mediate electrostatic compensation, cell volume regulation, pH balance, cell fate
changes, and motility of cancer cells?'®. The emerging understanding of the ion permeome’s

role in tumorigenesis seeks to transform our therapeutic interventions for a variety of cancers.

1.4.3. Chloride Intracellular Channel Family

The Chloride Intracellular Channel (CLIC) family are an emerging class of CI" ion channels
involved in cancer development?'®-2*', There are six known members CLIC1, CLIC2, CLIC3,
CLIC4, CLIC5 and CLIC6 that are highly conserved among metazoa?*?-2%’, Each member
shares a ~240 amino acid sequence belonging to the glutathione transferases (GST) fold
super- family. This fold is believed to serve a cellular detoxification purpose and CLICs are
known to display dual roles as enzymes and ion channels?*®2%*. These metamorphic proteins
exist in an equilibrium between soluble globular form and integral membrane form, making
them distinct from typical anionic channels. CLIC proteins predominantly exist in their soluble

240241 Biochemical and

form and lack a membrane targeting leader sequence
immnunocyto/histochemical assays demonstrate that CLICs are distributed throughout the
nucleoplasm, cytoplasm, inner mitochondrial membrane, secretory vesicles, exosomes,
lysosome, luminal membrane, and golgi apparatus?2236.240-245 Agsociation with the PM is
observed under pathological conditions?*°. CLIC proteins are involved with maintenance of
mitochondrial functional integrity, generation of cellular ROS, involvement in mitochondrial
stress response, activation of inflammasomes, acidification and proteolysis of phagosomes,
and preservation of cytoskeletal filament integrity?®5246-248 Several members of the CLIC
family are associated with pathological conditions, including cardiac dysfunction, hearing
loss, Alzheimer’s disease, and all stages of cancer development, including initiation,

progression, resistance, and recurrence?%-2%8,

1.5. Chloride Intracellular Channel 1

Among the CLIC family, the Chloride Intracellular Channel 1 (CLIC1) plays a prominent role

in GB pathogenesis?3?-231:244.249250 G| |C1 is a voltage-dependent ion channel belonging to

259-261

the highly conserved class of CLIC proteins . Soluble CLIC1 is a monomer that contains
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a glutaredoxin-like active site, like the omega class of glutathione-S-transferases (GST) and
forms a covalent bond with glutathione through Cys-24 present in its amino terminal domain
(NTD)?%%62_|n tissues, CLIC1 is mainly found in soluble cytoplasmic form but can undergo
major structural rearrangements to insert into lipid membranes in response to various stimuli.
The transition of cytosolic CLIC1 to PM CLIC1 is regulated by oxidative stress, pH and

presence of divalent cations (Figure 8)%2-254,
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Figure 9. Role of CLIC1 in cancer hallmark acquisition. Chloride Intracellular Channel 1 is highly expressed in
BTSCs. Structural regulation of CLIC1 by oxidative stress, divalent cations, and low pH promotes membrane insertion.
Oxidative and acidic stress promote BTSC features. As a chloride ion channel, CLIC1 facilitates acquisition of different
hallmarks of cancer: self-renewal, proliferation, cell volume, invasion and migration. Created with BioRender.com.
Adapted from Randhawa et al. 20232%.

1.5.1. CLIC1 structural regulation

The redox-sensitive motif of CLIC1 is proposed to be Cysteine-24, located on the luminal side
of the membrane®®%7_ |n the presence of excess ROS, CLIC1 is oxidized and forms an
intramolecular disulphide bond between Cysteine-24 and Cysteine-59. This induces a
reversible structural transition, transforming the monomer to a non-covalent dimer. The

dimeric state exposes a large hydrophobic surface which serves as the dimer interface and

subsequently enables the formation of Cl ion channels. Redox sensitivity is eliminated when
Cysteine-24 is mutated to serine. Notably, CLIC1’s anion selectivity is Br = C| > |2°9261262 Tq
create an ionic conducting pathway, CLIC1 is hypothesized to oligomerize. The putative

transmembrane region of CLIC1 encompasses residues 24 to 46 and contains only two
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charged residues, Arginine-29 and Lysine-37, which are likely to line the ionic path. Point
mutations in these amino acids modifies biophysical characteristic of CLIC1 (conductance
and open/close state kinetics)?®®. In contrast to oxidation, a reducing environment, such as in
the presence of antioxidant molecules, reverses this process and prevents the formation of
ion channels by CLIC1%%2. Taken together, CLIC1’s structure and function are under redox

regulation.

Furthermore, CLIC1 shows pH-dependent regulation, with studies indicating lower CI" efflux
activity at neutral pH and increased activity in acidic and alkaline environments. Tulk et al.
carried out a valinomycin-dependent CI efflux assay over a range of pH values. They found
that the CI- efflux activity of CLIC1 was lowest at pH 7, with greater activity observed at higher
(pH 9) and lower pH values (pH 5)?°. In another study, Warton and colleagues discovered
that at lower pH values, CLIC1 was more likely to be inserted into artificial membranes and
function as an ion channel?’®. A recent study by Varela et al. found that CLIC1’s ionic activity
was minimal above pH 6.5%%3. By considering the isoelectric point (pl) of CLIC1 (4.5), these
findings may be explained?’®. The pl is the pH value at which a protein achieves electrical
neutrality. As the pH decreases towards 4.5, CLIC1 becomes electrically neutral. This
transition to a net zero charge decreases repulsive forces between CLIC1 subunits which
may facilitate oligomerization and ion channel formation?®®. In a similar vein, Peretti and
colleagues found that CLIC1 channel activity regulates the G1/S transition which corresponds
to a decrease in intracellular pH***2". Taken together, CLIC1 shows strong pH dependence,

with acidic and perhaps basic conditions promoting membrane insertion.

Finally, studies have highlighted the role of divalent cations, such as Ca?* and Zn?', in
regulating CLIC1's ion channel function. Both Ca** and Zn?* have been shown to affect
membrane insertion properties in various proteins, and the presence of a bound Ca?* in C.
elegans and drosophila homologues of CLIC1 have been noted?’>"°, Varela and colleagues
demonstrated that the presence of Zn?* but not Ca?*, increased the activity of CLIC1 at low
pH, confirming previous studies demonstrating the importance of low pH on CLIC1 membrane
insertion®®27®_ They also showed that CLIC1 has a direct binding affinity for Zn?*. Notably,
they found that only Zn%*, and not Ca®*, could effectively trigger membrane insertion?®?.
Regulatory insights into CLIC1’'s membrane insertion is critical for its selection as a

therapeutic target.
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1.5.2. CLIC1 and Cancer

CLIC1 is normally expressed in the brain, kidney, liver, heart, and skeletal muscle?3%-243277.278

though its expression is elevated in human cancers including hepatocellular carcinoma
(HCC), gallbladder carcinoma, gastric carcinoma, colorectal cancer, and brain
cancer??228.278-280 Changes in subcellular localization of CLIC1 from the cytosol to PM during
cell cycle progression in response to extrinsic and intrinsic stimuli is shown to dictate its

oncogenic function?30:244.281

. Through leveraging these intrinsic characteristics, it may be
possible to selectively target CLIC1 for cancer therapy while sparing normal cells. Elucidation
of the role of CLIC1 in cancer hallmark acquisition seeks to enhance our understanding of its

role in tumourigenesis.
1.5.2.1. CLIC1 regulation of BTSC self-renewal

Stem cells are specialized cells that have the capacity to replenish themselves or differentiate
into different cell types. They also possess the ability to divide indefinitely, employing two
distinct modes of symmetric or asymmetric divisions. Symmetric division results in the
generation of two uncommitted daughter cells, effectively expanding the pool of stem cells.
In contrast, asymmetric division yields one committed daughter cell alongside one
uncommitted cell®2. In cancer, this ability lends itself to the development of heterogenous

tumours that are treatment resistant®.

In ionic form, CLIC1 has been demonstrated to play a significant role in the self-renewal and
proliferation of BTSCs?°. Acidic microenvironments promote both BTSC phenotype and
CLIC1 membrane insertion?®3270283 High expression of CLIC1 is also observed in BTSCs

compared to wild-type NSCs23°

. Its involvement in self-renewal pathways and the promotion
of stem-like features makes CLIC1 a key player in sustaining the viability and growth of
BTSCs. To investigate the impact of CLIC1 inhibition in this context, Gritti and colleagues
conducted a comprehensive study utilizing three distinct BTSC populations. These
populations were subject to different culture conditions: stem cell permissive conditions to
maintain their stem-like characteristics or fetal bovine serum (FBS) containing media to
induce differentiation over a period of 14 day®*°. Notably, BTSCs exhibited high expression of
CLIC1, whereas differentiated cells lost CLIC1 expression. The researchers also observed

that treatment with Indanyloxyacetic Acid 94 (IAA94), the CLIC1 channel inhibitor, resulted in
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a significant decrease in viability among BTSCs, providing further evidence of the vital role
played by CLIC1 in the maintenance of BTSC viability. Importantly, the inhibitory effects of
IAA94 were not observed in differentiated populations, underscoring the specific importance
of CLIC1 in the maintenance of BTSCs. Furthermore, this study also revealed that the viability
of human umbilical cord-derived MES stem cells (ucMSCs), which predominantly express
CLIC1 in the cytosol and exhibit negligible CLIC1-mediated currents, were unaffected by
treatment with 1AA94. Malignant transformation of cells is associated with this change in

localization and channel activity?®*

. These findings suggest that inhibiting the CLIC1 mediated
CI” current may hold great potential for selectively impacting malignant BTSC populations

while preserving the viability of normal stem cell populations.

1.5.2.2.  CLIC1 regulation of cell volume

lons are critical regulators of cell volume. The volume of a cell corresponds to the amount of
water it holds. This volume can change depending on the amount and transport of intracellular
and extracellular osmolytes including Na*, K*, CI”, and taurine?®. This transport generates an
osmotic gradient that enables the diffusion of water across the PM. Small perturbations in cell

286 Cells utilize two main

size can adversely affect function by disrupting cell density
mechanisms to rescue their volume in response to perturbations to their resting state.
Regulatory volume increase (RVI) is a process that increases cell size in response to
shrinkage. It is mainly achieved by Na*/H" and CI”/HCOs™ exchangers. Conversely, when
cells experience volume expansion, a compensatory mechanism known as regulatory volume
decrease (RVD) activates, leading to the efflux of K*and CI™?®’. These homeostatic

mechanisms ensure structural integrity and constancy of intracellular milieu?®.

Proliferation is a key cellular function that critically relies on volume regulation. As cells
undergo cell division, dynamic changes in cell volume are required for the generation of two
equally sized daughter cells. During the prophase to metaphase transition, cells undergo a
significant volume decrease, reaching a minimum size at metaphase. This reduced volume
is preferred by the cell and is referred to as pre-mitotic condensation. Salt and water efflux
enables pre-mitotic condensation. During the final stages of cytokinesis, but prior to the
complete division of their cytoplasm, the volume of two daughter cells will match the volume

of the mother cell at prophase?®®®-291,
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CLIC1 plays a crucial role in regulating both cell volume and the cell cycle. Francisco and
colleagues found that genetic deletion of Clic1 in a Math1-Cre; SmoM2 mouse model,
resulted in decreased capacity for proliferation and increased apoptosis in medulloblastoma
(MB) cells. Additionally, the researchers observed that suppressing Clic1 caused cell swelling
in addition to mitotic defects??*. Knockdown of Clic1 in mitotic cells also exhibited significantly
decreased total currents, suggesting that CLIC1 ion channels are highly active during cell
division. Furthermore, the study highlighted the cooperative role of CLIC1 with EAG2, a
potassium ion channel known to be essential for cell volume reduction and the initiation of
mitosis?®2. CLIC1 was found to be present at the PM during interphase and mitosis, whereas
EAG2 was present only during mitosis. Colocalization of CLIC1 and EAG2 was observed
during mitosis which supports the notion of KCI efflux required for cell shrinkage prior to
division®®. Furthermore, combined knockdown of CLIC1 and EAG2 synergistically reduced
MB growth. Synergistic cell volume reduction was achieved by ectopic expression of CLIC1
and EAG2 in cerebellar granule neuron precursor cells obtained from MB tumours.
Mechanistically, CLIC1 knockdown was shown to activate the P38/ MAPK osmolarity sensing
pathway which inhibited mitotic entry. Moreover, P38 kinase activity suppression by P38
kinase inhibitors partially rescued the cell volume increase phenotype observed in CLIC1
knockdown cells??*. Taken together, the findings suggest that CLIC1 cooperates with EAG2
to regulate mitotic entry, cell volume dynamics, proliferation, and tumour growth, indicating

its potential as a therapeutic target.

1.5.2.3. CLIC1 regulation of proliferation

In GB, CLIC1 in GB is hypothesized to be a cell cycle accelerator due to its regulation by
ROS2%92%0 BTSCs harbour chronically altered metabolic conditions compared to wild type
NSCs?%. Higher basal levels of ROS in these cells can supports their survival by promoting
G1/S phase transition?®#?%°*. CLIC1 has been shown to regulate the G1/S phase transition of
BTSCs which corresponds to a peak in ROS?492942%_Treatment of BTSCs with IAA94, the
CLIC1 mediated current inhibitor, delays transition from the G1 phase, increases total time to
complete the cell cycle, and significantly downregulates proliferation. IAA94 treatment also
delays the expression of cyclin D1, an important regulator of G1/S transition®*%?%", The

expression and phosphorylation of retinoblastoma (Rb), atumour suppressor involved
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with blocking S phase entry and cell growth, is also downregulated®%?%®, Rb binds and
inhibits E2F transcription factors, which promote S phase entry. When Rb is phosphorylated,
it releases E2F which can then stimulate G1/S transition®®®. Therefore, the attenuation of Rb
phosphorylation indicates the arrest of the cell cycle at the G1 phase. Immunofluorescence
and patch clamp experiments also show higher CLIC1 levels at the PM during G1/S phase®*.
Downregulation of CLIC1 and inhibition of the CI™ current via IAA94, attenuates the self-
renewal capacity of BTSCs and stunts tumour growth in vivo®®®. The dysregulated metabolic
conditions and heightened ROS levels in BTSCs underscore the pivotal role of CLIC1 in cell
cycle regulation and tumour progression, suggesting its potential as a therapeutic target for

GB treatment.

1.5.2.4. CLIC1 regulation of invasion and migration

Coordinated  cell migration plays a critical role in  various biological
processes including immunosurveillance, would healing and embryonic development*®. In
the context of embryonic development, the process of EMT bestows cells with migratory and
invasive features, in addition to stem cell like properties and anti-apoptotic mechanisms®°*.
The EMT process transforms immotile, tightly packed epithelial cells into migratory, loosely
organized MES ones with the ability to travel large distances. EMT activating transcription
factors such as E-cadherin, repress epithelial cell markers and promote MES signalling
pathways such as Notch and Wnt**'3%2, Cancer cells co-opt these signal transduction
pathways to acquire the hallmark of invasion and migration. High grade gliomas (HGG)
invariably demonstrate a propensity to impinge upon neighbouring regions of the brain. In
their invasive nature, gliomas must acquire a wedge-like shape, a direct consequence of cell
shrinkage. This shrinkage necessitates that water be moved out of the cells which is
accomplished by the secretion of K" and CI". In this regard, gliomas must accumulate
CI” against its concentration gradient; the resting membrane potential of a glioma cell is
~=40 mV whereas it's ~—80 mV for a normal astrocyte. As the equilibrium potential for
CI” channels is more positive, opening of these channels causes efflux of ClI” ions, enabling
cell shrinkage and invasion3®3%_ CLIC1 expression is strongly associated with the highly
aggressive MES subtype of GB, which is associated with high infiltration rates, hypoxia,
necrosis, inflammation, and multitherapy-resistant features as compared to other

transcriptional subtypes. As such, MES GB patients tend to have poor survival. As the
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astrocytic tumour grade increases, the expression of CLIC1 also rises. Interestingly, higher
expression of CLIC1 is associated with poor patient survival. These findings highlight the
critical role of CLIC1 in promoting the migration and invasion processes within GB, particularly
in the aggressive MES subtype. Additionally, CLIC1 shows promise as a potential prognostic

marker for predicting patient outcomes in GB?7:299:305-308,

1.6. Identification of components of the OSMR interactome including CLIC1 via
Mammalian Membrane Two-Hybrid High Throughput (MaMTH-HTS) screening

Global approaches to identify OSMR-binding partners have revealed a shared gene network
between OSMR and EGFRUVIII, constituting the same receptor complex. However, OSMR
demonstrates distinct downstream targets, independent from EGFRvIIl. OSMR plays a
crucial role in driving cells towards MES-like glioma states. Notably, a mitochondrial OSMR
operates independently of EGFRUVIII to sustain mitochondrial respiration. Deletion of OSMR
disrupts oxidative phosphorylation, leading to increased ROS production and sensitizing
BTSCs to IR, suggesting its involvement in multiple pathways driving GB pathogenesis.
These findings prompted an inquiry into the mechanisms by which OSMR interacts with other
key oncogenic players to sustain its signalling in both the absence and presence of EGFRUVIII.
To explore this, our laboratory conducted a Mammalian Membrane Two Hybrid High
Throughput Screen (MaMTH-HTS) to elucidate potential interactions involving OSMR under
varying conditions of EGFRVIII presence or absence. The screen was performed in HEK293T
cells engineered to express or lack EGFRVvIIl. OSMR was used as a bait and a prey library of
~8000 open reading frames the Human ORFeome V8.1 collection was used’ which enables
high-throughput screens in multiple cell lines®®®
partners (including 52 PM proteins) and 137 OSMR/EGFRUVIII hits (including 33 PM proteins)
were identified. Our data revealed 29 candidate binding partners of OSMR that were

. After rigorous screening, 177 OSMR-unique

commonly found in both groups, 7 of which were recognized as PM proteins. (Figure 9). The
PM proteins consisted of both integral membrane proteins and proteins associated with the
membrane. Using Gene Ontology (GO) terms, functional analyses of proteins clusters within
each group highlighted metabolic processes and signalling as predominant categories across
all groups (Figure 9). Additionally, the analyses revealed an enrichment of GO terms related
to immune system processes in the OSMR-unique interactome, while regulation of

biogenesis processes emerged as a top term in the OSMR-EGFRuvIII category. Mapping the
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interactome of OSMR serves as a valuable tool for delineating the molecular networks
involved in different pathogenic conditions and aims to identify how OSMR regulates GB

across different GB subtypes.
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Figure 10. MaMTH-HTS interactome for OSMR-unique and OSMR/EGFRVIIl expressing cells. OSMR
specific interactions are shown in blue, OSMR/EGFRUVlII interactions are shown in red. Common binding partners
are shown in the center. Jahani et al. Unpublished.

1.7. Hypothesis and Aims

Hypothesis: CLIC1 functions as an essential regulator of OSMR/EGFRUvIII in BTSCs to drive

tumorigenesis.
Aim 1: To assess effects of CLIC1 on BTSC self-renewal and tumourigenesis.

Aim 2: To determine CLIC1’s influence on downstream signals from OSMR/EGFRUVIII.
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2. Materials and Methods

2.1. Patient Derived BTSC culture
Primary human brain tumour stem cell lines (BTSC12, BTSC30, BTSC73, and BTSC147)
were established following surgical excision of patient tumours. Tumour samples were placed
into neurosphere culture conditions, as described®'. Cells were maintained and grown in
ultra-low-attachment flasks (Corning) in complete BTSC media: NeuroCult NS-A medium
(StemCell Technologies, Inc., #05750), supplemented with penicillin-streptomycin (1:100,
Sigma Aldrich, P4333), heparin (2 ug/ml, StemCell Technologies, Inc., #07980), human EGF
(20 ng/ml, Miltenyi Biotec, #130-093-825) and human FGFb (10 ng/ml, Miltenyi Biotec, #130-
093-838). Primary tumour spheres were expanded and cryopreserved in 10% dimethyl
sulfoxide (DMSO) (Sigma-Aldrich) until use in experiments. BTSCs were passaged every 4-
7 days or before necrotic core became visible (~200-250um in size). This was accomplished
by using a 10ml serological pipette to collect cells, centrifuging at 80 x g for 10 minutes,
aspirating the supernatant and adding of 200ul of ACCUMAX (Innovative Cell Technologies,
#AM105) for 10 minutes at 37°C in a water bath. This was followed by addition of 800ul of
complete BTSC media. The pellet was gently mixed approximately 10-15 times using a P1000
followed by P200 pipettes sequentially to ensure complete dissociation of spheres. Cells were
counted using 0.4% Trypan Blue Stain (Gibco, #15250-061) and plated at a density

corresponding to the size of the flask and the desired duration of incubation (Table 2).

Table 1: Preparation of complete BTSC media

Reagent Final Concentration Volume
Streptomycin 0.5mg/mL:500U/mL 500 pL
(50 mg/mL)- penicillin

50,000 U/mL

Heparin (2 mg/mL; 1000 IU/mL) 2ug/mL:11U/mL 50 pL
Human EGF (40 mg/mL) 20ug/mL 25 uL
Human FGF (20 mg/mL) 10ug/mL 25 uL
NeuroCult NS-A medium N/A 49.4 mL
Total N/A 50 mL
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Table 2: Optimal BTSC plating densities

Platting Number of cells for 2-3 | Number of cells for Volume BTSC Media
Vessel day incubation 6-7 day incubation

T-75 flask 3x10° 5x10° 7 mL

T-25 flask 1x 106 2.5x10° 3mL

2.2. Electroporation
To generate a transient knockdown (KD) of Clic1 in patient derived BTSCs, a smart-pool of
short interfering siRNAs was used. Briefly, 1 million cells were processed into a single cell
suspension and subsequently mixed with ON TARGET-plus SMART pool human CLIC1
siRNA (Dharmacon, #L-009530-00-0005) at a concentration of 100nM, or ON TARGET-plus
non-targeting pool (Dharmacon, #D-001810-10-05), at a concentration of 100nM. siRNA was
delivered using the BTX™ Gemini X2 Electroporation System set at 250 volts, resistance
1050Q, capacitance 250uF, and an electrode gap of 2mm. Electroporated cells were plated
in a T-25 culture flask containing BTSC media and incubated at 37°C and 5% CO.. Cells were
plated for ELDA 24 hours after electroporation, while cells utilized for gene expression and

immunoblotting were collected after 72 hours.

2.3. Gene Expression Analysis
Total RNAs were isolated from cells using the TRIzol method. Pelleted cells were incubated
with 1 mL TRIzol digestive reagent (Invitrogen, #15596026) for 5 minutes at room
temperature. Following this, 0.2ml chloroform (Sigma Aldrich, #288306) was added,
vigorously shaken for 20 seconds, and incubated for 2-3 minutes at room temperature. After
centrifugation at 12,000 x g for 15 minutes at 4°C, 0.5 ml of the upper aqueous phase was
mixed with 0.5ml isopropanol in a clean tube. This mixture was incubated at room
temperature for 15 minutes and then centrifuged at 12,000xg for 10 minutes at 4°C. The
supernatant was discarded, and the RNA pellet was washed with 75% and 100% ethanol,
each followed by centrifugation at 7500 x g for 5 minutes at 4°C. After air-drying for 10 minutes
in a sterile biological hood, the RNA pellet was dissolved in 20-50 uL RNase-free water and
incubated at 55-60°C for 10-15 minutes. Reverse transcription was performed using the 5X
All-In-One RT MasterMix cDNA synthesis system (abm, #G492). The resulting cDNA was

used for subsequent quantitative real-time PCR. For RT-gPCR analysis, the fluorescent dye
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Green (Bio-Rad, #1725271) was employed. Primers (Table 3) were combined with 1l of 5um
forward primer, 1ul of 5um reverse primer, and 5ul SYBR Green to create the PCR mix. This
mix, along with 3ul of 30 ng cDNA, was used to generate a final plated mix of 10yl total
volume. The PCR was run on the QuantStudioTM 7 Flex Real-Time PCR System (Applied
Biosystems). mRNA expression levels were normalized to the housekeeping gene beta-
glucuronidase (GUSB).

Table 3: qPCR primers used to assess gene expression

Gene Forward Primer Sequence Reverse Primer Sequence
GUSB GCGTTCCTTTTGCGAGGAGA | GGTGGTATCAGTCTTGCTCAA
CLIC1 ACCGCAGGTCGAATTCTTC | ACGGTGGTAACATTGAAGGTG

2.4. Immunoblotting
BTSCs (~5x10° cells) were lysed in 1x RIPA Buffer (Thermo Fisher Scientific, #89900) with
protease and phosphatase inhibitors (Thermo Fisher Scientific, #A32959). After cell lysis,
protein concentration was determined by Bradford Assay (Bio-Rad), followed by
electrophoresis on an 8-12% SDS-PAGE gel. Subsequently, proteins were transferred onto a
Nitrocellulose Membrane 0.45um (Bio-Rad, #1620115) at 100V for 1 hour and then at 120V
for 20 minutes. Blocking for non-specific binding was performed using 5% bovine serum
albumin (BSA) in 1X TBST for 1-2 hours. Membranes were incubated with primary antibody
at 4°C overnight followed by HRP-conjugated secondary antibody incubation in 5% BSA for
1 hour at room temperature. Visualization of proteins of interest was achieved using ClarityTM
Western ECL Substrate (BioRad, 170-5060) with a ChemiDoc Imaging System (Bio-Rad).
The following antibodies were employed: OSMR (1:100, Santa Cruz Biotechnology, sc-
271695, mouse), CLIC1 (1:200, Santa Cruz Biotechnology, sc-81873, mouse), Phospho-
STAT3-Y705 (1:1,000; Abcam, ab76315, rabbit), STAT3 (1:1,000, Cell Signaling, #9132,
rabbit), EGFR (1:500, Cell Signaling, #2232), Na*/K* ATPase (1:1000, Abcam, Ab58475,
rabbit), GAPDH (1:1000, Cell Signalling, #2118, rabbit), beta actin (1:1000, Cell Signalling,

mouse). An in house EGFRVIIP" antibody was employed.
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2.5. Extreme Limiting Dilution Assay
The extreme limiting dilution assay (ELDA) was performed by dissociating spheres into a
single-cell suspension followed by serial dilution using complete BTSC media containing
serum-free NeuroCult NS-A medium (StemCell Technologies, Inc., #05750). The media was
supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin (Sigma Aldrich, P4333),
heparin (2 ug/mL, StemCell Technologies, Inc., #07980), human EGF (20 ng/mL, Miltenyi
Biotec, #130-093-825), and human FGF (10 ng/mL, Miltenyi Biotec, #130-093-838).
Subsequently, 100ul of the diluted single-cell suspensions were plated in a 96-well plate, with
12 wells plated for dilutions of 25, 12, 6, 3, and 1 cell(s) per well. The plates were then
incubated at 37°C and 5% CO. for 7 days, after which sphere formation was assessed. Data
retrieved from the analysis was input into an online software available at
https://bioinf.wehi.edu.au/software/elda/. The software provided information on the number of
cells required to generate a positive well (with a sphere) for each condition and stem cell

frequency (SCF), the proportion of stem cells within a given BTSC population.

2.6. Immunostaining
For immunostaining, BTSCs were plated on Lab-Tek |l, CC2-treated chamber slide system
(Thermo Fisher Scientific, #154941) in media containing complete BTSC media. Prior to
plating cells, ACCUMAX was removed through an additional centrifugation step (120g x 10
mins) to enhance adherence. Cells were washed with warm 1x PBS and fixed with warm
4% paraformaldehyde (PFA) for 10 min at 37°C. 20% PFA was thawed at the time of use
and the remainder was discarded. Next, cells were permeabilized with 0.5% Triton X-100
(Sigma Aldrich, #T8787) for 20 min and blocked for 1 h with 5% normal horse serum (NDS)
in 1X-PBS. The cells were then incubated overnight at 4°C with primary antibodies to anti-
OSMR (1:100, Santa Cruz Biotechnology, sc-271695, mouse), anti-CLIC1 (1:200, Santa

311 Cells were

Cruz Biotechnology, sc-81873, mouse), and an in house EGFRVIII antibody
washed 3x with 1x PBS, 5 minutes each and then incubated with secondary Alexa fluor 488
goat (1:500, Thermofisher, A32740, mouse) and Alexa Fluor 594 goat (1:500, Thermofisher,
A11032, mouse) for 1 h at room temperature. 2 mg/ml DAPI (Thermo Fisher Scientific,
#D1306) was used to detect the nuclei and ProLong Gold Antifade Mountant (Thermo
Fisher Scientific, #P36934) was used for mounting. Images were captured using a 40x oil or

100x oil objective on the Axio Observer 7.
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2.7. Proximity Ligation Assay
The Proximity Ligation Assay was conducted in accordance with the Duolink In Situ Red
Starter Kit's protocol (Sigma, #DU092101). In brief, a single-cell suspension of BTSCs was
plated on Nunc Lab-Tek Il CC2 Chamber Slide System (Thermo Fisher Scientific, #154941)
After dissociation, ACCUMAX was removed with an additional centrifugation step (120g x 5
minutes). The single cell suspension was plated at a density of 8 x 10° cells per 200yl for 30-
60 minutes. Prior to plating cells, chamber slides were warmed to 37°C. Subsequently, cells
were washed with warm 1x PBS, fixed with warm 4% paraformaldehyde for 10 minutes at
37°, and then washed 3x with 1x PBS. Permeabilization was achieved using 0.5% Triton X-
100 for 20 minutes, followed by blocking with the Duolink Blocking Solution provided in the
starter kit. The samples were then incubated overnight at 4°C in a humid chamber with
primary antibodies against the proteins of interest: OSMR (1:400, Abnova, HO0009180-D0O1P,
rabbit) and CLIC1 (1:400, Santa Cruz Biotechnology, sc-81873, mouse) were used. After
overnight incubation, samples were washed with Wash Buffer A (available in the Starter Kit)
and incubated with PLUS and MINUS oligonucleotide probes conjugated to secondary
antibodies for 1 hour at 37 °C in a humid chamber. Following the incubation, samples were
washed with Wash Buffer A and incubated with Ligation Buffer with Ligase (available in the
Starter Kit) for 30 minutes at 37°C in a humid chamber. Rolling Circle Amplification (RCA) was
achieved following washing samples with Wash Buffer A and incubating with polymerase and
amplification solution (available in the Starter Kit) containing nucleotides for 100 minutes at
37 °C in a humid chamber, protected from light. Following RCA, samples were washed with
Wash Buffer B and mounted with Duolink In Situ Mounting Medium with DAPI (DUO82040,
Sigma). PLA signals were visualized and captured using a laser scanning microscope
(Olympus LS, IXplore Pro Automated Microscope system) equipped with the adjoining
imaging software (Zeiss) at 60x objective magnification. Stardist software on Fiji was utilized

to quantify PLA signals.

2.8. Trypan Blue Population Growth Assay
The Cell Population Growth Assay involved processing BTSC spheres into a single-cell
suspension using ACCUMAX dissociation solution (Stem Cell Technologies). Single cells
were then plated at a density of 500 x 10° cells per well (6-well plate) in 1.4 ml of complete
BTSC media. Cells were collected at 1 day (24 hours), 3 days (72 hours), and 7 days (168

hours) post-plating, with live cell assessment using 0.4% trypan blue exclusion dye (Gibco
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#15250-061). Cell counting was performed using an automated cell counter (Countess Il FL

Automated Cell Counter).

2.9. Cell Fractionation

The plasma membrane and cytoplasm were separated using the Thermofisher Subcellular
Protein Fractionation Kit (Thermofisher, #78840), following the manufacturer's protocol.
Briefly, 5 x 10" BTSCs were rinsed once with 1ml of 1 x PBS containing 0.3% BSA and then
with 1 ml of 0.9% sodium chloride solution. For cytoplasm extraction, cells were treated with
500ul of cytoplasmic extraction buffer (CEB) and shaken for approximately five minutes at
4°C. After centrifugation at 500 XG for 5 minutes, the supernatant was carefully collected. For
plasma membrane extraction, the pellet was incubated with 500ul of membrane extraction
buffer and shaken for approximately five minutes at 4°C. Subsequently, the cells were
centrifuged at 3000 XG for 5 minutes, and the supernatant was collected. Protein
concentration of cytosolic, and plasma membrane lysates was determined using the Bradford
assay (Bio-Rad, #5000006) and 10ug of protein was loaded in a 10% SDS PAGE gel.

2.10. Mammalian Membrane Two Hybrid — High Throughput Screen
The MaMTH-HTS screen was performed in HEK293T cells engineered to express or lack
EGFRvIIl. OSMR was used as a bait and a prey library of ~8000 open reading frames the
Human ORFeome V8.1 collection was used which enables high-throughput screens in
multiple cell lines 3°°. At the C-terminus of the OSMR bait plasmid, a Math-HTS Bait tag (C/ub)
was linked to a GAL4 transcription factor (GAL4TF). A fluorescent marker was also expressed
with a P2A linker (C/ub-GAL4TF-P2A-tagBFP). The N-terminus of the prey proteins were
fused to a Math-HTS Prey tag (N/ub) and P2A-mCherry at their C-terminus. The HEK293T
cells contained a genomically integrated green fluorescence protein (GFP) under the control
of a Gal4 promoter. The bait plasmid, either alone or in conjunction with an EGFRuvIII
expressing plasmid, is transfected into HEK293T cells containing the MaMTH-HTS ‘Prey’
library. Upon a protein-protein interaction between the bait and prey, a pseudo-ubiquitin
complex forms, targeted by a deubiquitinating enzyme, which cleaves GAL4TF, allowing it to

translocate to the nucleus and induce GFP expression via the GAL4 promoter.
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2.11.

siRNA counter screen

BTSC lines were plated with 70ul of media at 1000 cells/well in 96-well plate. Transfections

were carried out using Lipofectamine RNAiMax (Thermofisher) after plating. 10pmol of
siRNAs (Thermofisher) (Table 4) and 0.1yl of Lipofectamine RNAiMax (Thermofisher) for

each well were diluted in 10ul of Opti-MEM (Thermofisher), respectively. Transfection mix of

diluted siRNA and Lipofectamine RNAiMax were added to each well bringing the total volume

of the well to 90ul of media. 48 hours after transfection, 10pul of PrestoBlue was added to each

well. The plates were then incubated for 1 hour and read on a plate reader (BioTek) with the

following settings: gain at 100, 10 flashes/well, read from bottom, excitation at 560nm and

emission at 590 nm. Growth was normalized by dividing the value of each well to the average

of the control wells. 3 or 4 replicate experiments were performed for each cell line.

Table 4: List of target genes and associated siRNA sequences

Target Gene Name

Sense siRNA Sequence

Antisense siRNA Sequence

B-cell receptor-associated

protein 31 UGGUGACUCUCAUUUCGCALtt | UGCGAAAUGAGAGUCACCAgg
B-cell receptor-associated

protein 31 GCAAGUUGGAUGUCGGGAALt | UUCCCGACAUCCAACUUGCct
B-cell receptor-associated

protein 31 GCACUAAGCAAAAACUAGAtt | UCUAGUUUUUGCUUAGUGCtg
BCL2-like 14 (apoptosis

facilitator) CCGAGUAGCUGAAAUUGUULtt | AACAAUUUCAGCUACUCGGt

BCL2-like 14 (apoptosis

facilitator) CCAUAGAAUUCAAAAUCCUtt | AGGAUUUUGAAUUCUAUGGtg
BCL2-like 14 (apoptosis

facilitator) AAGAGAUUUUUGUAACUGALtt | UCAGUUACAAAAAUCUCUUtg

small integral membrane

protein 21 GCAUAUUUCGAAACUUUCUtt | AGAAAGUUUCGAAAUAUGCtg

small integral membrane

protein 21 GCUGGGAACAUUUAAACAALt | UWUGUUUAAAUGUUCCCAGCtg
small integral membrane

protein 21 CACCAUAUUCGUUUCUUCALt | UGAAGAAACGAAUAUGGUGtt

chromosome 8 open reading

frame 44 CAGAUGUACCGAGUUUGAALtt | UUCAAACUCGGUACAUCUGgt
chromosome 8 open reading

frame 44 CCGAGUUUGAAAUCCCAGALtt | UCUGGGAUUUCAAACUCGGta
chromosome 8 open reading

frame 44 GUAUUAGAAUUAUUUCUGALtt | UCAGAAAUAAUUCUAAUACC

C-type lectin domain family 2,

member B GAAUUUUCUUAGGCGGUAULtt | AUACCGCCUAAGAAAAUUCat
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C-type lectin domain family 2,

member B AUACAACUGUUCCACUCAAtt | UUGAGUGGAACAGUUGUAULtt
C-type lectin domain family 2,

member B CAGCAACAGCUAGAUGUUALtt | UAACAUCUAGCUGUUGCUGca
chloride intracellular channel 1 GGUUUUAGACAAUUACUUAtt | UAAGUAAUUGUCUAAAACCHt
chloride intracellular channel 1 CAGCUGGGCUGGACAUAUULtt | AAUAUGUCCAGCCCAGCUGtg
chloride intracellular channel 1 GUUUUAGACAAUUACUUAAtt | UUAAGUAAUUGUCUAAAACCct

cAMP responsive element
binding protein 3

CUGUCUCUAUGGAUCUAGALt

UCUAGAUCCAUAGAGACAGtt

cAMP responsive element
binding protein 3

GGCUAGUACUGACAGAUGALt

UCAUCUGUCAGUACUAGCCta

cAMP responsive element
binding protein 3

GAGUGAGAGCUGUAGAAAALt

UUUUCUACAGCUCUCACUCtc

chondroitin sulfate N-
acetylgalactosaminyltransferase
2

GGUCAUUAAUAAUCCUGAULt

AUCAGGAUUAUUAAUGACCtc

chondroitin sulfate N-
acetylgalactosaminyltransferase
2

CUAGUGAUCUUUUAGAGUULt

AACUCUAAAAGAUCACUAGgt

chondroitin sulfate N-
acetylgalactosaminyltransferase

2 GGACCUCUCAUGAAAGUGALtt | UCACUUUCAUGAGAGGUCCaa
SLIT and NTRK-like family,

member 2 CCAGUAGCCUAUUACCGAALtt | UUCGGUAAUAGGCUACUGGgt
SLIT and NTRK-like family,

member 2 GGAACCGUCUUGUCAAUGALt | UCAUUGACAAGACGGUUCCat
SLIT and NTRK-like family,

member 2 GACUGUAUCCAAACGAAUUtt | AAUUCGUUUGGAUACAGUCtt
decorin GCUGGACCGUUUCAACAGALt | UCUGUUGAAACGGUCCAGCcc
decorin AGAGGCUUAUUUGACUUUALtt | UAAAGUCAAAUAAGCCUCUct
decorin GCUAGAUACUGGAAACCUALtt | UAGGUUUCCAGUAUCUAGCHt
eukaryotic translation initiation

factor 2C, 3 GAAGAGACAUCACACUCGALtt | UCGAGUGUGAUGUCUCUUCtg

eukaryotic translation initiation

factor 2C, 3 CAGUCGUCCUUCACACUAULtt | AUAGUGUGAAGGACGACUGgt
eukaryotic translation initiation

factor 2C, 3 CCAUAUGAGUUCGAUUUUULtt | AAAAAUCGAACUCAUAUGGgt
group-specific component

(vitamin D binding protein) GCUUAAACAUUUAUCACUUtt | AAGUGAUAAAUGUUUAAGCtg
group-specific component

(vitamin D binding protein) CUACCUGUUUUAAUGCUAALt | UUAGCAUUAAAACAGGUAGHt
group-specific component

(vitamin D binding protein) GAUCCAAAGGAAUAUGCUALtt | UAGCAUAUUCCUUUGGAUCIt
glutaredoxin (thioltransferase) CAACCACACUAACGAGAUUtt | AAUCUCGUUAGUGUGGUUGGgt
glutaredoxin (thioltransferase) GCAGUGAUCUAGUCUCUUUtt | AAAGAGACUAGAUCACUGCat
glutaredoxin (thioltransferase) GAGUCUUUAUUGGUAAAGALtt | UCUUUACCAAUAAAGACUCga
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GC-rich promoter binding

protein 1 GCAUGGACAGAGAAUCGUUtt | AACGAUUCUCUGUCCAUGCaa
GC-rich promoter binding

protein 1 GGAAGUUCCCGUUCUCGUALtt | UACGAGAACGGGAACUUCCac
GC-rich promoter binding

protein 1 GAAAGGGAUAUAAACCGAALt | UUCGGUUUAUAUCCCUUUCHt

histone cluster 1, H3a CUGAACUGCUUAUUCGUAALtt | UUACGAAUAAGCAGUUCAGtg

histone cluster 1, H3a GUAGGGCUAUUUGAGGACALtt | UGUCCUCAAAUAGCCCUACCca
histone cluster 1, H3a GCAAACAGUUGGCCACUAALt | UUAGUGGCCAACUGUUUGCqgt

IMP2 inner mitochondrial
membrane peptidase-like (S.

cerevisiae) GUGGUGACAUUGUAUCAUULtt | AAUGAUACAAUGUCACCACgg
IMP2 inner mitochondrial

membrane peptidase-like (S.

cerevisiae) GGGUUGAAGGUGAUCAUCALt | UGAUGAUCACCUUCAACCCag
IMP2 inner mitochondrial

membrane peptidase-like (S.

cerevisiae) AGAGAGUGAUUGCUCUUGALt | UCAAGAGCAAUCACUCUCUta
leucine-rich repeats and 1Q

motif containing 1 GGUCUUUGUGAUACACCUALt | UAGGUGUAUCACAAAGACCt
leucine-rich repeats and 1Q

motif containing 1 CAGCUUGACUAAAAUCGUALt | UACGAUUUUAGUCAAGCUGtt
leucine-rich repeats and 1Q

motif containing 1 CUACCAUUGUAUACCUAGALtt | UCUAGGUAUACAAUGGUAGgt
N-acetyltransferase 8 (GCN5-

related, putative) CAGUCUUUUUGAUUCCCAULtt | AUGGGAAUCAAAAAGACUGaa
N-acetyltransferase 8 (GCN5-

related, putative) GCUUAUUGUCCAUUCACAULtt | AUGUGAAUGGACAAUAAGCtt
N-acetyltransferase 8 (GCN5-

related, putative) CAACCUUUCACUGCAAUGALtt | UCAUUGCAGUGAAAGGUUGgg
nurim (nuclear envelope

membrane protein) CCUUCUCGUCUUUGACUAUtt | AUAGUCAAAGACGAGAAGGat

nurim (nuclear envelope
membrane protein)

CGGGCCCAGCUACAAAGAALt

UUCUUUGUAGCUGGGCCCGga

nurim (nuclear envelope
membrane protein)

GCCUCAAACAGGUAUACUALt

UAGUAUACCUGUUUGAGGCcc

phosphatidylinositol glycan
anchor biosynthesis, class K

GGACAUCGCACUGAUCUUULt

AAAGAUCAGUGCGAUGUCCag

phosphatidylinositol glycan
anchor biosynthesis, class K

GGCUCUAGCUAGUAGUCAALt

UUGACUACUAGCUAGAGCCat

phosphatidylinositol glycan

anchor biosynthesis, class K CCAACAUAGAACUCGCGGALtt | UCCGCGAGUUCUAUGUUGGta
psoriasis susceptibility 1
candidate 1 AGAAGUAACAUGUCCAAAAtt | UUUUGGACAUGUUACUUCUga
psoriasis susceptibility 1
candidate 1 UCCAAGCAAUGAUAUCCAALt | UUGGAUAUCAUUGCUUGGAgg
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psoriasis susceptibility 1
candidate 1

GCAAUGAUAUCCAAGGAAULt

AUUCCUUGGAUAUCAUUGCIHt

phosphatidylserine synthase 1

GGAUGAUGUGAACUACAAALt

UUUGUAGUUCACAUCAUCCIt

phosphatidylserine synthase 1

GAGUGUACCUUUUCAUGAULt

AUCAUGAAAAGGUACACUCca

phosphatidylserine synthase 1

CCAUCGUCAGCCUCAUGUALt

UACAUGAGGCUGACGAUGGtg

RAB1B, member RAS

oncogene family GCUGAAAUCAAAAAGCGGALtt | UCCGCUUUUUGAUUUCAGCag
RAB1B, member RAS

oncogene family GCACCAGCCUUAACCCUCALtt | UGAGGGUUAAGGCUGGUGCcc
RAB1B, member RAS

oncogene family AGAGCGACCUCACCACCAAtt | UUGGUGGUGAGGUCGCUCUtg
SET domain containing (lysine

methyltransferase) 7 GGACCGCACUUUAUGGGAALt | UUCCCAUAAAGUGCGGUCCTtc

SET domain containing (lysine
methyltransferase) 7

GCACGUAUGUAGACGGAGALt

UCUCCGUCUACAUACGUGCcc

SET domain containing (lysine

methyltransferase) 7 CCUGGACGAUGACGGAUUALt | UAAUCCGUCAUCGUCCAGGtg
solute carrier family 35,

member B3 CCUACAUGAUAAUAGCUUUtt | AAAGCUAUUAUCAUGUAGG
solute carrier family 35,

member B3 CUGUAUGAUUUGAUAAACAtt | UGUUUAUCAAAUCAUACAGtg
solute carrier family 35,

member B3 GGACCUAUGGUUAUGCGUUtt | AACGCAUAACCAUAGGUCCga
ST3 beta-galactoside alpha-

2,3-sialyltransferase 4 GCAGACCAUUCACUACUAUtt | AUAGUAGUGAAUGGUCUGCt

ST3 beta-galactoside alpha-
2,3-sialyltransferase 4

UCUGGGAUGUCAAUCCUAALt

UUAGGAUUGACAUCCCAGALg

ST3 beta-galactoside alpha-

2,3-sialyltransferase 4 GGAAGACAGUUUUUAUUUULtt | AAAAUAAAAACUGUCUUCCCcg
TRAF family member-
associated NFKB activator CACUCAAGAUAACAAUUAUtt | AUAAUUGUUAUCUUGAGUGga

TRAF family member-

associated NFKB activator GAACUAUGAGCAGAGAAUALt | UAUUCUCUGCUCAUAGUUCtc

TRAF family member-

associated NFKB activator GAGAUUCUGCAGUAAAAGALtt | UCUUUUACUGCAGAAUCUCta

transmembrane protease,

serine 6 GGAACUUACUACAACUCCAtt | UGGAGUUGUAGUAAGUUCCca
transmembrane protease,

serine 6 GCCUGUGAAGUGAACCUGALtt | UCAGGUUCACUUCACAGGCct

transmembrane protease,

serine 6 GCUGACCGCUGGGUGAUAALtt | UUAUCACCCAGCGGUCAGCqga

zona pellucida glycoprotein 1
(sperm receptor)

CAGUCUUCUCGGCCGAUUALt

UAAUCGGCCGAGAAGACUGca

zona pellucida glycoprotein 1
(sperm receptor)

ACACUGGGAUGUGAACAAALt

UUUGUUCACAUCCCAGUGUtc

zona pellucida glycoprotein 1
(sperm receptor)

CACCCACUGUGGAACCACALt

UGUGGUUCCACAGUGGGUGag
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212, Animals
All animal experiments were conducted under the guidelines of the Animal Care Committee
(ACC) at the University of Ottawa in Ottawa, Ontario, Canada. Severe combined
immunodeficient 6—-8-week-old male mice were employed for the in vivo studies. Mice were
maintained in regular pathogen-free housing conditions with standard access to food and
drink.

2.13. Stereotaxic injections and bioluminescent imaging
Stereotaxic surgeries were conducted by injecting ~3x10° luciferase expressing CLIC1-
CRISPR-BTSCs and control BTSCs into the right striata (0.8 mm lateral to the bregma, 1 mm
dorsal, and 2.5 mm from the pial surface). Prior to injection, BTSCs were dissociated into
single-cell suspensions in serum-free, antibiotic-free medium and tested for luciferase activity
using IVIS imaging system. Kaplan-Meier survival plots were generated by collecting mice at
the point of reaching the end stage (major body weight loss, dehydration, haunched back,
piloerection, and lethargy). Median survivals were calculated using a log-rank test with

GraphPad Prism, following previously described methods®'?

. Briefly, the Kaplan-Meier
approach estimated the probability of survival at each time point. Before any time elapses, all
mice were considered “at risk”, however, no deaths occurred. Therefore, the probability of
survival was input as a value of 1. Subsequently, information about the next elapsed time
(day 7) included information about the how many participants experienced the event of
interest (death). From this information, a survival probability was calculated using the formula:
St+1 = St*((Nt+1-Dt+1)/Ni+1), where S; represents survival probability, N represents number at
risk, Dt represents number of events. The survival probability for each subsequent time point
is calculated in a similar fashion and a stair-step survival curve is plotted. For tumour volume
assessment, the mice received intraperitoneal injections of 200 yL of 15 mg/mL d-luciferin
(Thermo Fisher Scientific, #88292), underwent anesthesia via isoflurane inhalation, and were
then subjected to weekly bioluminescence imaging using a CCD camera (IVIS, Xenogen).
Subsequent collection and analysis of all bioluminescent data were performed utilizing VIS
software. Briefly, after initialization of the IVIS Spectrum system and acquiring an image, the
images were analyzed using “ROI tools” in the tool palette. The ROl is selected which covers
the area of interest. The IVIS imager captures pixels with specific photon intensity values,

with brighter areas corresponding to higher photon detection, indicative of tumour induction.
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2.14. Electrophysiology

Patch-clamp electrophysiology analyses were performed in a perforated-patch whole-cell
configuration as previously described?*°. Briefly, the voltage protocol consisted of 800ms
pulses from =60 mV to +60 mV (20 mV voltage steps). The CLIC1-mediated currents were
isolated from the cells' other ionic currents by perfusing the specific inhibitor IAA94 (100
umol/L). Patch-clamp solutions®'? included the following: bath (mmol/L): 125 NaCl, 5.5 KClI,
24 HEPES, 1 MgCl,, 0.5 CaCl2, 5 D-glucose, 10 NaOH, pH 7.4; pipette (mmol/L): 135 KCl,
10 HEPES, 10 NaCl, 1 MgCl., pH 7.2.
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3. Results

3.1. CLIC1 forms a complex with OSMR in BTSCs in the presence and absence of
EGFRuvIII

To understand how OSMR promotes tumorigenesis in GB that either harbour EGFRvIII or
lack this mutation, our laboratory had conducted MaMTH in HEK293T cells in order to map
global binding partners of OSMR (Figure 10). Analyses of MaMTH data led to identification
of 29 candidates as high confidence OSMR binding partners in cells harbouring or lacking
EGFRUVIIl. This cluster of proteins exhibited diverse cell functions such as metabolic
processes, signalling, biogenesis, development, and immune system processes (Figure 10).
OSMR has been previously demonstrated to play a critical role in the proliferation, self-
renewal, and tumorigenesis of BTSCs?%3". Thus, prior to detailed investigation of OSMR
candidate binding partners in patient derived BTSCs, we conducted a counter screen in which
we employed siRNA-targeting each of these 29 hits followed by assessing cell viability using
PrestoBlue analysis (Figure 11a). Four patient derived BTSC lines were used in this assay
(BTSC12, BTSC30, BTSC73 and BTSC147). Among the candidate binding partners, 12
demonstrated a substantial reduction in cell viability exceeding 50% (Figure 11b). Notably,
these proteins encompassed CLEC2B, CLIC1, CREB3, CSGALNACT2, DCN, EIF2C3, GC,
GPBP1, HISTH3A, IMMP2L, NAT8, and ST3GAL4. Among these proteins, CLEC2B, CLICA1,
and GPBP1 are plasma membrane proteins. In particular, CLIC1 emerged as the sole protein
implicated in BTSCs, exhibiting heightened expression and playing pivotal roles in both
proliferation and self-renewal. Like OSMR'®, CLIC1 is highly active in BTSCs compared to
wild type NSCs and its expression correlates with the MES subtype of GB?*°. In addition, high
expression of CLIC1 is correlated with poor prognosis in patients with GB and other
cancers??2%_ |nhibitors of CLIC1, such as biguanide based molecules or Indanyloxyacetic
Acid 94 (IAA94) can exert antiproliferative and antiinvasive effects in BTSCs in addition to
decreasing their capacity for self-renewal®®*3'°, We therefore set out to investigate how CLIC1
regulates BTSCs and whether it interacts with OSMR physically and functionally to promote
GB.
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Figure 11. siRNA counter screen of 29 candidate binding proteins of OSMR/EGFRvIII
(a) Heat map detailing the impact of siRNA knockdown on 29 candidate binding proteins
associated with OSMR/EGFRUVIII in four BTSC lines (BTSC12, BTSC30, BTSC73, and
BTSC147). The colour gradient, represented by column Z-scores, illustrates relative cell
viability measured through PrestoBlue analysis. Blue indicates negative values, while yellow
indicates positive values.

(b) PrestoBlue cell viability normalized to the control group (non-targeting siRNA),
highlighting proteins that result in over 50% reduction in viability when knocked down,
denoted in red. Data are presented as means + SEM, n=3 biological replicants.
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3.2. CLIC1 influences BTSC self-renewal

To begin with, we validated the results of SiRNA counterscreen using a smartpool of 4 siRNA
targeting CLIC1 and control non-targeting RNA (siCTL) in different BTSCs. Real-time gPCR
was used to assess efficient knockdown of CLIC1 and GUSB was used as a housekeeping
gene (Figure 12a,d,g,j). Immunoblotting and densitometric analyses were performed to
confirm knockdown of CLIC1 protein expression. Actin was used as loading control (Figure
12b,e,h,k). BTSCs were plated for ELDA 1 day following electroporation. After confirming
efficient knockdown of CLIC1, ELDA analysis was performed. In each of the four BTSC lines,
siRNA mediated knockdown of CLIC1 significantly decreased self-renewal capacity and stem
cell frequency (Figure 12c¢,f,i,l). The results confirm that CLIC1 plays an important role in

stemness of BTSCs regardless of their genetic background (Table 5).

Table 5. Mutational status of human BTSC lines

Line Sex Age EGFR | TP53 PTEN | IDH1 NF1 CDK2A
BTSC12 | M 59Y wit mut mut wit NA NA
BTSC30 | M 67Y wt wt mut wt NA NA
BTSC73 | M 52Y vl mut mut wt NA homo del
BTSC147 | M 55Y vl mut mut wit wit homo del

Mutant or wild-type status of genes frequently mutated in GB of 4 BTSC lines used in this
study. vlll indicates EGFR variant Ill, an activating deletion characteristic of GBM, homo del
indicates a homozygous deletion, NA — not available.
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Figure 12. Self-renewal capacity of BTSCs is attenuated upon CLIC1 knockdown

(a,d,g,j) BTSC12, BTSC30, BTSC73, and BTSC147 cells were electroporated with siCLIC1
or siCTL. CLIC1 mRNA expression was evaluated by RT-gqPCR. GUSB was used as a
housekeeping gene. Data are presented as mean + SD, n=3 biological replicates.
(b,e,h,k) BTSCs were subject to immunoblotting using antibodies indicated on the blots.
Densitometric quantification of CLIC1 protein expression level is normalized to actin, n=3
biological replicates.

(c,fi,l) BTSCs were subject to ELDA analysis 24 hours following electroporation with siCLIC1
or siCTL. Percent stem cell frequency (SCF %) in siRNA targeting CLIC1 or siCTL is also
shown. Data are presented as the mean + SD, n=3 biological replicates. Statistical analysis
was performed using a student t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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3.3. CLIC1 colocalizes with both OSMR and EGFRUvVIIl in BTSCs

Having established that CLIC1 regulates self-renewal of BTSCs, we set out to validate the
MaMTH-HTS data. MaMTH-HTS analyses was performed in HEK293T cells which identified
CLIC1 as a high-confidence binding partner of OSMR in the presence and absence of
EGFRUVIII. First, we performed colocalization analysis using primary antibodies against CLIC1
and OSMR in BTSC12, BTSC30, BTSC73, and BTSC147, demonstrating colocalization in all
lines tested (Figure 13a-d). Next, we assessed the colocalization of CLIC1 and EGFRUVIII in
the EGFRVIII excessing cell lines, BTSC73 and BTSC147, which also demonstrated
colocalization (Figure 14a,b). To ensure specificity of antibodies, each experiment was

conducted with a primary antibody omitted control condition.
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Figure 13. Colocalization of CLIC1 and OSMR.

(a-d) BTSCs were dissociated and plated for immunostaining with antibodies directed
against CLIC1 and OSMR. Images in Merged shows representative panels of CLIC1
(green), colocalized with OSMR (red). One representative image is shown per BTSC line.
Scale bar, 10um. Each experiment was conducted with a primary antibody omitted control
group, n=3 biological replicates.
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Figure 14. Colocalization of CLIC1 and EGFRuvIII

(a,b) BTSCs were dissociated and plated for immunostaining with antibodies directed
against CLIC1 and OSMR. Images in Merged shows representative panels of CLIC1
(green), colocalized with EGFRUVIII (red). One representative image is shown per BTSC line.
Scale bar, 10um. Each experiment was conducted with a primary antibody omitted control
group, n=3 biological replicates.
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3.4. CLIC1 forms a complex with OSMR and OSMR/EGFRuvlII

Our data revealing the colocalization of CLIC1 with OSMR and EGFRuvIIlI suggests the
hypothesis that these proteins may interacts physically. To address this hypothesis, we
conducted a proximity ligation assay (PLA) which allows for in situ detection of endogenous
protein-protein interactions if they are less than 40nm apart. We used OSMR and CLIC1
antibodies in two EGFRUVIII expressing BTSC lines (BTSC73 and BTSC147). This assay
established that CLIC1 endogenously interacts with OSMR across each BTSC line tested.
Each interaction is represented by a red puncta that forms after oligonucleotide probes
directed against the two proteins of interest (CLIC1 and OSMR) are ligated, amplified, and
hybridized with fluorescent probes (Figure 15a,b). To ensure specificity of the interaction, the
assay was conducted on a no primary antibody control. PLA results demonstrated a robust
interaction between CLIC1 and OSMR.

We next generated transgenic BTSCs in which we introduced a genetic deletion in CLIC1
using CRISPR-Cas9 in two EGFRUVIII expressing BTSC lines (BTSC73 and BTSC147).
Genetic deletion was confirmed with RT-gPCR and western blotting (Figure 16a-d). Using
trypan blue and ELDA, we confirmed that genetic deletion of CLIC1 impairs proliferation and
self-renewal (Figure 17). To confirm the specificity of the in situ interaction, in parallel we
conducted a PLA on CTL-BTSCs and CLIC1-CRISPR-BTSCs and observed a complete
reduction of the PLA signal. Primary antibodies were first directed against CLIC1 and
OSMR (Figure 18a). Next, were looked at the interaction between CLIC1 and P-EGFR and
noted a robust interaction. (Figure 18c). The plugin Stardist on Fiji, a puncta detection

method, was used to count the number of PLA interactions (Figure 18b,d).
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Figure 15. CLIC1 interacts with OSMR endogenously
(a-b) PLA of CLIC1 and OSMR performed in BTSC73 and BTSC147. Each red puncta

represents an interaction between CLIC1 and OSMR. one representative image is shown.
Assays were conducted with a primary antibody omitted control group. Nuclei were stained

with DAPI. Scale bar, 10um.
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Figure 16. Validation of transgenic BTSCs using CRISPR-Cas9

(a,c) CLIC1 mRNA levels assessed via RT-qPCR across CTL BTSCs (BTSC73 and
BTSC147) and CLIC1-CRISPR-BTSCs (CRISPR-a, and CRISPR-b).

(b,d) Western blot analysis comparing CLIC1 protein levels across CTL BTSCs, CRISPR-a,
and CRISPR-b.
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Figure 17. Genetic deletion of CLIC1 impairs proliferative and self-renewal capacity

(a) Proliferation ability plotted based on the number of viable cells counted using trypan
blue exclusion dye. Data are presented as mean + SD, n=3 biological replicates.

(b) Proliferation capability plotted as fold change based on the initial count on day 1 for
each condition. Data are presented as mean + SD, n=3 biological replicates.

(c) Cells were subject to extreme limiting dilution assay.

(d) (SCF %) in control BTSC73 and CRISPR-a and CRISPR-b. Data are presented as
mean + SD. Statistical analysis was performed using a student’s t test. *p <0.05,
**p<0.01, *™*p<0.001, n = 3 biological replicates.
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Figure 18. CLIC1 interacts with OSMR and P-EGFR

(a) PLA of CLIC1 and OSMR performed in BTSC147. PLA in CLIC1 CRISPR-b

was used as a negative control. Primary antibodies were omitted for

additional controls. Nuclei were stained with DAPI. Scale bar, 10um. The

number of PLA puncta per nucleus was determined based on BTSC147WT and

CLIC1 CRISPR-b.

(b,d) Stardist plugin in Fiji was used to quantify the number of PLA puncta per nucleus.
Statistical analysis was performed using a student’s t test. *p <0.05, **p <0.01, ***p <0.001.
(c) PLA of CLIC1 and P-EGFR performed in BTSC147. PLA in CLIC1 CRISPR-b
clone was used as a negative control. Primary antibodies were omitted for

additional controls. Nuclei were stained with DAPI. Scale bar, 10um. The

number of PLA puncta per nucleus was determined based on BTSC147WT and CLIC1
CRISPR-b lines.
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3.5. Genetic deletion of CLIC1 impairs EGFRUVIII levels and STAT3 phosphorylation
in BTSCs and GB tumourigenesis

Our data revealing that CLIC1 interacts with OSMR in EGFRVIII expressing BTSCs raised
the question whether CLIC1 is functionally required for maintaining oncogenic signalling
mediated by the OSMR/EGFRUvIIlI complex. OSMR orchestrates a feedforward mechanism
with EGFRVIII-STAT3 by acting as a co-receptor for EGFRUVIII or phosphorylated (active) wild-
type EGFR in both human BTSCs and murine astrocytes. This leads to aberrant activation of
STAT3. Concurrently, STAT3 binds to the OSMR promoter to upregulate its expression thus
orchestrating a feed-forward mechanism in GB®. Interestingly, we found that genetically
deleting CLIC1 significantly impairs phosphorylation of key oncogenic proteins, EGFRvIIl and
STAT3 in CLIC1-CRISPR-BTSCs (Figure 19). These results prompted us to examine if
CLIC1 contributes to GB tumourigenesis. To answer this question, we performed stereotaxic
intracranial injections of BTSC73 and BTSC147 along with their corresponding CLIC1-
CRISPR-BTSC lines in 6-week old Severe Combined Immunodeficiency (SCID) mice. Mice
receiving CLIC1-CRISPR-BTSCs or CTL-BTSCs were subjected to live imaging of luciferase
activity in the brains which was performed using the In Vivo Imaging System (IVIS) to trace
BTSCs and tumour volume (Figure 20a,d). At 7 days following surgery, mice receiving CTL
BTSC73 formed malignant brain tumours and were at endpoints as assessed by major weight
loss and neurological signs by day 20 (Figure 20c). Mice receive CRISPR-a were at
endpoints at 26days, while mice receiving CRISPR-b survived until day 49 (Figure 20c).
Furthermore, mice receiving CTL BTSC147 were at endpoints at 28 days while mice receiving
either CRISPR-a or CRISPR-b are still alive (Figure 20e). Our data suggest that CLIC1 is
required for EGFRVIII/STAT3 phosphorylation and GB tumourigenesis.
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Figure 19. Genetic deletion of CLIC attenuates STAT3 and EGFRvIIlI phosphorylation
(a,c) BTSCs were subject to immunoblotting using P-STAT3 and total STAT3 antibodies
Actin was used as a loading control.

(b,d)Densitometric quantification is normalized to total STAT3. Statistical analysis was
performed using a student t-test. *p<0.05, **p<0.01, ***p<0.001, n=3 biological replicates.
(e,g) BTSCs were subject to immunoblotting using antibodies indicated on the blots

Actin was used as a loading control.

Densitometric quantification is normalized to total actin and total EGFR. Statistical analysis
was performed using a student t-test. *p<0.05, **p<0.01 ***p<0.001, n=3 biological
replicates.

66



BTSC73 : i BTSC147

BTSCT73 1.5 BTSC147 7
CTL CRISPR-b E CTL  CRISPR-b E
= =
w 1 X % w
75_ P-STAT3-Y705 % 1.0 75_|E! P-STAT3-Y705 g 1.0
75| w— | Total STAT3 'g . - 75] == | Total STAT3 g
5 5 0.5-
/e Jouct 2 25.E cLict 2
= X =
- - TR = 00
b Qq: i Q
° <
& S
&
f g g
BTSCT3
BTSC73 e 17 BTSC147 gl
- ('™
CTL CRISPR-b @ 150 "CTL CRISPRb x
150- = - &
[ Jecrrwm g 10 T i
250- = 250- 5
= EGFR £
o8 Wl F 1o, 0 S
m 05 r |
s - ot Ecum g oo
b, 0
& &



Figure 20. CLIC1 regulates the ability of EGFRvlll-expressing human BTSCs to form
tumors in vivo

(a,d) IVIS imaging of tumour size in SCID mice after intracranial injection of WT or CLICA1
CRISPR BTSCs (CRISPR-a and CRISPR-b).

(b,e) Quantification of IVIS signals.

(c,f) Kaplan-Meier survival plot was graphed to evaluate animal lifespan in each group.
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3.6. CLIC1 is expressed constitutively at the plasma membrane

Having observed decreased proliferation, self-renewal and tumourigenesis upon genetic
deletion of CLIC1, we aimed to discern the role PM-CLIC1 in oncogenic behaviour. CLIC1
exists in an equilibrium between cytoplasmic form and PM-form. Previous studies have
highlighted the significance of PM-CLIC1 in driving proliferation, and self-renewal?**2%%315 To
assess the question of whether CLIC1 is found in the PM of BTSCs, we first performed cell
fractionation across two EGFRuvIIl expressing BTSCs (BTSC73 and BTSC147) and confirmed
the presence of CLIC1 at the plasma membrane (Figure 21a, b). We utilized GAPDH
(cytosolic marker) and Na*/K* ATPase (plasma membrane) antibodies to ensure purity of the
fractions. In parallel, we performed immunofluorescence on non-permeabilized BTSCs which

validated the presence of CLIC1 at the plasma membrane (Figure 22a-d).
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Figure 21. CLIC1 is localized to the plasma membrane in BTSCs

(a,b) Subcellular fractionation for membrane-associated versus cytosolic proteins. Na*/K*
ATPase was used as a membranous marker, GAPDH, a cytosolic marker. Both high
exposure and low exposure images are shown for CLIC levels, n = 3 biological replicates.
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Figure 22. CLIC1 is detected at the plasma membrane of non-permeabilized BTSCs
(a-d) BTSCs were subject to immunoblotting. Images in Merged shows the example of
CLIC1 (green) overlapping with DAPI (blue). Scale bar, 10um. One representative image is
shown per BTSC line. Each experiment was conducted with a primary antibody omitted
control group, n=3 biological replicates.
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3.7. Impact of OSMR suppression on CLIC1-mediated Cl- Current

We have established that CLIC1 physically and functionally interact with OSMR to maintain
EGFRVIII/STAT3 phosphorylation in BTSCs. Next, we set out to determine if OSMR is
required for the CLIC1-mediated current. We utilized siRNA knockdown of OSMR in GBM1
cells, a GB CSC cell line, followed by patch clamp experiments in non-targeting (NT) control
and OSMR knockdown cells to evaluate the association between reduced OSMR protein
levels and alterations in CI™ current. Cell currents were assessed both prior to (baseline) and
following the addition of 100uM of IAA94 to the bath solution (Figure 23a,b). Strikingly, the
corresponding current-voltage relationship demonstrated that knockdown of OSMR
attenuates the CLIC1 mediated current (Figure 23c-e). Taken together, we provide data that
CLIC1 regulates EGFRVIII/STAT3 phosphorylation and at the same time OSMR is required
for CLIC1 function at the plasma membrane. We establish that cooperation of OSMR with

CLICA1 is required to drive GB progression.
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Figure 23. Electrophysiological evaluation of the effect of shOSMR on CLIC1 in
Glioblastoma human primary culture (GBM1)

(a,b) Representative whole-cell current recording from GBM1 cells in control (NC, a) and in
transfected cells with shOSMR (b). The voltage step protocol used consisted of 800 msec
pulses from -60 mV to +60 mV (20 mV voltage steps). The holding potential was set at -40
mV in all the current recordings. The panels show total currents (top), currents after the
perfusion of IAA94 (middle), and the IAA94 sensitive current (bottom).

(c,d) Current-voltage relationships from average current recordings at different test potentials
¢, NC, n =7; d, transfected shOSMR, n = 5). Average current values before and after IAA94
inhibition (top plots), and average IAA94 sensitive current values (bottom) plotted at the
different test potentials.

(e) Histogram displaying current density at +60 mV in the NC cells and transfected with
shOSMR. Statistical analysis was performed using a student t-test. *p < 0.05, **p < 0.01, ***p
< 0.001.
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4. Discussion and Future Directions

GB is the most lethal central nervous system malignancy with a median survival of 18
months'2. Despite intense treatment with IR and TMZ following surgical resection, recurrence
is inevitable®. Recurrence of GB is in part driven by resistant BTSCs which evade treatment
modalities**=°. One approach to combat GB recurrence is to map and target the signalling
pathways that sustain BTSCs. Elevated expression of the cytokine receptor, OSMR, and the
co-occurrence of commonly active mutant of the EGFR gene, EGFRUVIII, within BTSCs are
known to establish highly tumourigenic and treatment resistance BTSCs'"'%. How the
OSMR/EGFRUVIII complex operates to maintain BTSCs and promote oncogenesis remains to
be explored. Here, we report the discovery of CLIC1 as an essential common binding partner
of OSMR, in the presence and absence of EGFRUVIII that promotes BTSC tumourigenesis.
CLIC1 is implicated in many aggressive cancers including HCC, lung cancer, gallbladder
carcinoma, gastric carcinoma, colorectal cancer, medulloblastoma, and

gIi0bIastoma224,225,228,278—280,31 6

. As an ion channel, CLIC1 is expressed at the plasma
membrane of BTSCs where it supports cell cycle progression?*®2°. We found that CLIC1
affects the viability, proliferation, and self-renewal of BTSCs in vitro, and tumour progression
in vivo. CLIC1 regulates BTSC growth by inducing STAT3 and EGFRVIIl phosphorylation.
Importantly, we show the requirement of OSMR for CLIC1 mediated ionic conductance. Our
data suggest that CLIC1 is potentially a viable therapeutic target for suppressing

OSMR/EGFRUVIII/STAT3 oncogenic signalling and depleting the resistant BTSCs in GB.
4.1. Impact of CLIC1 on cell cycle progression

In this study, we employed different approaches including transient siRNA-mediated
knockdown and genetic deletion of CLIC1 via CRISPR-Cas9 in different patient derived BTSC
and established that CLIC1 suppressed self-renewal and proliferation of BTSCs, as
evidenced by ELDA and trypan blue assays, respectively. Since both processes of self-
renewal and proliferation critically rely on cell division, our data suggest that CLIC1 may tightly
regulate cell division. Notably, considerable evidence exists that suggests a role of CLIC1 in
cell cycle progression. Peretti et al. demonstrated that CLIC1 regulates the G1/S phase
transition in BTSCs. Treatment of BTSCs with the CLIC1 inhibitor, IAA94, delays transition

from the G1 phase, consequently increasing the total time required to complete the cell cycle.
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IAA94 treatment also delays the expression of cyclin D1, an important regulator of G1/S
transition*®. In another study by Francisco and colleagues, the genetic deletion of CLIC1

resulted in cell swelling, mitotic defects, and reduced proliferation in MB cells??*

. It is possible
that CLIC1 acts as a cell cycle regulator by mediating cell volume changes. For instance,
during the prophase to metaphase transition, cells undergo a significant volume decrease,
reaching a minimum size at metaphase. This reduced volume is preferred by the cell and is
referred to as pre-mitotic condensation?®®?%°_ Pre-mitotic condensation requires the efflux of

CI" which may be mediated by CLIC1.

Future investigations on cell cycle analysis in BTSCs warrants insights on the role of CLICA1
in regulation of self-renewal and proliferation. This can be accomplished by arresting cells at
each phase of the cell cycle and track the subcellular localization of CLIC1 to determine
influence of CLIC1 on cell cycle progression. Rapamycin can be used for G1 inhibition, while
treatment with hydroxyurea and nocodazole can be employed for S phase and M phase
inhibition, respectively. Concurrently, using the whole cell patch clamp method, the CLICA1
current can be measured at each phase of the cell cycle to determine which phase is
regulated by CLIC1 and to what degree. Finally, the distribution of cells across different cell
cycle phases should be determined using flow cytometry between CTL and CLIC1-CRISPR-
BTSCs. To assess the involvement of CLIC1 in altering cell volume during cell cycle
progression, pairwise comparison of cell volume between CTL wild type and CLIC1-CRISPR-
BTSCs can also be measured by expressing a soluble GFP in BTSCs and performing serial
confocal imaging. Image stacks with a Z-step size of 1 um per optical slice using a 63x 1.4NA
oil lens can acquire images throughout the entire thickness of cells. Subsequently, using
Imaris software, cells can be reconstructed three dimensionally and cell volume can be
measured using the “Surface” function. These experiments will shed light on the role of CLICA1
in cell division and its regulation of cell volume during this process. We expect that in line with
previous reports, dysregulation in cell volume homeostasis hinders successful completion of
the cell cycle which may explain the reductions in self-renewal and proliferation demonstrated

upon CLIC1 supression?®*317,
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4.2. Impact of CLIC1 on cell identity

CRISPR-Cas9 technology was utilized to generate a constitutive silencing of CLIC1 in two
patients derived BTSC lines (BTSC73 and BTSC147). We found that genetic deletion of
CLIC1 prolonged the survival of mice, which were intracranially implanted with BTSCs, and
slowed brain tumour formation as compared to control BTSCs. As a binding partner of OSMR,
CLIC1 is implicated in establishing a highly malignant subset of BTSCs. However, the exact
mechanisms underlying CLIC1-mediated tumorigenicity remained elusive. Our follow up
investigation revealed the downregulation of oncogenic signaling pathways, such as STAT3
activation and EGFRuvIIl expression, in CLIC1-deleted BTSCs suggesting a shift towards a
more differentiated phenotype. Previous research on cell fate dynamics supports this notion.
Stockhausen et al. demonstrated that induced differentiation of BTSCs with serum leads to
loss of EGFRUVIII expression and decreased tumourigenic potential®'®. In another study by
Gritti et al., CLIC1 expression was lost upon induction of differentiation with FBS?*°. These
results suggest that both EGFRvIII and CLIC1 are important in maintaining the BTSCs in an
undifferentiated state. Previous research has demonstrated that gene deletions can
profoundly alter cell identity. For example, the loss of the transcription factor OCT4 disrupts
the pluripotency network in embryonic stem cells (ESCs), leading to differentiation'.
Similarly, in another study by He et al., the chloride channel, Ano1, was found to limit
differentiation of epithelial progenitors towards cells of the secretory lineage®?. Further
studies are required to determine if CLIC1 aids in establishing a cellular network that supports
stemness of BTSCs. These studies can encompass global gene expression analysis (e.g.
RNA sequencing) to evaluate the expression of key BTSC markers, OCT4, OLIG2, SOX2,
and NESTIN, and the differentiation markers, GFAP and TUJ1, in response to CLIC1 deletion.
In addition, flow cytometry can be employed as another approach since differentiated cells
often express distinct sets of cell surface markers (NeuN) compared to undifferentiated stem
cells. By labeling cells with fluorescently conjugated antibodies targeting lineage-specific
markers such as CD133 for BTSCs, and NeuN for differentiated cells, flow cytometry can
quantify the proportion of cells expressing these markers, indicating the degree of
differentiation towards a particular lineage. Unraveling the molecular mechanisms that
underly CLIC1-mediated tumorigenicity will lay the foundation for the design of novel

therapeutic strategies in combating aggressive brain tumours. Moreover, this research
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paradigm underscores the need for deeper investigations into the interplay between gene

alterations, cell identity, and tumour behavior.
4.3. Impact of CLIC1 on therapeutic resistance

BTSCs possess the defining features of tumourigenesis and multidrug resistance
(MDR)*"322_|t s possible that by suppressing CLIC1, the functional characteristics of BTSCs
are disrupted. lonic homeostasis is critical in cancer cells and CSCs and recently, ion channel
blockers have been widely used in clinical practice. For instance, inhibition of KCa3.1 channel
was found to sensitize BTSCs to TMZ. In another study, bis-chloroethylnitrosourea (BCNU)
resistant BTSCs became sensitized to the chemotherapeutic after treatment with the CI
channel blocker 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS). These BTSCs were
noted to have upregulation of CLIC1, suggesting its role in chemotherapy resistance®?3324, |n
view of these findings and our own results, future investigation should focus on combination
therapy with TMZ and IAA94 to address whether blockade of CLIC1 facilitates response to

TMZ in chemo-resistant BTSCs and GB.

Resistance to therapy is a major challenge in cancer treatment. One mechanism used to
render cells resistant is through drug efflux. This is accomplished by membrane transporter
protein, including Multi-Drug Resistance Protein 1 (MDR1), MDR-Associated Protein 1
(MRP1), and Breast Cancer Resistance Protein (BCRP)%?°3%_ |nterestingly, like other
chloride channels (e.g. CIC-3), CLIC1 seems to confer resistance to cancer therapy®?/—32°,
Choriocarcinoma cell (JeG3) induced chemotherapy resistant lines were found to have
upregulated CLIC1 expression and CLIC1 was found to induce the expression of MRP 133,
CLIC1 is also shown in exosomes in gastric cancer whereby it mediates resistance to
vincristine. Importantly, exosomes collected from the supernatant of resistant cell lines were
able to transform vincristine sensitive cell to make them resistant to therapy. This data
suggests that CLIC1 may be impacting drug resistance through EV transfer to neighbouring
cell populations®*'. Concurrently, CLIC1 vesicle transfer has further been implicated in glioma
stem cells proliferation and mediation of the extracellular environment*4. By blocking the CI-
current in stem-like cells through the re-purposing of known pharmacological drugs, CLIC1
was shown to be a promising target for therapy®°3'>. These data suggest that the expression

of CLIC1 may be an adaptive mechanism used by cancer cells to become resistant to
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chemotherapy. Importantly, we show that OSMR, the binding partner of CLC1, confers

314

resistance to therapy”'*. Whether CLIC1 cooperates with OSMR to confer resistance to the

present standards of care in GB remains an exciting avenue for future research.
4.4. CLIC1 regulation of EGFRuvIII

EGFR amplification and the presence of EGFRvIII are the most common genetic alterations
in GB. EGFRUVIII has been implicated in therapeutic resistance, tumour growth, invasiveness,

migration, and tumour initiation in GB'14332-33%,

EGFRUVIII also regulates angiogenesis by
mediating VEGF secretion®*®. Furthermore, the presence of EGFRVIII confers CSC features
by stimulating the expression of NSC markers, such as CD133 and SOX2, in addition to
mediating heightened self-renewal capacity'®3%. In the present study, both BTSC73 and
BTSC147 naturally harbour EGFRVIII amplification. Strikingly, genetic deletion of CLIC1,
significantly reduced EGFRUVIII levels. This is a significant finding as direct targeting of
EGFRuvlllis very challenging due to chemotherapy induced mutations, toxicity, the blood brain
barrier, and tumour heterogeneity'?’-3°. Given that PM-CLIC1 is highly expressed in BTSCs

and exhibits low expression in normal NSCs?*

, targeting of CLIC1 may present an
opportunity to indirectly deplete EGFRVIII levels, while sparing normal cells. Further studies

are required to elucidate the mechanism of EGFRVvIII degradation.
4.41. CLIC1 regulation of lysosomes

In cancer, lysosomes are qualitatively and quantitively modified to suit tumour growth3%.
Lysosomal dysfunction has emerged as a critical factor in the pathogenesis of GB, influencing
the accumulation of key proteins such as EGFRUvIII and impacting cellular homeostasis®-2%3.
EGFRUVIIl is known for its resistance to degradation due to impairments in reuptake and
lysosome degradation pathways. One significant contributor to this phenomenon is the
dysregulation of acidity. Lysosome and endosomes are acidified by the action of vacuole
ATPase (V-ATPase) proton pumps, which enable activation of various hydrolytic enzymes
required for intracellular digestion and recycling of macromolecules®°3%, In GB, however,
upregulation of the Na*/H* exchanger NHE9 counteracts the acidifying potential of V-ATPase
proton pumps by forming a proton leak channel. This leak pathway leads to excessive luminal

alkalization (pH 5.71+0.23 to pH 6.90+0.47) and disrupts proper degradation of EGFRvIII?%.
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One possibility to explain our findings on loss of CLIC1-mediated EGFRVIII depletion could
be via the role of CLIC1 in mediating lysosomal acidification thereby influencing the stability
of EGFRVIIL. In support of this idea, previous studies by Jiang et al. demonstrated that
suppression of CLIC1 in macrophages led to a defect in phagosome acidification, impaired
phagosome proteolytic capacity and reduced ROS production®*'. Future studies should utilize
live imaging of cells to track the subcellular localization of EGFRVIII in the presence and
absence of CLIC1 to determine the influence of CLIC1 on EGFRVIII stability. In addition,
endosomal pH can be measured using flow cytometry whereby BTSCs can be exposed to a
pH-sensitive fluorescent dye, such as fluorescein isothiocyanate (FITC) and a pH-insensitive

reference, such as Alexa Fluor 647.

4.5. OSMR oxidatively regulates CLIC1

OSMR has been reported to interact with Complex | of mitochondrial respiratory chain,
promoting oxidative phosphorylation (OXPHOS), regulating ROS levels, and conferring
resistance to IR®'*. Interestingly, CLIC1 is proposed to be a target of biguanide related drugs,
including metformin, and it has been shown to regulate ROS levels®**3'"®. The CLIC1
mediated current plays a critical role in BTSCs and notably, CLIC1’s membrane insertion
mechanism appears to be regulated by reduction-oxidation (REDOX), whereby oxidative
conditions favour the formation of ion channels by CLIC12°9:266:342,

In the present study, we observed that knockdown of OSMR attenuates the CLIC1 mediated
current. Given that OSMR regulates ROS levels and CLIC1 is redox sensitive, future studies
should evaluate how OSMR regulates CLIC1 membrane insertion. It is plausible that OSMR
creates an oxidative environment that favours membrane insertion of CLIC1. ROS generation
can be measured using the probe 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA),
which becomes the highly fluorescent 2',7'-dichlorofluorescein (DCF) molecule under
oxidizing conditions. To specifically analyze mitochondrial ROS, MitoSOX™ Mitochondrial
Superoxide Indicators can be used. In addition, the subcellular localization of CLIC1 should
be tracked in the presence and absence of OSMR. It is worth mentioning that previous studies
have shown that suppression of OSMR leads to increased ROS levels, which may contradict

this hypothesis®'*. As such, the effect of OSMR on pH should also be explored further as pH
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also influences CLIC1’s membrane insertion. To assess pH levels, the ratiometric CI and H*

Clophensor plasmid, optimized for the nervous system, can be utilized in BTSCs®*3.

4.5.1. Transcriptional regulation of CLIC1 by OSMR

Previous studies by Jahani-Asl et al. have shown that suppression of OSMR reduces activity
of the transcription factor STAT32°. Notably, a STAT3 binding site is present in the promoter
region of CLIC1**. It is possible that in the absence of OSMR and STAT3 activity, the
transcription of CLIC1 is downregulated which may explain our results demonstrating reduced
CLIC1 mediated currents in the absence of OSMR. To assess the effect of OSMR on CLIC1
mMRNA levels, future studies should utilize RT-gPCR and immunoblotting to compare CLIC1
levels in CTL BTSCs and OSMR-CRISPR-BTSCs. In addition, a luciferase assay can
establish a functional relationship between the presence of OSMR and the amount of CLIC1

that is produced.
4.6. Conclusion

The present study identified a novel OSMR binding partner, Chloride Intracellular Channel 1
(CLIC1), in patient-derived BTSCs. This protein was identified through MaMTH-HTS and
endogenous validation in BTSCs. CLIC1 was found to promote BTSC viability, proliferation,
and self-renewal in vitro, while promoting tumorigenesis in vivo. The decreased functional
capacity of BTSCs is believed to be mediated by the EGFRVIII-STAT3 pathway, as genetic
deletion of CLIC1 was found to impair both STAT3 activation and EGFRUVvIII levels. This work
lays the foundation for future studies aimed at establishing the mechanistic link between
CLIC1 and EGFRUVIII stability. Further research should focus on elucidating the precise
molecular interactions between CLIC1 and EGFRvIIl, and how these interactions influence
the stability and function of EGFRUVIII. Investigating the role of CLIC1 in endosomal
acidification and receptor recycling processes could provide valuable insights into the
regulation of EGFRVIII by chloride channels. Additionally, exploring the therapeutic potential
of targeting CLIC1 in GB could open new avenues for treatment strategies, particularly in
overcoming the challenges associated with direct EGFRVIII targeting. Overall, our findings
underscore the critical role of CLIC1 in GB pathogenesis and highlight its potential as a

promising therapeutic target.
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