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Abstract 

 

Brain tumour stem cells (BTSC) are thought to be the driving cause of glioblastoma tumour 

recurrence and aggressiveness, yet identification of effective treatments targeting these cell 

populations has been largely unsuccessful due to the complex nature and signalling networks at 

play in these cells.  Oncostatin M Receptor (OSMR) has been identified to be a key mediator in 

BTSCs maintenance and glioma progression. This receptor was found to be an Epidermal Growth 

Factor Receptor variant III (EGFRvIII) co-receptor in the activation of a feedback loop with 

STAT3 and a mediator of oxidative phosphorylation in BTSCs. Furthermore, OSM/OSMR 

signalling was identified as a key signalling pathway in the transition to mesenchymal-like glioma 

states and was found to play a role in regulating the immune microenvironment. This data points 

to OSMR having multiple roles not just in glioblastoma progression but specifically in BTSCs that 

render glioma tumours resistant to therapy. In this thesis, I report a novel OSMR binding partner, 

Chloride Intracellular Channel 1 (CLIC1), identified originally through a Mammalian Membrane 

Two Hybrid High Throughput Screen (MaMTH-HTS). In order to validate that CLIC1 and OSMR 

are binding partners, I used a proximity ligation assay (PLA) in BTSC147 to show the interaction 

of these two molecules in situ. Next, to study how CLIC1 impacts BTSC proliferation and 

maintenance, I employed CLIC1 siRNA introduced to BTSC147 via electroporation as a pilot 

experiment. The pilot data was then validated in transgenic CLIC1 clones which I generated using 

CRISPR-CAS9 technology in a patient-derived BTSC lines. Importantly, not only were OSMR 

and CLIC1 validated to be novel binding partners, but CRISPR-CAS9 CLIC1 clones were shown 

to have significantly impaired self-renewal capabilities through extreme limiting dilution assay 

(ELDA). In addition, CLIC1 knockout cells had significantly lower proliferative capacity 

compared to WT patient-derived BTSCs. These data suggest that in fact OSMR is impacting 

glioblastoma progression through additional mechanisms such as alternate binding partners that 

may also present novel targetable proteins for therapy.  
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Résumé 

 

Les cellules souches de tumeurs cérébrales (BTSCs) sont responsables de la récidive et de 

l’agressivité du glioblastome. Cependant, aucun traitement efficace ciblant ces cellules n’a pu être 

identifié, en raison du caractère complexe de ces cellules et la présence de multiples voies de 

signalisation cellulaires présentent dans ces cellules. Le récepteur de l'oncostatine M (OSMR) a 

été identifié comme étant un médiateur clé dans la maintenance des BTSCs et la progression du 

gliome. Ce récepteur a été identifié comme étant un co-récepteur du récepteur du facteur de 

croissance épidermique variant III (EGFRvIII) et responsable de l’activation de STAT3. OSMR a 

également été identifié comme un médiateur de la phosphorylation oxydative dans les BTSCs. De 

plus, la signalisation OSM/OSMR a été identifiée comme une voie de signalisation clé dans la 

transition vers des états de gliome de type mésenchymateux et s'est avérée jouer un rôle dans la 

régulation du microenvironnement immunitaire en faveur de la tumorigenèse. Ces données 

indiquent qu’OSMR a plusieurs rôles, non seulement dans la progression du glioblastome, mais 

plus spécifiquement dans la population de BTSC, qui rend les tumeurs du gliome résistantes au 

traitement. Dans cette thèse, je rapporte un nouveau partenaire d’OSMR, Chloride Intracellular 

Channel 1 (CLIC1), identifié par un Mammalian Membrane Two Hybrid High Throughput Screen 

(MaMTH-HTS). Afin de valider que CLIC1 et OSMR sont des partenaires, j'ai effectué des des 

tests de ligature de proximité (PLA) dans les BTSC147, qui identifie une interaction possible. 

Ensuite, pour étudier l'impact de l'inactivation de CLIC1 sur la prolifération et la maintenance des 

BTSCs, en tant qu'expérience pilote, j'ai utilisé des siARN ciblant CLIC1, introduit dans BTSC147 

par électroporation. Les données pilotes ont ensuite été validées dans des clones CLIC1 

transgéniques générés à l'aide de la technologie CRISPR-CAS9 dans une lignée de BTSC dérivée 

de patients. De plus, non seulement OSMR et CLIC1 ont été validés pour être de nouveaux 

partenaires d’intéraction, par test de dilution extrême (ELDA), les clones CRISPR-CAS9 CLIC1 

ont montré une capacité d'auto-renouvellement significativement altérée. Aussi, ils ont montré une 

capacité proliférative significativement inférieure à celle des BTSCs contrôle dérivé de patients. 

Ces données suggèrent qu’OSMR a un impact sur la progression du glioblastome par des 

mécanismes supplémentaires tels que des intéractions avec des partenaires alternatifs qui peuvent 

également présenter de nouvelles protéines ciblables pour la thérapie. 
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A. Introduction  

 

A.1 Glioblastoma heterogeneity 

 

Glioblastoma (GB) is characterised as a highly advanced and aggressive brain cancer in 

which the survival remains around 14 to 16 months after diagnosis, despite research efforts 

attempting to find effective treatments (Gilard et al., 2021; Shergalis et al., 2018). The incidence 

of glioblastoma onset has been characterised as either a primary or secondary glioblastoma (Tan 

et al., 2020). Primary or isocitrate dehydrogenase (IDH)-wild type GB refers to de novo tumour 

formations and is thought to account for around 90% of all GB cases (Ohgaki & Kleihues, 2013; 

Tan et al., 2020). Secondary IDH-mutant GB, on the other hand, is thought to arise from pre-

existing brain cancers, such as low grade or diffuse astrocytoma (Ohgaki & Kleihues, 2013). Both 

primary and secondary GBs carry a multitude of mutations and genetic alterations that lead to their 

aggressive nature. Major genetic alterations include epidermal growth factor receptor (EGFR) 

amplification/overexpression, cyclin dependent kinase inhibitor 2A (CDKN2A) deletion and 

phosphatase and tensin homolog (PTEN) mutation in primary, and tumour protein p53 (TP53) 

mutation in secondary tumours (Ohgaki et al., 2004). In addition, different 

transcriptional/molecular subtypes, each possessing distinct transcriptional and phenotypic 

characteristics, have been identified.  These states include proneural, classical and mesenchymal 

states, although some research has suggested there is an additional subtype known as the neural 

subtype. Each subtype possesses intrinsic genetic and molecular elements that aid in defining the 

subtype, but it is important to note that these states exist on a continuum rather than being separate 

entities (Olar & Aldape, 2014; Sidaway, 2017; Zhang et al., 2020). The mesenchymal subtype has 

been suggested to be the most aggressive and chemo-resistant brain tumours. Their aggressive 

nature can be attributed in part to the activity of master regulator transcription factors including 

signal transducer and activator of transcription 3 (STAT3), as well as the expression of 

mesenchymal proteins, such as N-cadherin and vimentin. These elements endow the cells with the 

ability to enter an epithelial-to-mesenchymal (EMT) like state and metastasize (Kim et al., 2021). 

Furthermore, the mesenchymal GB subtype has an altered immunologic and pro-inflammatory 

microenvironment including, increased macrophage/microglia with pro inflammatory signatures 

(M1 macrophages), tissue repair/proliferation signatures (M2 macrophages), increased tumour 
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infiltrating lymphocytes (TILs), and decreased natural killer (NK) cells compared to proneural or 

classical GB subtypes (Gabrusiewicz et al., 2016; Orecchioni et al., 2019; Wang et al., 2017).  

 

Despite the various molecular and genetic differences across GB, the current standard 

treatment plan for newly diagnosed patients includes maximal surgical resection followed by 

chemotherapy using Temozolomide (TMZ) and Ionising Radiation (IR), although currently there 

are no standard of care options for recurrent GB diagnosis (Fernandes et al., 2017; Stupp et al., 

2005). This, in part, is due to the complex nature of the tumour and the surrounding environment 

upon initial diagnosis, and the presence of a select population of slower growing or quiescent cells 

deemed as brain tumour stem cells (BTSCs) or cancer stem cells (CSCs) (Figure 1) (Singh et al., 

2003; Singh et al., 2004).  

 

Figure retrieved from Reya et al., 2001 in Nature  

Figure 1. The stem cell 

hypothesis depicts the 

inherent need to target cancer 

tem cells (CSCs) as the most 

effective way to combat 

tumour recurrence after 

targeted therapy, as they are 

the ones that are responsible 

for relapse (Hale et al., 2013; 

Reya et al., 2001). 

 

 

How BTSCs arise in the brain is still under investigation, although there seems to be two 

general modes of presentation that are widely accepted. This includes the hierarchical and the 

stochastic models of BTSC formation (Adams & Strasser, 2008; Shackleton et al., 2009). The 

notion that tumours arise from a select hierarchical population of self-renewing cells is known as 

the stem cell hypothesis (Tan et al., 2006). This theory posits that individual CSCs can give rise to 

a heterogeneous population of cells composed not only of CSCs but also differentiated lineages 
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(Figure 1) (Galli et al., 2004; Tan et al., 2006). This theory is opposed by the stochastic model of 

tumour formation which suggests that cancerous cells arise by spontaneous and rare mutational 

events giving rise to a heterogeneous population of cells harbouring various driver mutations 

(Nowell, 1976). Although both theories may be at play in GB progression, much research has 

suggested that in order to effectively terminate GB recurrence, BTSCs can be targeted as a first 

line of treatment along with current treatment options (Figure 1) (Kalkan, 2015; Yang et al., 2020).  

 

A.1.1 Brain tumour stem cells (BTSCs) 

 

In order to target BTSCs as a therapeutic option, understanding the underlying mechanisms 

of maintenance and propagation of these cell populations is essential. Numerous signalling 

pathways have been identified that all lead to the expression of stemness genes (e.g. SRY-box 

Transcription Factor 2 - SOX2) (Gangemi et al., 2009) thus, maintaining this stem-like pool of 

cells. These signalling pathways include but are not limited to: Wingless/Integrated (WNT)/β-

Catenin, Notch, Bone Morphogenic Protein (BMP), Nuclear Factor Kappa B (NF-κB), Epidermal 

Growth Factor (EGF) and Sonic Hedgehog (SHH) signalling pathways (Liebelt et al., 2016; 

Matsui, 2016). Each of these pathways, however, possesses its own intrinsic complexity when it 

comes to signalling in BTSCs in comparison to its non-oncogenic counterparts, the neural stem 

cells (NSCs). For instance, in BTSCs, the epidermal growth factor receptor (EGFR) is frequently 

amplified leading to its increased signalling potential (Brennan et al., 2013). However, in addition 

to the amplification of the wild-type EGFR, activating mutations of EGFR leads to other splice 

variants including the epidermal growth factor receptor variant III (EGFRvIII). This variant is 

generated by a significant deletion of a portion of the extracellular ligand binding domain (Abou-

Fayçal et al., 2017; Gan et al., 2009). Unlike EGFR, the truncated EGFRvIII maintains a 

constitutively active status in the absence of its natural ligand leading to the continued 

phosphorylation and subsequent activation of the transcription factor STAT3 (Gan et al., 2009). 

Thus, to effectively target signalling pathways in BTSCs it is essential to understand the nuances 

that pertain to each pathway.   

 

The identification of EGFRvIII led to a greater understanding of the complexity of 

increased activation of this pathway, but it did not answer the question of how this mutated EGFR 
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receptor remains active or can be effectively targeted for therapy in clinic (Gan et al., 2009; 

Sorscher, 2004; Zadeh et al., 2013). In 2016, a novel discovery identified that the Oncostatin M 

receptor (OSMR) is acting as a required co-receptor for EGFRvIII, promoting the activity of the 

EGFRvIII-STAT3 signalling pathway in BTSCs, and thus promoting GB  tumorigenesis (Jahani-

Asl et al., 2016). The full spectrum of OSMR function remains to be investigated.  

 

A.2 Oncostatin M (OSM) and Oncostatin M Receptor (OSMR) signalling 

 

Oncostatin M (OSM), is a 28kDa circulating cytokine of the interleukin (IL)-6 cytokine 

family. This family also includes other cytokines including, IL-6, IL-11, IL-31, IL-27 and 

Leukaemia Inhibitory Factor (LIF) among others (Malik et al., 1989; Rose & Bruce, 1991). These 

cytokines are classified as members of a family based on their signalling mode that all involve a 

receptor complex that includes one or multiple glycoprotein 130kDA (gp130) subunits (Rose-John 

et al., 2015). Functionally, IL-6 family cytokines are involved in multiple biological processes 

including immune cell stimulation/regulation and metabolic functioning (Tanaka et al., 2014).  

 

Like most cytokines, OSM is secreted as a circulating product from immune cells (dendritic 

cells, macrophages, T cells and neutrophils) as well as non-immune cells such as hematopoietic 

cells. Interestingly, the expression of OSM is generally low in tissues of healthy individuals 

compared to individuals with cancer (Chen et al., 2021; Tawara et al., 2019). One of the OSM 

receptors, OSMR, is a 979 amino acid receptor of the type-1 cytokine receptor family (Mosley et 

al., 1996). This receptor mediates signal transduction of its natural ligand, OSM, through the 

formation of a high affinity type-II receptor complex with gp130 (OSMR/OSM/gp130). This high 

affinity receptor is generated once the low affinity OSM/gp130 complex encounters OSMR to 

generate signal transduction (Figure 2). Although OSM signals through a type-II receptor 

complex, it can also signal through a type-I receptor complex generated by the dimerization of the 

Leukaemia Inhibitory Factor Receptor (LIFR) and gp130/OSM (LIFR/OSM/gp130) in human 

cells (Figure 2). Interestingly, the Leukaemia Inhibitory Factor (LIF) may also signal through the 

type-I receptor but not through the OSMR/gp130 (type-II) complex suggesting the type-II receptor 

complex may possess unique signalling properties (Heinrich et al., 2003; Mosley et al., 1996; 

Thoma et al., 1994). Of note, the murine form of OSM was once thought to only signal through 
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the type-II receptor complex (OSMR/OSM/gp130) but additional research has suggested that there 

may be a potential for cross species activation of both receptor complexes (Hermanns, 2015; 

Walker et al., 2010).  Signalling events through the type-II receptor compex by OSM are driven 

by interaction with Protein-Tyrosine Kinases (PTK) such as Janus Kinase 1/2 (Jak1/Jak2) and 

adaptor proteins which mediate activation of the JAK-STAT pathway leading to signal 

transduction through STAT3 in both human and murine receptor models. This signal transduction 

is mediated by STAT3 phosphorylation via the PTK/Janus Kinases in the cytoplasm, leading to 

STAT3 dimerization. The dimeric structure is then able to travel to the nucleus where it acts as a 

transcription factor for the expression of downstream effector genes (Yu et al., 2014). Additionally, 

receptor signalling in both human and murine receptor models can activate STAT5, although the 

mechanism used by the human receptors is through a double tyrosine motif, which is not present 

in the murine receptor complexes (Hermanns, 2015).  In addition to STAT3, other signalling 

pathways include the Phosphoinositide 3-Kinases/Protein Kinase (PI3K/AKT) pathway, c-Jun N-

terminal kinases/Mitogen-Activated Protein Kinase (JNK/MAPK) pathway and Ras/MAPK 

pathways. These pathways are both necessary and important for cellular processes and have been 

identified as key pathways in disease, including cancer (Böing et al., 2006; Dey et al., 2013; 

Hermanns et al., 2000; Kan et al., 2011; Levy et al., 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure adapted from Mosley et al., 1996 in The Journal of Biological Chemistry 
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Figure 2. OSM signalling through type-I and type-II receptor complexes in humans. Bolded 

arrows represent high affinity binding of ligand and receptor leading to signal transduction. The 

dotted line represents low affinity binding and does not lead to signal transduction (Mosley et al., 

1996).  

 

A.2.1 OSM/OSMR signalling in cancer  

 

The role of OSM/OSMR signalling has been a subject to debate within the cancer research 

community as there has been both evidence that this signalling pathway acts in an oncogenic as 

well as in a tumour suppressive capacity (Junk et al., 2017; Masjedi et al., 2021). For instance, in 

Pancreatic Ductal Adenocarcinoma (PDAC), OSM/OSMR signalling in the tumour 

microenvironment was found to regulate fibroblast programs in a paracrine manner. OSM released 

by macrophages in the tumour microenvironment stimulated signal transduction through OSMR 

in cancer associated fibroblast (mesenchymal cells) and endothelial cells (Lee et al., 2021). It was 

identified that this type of signalling in the fibroblast cells leads to an increase in the production 

and release of pro-inflammatory cytokines in favour of tumour progression and metastasis (Lee et 

al., 2021). A similar feature of OSM/OSMR signalling was observed in breast cancer such that 

this signalling pathway was identified to not only be overexpressed in terms of ligand and receptor 

in cancerous tissue, but it also contributed to a supportive niche environment for tumorigenic cells. 

This niche environment was found to be populated by both immune (macrophages and neutrophils) 

and non-immune cells (cancer associated fibroblast and tumour cells) either stimulated by OSM 

or inducing OSM expression to impact neighbouring cells, thereby forming a positive feedback 

loop for tumorigenesis (Araujo et al., 2022). The pro-tumorigenic effect of OSM/OSMR signalling 

has further been demonstrated across a wide variety of cancer types including, but not limited to 

colon cancer (Kim et al., 2009), lung cancer (Chen et al., 2008; Shien et al., 2017), cervical cancer 

(Kucia-Tran et al., 2016; Ng et al., 2007; Winder et al., 2011) and Ewing sarcoma (David et al., 

2012). Conversely, there has also been considerable evidence that OSM in the tumour 

microenvironment takes on a tumour suppression and growth inhibition role, sometimes even in 

the same cancer in which it was found to have a pro-tumorigenic effect (Friedrich et al., 2001; 

Halfter et al., 2006; Li et al., 2001; Lu et al., 1993; Pan et al., 2016). For instance, OSM signalling 

was found to produce growth inhibitory effects on chondrosarcoma cells while sensitizing these 
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cells to death by the activation of p53. The growth inhibitory effects were found to be mediated by 

Jak3 and STAT1 activation, such that a Jak3 inhibitor abolished the growth inhibitory effects and 

was accompanied by a significant decrease in STAT1 activation while STAT3 activation remained 

unchanged (David et al., 2011). Data in support of OSM as an oncogenic player and in support of 

its role in tumour suppression, even in the same cancer type, suggests that there may be intrinsic 

factors to determine its role through varying signalling pathways (Masjedi et al., 2021). 

Interestingly, prior research has shown that in human mammary epithelial cells the MYC Proto-

Oncogene, BHLH Transcription Factor (c-myc) regulates the response of OSM to that of a pro-

tumorigenic or tumour suppressive role. It was identified that the expression levels of c-myc and 

its activity are key regulators in signalling pathways, such that if c-myc can no longer be repressed 

by STAT3 activation as a tumour suppressor, proliferation will continue in the presence of 

OSM/OSMR and activate signalling pathways in favour of tumorigenesis (Kan et al., 2011). 

Although there has been evidence of how OSM/OSMR signalling may have different effects in 

certain cell lines, by delving deeper into the intricacies of this pathway new therapeutic targets 

may present themselves. This includes novel binding partners that may influence the activity of 

OSM/OSMR signalling to favour tumorigenesis or tumour suppression.  

 

A.2.2 OSMR/OSM Expression in glioblastoma 

  

Expression analysis of OSM and its corresponding receptor, OSMR, has suggested that 

both the ligand and the receptor are highly expressed in glioblastoma, and their elevated expression 

significantly correlates with poor patient prognosis (Chen et al., 2021; Guo et al., 2019; McLendon 

et al., 2008; Natesh et al., 2015). Furthermore, the effects seen in glioblastoma by OSM were found 

to be mediated specifically by the overexpression of OSMR and not the expression of LIFR, 

suggesting that OSMR may be contributing to downstream effects that are unique to those of other 

OSM receptors (Natesh et al., 2015). Additionally, OSMR was found to be highly expressed in the 

mesenchymal molecular subtype of GB and its expression was significantly reduced in the 

proneural subtype. In this manner, OSM/OSMR was found to be contributing to the invasive and 

aggressive nature of the mesenchymal subtype in a STAT3 dependent manner (Natesh et al., 2015). 
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A.2.3 OSMR/OSM role in glioblastoma tumorigenesis  

 

Various mechanisms in which OSMR is implicated in glioblastoma have been identified. 

One of which includes OSMR acting as a co-receptor for EGFRvIII at the plasma membrane in 

human BTSCs and murine derived astrocytes (Jahani-Asl et al., 2016). This research identified 

that OSMR engages in a positive feedback loop by which its interaction with EGFRvIII or 

phosphorylated EGFR leads to an aberrant activation of STAT3. Activated STAT3 can then be 

translocated to the nucleus where it is able to directly bind the promoter of OSMR to upregulate 

its expression thereby promoting tumorigenesis. Importantly, loss of OSMR was shown to 

contribute to significant reductions in tumorigenesis and proliferation along with prolonged 

lifespan in a preclinical animal model (Jahani-Asl et al., 2016) (Figure 3). However, the role of 

OSMR signalling in glioblastoma is not limited to its interaction with EGFRvIII or EGFR. OSMR 

was recently found to be a key regulator of mitochondrial respiration and metabolism through 

interaction with complex I of the electron transport chain (ETC) in BTSCs (Sharanek et al., 2020). 

In this instance, OSMR is translocated into the mitochondria through the Presequence Translocase-

Associated Motor (PAM) complex and interacts with NADH ubiquinone oxidoreductase 1/2 

(NDUFS1 and NDUFS2) of complex 1. This leads to an increase in the rate of oxidative 

phosphorylation (OXPHOS) in BTSCs, a decrease in generation of reactive oxygen species (ROS) 

followed by desensitization of these cells to IR treatment. This role of OSMR was found to be 

independent of EGFRvIII (Sharanek et al., 2020) (Figure 3). Yet, other studies have suggested 

that OSMR is a key receptor in the transition to mesenchymal states (Hara et al., 2021). Unlike 

other glioblastoma subtypes, such as the proneural subtype, that arise from intrinsic cell types such 

as neurons (Olar & Aldape, 2014), mesenchymal-like cells do not arise from intrinsic cells, thus 

suggesting that a transition to a mesenchymal phenotype is required to generate the mesenchymal 

subtype (Neftel et al., 2019). Research has suggested that OSM and to a lesser extent LIF, produced 

by macrophages, induces signal transduction through OSMR/gp130 predominantly, or 

LIFR/gp130, to induce the expression of mesenchymal-like programs through the activation of 

STAT3 in a glioblastoma cancer cell model  (Hara et al., 2021) (Figure 3). Of note, OSMR was 

also found to have a role in the regulation of the immune and tumour microenvironment. It was 

identified that high expression of OSMR negatively correlated with cytotoxic lymphocytes (which 

typically do not express OSMR) but positively correlated with fibroblasts and dendritic cells in the 
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glioblastoma tumour microenvironment. These findings suggest that mesenchymal cells such as 

fibroblasts and dendritic cells express OSMR, along with the tumour cells, and may also contribute 

to malignancy (Guo et al., 2019). In addition, Gene Set Enrichment Analysis (GSEA) pointed to 

OSMR as a key element in inflammatory response pathways/phenotypes and leukocyte migration 

(Guo et al., 2019). Interestingly, OSMR was also identified to be strongly associated with 

extracellular matrix related pathways in the brain tumour microenvironment (Guo et al., 2019). 

However, the role of OSM/OSMR signalling in impacting the immune landscape and progression 

of GB has also been contrasted.  It has previously been suggested that mesenchymal states have 

been heavily associated with suppressing the activity of T cells and thus leading to a more immune-

cold and aggressive GB phenotype (Mariathasan et al., 2018), but recent evidence has suggested 

otherwise (Hara et al., 2021). This research has suggested that mesenchymal like glioblastoma 

states are more effectively targeted and killed by T cells compared to any other state (Hara et al., 

2021). This data suggests that, not only does OSM/OSMR have a role in the state of the tumour, 

but that it also contributes to modulating the local tumour environment to either enhance 

tumorigenesis  or induce a more favourable tumour killing immune environment (Guo et al., 2019; 

Hara et al., 2021; Matsumoto et al., 2020). This suggests that OSMR is contributing to malignancy 

or suppression through more than one pathway. These pathways may involve additional binding 

partners that influence the activity of OSMR to generate perhaps more malignant phenotypes such 

as the ones observed in the mesenchymal-like state. To follow up on this notion, I set out to identify 

OSMR binding partners in different contexts, as described in the Result section of this thesis. 

Specifically, the focus of this MSc thesis was to investigate the biology of one of these partners in 

BTSCs, the Chloride Intracellular Channel 1 (CLIC1). 
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Figure adapted from Talks - Raco & Jahani-Asl 2021 in MRM Insights 2021  

Figure 3. OSM and OSMR in various roles contributing to glioblastoma tumorigenesis. OSMR as 

an EGFRvIII co-receptor at the plasma membrane: mediates a positive feedback loop with 

activated STAT3. OSMR at the mitochondria: OSMR translocates into the mitochondria via the 

PAM complex where it regulates OXPHOS through binding to complex 1 of the ETC. OSMR 

signalling is correlated with malignant transformation to mesenchymal GB subtypes by the 

expression of OSM from macrophages (Talks) Raco & Jahani-Asl 2021. OSM-expressing cells in 

the cancer tumour environment that produce OSM, pertaining to glioblastoma and other cancers 

such as breast cancer and PDAC (Araujo et al., 2022; Lee et al., 2021; Queen et al., 2005; West et 

al., 2018). OSMR-expressing cells/ tumor cells that express the receptor. Some pertaining to 

glioblastoma and CNS specifically and other cancers such as breast cancer and PDAC (Araujo et 

al., 2022; Guo et al., 2019; Hermanns, 2015; Lee et al., 2021; West et al., 2018). Image created 

using Biorender.com 
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A.3 Ionic homeostasis and ion channels  

 

Ions are electrically charged molecules with their extracellular and intracellular 

concentrations being maintained by the action of their corresponding channels in a process known 

as ionic homeostasis (Bagal et al., 2013; Dubyak, 2004; Jentsch et al., 2004). Ion currents mediate 

pumping of the heart, muscle contractions, cell cycle progression/proliferation (Rosendo-Pineda 

et al., 2020), neuronal signalling (Burke Jr & Bender, 2019), immune (Feske et al., 2015; Panyi et 

al., 2014) and metabolic functions including proper functioning of ETC, ROS production and 

maintenance of the mitochondrial membrane potential (Urbani et al., 2021) to name a few. The 

broad action of these molecules can be attributed to a handful of ions, including calcium (Ca2+), 

potassium (K+), chloride (Cl-), and sodium (Na+).  

 

For instance, calcium is known to be one of the most ubiquitous and versatile ions in the 

body. It drives a multitude of critical biological pathways through its ability to act as a second 

messenger, as well as its ability to control the location of these signals by generating localized 

gradients (Giorgi et al., 2018). Two of the most recognized organelles for calcium stores and 

effectors of calcium gradients are the Endoplasmic Reticulum (ER) and the mitochondria (Giorgi 

et al., 2018; Raffaello et al., 2016). These organelles not only provide a large reservoir of calcium, 

but they also regulate the effect calcium will have on the cell. For instance, transient calcium 

fluctuations in the mitochondria, regulated by the ER, drive proper functioning of the cell; 

elements such as metabolism and pro-survival signals. However, prolonged Ca2+ elevation in the 

mitochondria leads to cell death through excitotoxic mechanisms in neurons; in other words, 

hyperactivation of neurons leading to death (Marchi et al., 2018). Another critical ion in the body 

is potassium. Similar to calcium, potassium is essential to a wide range of biological functions, 

including maintaining resting membrane potentials, action potentials, hormone secretion/activity 

and cell volume regulation, to name a few (Mount & Zandi-Nejad, 2012; Weiner et al., 2010). The 

action of this ion is so widespread throughout biological systems that it must be tightly regulated 

in a process known as potassium homeostasis (Gumz et al., 2015; Palmer, 2015).  

 

In addition to Ca2+, and K+, chloride plays a significant role in health and disease as it is 

the principal anion of the human body. This anion controls and regulates many biological pathways 
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including, maintaining osmotic pressure to ensure proper cell-volume regulation, maintaining 

acid-base balance, regulating epithelial fluid secretion and playing a role in neuronal signaling 

(Berend et al., 2012; Verkman & Galietta, 2009).  Of note, acid-base balance is one of the most 

important aspects of the human body as the body operates in a very narrow pH range. This pH 

range is critical for the proper functioning of enzymes, such as those involved in metabolism or in 

the immune response, proper protein folding, and efficient oxygenation of tissues and organs 

(Miltiadous et al., 2008).  

 

Ion channels that regulate these charged molecules can be found at the plasma membrane 

of cells or intracellularly on specific organelles in which they mediate functions specifically to that 

organelle. They can be voltage gated, intracellular or extracellular ligand gated, mechano-sensitive 

or passive channels. With ion channels being so varied in their function and activity, it is evident 

that not only do they play a critical role in human biology, but their dysfunction can have a 

profound impact on human health (Hübner & Jentsch, 2002; Kullmann & Waxman, 2010). 

Moreover, ion channels have been implicated in a variety of malignancies, including glioblastoma, 

in which they function in a broad manner to mediate cancer progression (Litan & Langhans, 2015). 

Specifically in GB, Cl- has been found to play a role in tumour progression through implications 

in proliferation (Habela & Sontheimer, 2007), migration (Watkins & Sontheimer, 2011) and 

apoptosis, all of which require considerable changes in cellular volume (Turner & Sontheimer, 

2014).   

 

A.3.1 Chloride Intracellular Channel (CLIC) family  

 

The Chloride Intracellular Channel (CLIC) family, which consists of 6 members (CLIC1-

6), is the most recent chloride (Cl-) channel that has been identified (Ashley, 2003). These proteins 

are known to be encoded by six different genes (clic1-6) on various chromosomes. Structurally 

they are not related to classical chloride channels (CLCs), instead the CLIC motif resembles that 

of the Omega Glutathione S-Transferase (GST) fold superfamily (Gururaja Rao et al., 2020; Littler 

et al., 2010). Interestingly, these proteins can be found in both a soluble form, in which some 

members have been found to display possible enzymatic activity (Hernandez-Fernaud et al., 2017; 

Turkewitz et al., 2021), and/or in a channel form inserted in the membrane (Gururaja Rao et al., 
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2020). The membrane form is made possible by one putative transmembrane domain found in the 

CLIC protein structure (Littler et al., 2010), which allows its insertion into the membrane. Adding 

to their importance, these proteins have been found to play important roles in human diseases. This 

includes but is not limited to organ dysfunction, specifically in the realm of the heart and the lungs 

(Ponnalagu et al., 2016; Wojciak-Stothard et al., 2014), neuropathology, in which CLIC proteins 

are functionally implicated in neuronal death (Guo et al., 2018) and in various cancers in which 

they are expressed in solid tumours as well as in surrounding tumour tissue  (Gururaja Rao et al., 

2020).  

 

A.4 Chloride Intracellular Channel 1 (CLIC1) 

 

Chloride Intracellular Channel 1 (CLIC1), or NCC27 is a protein of the CLIC family 

composed of 241 amino acids with a molecular weight of about 27 kDA (Valenzuela et al., 1997). 

It is expressed in various tissues and cell types; however, its expression in terms of both mRNA 

and protein, is rather low in the brain (Public Database Human Protein Atlas – (Sjöstedt et al., 

2020). Unlike many members of the CLIC family, this specific protein is thought to have 

enzymatic activity in the cytoplasm when it is in its soluble monomeric form. Specifically, CLIC1 

was identified to potentially possess oxidoreductase activity in a glutathione-dependent manner 

because of its glutaredoxin-like ‘active site’, although the specific activity of CLIC1 to act in this 

manner is not confirmed (Al Khamici et al., 2015; Board et al., 2004). The potential catalytic 

activity of CLIC1 in its soluble form was identified to be mediated by cysteine residue 24 (Cys24) 

(Al Khamici et al., 2015). This specific residue has also been highly implicated in the transition 

from a soluble form to that of a membrane channel (Littler et al., 2004). Research into the 

mechanism of transition has shown that to form a membrane channel, the CLIC1 monomer must 

dimerize.  This is mediated by a structural re-organization of the protein and the interaction 

between Cys24 and Cys59, which form an intramolecular disulfide bond in response to redox states 

of the cell or other unidentified means (Figure 4). This interaction, along with a structural re-

organization of key residues, exposes a large hydrophobic surface of the protein that enables 

channel formation and gives rise to the putative transmembrane helix in proximity to the catalytic 

active site. The data from these studies has suggested that the transition between states is controlled 



27 

by the redox state of the cell (Harrop et al., 2001; Littler et al., 2004) although, the exact 

mechanisms by which this occurs are yet to be determined.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure retrieved from Littler et al., 2004 in The Journal of Biological Chemistry  

Figure 4. Dimeric structure of CLIC1. The CLIC1 monomers are represented in green and in red 

respectively. The intramolecular disulfide bond between Cys24 and Cys59 is represented in 

yellow.  The numbers represent the helices of the protein. This interaction is thought to be required 

for insertion in the membrane to generate a functional channel (Littler et al., 2004).  

 

A.4.1 CLIC1 and cancer  

 

CLIC1 is suggested to play a role in the progression of various aggressive cancer types 

including, gastric carcinoma (Li et al., 2018), lung cancer (Wang et al., 2011), pancreatic 

adenocarcinoma (Jia et al., 2016), epithelial ovarian cancer (Singha et al., 2018), medulloblastoma 

(Francisco et al., 2020) and glioblastoma (Djuric et al., 2019; Setti et al., 2013; L. Wang et al., 

2012). Interestingly, via analysis of the mutational landscape of CLIC1 in cancer, there has been 

little evidence of mutations in the CLIC1 gene. For most of the tumours surveyed there seemed to 

be no mutations (Figure 5) (Barbieri et al., 2019). This may suggest that unlike some other cancer 

drivers, that are frequently mutated in glioblastoma, CLIC1’s role in tumorigenesis is not mediated 

by mutational alterations, but rather other mechanisms, possibly by post-translational modification 
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or interaction with binding partners (Barbieri et al., 2019). Furthermore, in many studies the 

increased expression of CLIC1 has been associated with poor prognosis and a high degree of 

resistance to standard of care treatment in GB and other cancers (Peretti et al., 2015; Wu & Wang, 

2017; Zhao et al., 2019). 

 

 

Figure retrieved from Barberi et al., 2019 in Frontiers in Oncology  

Figure 5. RNA expression of CLIC1 in solid tumours. Mutational information was derived by 

Barberi et al., 2019 with the use of the cBioPortal/TCGA datasets. Blue dots - no mutations; Green 

dots - missense mutation; Purple dot - truncation mutation; White dot - mutation not identified.  

Residue mutations are not specified (Barbieri et al., 2019).  

 

A.4.2 CLIC1 in glioblastoma  

 

Research specifically focused on the role of CLIC1 in glioblastoma tumorigenesis has 

suggested that not only is CLIC1 highly expressed in glioblastoma compared to normal brain 

tissue, but its expression is significantly correlated with poor patient prognosis (Setti et al., 2013). 

Furthermore, when looking at cell subtypes, CLIC1 was found to be expressed in GB cells of the 

mesenchymal subtype and was localized to the stem cell compartments such that its expression 
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was colocalized with SOX2 (Setti et al., 2013). Interestingly, when looking at CLIC1 localization 

without permeabilization of the cellular membrane, CLIC1 was found to be highly localized to the 

membrane of glioma stem cells (GSCs), but this effect was not observed in neural progenitor cells 

(NPCs). This observation was accompanied by CLIC1 chloride conductivity experiments, using a 

patch clamp system, in which it was demonstrated that CLIC1-mediated chloride current was 

highly active in GSCs compared to NPCs (Setti et al., 2013). This suggests that the chloride current 

mediated by CLIC1 in its membrane form in GSC is contributing to tumorigenesis (Setti et al., 

2013). In support of this hypothesis, knockdown (KD) of CLIC1, thereby reducing Cl- current via 

CLIC1 in GSCs induced a significant decrease in proliferation/viability measured by 

Bromodeoxyuridine (BrdU) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay, stemness measured by methylcellulose assay, and glioblastoma development in a 

murine model (Setti et al., 2013). Furthermore, CLIC1 KD was shown to sensitize chemo-resistant 

GB lines to Carmustine (BCNU) treatment, an alkylating agent used alone or in combination for 

the treatment of some cancers, including brain cancer and lymphoma (Kang & Kang, 2008). Of 

note, CLIC1 activity in tumour cells is not the only mechanism by which CLIC1 may be 

contributing to tumorigenesis. It has been suggested that CLIC1 is a secreted product packaged in 

extracellular vesicles (EVs) and can target neighbouring cells such as other GB cells or CSCs (Setti 

et al., 2015). In the neighbouring cells, endocytosis of EVs containing CLIC1 is thought to be 

mediated by Transient Receptor Potential Cation Channel Subfamily M Member 7 (TRPM7) 

possibly regulating Ca2+ spikes, although the mechanism of release from the cell of origin is still 

under investigation (Setti et al., 2015; Thuringer et al., 2018). Once received by the neighbouring 

cell, EVs generated from U87 MG cells producing CLIC1, induced significant proliferation in U87 

MG glioblastoma cells. The effect on proliferation was increased form EVs generated from FLAG-

tag plasmid overexpressing CLIC1 in U87 MG cells compared to control empty EVs. This effect 

was, however, terminated once EVs were depleted of CLIC1 using siRNA against CLIC1 (Setti et 

al., 2015). This data suggests that, not only does CLIC1 impact various aspects of tumorigenesis 

in its cell of origin, but it is also able to modulate the activity of neighbouring cells to favour a pro-

tumorigenic environment (Kang & Kang, 2008; Setti et al., 2015; Setti et al., 2013).  

 

A potential mechanism for the action of CLIC1 in GB cells seems to be via regulation of 

the cell cycle and changes to chronic stress in rapidly cycling cells (Peretti et al., 2018). It was 
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identified that following starvation conditions, 90% of GB cancer stem cells were in the G1 phase, 

however, upon plating in complete media, cells quickly progressed to S phase while cells that were 

treated with either a specific CLIC1 channel inhibitor (Indanyloxyacetic acid 94 – IAA-94) (Al 

Khamici et al., 2015) or a CLIC1 antibody (Santa Cruz Biotechnology, sc 81873), against the 

extracellular domain, had a longer transition period to G2-M phase along with a significant delay 

in upregulation of Cyclin D1 (Peretti et al., 2018). Additionally, ROS production plays a 

significant role in the cell cycle such that its production is essential for G1-S progression (Verbon 

et al., 2012). In cells treated with IAA-94 or a CLIC1 antibody, there was a significant shift in 

ROS production such that ROS levels were reduced while cellular acidification was increased 

leading to a slower cycling period (Peretti et al., 2018). This suggests that CLIC1 may have a direct 

impact on cell cycling through the modulation of other cellular factors such as ROS and pH. 

Interestingly, ROS production and Ca2+ current have been proposed to act bidirectionally, this 

means that Ca2+ modulates ROS production and ROS acts as a messenger molecule in regulating 

Ca2+ by modulating the activity of Ca2+ pumps and channels (Gordeeva et al., 2003; Görlach et al., 

2015). Since CLIC1 has been found to play a significant role in mediating ROS production (Peretti 

et al., 2018), perhaps it may also, by extension, play a role in the regulation of Ca2+ currents, 

therefore implicating CLIC1 in a broader line of cellular processes (Lee et al., 2019). 

 

Although taking CLIC1 inhibition to the clinic still requires considerable research, there 

have been efforts to use either repurposed compounds, such as phenformin, proguanil, cycloguanil 

and moroxydine, which are all known biguanide-related drugs similar to Metformin, or new 

compounds to selectively target CLIC1’s channel activity in GB (Barbieri et al., 2022; Barbieri et 

al., 2018; Gritti et al., 2014). CLIC1 was initially identified as a possible target for Metformin, a 

commonly used drug for diabetes that was found to possess anti-tumoral activity in many cancers. 

Metformin selectively inhibited CLIC1 chloride current and induced anti-proliferative effects in 

glioma cancer stem cells but not in umbilical cord-derived mesenchymal stem cells (Gritti et al., 

2014). However, the concentration at which Metformin was found to be effective for treatment 

was in the mM range, which was seen as not highly translatable to clinic, thus a turn to other 

biguanide class related drugs. These other drugs, including phenformin, proguanil, cycloguanil 

and moroxydine or newly synthesised compounds, demonstrated similar effects of anti-tumoral 

activity as Metformin, however their effective dosage was found to be significantly lower, many 
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of them being extremely functional and specific at the µM range (Barbieri et al., 2022; Barbieri et 

al., 2018). Together, this data suggests that CLIC1 may be playing a fundamental role in GB 

tumorigenesis and requires further research.  

 

A.5 Identified functions of CLIC1  

 

A.5.1 CLIC1 in metastasis, invasion, and angiogenesis 

 

Cellular metastasis and the angiogenic process are key elements driving cancer progression 

(Martin et al., 2013). When researchers looked at different cancer models including gallbladder 

carcinoma, oral squamous cell carcinoma, and early or late-stage hepatocellular carcinoma, CLIC1 

upregulation was significantly correlated with more aggressive migration of cells (Feng et al., 

2019; Peng et al., 2021; Wang et al., 2009). The metastatic potential was further elucidated when 

clonal lines were generated from the same gallbladder carcinoma line. Upon further analysis of the 

high metastatic clone, it was observed that there was a significant increase in CLIC1 expression 

compared to the low metastatic clone and the parental gallbladder carcinoma line that was used to 

generate the high and low metastatic clones (Wang et al., 2009). Experiments attempting to 

elucidate the mechanism by which CLIC1 contributes to metastasis and invasion have placed 

CLIC1 at the leading edge of the nascent cell adhesions (Peng et al., 2021). Furthermore, depletion 

of CLIC1 reduced and inhibited the formation of filopodia, lamellipodia, and invadopodia 

compared to control cells in which CLIC1 was again found to be localized to the leading edge of 

the formation (Gurski et al., 2015). In addition, experiments have demonstrated that CLIC1 has a 

role in angiogenesis through mediating branch point formations and enabling proper formation of 

capillary networks (Feng et al., 2019; Knowles et al., 2012). In looking at specific elements that 

are known to contribute to these processes in relation to CLIC1, prior research has identified that 

CLIC1 works with and regulates the expression of a variety of elements such as 

phosphatidylinositol-4-phosphate 5-kinase type-1 Alpha (PIP5K1A) and phosphatidylinositol-4-

phosphate 5-kinase type-1 gamma (PIP5K1C), myosin light chain (MLC), various integrins and 

matrix metallopeptidase 2 (MMP-2), matrix metallopeptidase 9 (MMP-9), vimentin and E-

cadherin (Feng et al., 2019; Gurski et al., 2015; Peng et al., 2021; Tung & Kitajewski, 2010). 
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A.5.2 CLIC1 and implications in drug resistance  

 

A key factor determining cancer treatment outcome is the degree to which cancer cells are 

sensitive or resistant to therapy. Ion channels, and in particular chloride channels, have been 

studied such that their action has been found to mediate multi-drug resistance (MDR) (Kang & 

Kang, 2008; Wilczyński et al., 2021). MDR is the term given to cancer cells when they have failed 

to respond to multiple types of chemotherapeutic drugs that target a variety of pathways. This may 

suggest that the cancer is intrinsically resistant to certain types of chemotherapeutic drugs or it has 

gained resistance through mutations, adaptive responses or compensating mechanisms (Holohan 

et al., 2013). One mechanism used to render cells resistant is through drug efflux. This is 

accomplished by membrane transporter proteins, of which there have been three that are well 

described; Multi-Drug Resistance Protein 1 (MDR1), MDR-Associated Protein 1 (MRP1), and 

Breast Cancer Resistance Protein (BCRP) (Gottesman et al., 2002; Holohan et al., 2013). Like 

other chloride channels, CLIC1 was also found to be implicated in resistance to cancer therapy 

(Liu et al., 2017). Choriocarcinoma cell (JeG3) induced chemotherapy resistant lines were found 

to have upregulated CLIC1 expression compared to parental lines. Interestingly, in these cell lines 

CLIC1 was found to induce the expression of MRP1, suggesting that CLIC1 is a key mediator of 

cellular response to therapy (Wu & Wang, 2017). Another study similarly implicated CLIC1 in 

resistance to Vincristine through the transfer of CLIC1 in exosomes in gastric cancer. Importantly, 

exosomes collected from the supernatant of resistant cell lines were able to generate resistance in 

cell lines that were Vincristine sensitive. This data suggests that CLIC1 may be impacting drug 

resistance through extracellular effects on neighbouring cell populations (Zhao et al., 2019).  

Concurrently, CLIC1 vesicle transfer has further been implicated in glioma stem cell proliferation 

and mediation of the extracellular environment (Setti et al., 2015). By blocking the chloride current 

in these stem-like cells through the re-proposing of known pharmacological drugs, CLIC1 has 

shown to be a promising target for therapy (Barbieri et al., 2019; Gritti et al., 2014). These data 

suggest that expression of CLIC1 may be an adaptive mechanism used by cancer cells to become 

resistant to chemotherapy, although how CLIC1 expression itself changes in response to therapy 

has not been assessed.  
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A.5.3 CLIC1 and cell cycle 

 

The cell cycle is a process by which one cell receives the necessary signals and undergoes 

a series of events to generate a fully functional daughter cell. The general steps for this process 

include, the resting phase (G0), the cycle gap 1 (G1) phase in which the cells grow in size, the 

synthesis (S) phase in which DNA is replicated, the gap 2 (G2) stage which is marked by another 

change in cell size, and the mitosis (M) stage in which the cell divides (Barnum & O’Connell, 

2014). The cell cycle is such a critical and conserved process that the cell maintains strict 

paraments on the progression through the stages, regulated by checkpoints (Barnum & O’Connell, 

2014; Hartwell & Weinert, 1989). One such checkpoint is at the end of the G1 phase, in which the 

cell commits to division (Figure 6). This checkpoint is marked by having adequate DNA integrity, 

quantity of growth factors, and nutrients along with having to meet the right size requirement for 

division. The size requirement of cells suggests that cells must increase their surface to volume 

ratio to allow adequate space for replicating DNA and increased nutrients for division to occur 

(Barnum & O’Connell, 2014). Cell volume homeostasis, accomplished by a variety of cellular 

ions, including chloride, is thus called into action (Strange, 2004).  
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Figure 6. Cell cycle progression and key checkpoint requirements for proper progression.  

Resting phase (G0), gap 1 (G1), DNA synthesis (S), gap 2 (G2) and mitosis (M). The progression 

through the cell cycle is regulated by checkpoints (STOP); one at the end of G1, one in G2 and the 

last in M phase. Image generated using Biorender.com  

 

Interestingly, CLIC1 is highly conserved across various species, including humans, mice 

and Arabidopsis where it is expressed in a large variety of tissues and cells. Furthermore, it is 

known to function in chloride ion conductance across the membrane (Littler et al., 2010). This led 

to the speculation that it may be involved in a key conserved biological mechanism, such as the 

cell cycle (Valenzuela et al., 2000). Early experiments looking specifically at this hypothesis in 

Chinese Hamster Ovary cancer cell lines (CHO-K1) identified that CLIC1 chloride conductance, 

measured using patch clamp experiments, varied along different stages of the cell cycle. 

Specifically, increased conductance across the membrane was identified in the G2/M transition 

phase. Importantly, once the conductance was inhibited using a CLIC1 inhibitor, IAA-94, cells 

were stuck in the G2/M transition (Valenzuela et al., 2000). However, since these first experiments, 

there has been conflicting evidence suggesting that CLIC1 may be impacting different stages of 

the cell cycle. A study looking at the cell cycle progression in GB identified that CLIC1 current 

was most highly active during the G1 phase and inhibition of CLIC1 current elongated the G1/S 

transition (Peretti et al., 2018). Yet, other studies have placed CLIC1 along with CLIC4 at the 

cytokinesis interphase suggesting it has a role in the final separation between cells (Kagiali et al., 

2020). Furthermore, although additional research must be conducted to investigate if  CLIC1 is 

cell cycle regulated, there is speculation that the cell cycle may impact the activity of CLIC1 

through the oxidative fluctuations that occur during cell cycle progression (Menon & Goswami, 

2007). CLIC1’s transition to the membrane and its subsequent activation as a chloride channel is 

proposed to occur in response to changing oxidation states of the cell (Harrop et al., 2001; Littler 

et al., 2004). Interestingly, research speculation has suggested the possible involvement of 

oxidative fluctuation in the regulation of gene expression, thus it is not possible to rule out whether 

the cell cycle regulates CLIC1 itself (Menon & Goswami, 2007). Although there have been 

deferring conclusions about when CLIC1 is most involved in cell cycle progression or if CLIC1 

itself is regulated by the cell cycle, it is clear that chloride conductance does play a role in the cell 

cycle by means of its ability to regulate cellular volume, a key component of the cell cycle 
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(Francisco et al., 2020; Miyazaki et al., 2008; Shiozaki et al., 2011).  Of note, regulation of cell 

volume by CLIC1 outside of the cell cycle has been proposed to be enacted by CLIC1 mediating 

cellular regulatory volume decrease (RVD) in colorectal carcinoma (P. Wang et al., 2012). RVD 

is a process that enables cells to regulate their volume based on their surrounding hyper or 

hypotonic environments. For instance, if a cell becomes swollen because of excess osmotically 

active particles that induce water uptake, various ion channels and transporters will be open/active 

to engage the process of RDV and to ensure that the cell volume is regulated accordingly (Mongin 

& Orlov, 2001; Okada et al., 2001). Interestingly, RVD has been identified as a key mediator in 

cancer such that it plays a significant role in metastasis and migration of cancer cells (Zhou et al., 

2019). This data suggests that the hypothesized cellular volume regulation generated by CLIC1 

mediated Cl- current may have a larger role to play in cancer progression, through its varied roles 

not only in the cell cycle where it is active in G1 and/or G2 phase, but also in metastasis and 

migration of cancer cells. 

 

A.5.4 CLIC1 targets and related pathways 

 

Analysis of protein-protein interactions and investigating the pathways in which a protein 

operates are two key elements in understanding the function of a gene or protein in the context of 

any pathological condition including cancer. Protein networks, along with 

transcriptional/regulatory and metabolic networks, all play a fundamental role in generating an 

interaction network to better understand complex biological phenomena. For instance, the 

functioning of proteins such as CLIC1 may change depending on the binding partners that it 

interacts with. In 2012, Jiang et al. described the role of CLIC1 and its interaction with the Rac 

family small GTPase 2 (Rac2), Ras homolog family member A (RhoA) and ERM 

(Ezrin/Radixin/Moesin) proteins. Interaction of these proteins with CLIC1 was shown to lead to a 

wide range of events including proper macrophage function by means of phagosomal acidification 

(Jiang et al., 2012). Yet other research has identified CLIC1 as an interacting partner with 

fluorescein-conjugated cyclic decapeptide (CLT1) to regulate angiogenic properties (Knowles et 

al., 2012) as well as with integrins such as integrin subunit beta 1 (ITGb1) and integrin subunit 

alpha 10 (ITGa10) where it plays a role in the regulation of the MAPK/AKT pathway (Li et al., 

2018). Recently, CLIC1 has been implicated in the progression and growth of medulloblastoma 
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through its physical interaction with a potassium channel, the Ether-A-Go-Go Potassium Channel 

2 (EAG2). This interaction is mediated by lipid rafts at the cell membrane, where these channels 

cooperate to regulate cell volume and thus, play a significant role in growth of medulloblastoma 

cells both in vitro and in vivo (Francisco et al., 2020).   

 

CLIC1 has also been found to play a role in myc/c-myc signalling, in which CLIC1 directly 

interacts with c-myc to create a positive feedback loop for the transcription of CLIC1 and the 

activation of c-myc downstream targets (Jiang et al., 2020). The MYC oncogene family is a tightly 

regulated family at the level of transcription, translation, protein expression and degradation for 

which the myc protein acts as a transcriptional regulator for multiple downstream targets and 

pathways. Myc proteins have been identified to be overexpressed or highly active in multiple 

cancers, for which it plays a role in almost all oncogenic properties including cell cycle, 

metabolism, DNA repair pathways, and signal transduction to name a few (Chen et al., 2018; 

Dang, 2012). Activation of c-myc is generated through extracellular receptor activity leading to 

signal transduction. One specific receptor highly documented for c-myc activation is interleukin 6 

(IL-6) cytokine family receptors (Chen et al., 2018). Interestingly, both CLIC1 and OSMR, an IL-

6 family receptor, are highly expressed in glioblastoma (Jahani-Asl et al., 2016; Setti et al., 2013) 

and have been identified as possible binding partners in our studies with Mammalian Membrane 

Two Hybrid – High Throughput Screen, as outlined in this thesis. 

 

A.6 Mammalian Membrane Two Hybrid – High Throughput Screen  

 

 The Mammalian Membrane Two Hybrid (MaMTH) screening technology utilizes 

exogenous expression of a tagged ‘Bait’ protein and a ‘Prey’ library of proteins to identify both 

stable and transient protein-protein interactions that are taking place at the membrane (Petschnigg 

et al., 2014). Briefly, for the use in this thesis work, the OSMR (Bait) plasmid was generated with 

a C-terminus fused MaMTH-HTS Bait tag (C/ub) linked to an artificial transcription factor 

(GAL4TF) and expressing a blue fluorescent protein maker (BFP) by a P2A linker (C/ub-

GAL4TF-P2A-tagBFP). This plasmid or OSMR expressing plasmid alongside EGFRvIII 

expressing plasmid were stability transfected into HEK293T cells that contained the MaMTH-

HTS ‘Prey’ library. The library consisted of ~8000 open reading frames from the Human 
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ORFeome V8.1 collection (Yang et al., 2011). The ‘Prey’ proteins from this collection were fused 

to MaMTH-HTS Prey tag (N/ub) at their N-terminus and P2A-mCherry at their C-terminus. The 

reporter HEK293T cell lines also contained chromosomally integrated green fluorescent protein 

(GFP) under the control of the GAL4TF promoter. In the instance that a protein-protein interaction 

(PPI) were to take place between the ‘Bait’ and any of the ‘Prey’ proteins, the C/ub and N/ub of 

the respective proteins would meet and spontaneously form a psedo-ubequitin complex. This 

complex would then be targeted by a deubiquitinating enzyme that would cleave the artificial 

transcription factor (TF) and allow it to travel to the nucleus where it would bind DNA at the 

GAL4TF promoter to induce GFP expression (Lim et al., 2022; Petschnigg et al., 2014; Saraon et 

al., 2017) (Figure 7).  Using fluorescence activated cell sorting (FACS), the presence of an 

interaction was assessed based on the expression of GFP while the presence of each individual 

plasmid was monitored by the expression of the blue fluorescent protein (BFP) or mCherry, 

respectively. However, the identity of the interacting protein was determined by sequencing of 

ORF’s using IlluminaHiSeq2500 technology. One of the main advantages of using this system to 

identify protein-protein interactions is the use of mammalian cells, which allows the biochemical 

structure of proteins to remain intact in a more natural environment. The MaMTH screening 

technology was developed following the use of Membrane Yeast Two Hybrid (MYTH) system in 

order to overcome the issue surrounding the expression of recombinant proteins in a foreign host 

such as yeast cells used in the MYTH technology (Iyer et al., 2005; Saraon et al., 2017). This 

allowed the MaMTH system to be highly sensitive to subtitle changes and elements/factors that 

only occur in the natural environment of the cell, such as those that occur in higher order 

mammalian cells (Saraon et al., 2017). Additionally, with the advent of high throughput screening, 

the MaMTH system can be used to identify many interactions with relatively small amounts of 

material (Lim et al., 2022). Although the use of mammalian cells has drastically improved the 

sensitivity of this assay some limitations remain, one of which is the high probability of identifying 

false positive interactions, or the possibly of ending up with missed interactions due to false 

negatives (Schneider et al., 2016). This may occur as a result of the cell type that is used when 

conducting this screen. For instance, in the context of this thesis work, the MaMTH-HTS was 

performed in HEK293T cells and, although this is a tumorigenic cell line, it may not recapitulate 

all the environmental and biochemical elements of brain tumour stem cells (BTSCs). Thus, 
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following this kind of screen it is imperative to validate results through additional methods that 

allow the interaction to be identified in its cell of interest.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure adapted using BioRender.com from Petschnigg et al., 2014 in Nature Methods  

Figure 7. The ‘Bait’ protein (green) is a modified protein of choice containing a BFP marker, C-

terminus ubiquitin (Cub) and a chimeric transcription factor (TF). The ‘Prey’ protein (pink) is a 

modified protein containing a mCherry marker, and a N-terminus ubiquitin (Nub).  In the event 

that a protein-protein interaction occurs between the ‘Bait’ and ‘Prey’ proteins, the Cub and Nub 

will form a pseudo-ubiquitin complex which will recruit deubiquitinating enzymes (DUBs) that 

will cleave the chimeric transcription factor. The transcription factor will induce the expression of 

either GFP or Luciferase once bound to its promoter sequence. The ‘Bait’ protein must be a 

membrane protein whereas the ‘Prey’ protein may be a membrane protein (as shown) or may be 

membrane associated (Petschnigg et al., 2014).  

 

A.7 Hypothesis and Objectives  

 

Research has suggested that OSMR is greatly involved in glioblastoma progression through 

mediating and actively taking part in multiple pathways, including as A) a co-receptor for 

EGFRvIII inducing a positive feedback loop with STAT3, B) a key factor mediating transition to 
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a mesenchymal-like state, C) a key regulator of mitochondrial respiration in BTSC and, D) a 

regulator of the immune microenvironment. Considering these data, I hypothesize that OSMR is 

impacting different aspects of glioblastoma progression through partnering with different proteins 

in a context-dependent manner. We have identified potential OSMR binding partners through a 

MaMTH-HTS screen. The subject of this thesis is to investigate one of these partners, namely the 

Chloride Intracellular Channel 1 (CLIC1), which appears to contribute to different hallmarks of 

cancer including glioblastoma. In this thesis project I pursued the following aims:  

 

1. Analyse and validate relevant binding partner(s) based on Mammalian Membrane Two 

Hybrid – High Throughput Screen (MaMTH-HTS) hits 

2. Establish that CLIC1 interacts with OSMR 

3. Assess the role of CLIC1 in patient-derived brain tumour stem cells 
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B. Methods and materials  

 

B.1 Cell lines and brain tumour stem cell (BTSC) culture  

 

Human BTSC lines 73 and 147 were a generous gift from Dr. Samuel Weiss at the 

University of Calgary. These cell lines were characterized for major known glioblastoma 

mutations including, Epidermal Growth Factor Receptor Variant III (EGFRvIII), Tumour Protein 

P53 (p53), Phosphatase and Tensin Homolog (PTEN), and Isocitrate Dehydrogenase 1 (IDH1) 

(Jahani-Asl et al., 2016). The cell lines used in this study include BTSC73 and BTSC147 that 

harbour the EGFRvIII mutation. Prior to use in experiments, BTSC lines were thawed from a 

cryopreserved state (10% dimethyl sulfoxide – DMSO) and placed in BTSC media containing 

serum free NeuroCult NS-A medium (StemCell Technologies, Inc., #05750), supplemented with 

100 U/mL penicillin, 100 μg/mL streptomycin (Sigma Aldrich, P4333), heparin (2 μg/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) (Table 1). Cultures were kept in T-

75 or T-25 culture flasks for cells in suspension (Sarstedt #833911502, 833910502) and grown as 

spheres in suspension. All cell lines were subject to analysis for presence of mycoplasma using the 

PCR method described in 2011 by Uphoff & Drexler (Uphoff & Drexler, 2011). Passaging of 

BTSC spheres was done every 3-7 days or once spheres reach 200-250 µm in size. This was 

accomplished by collecting media containing BTSC spheres followed by centrifugation at 1000xg 

for 10 min. Cells were dissociated into a single cell suspension by incubating with 0.2mL Accumax 

dissociation solution (Innovative Cell Technologies, #AM105) for 10 minutes at 37°C, followed 

by the addition of 0.8mL BTSC media. Cells were counted using Trypan Blue Stain 0.4% (Gibco, 

#15250-061) and were re-plated on low attachment flasks for suspension containing BTSC media. 

Cell plating densities were determined based on the size of the plating vessel (T-75 or T-25 flask) 

and the duration of the desired incubation (3-7 days) (Table 2).   
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Table 1: Preparation of BTSC media  

Reagent Final Concentration Volume  

Streptomycin  

(50 mg/mL)- penicillin 

50,000 U/mL  

0.5mg/mL:500U/mL 500 μL 

Heparin (2 mg/mL; 1000 IU/mL)  2ug/mL:1IU/mL 50 μL 

Human EGF (40 mg/mL) 20ug/mL 25 μL 

Human FGF (20 mg/mL) 10ug/mL 25 μL 

NeuroCult NS-A medium N/A 49.4 mL 

Total N/A 50 mL 

 

Table 2: BTSC plating densities for maintenance  

Platting Vessel  Number of cells for 2–3 

days of incubation 

Number of cells for 6–

7 days of incubation 

Volume BTSC Media 

T-75 flask   3.0 × 10! 7.5 × 10" 7 mL 

T-25 flask  1.0 × 10! 2.5 × 10" 3 mL 

 

B.2 Generation of transient CLIC1 knockdown by short interfering RNA (siRNA) 

 

Short interfering RNA (siRNA) was used to generate a transient knockdown (KD) of 

CLIC1 in patient-derived BTSC147. BTSCs were processed into a single cell suspension. ON 

TARGET-plus SMART pool human CLIC1 siRNA (Dharmacon, #L-009530-00-0005) at a 

concentration of 100nM, and ON TARGET-plus non-targeting pool (Dharmacon, #D-001810-10-

05), at a concentration of 100nM, was delivered to patient-derived BTSC147 (106) cells using 

electroporation by the AMAXA nucleofector 2b device, set at 1300 volts (Lonza, #AAB1001). 

Electroporated cells were plated in a T-75 culture flask for cells in suspension containing BTSC 

media and incubated at 37°C and 5% CO2. Plating for experiments took place 24 hours after 

electroporation, while collection of cells for gene expression analysis by RT-qPCR and protein 

expression by immunoblotting was done 72 hours after electroporation.  

 

 



42 

B.3 Generation of transgenic BTSC lines 

 

CRISPR-CAS9 technology was used to generate a stable knockout or knockdown of the 

CLIC1 gene located on chromosome 6 in patient-derived BTSC147 and BTSC73. To design the 

gRNA, Off-Spotter software (https://cm.jefferson.edu/Off-Spotter/) was used. Two guide RNA 

strands (Forward and Reverse complement) were generated to target exons 5-9 of the CLIC1 gene. 

To generate the construct, the Golden Gate Assembly Cloning strategy (Engler et al., 2009) was 

used in which gRNA1 and gRNA2 were cloned into pL-CRISPR.EFS.GFP (Addgene plasmid 

#57818), and pL-CRISPR.EFS.tRFP (Addgene plasmid, #57819), plasmids respectively according 

to Table 3. The thermocycler was then used to generate the plasmid based on the following 

parameters: Cycle 1 to 20 at 37°C for 5 min followed by 5 min at 20°C and Cycle 21 for 20 min 

at 80°C. Plasmids were amplified in competent Escherichia coli (E.coli; Invitrogen One shot 

OmniMAX 2-T1, #C8540-03) then extracted from bacteria and sent for sequencing (Genome 

Quebec) to verify the sequence of the gRNA in each plasmid construct. Once the plasmid 

sequencing was completed by Genome Quebec, the gRNA sequences were cross referenced with 

the plasmid sequence to verify if the gRNA sequences had been inserted into their respective 

plasmid. Electroporation at 1300 volts by the AMAXA nucleofector 2b device (Lonza, 

#AAB1001) was used to deliver 3µg of each plasmid construct (gRNA1-GFP and gRNA2-RFP) 

to ~2 million cells of patient-derived BTSC147 or BTSC73. Following electroporation, cells were 

collected from the electroporation cuvette and transferred to a T-75 low attachment flask with 7 

mL of BTSC media and incubated at 37°C in a 5% CO2 incubator. 48 hours after electroporation 

with each plasmid, spheres were dissociated into a single cell suspension using Accumax 

dissociation solution (Innovative Cell Technologies, #AM105) and subject to fluorescent activated 

cell sorting (FACS) analysis using the BD FACSAriaTM Fusion (BD Biosciences) to sort for 

double positive GFP/RFP cells. Sorted cells were plated at a density of 1 cell/well into two 96 well 

plates containing 100µl of BTSC media. Wells were monitored every two days to assess sphere 

formation. Clonal samples were collected from multiple positive clones and were subject to 

genomic DNA isolation. Isolated DNA was analysed by PCR using internal primers and external 

primers to the gRNA guided CAS9 cut site, designed using Primer3Plus software 

(https://www.primer3plus.com/) to determine mono-allelic, bi-allelic or non-deletion clones. 

Mono-allelic deletion clones were determined by PCR in which the presence of one internal and 
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one external band, suggested a possible knockdown, while a bi-allelic deletion was determined by 

a single external band. This suggested a possible knockout, on a 2% Agarose gel. Knockout or 

knockdown of CLIC1 was validated using RT-qPCR to determine gene expression and 

immunoblotting to determine protein expression. Since there were no clones identified that 

presented no cuts in the CLIC1 gene following incubation with the CRISPR-CAS9 construct, the 

chosen control for my experiments using the CRISPR-CAS9-CLIC1 cells was that of the parental 

BTSC73 or BTSC147 line. Although this method was used, future experiments could employ the 

use of a control gRNA non-targeting sequence. The following gRNA and primer sequences were 

used in this method:  

 

gRNA1-CLIC1-Fwd: caccGTCAACGGTGGTAACATTGA  

   

gRNA1-CLIC1-RC: aaacTCAATGTTACCACCGTTGAC   

 

gRNA2-CLIC1-Fwd: caccGTACCGATGCACTCCCCGGA 

 

gRNA2-CLIC1-RC: aaacTCCGGGGAGTGCATCGGTAC 

 

CLIC1 Internal-Fwd: TAGCTGAGGTTCCTCCCAGG 

 

CLIC1 Internal-Rev: TATTCCTCCCAGGACCCAGG 

 

CLIC1 External-Fwd: AGGGACTGGCCTAGGGATG 

 

CLIC1 External-Rev: AAAATGGAGGGGGTTGAGGG 
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Table 3: Golden Gate Cloning PCR mix for each gRNA 

Reagent Final Concentration Volume  

Addgene Plasmid (#57818, #57819) 100ng/ul 1 μL 

Annealed gRNA oligonucleotide   1μM 1 μL 

Restriction enzyme buffer R3.1 (New 

England Biolabs, #B6003S) 

10x 5 μL 

BbsI/BSMBI-v2 restriction enzyme 

(10,000U/mL, New England Biolabs, 

#R0739S) 

5,000U/mL 2 μL 

Adenosine 5'-triphosphate – ATP 

(100mM, BioBasics, #AB0311) 

10mM 5 μL 

Bovine Serum Albumin – BSA 

(BioShop, # ALB001.250) 

5mg/mL 1 μL 

T4 DNA ligase (400,000U/mL, New 

England Biolabs, #M0202S) 

2,000,000U/mL 1.875 μL 

Autoclaved water N/A 33.11 μL 

Total N/A 50 μL 

 

B.4 Gene expression analysis by RT-qPCR 

 

RNA was extracted from cells using the TRIzol method. In this method, pelleted cells were 

incubated with 1mL TRIzol digestive reagent (Invitrogen, #15596026) at room temperature (22-

25°C) for 5 minutes. Next, 0.2mL chloroform (Sigma Aldrich, #288306) was added to the samples 

and shaken vigorously for 20 seconds followed by a 2-3 minute incubation at room temperature 

(22-25°C). Samples were then centrifuged for 15 minutes at 12 000xg, 4°C after which 0.5mL of 

the upper aqueous phase was added to a clean tube containing 0.5mL isopropanol. Samples were 

again incubated at room temperature (22-25°C) for 15 min followed by centrifugation at 12 000xg 

for 10 min, 4°C. Resultant supernatant was removed from each sample and the RNA pellet was 

washed first with 75% ethanol and then with 100% ethanol. Each wash step was followed by 

centrifugation at 7500xg for 5 min (4°C). Supernatant was removed and RNA samples were left 

to dry for 10 minutes at room temperature (22-25°C) in a sterile biological hood. The RNA pellet 
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was dissolved in 20-50μl RNase-free water and incubated at 55-60°C for 10-15 minutes to ensure 

RNA dissolution. cDNA was obtained by reverse transcription using the 5X All-In-One RT 

MasterMix cDNA synthesis system (abm, #G592). Gene expression data was obtained from RT-

qPCR analysis using the fluorescent dye, SYBR Green, (Biorad, #1725271) and primers, as 

described in Table 4, by combining 1μl of 5mM forward primer, 1μl 5mM of the reverse primer 

and 5μl SYBR Green to make the PCR mix. This mix was used to generate a final plated mix of 

3μl of 30ng cDNA and 7μl PCR mix that was run on the QuantStudioTM 7 Flex Real-Time PCR 

System (Applied Biosystems). mRNA expression levels were normalized to one of two 

housekeeping genes: beta-glucuronidase (GUSB) or beta-Actin (ACTB). Table 4 describes all the 

primers that were used.  

 

 Table 4: qPCR primers used to assess gene expression     

Gene Forward Primer Sequence Reverse Primer sequence 

GUSB GCGTTCCTTTTGCGAGGAGA GGTGGTATCAGTCTTGCTCAA 

ACTB CAGCAGATGTGGATCAGCAAG GCATTTGCGGTGGACGAT 

OSMR ACTGGAACCTGCCACAGAGT TCCAAGCTCACAATTCTCCA 

CLIC1 ACCGCAGGTCGAATTCTTC ACGGTGGTAACATTGAAGGTG 

 

B.5 Immunoblotting and antibodies  

 

Total protein from samples was harvested from a minimum of 5x105 cells using 1x RIPA 

Buffer (Thermo Fisher Scientific, #89900) supplemented with protease and phosphatase inhibitors 

(Thermo Fisher Scientific, #A32959). Following cell lysis, protein concentration was assessed 

using the Bradford Assay (Bio-Rad), after which samples were run on a 10-15% SDS-PAGE gel 

and transferred to a Nitrocellulose Membrane 0.45սm (Bio-Rad, #1620115) for 1 hour and 30 

minutes at 100 volts. Membranes were blocked for non-specific binding using 5% bovine serum 

albumin (BSA) in 1X TBST for 1-2 hours. Membranes were then probed using primary antibodies 

overnight at 4°C followed by Horseradish peroxidase (HRP) -conjugated secondary antibodies in 
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5% BSA blocking solution. Proteins of interest were visualised by ClarityTM Western ECL 

Subtrate (BioRad, 170-5060) using the ChemiDoc Imaging System (Biorad). The antibodies used 

for immunoblotting include, anti-OSMR (1:100, Santa Cruz Biotechnology, sc-271695, mouse), 

anti-CLIC1 (1:200, Santa Cruz Biotechnology, sc-81873, mouse), α-Tubulin (1:5000, Abcam, 

ab4074, mouse), HRP-conjugated secondary antibody (1:5000, BioRad, 1706516, mouse).  

 

B.6 Duolink Proximity Ligation Assay (PLA) 

 

Proximity Ligation Assay was performed following the manufacturer's protocol using the 

Duolink In Situ Red Starter Kit (Sigma, #DUO92101) but optimized by our group (Sharanek & 

Raco et al., 2022) for use in BTSCs. Briefly, single cell BTSC suspension was plated on a Nunc 

Lab-Tek, II CC2 Chamber Slide System (Thermo Scientific, #154941) that was coated overnight 

with a poly-d-lysine (PDL) coating. The working PDL solution (10 µg/mL) was made from a 2 

mg/mL stock (Fisher Scientific, # CB-40210) using sterile water and incubated on the chamber 

slide overnight at 37 °C and washed thoroughly (3 times) with sterile water prior to addition of the 

single cell suspension. Following Accumax (Innovative Cell Technologies, #AM105) dissociation, 

the single cell suspension was plated at a density of ~2.5x104 cells in media containing 10% FBS 

for 1 to 6 hours; until cells had visible projections. Following incubation, cells were quickly 

washed with 1x PBS and fixed using 4% paraformaldehyde for 15 min at room temperature (22-

25°C). Next, samples were washed with 1x PBS and permeabilized using 0.5% Triton X-100 for 

25 min and subsequently blocked for non-specific binding for 1 hour using the Duolink Blocking 

Solution provided in the starter kit with agitation at 37°C. Samples were then incubated overnight 

at 4°C in a humid chamber with primary antibodies against the protein of interest: anti-OSMR 

(1:200, Abnova, H00009180-D01P, rabbit) and anti-CLIC1 (1:200, Santa Cruz Biotechnology, sc-

81873, mouse). Following overnight incubation, samples were washed with Wash Buffer A 

(available in the Starter Kit) and incubated with the PLUS and MINUS oligonucleotide probes 

conjugated to secondary antibodies for 1 hour at 37 °C in a humid chamber. Samples were 

subsequently washed with Wash Buffer A and incubated with ligation Buffer with ligase (available 

in the Starter Kit) for 30 min at 37°C in a humid chamber. Rolling circle amplification (RCA) was 

achieved by washing samples with Wash Buffer A and incubating with polymerase and 

amplification solution (available in the Starter Kit) containing nucleotides for 100 min at 37 °C in 
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a humid chamber and 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 by a scanning microscope (Olympus LS, IXplore Pro 

Automated Microscope system) equipped with the adjoining imaging software (Olympus LS, 

cellSens Version 1.12) at 40-60x objective magnification.  

 

B.7 Cell population growth assay  

 

BTSC spheres were processed into a single cell suspension using Accumax dissociation 

solution (Innovative Cell Technologies, #AM105). Single cells were plated at a density of 30,000 

or 50,000 cells per well (6 well plate) in 2mL BTSC media for CRISPR-CAS9 clones and siRNA 

experiments, respectively. 1 day (24 hours), 3 days (72 hours) and 7 days (168 hours) following 

plating, cells were collected, and live cells were assessed using trypan blue exclusion dye (Gibco 

#15250-061). This dye differentiates live and dead cells by the uptake or lack of uptake of a blue 

dye. Counts were done using an automated cell counter (Countess II FL Automated Cell Counter).  

 

B.8 Sphere size assessment  

 

Sphere size assessment was used to determine any differences in size between BTSC wild 

type (WT) spheres, or spheres generated from either siRNA transient knockdown or CRISPR-

CAS9 stable knockdown, or knockout. BTSC spheres were collected and processed into a single 

cell suspension using Accumax dissociation solution (Innovative Cell Technologies, #AM105). 

Cells were plated as follows: 3 to 6 well containing 500, 250 and 125 cells respectively, in 100µl 

of BTSC media in a 96 well plate. This was done in order to ensure that sphere size was not 

impacted by the density of plating. 72 hours following plating and incubation, sphere size was 

assessed, and visualization was captured using a scanning microscope (Olympus LS, IXplore Pro 

Automated Microscope system) equipped with the adjoining imaging software (Olympus LS, 

cellSens Version 1.12) using the ‘Measure’ feature at 10-20x objective magnification.  
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B.9 Extreme Limiting Dilution Assay (ELDA) 

 

ELDA was performed by first generating a single cell suspension and followed by dilution 

using BTSC media containing serum free NeuroCult NS-A medium (StemCell Technologies, Inc., 

#05750), supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin (Sigma Aldrich, 

P4333), heparin (2 μg/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)  to 

generate a final plated density of 25, 12, 6, 3 and 1 cell per well. 100μl of the diluted single cell 

suspensions was plated in a 96 well plate as follows: 12 wells plated for dilution 25, 12, 6 and 3 

cells per well and 48 wells (4 replicates of 12 wells) plated for 1 cell per well dilution. This was 

done for 1 cell per well plating to achieve comparable results as many times single cell death can 

occur following plating. Plates were incubated at 37°C and 5% CO2 for 7 days after which sphere 

formation was assessed. Analysis of the responding wells as a function of the plated wells was 

undertaken and data (Table 5) was input into an online software available at 

https://bioinf.wehi.edu.au/software/elda/. Using these data provided by the software, the number 

of cells required to generate a positive well (having a sphere) was determined for each condition. 

Stem cell frequency (SCF) or the probability of finding a stem cell in the bulk sample of cells was 

also given as a value of 1/stem cell frequency. To determine percent stem cell frequency (SCF) 

1/stem cell frequency was multiplied by 100.   
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Table 5: ELDA data recording for input into software 

Cell dilution  Number of wells plated Number of response wells  Condition 

25 12 12 CTL 

12 12 12 CTL 

6 12 12 CTL 

3 12 12 CTL 

1 12 x 4 22 CTL 

25 12 12 CRISPR8 

12 12 9 CRISPR8 

6 12 7 CRISPR8 

3 12 6 CRISPR8 

1 12 x 4 14 CRISPR8 

 

B.10 Mammalian Membrane Two Hybrid – High Throughput Screen (MaMTH-

HTS)   

 

To identify binding partners of OSMR in the presence and absence of EGFRvIII, 

Mammalian Membrane Two Hybrid (MaMTH) High Throughput Screen (HTS) technology was 

used as described by (Lim et al., 2022; Petschnigg et al., 2014). Briefly, a plasmid expressing 

OSMR ‘Bait’ protein with a C-terminus fused MaMTH-HTS Bait tag (Cub-GAL4TF-P2A-

tagBFP) alone or a plasmid expressing EGFRvIII (fused with 3xFLAG at its N-terminus) was 

transfected alongside the OSMR ‘Bait’ plasmid into a pooled ‘Prey’ library of HEK293T MaMTH-

HTS reporter cell lines. The library of reporter cell lines stably expressed members of the Human 

ORFemon V8.1 collection (~8000 open reding frames - ORF’s) fused to MaMTH-HTS Prey tag 

(Nub) at their N-terminus and P2A-mCherry at their C-Terminus and contained a chromosomally 

integrated GFP reporter under the control of the GAL4 transcription factor (GAL4TF) promoter. 

Transfections were performed using X-tremeGene™ 9 Transfection Reagent (Roche, XTG9-RO) 

as specified by the manufacturer’s protocol. In order to induce Bait and Prey expression, cells were 

grown for 2-3 days in the presence of 0.5ug/mL Tetracycline in the following conditions: 37°C, 

5% CO2 in DMEM containing 10% FBS and 1% Penicillin/Streptomycin media. Cells were then 

harvested by trypsinization and resuspended at a concentration of 1-2x106 cell/mL in Basic Sorting 
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Buffer (1xPBS, 5 mM EDTA, 25 mM HEPES pH 7.0, 1% BSA) and subjected to sorting by Flow 

Cytometry using BD FACs Melody (BD Biosciences). Cells were sequentially selected according 

to the following: tag-BFP fluorescence indicating ‘Bait’ expression, mCherry fluorescence 

indicating ‘Prey’ expression and GFP fluorescence indicating Bait-Prey interaction. Cells were 

collected for analysis in DMEM containing 25% FBS and centrifuged pellets were processed in 

Phire Tissue Direct Dilution Buffer (ThermoFisher Scientific). Amplification of ORF’s was done 

using Phire Tissue Direct PCR Master Mix (ThermoFisher Scientific) and products were purified 

using QIAquick PCR Purification Kit (Qiagen). Purified PCR products were subjected to Nextera 

XT library preparation and deep sequencing using IlluminaHiSeq2500 system (150 bp single read). 

Sequencing data was processed and hits identified using a custom software developed using the R 

programming language and integrated Bowtie2 alignment tool (Langmead & Salzberg, 2012). 

 

B.11 Statistical analysis  

 

Statistical analysis between conditions was performed using a Student t-test in which the 

mean of n=3 replicates were compared between two conditions to assess significance. Analysis 

was undertaken with the aid of GraphPad software 7. Data is shown as a mean with standard 

deviation (mean ± SD). p-values less than 0.05 were considered significant and were marked with 

an asterisk as follows, p < 0.05 *; p < 0.01 **; p < 0.001 ***.  
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C. Results  

 

C.1 Analysis of Mammalian Membrane Two-Hybrid High Throughput Screen  

 

Recent studies have led to the identification of OSMR as a key oncogenic player in 

glioblastoma, specifically in EGFRvIII-expressing tumour cells. Genome-wide studies revealed 

that OSMR shares a common gene network with EGFRvIII as part of the same receptor complex 

and yet OSMR possesses unique downstream targets not shared by EGFRvIII (Jahani-Asl et al., 

2016). This led to the question of how OSMR interacts with other key oncogenic players to 

maintain its signalling in the absence and presence of EGFRvIII. To address this question, we 

performed a Mammalian Membrane Two-Hybrid High Throughput Screen (MaMTH-HTS) to 

unravel the possible interactions of OSMR in the presence and absence of EGFRvIII. Specifically, 

the aim of this screen was to identify how OSMR regulates glioblastoma tumorigenesis beyond its 

role in maintaining EGFRvIII/STAT3 signalling. High-Throughput Sequencing was carried out to 

identify target hits. This screening led to the identification of 750 hits for OSMR in the absence of 

EGFRvIII (OSMR-unique), 166 hits for OSMR in complex with EGFRvIII (OSMR/EGFRvIII) 

and 80 common hits between the two groups (Figure 8). Additional, analyses revealed 11 

biological functional clusters of proteins for OSMR in the absence of EGFRvIII, and 7 biological 

clusters for the OSMR/EGFRvIII condition (Figure 9) (Mi et al., 2021). To begin to dissect 

membrane specific binding partners of OSMR and potential pathways that are activated in the 

absence and presence of EGFRvIII, candidate hits were categorized based on their location and 

function. Priorities were given to membrane associated candidates, integral membrane candidates 

and a co-receptor candidates for each group (Table 6 - 7).  

 

Although detailed functional analysis of each of these clusters will lead to uncovering 

underlying molecular mechanisms of OSMR signalling in different subtypes of glioblastoma, we 

focused on the 80 common hits (Table 8) that were shared between cells expressing OSMR alone 

and cells expressing OSMR/EGFRvIII, and perhaps being implicated in a larger subset of glioma 

tumours (Abou-Fayçal et al., 2017; Gan et al., 2009). Using bioinformatic tools such as DAVID 

Functional Annotation analysis (Huang et al., 2009; Sherman et al., 2022) embedded with the 

clustering function, 37 out of the 80 (~46%) candidate interacting proteins were identified to be 



52 

associated with the membrane (Table 8). These candidates include proteins that are integral to the 

membrane as well as proteins that are associated with the membrane itself or interact with proteins 

embedded in the membrane. We focused specifically on 27 proteins that were integral to the 

membrane (Table 9). These 27 hits were of high interest because they, as well as OSMR, are 

embedded directly in the membrane and were seen as potential targets for therapeutic interventions 

that do not require uptake by the cell. Prior to follow-up validation, we set out to gain further 

insights into the identified 27 integral membrane proteins via employing various criteria pertaining 

to the known role of these proteins in regulation of glioblastoma and other human cancers, as well 

as our current knowledge of how these proteins impact different hallmarks of cancer, including 

proliferation, cell cycle, and stemness. In addition to the above criteria, MaMTH-HTS screening 

‘frequent flyers’ were identified in the hit list from both conditions. This list of frequent flyers was 

generated from repeated MaMTH-HTS result from 10 individual ‘bait’ protein control experiments 

(Lim et al., 2022), and thus excluded from our analysis. This refining led to a total of 17 candidate 

hits from which the top 7 were chosen. The top 7 hits included: Cluster of Differentiation CD79A 

(CD79a), Synaptic Vesicle 2 Related Protein (SVOP), Adenosine A2a Receptor (ADORA2A), 

Chloride Intracellular Channel 1 (CLIC1), Lysophosphatidylcholine Acyltransferase 1 (LPCAT1), 

Presenilin 1 (PSEN1), and Teratocarcinoma-Derived Growth Factor 1 (TDGF1). Through 

additional literature analysis, Chloride Intracellular Channel 1 (CLIC1) was one of the candidate 

proteins selected for follow-up analysis. CLIC1 met several criteria including high expression in 

BTSCs and glioblastoma tumours (Figure 10).  

 

CLIC1 is a member of the chloride intracellular family (CLIC1-6) in which it exists in both 

a soluble and a membrane bound form where it has the ability to act as an ion channel (Ashley, 

2003; Gururaja Rao et al., 2020). It has been proposed that this protein is highly expressed in 

various cancers, including highly aggressive solid tumours such as glioblastoma (Setti et al., 2013) 

compared to surrounding tissues. Interestingly, CLIC1 has been identified as a potential target for 

therapy as its transition to the cellular membrane, where it acts as a chloride channel, is mediated 

by specific cellular conditions that are not favoured in normal healthy surrounding tissue (Littler 

et al., 2004). Additionally, CLIC1 is reported to mediate and/or enhance cellular resistance to 

standard of care cancer therapies. Together, these data suggest that CLIC1 may prove to be an 

interesting avenue of study considering that it has been linked to key events that enhance cancer 



53 

progression, aggressiveness and resistance to therapy on a cellular level. Different glioblastoma 

cellular subtypes have been identified including the proneural, classical, and mesenchymal 

subtypes, of which the mesenchymal subtype is thought to be the most aggressive in terms of 

recurrence and metastasis (Olar & Aldape, 2014; Sidaway, 2017; Zhang et al., 2020). Interestingly, 

similar to OSMR, which is found to be highly expressed in the mesenchymal subtype (Natesh et 

al., 2015), CLIC1 is also highly expressed in this subtype (Setti et al., 2013). In addition to these 

two proteins being identified as binding partners, their overall expression in the mesenchymal 

subtype may suggest that together they may have some role in mediating the aggressiveness of this 

subtype, potentially through intersecting pathways or mechanisms.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Protein-protein interaction hits in OSMR unique and OSMR/EGFRvIII complex 

in HEK293T cells. 750 hits were identified for OSMR in the absence of EGFRvIII while there 

were 166 hits identified in OSMR/EGFRvIII conditions. 80 hits were common between the two 

groups. 
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Figure 9. Biological functional clusters identified from OSMR unique and OSMR in complex 

with EGFRvIII. All functional clusters identified for OSMR/EGFRvIII complex were present in 

the OSMR unique grouping. Four functional categorizations were distinctive for OSMR unique.   

 

Table 6. OSMR unique candidates for membrane associated proteins, integral membrane 

proteins and co-receptors  
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Table 7. OSMR/EGFRvIII 

candidates for membrane 

associated proteins, integral 

membrane proteins and co-

receptors  

 

 

 

 

 

 

 

 

Table 8. All 80 OSMR unique and OSMR/EGFRvIII common candidates followed by the 

37 OSMR unique and OSMR/EGFRvIII common membrane associate candidate binding 

partners   
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Table 9. Integral membrane hits identified from OSMR unique and OSMR in complex with 

EGFRvIII  

 

C.2 Analysis of CLIC1 expression in BTSCs  

 

 Previous work with CLIC1 in glioblastoma has suggested that CLIC1 is highly expressed 

in GB and specifically highly expressed in glioma stem cells of the mesenchymal subtype (Setti et 

al., 2013). Gene expression analysis revealed that CLIC1 is highly expressed in BTSC147 and 

BTSC73, both harbouring the EGFRvIII mutation (Figure 10) in relation to a moderately 

expressed stable housekeeping gene, GUSB (Valente et al., 2009).  
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Figure 10. CLIC1 mRNA expression in patient-derived BTSCs 

mRNA expression of CLIC1 with respect to GUSB quantified by RT-qPCR. Expression analysis 

was performed in two patient-derived cell lines (BTSC147, BTSC73). n=3 biological replicates.  

 

C.3 Investigate if OSMR and CLIC1 interact endogenously in BTSCs 

 

The MaMTH-HTS was developed and performed in mammalian HEK293T cells. 

Therefore, to validate the interaction in BTSCs in situ, proximity ligation assay (PLA) was 

employed. This method utilizes antibody recognition to the target antigen and subsequent probe 

hybridization. The hybridized probes are conjugated to oligonucleotides that can be ligated 

together if the proteins in question are less than 40 nm apart, indicative of an interaction. Following 

ligation, polymerase is added to generate a rolling circle amplification (RCA) of the ligated product 

that contains an integrated fluorescent mark, which can be visualized by microscopy (Fredriksson 

et al., 2002) (Figure 11). Fluorescent signals were identified in BTSC147, and PLA puncta were 

confirmed to be specific to BTSC147 using two independent controls. First, primary antibodies 

(OSMR and CLIC1) were omitted, providing an indication of the precision of the assay to samples 

that received antibody, and second, a CRISPR-CAS9-CLIC1 clone was generated and used as 

additional control to establish the specificity of the signal. Quantification of the PLA signal was 

then carried out to assess the signal in BTSC147WT compared to a CRISPR-CAS9 CLIC1 clone. 
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This data revealed that there was a significant reduction in PLA signal in CRISPR-CAS9 CLIC1 

compared to control (Figure 12).  

 

 

Figure adapted from Fredriksson et al., 2002 in Nature Biotechnology using Biorender.com 

Figure 11.  Proximity ligation assay (PLA) allows for the detection of a possible protein-protein 

interaction using four steps that can be done using minimal cellular material; 1. Primary antibodies 

from each of the proteins of interest are incubated with the sample to generate an antibody-antigen 

reaction. For this assay a primary antibody of mouse and rabbit origin is required. 2. 

Oligonucleotide probes containing secondary antibodies are incubated with the sample to generate 

a primary and secondary antibody reaction. One PLUS and one MINUS probe are required as the 

PLUS probe contains the template for amplification. 3. Using a ligation reaction the probe 

oligonucleotides are ligated together if the proteins are suspected to interact. 4. Rolling circle 

amplification (RCA) in the presence of polymerase is subsequently completed to generate a 

product that contains a fluorescent signal that can be visualised by fluorescent microscopy.  
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Figure 12. Detection of OSMR and CLIC1 interaction by PLA in patient-derived BTSC147  

Control BTSC147 and CRISPR-CAS9 CLIC1 in the background of BTSC147 were subject to PLA 

analysis. (A) Each red puncta indicates an interaction between OSMR and CLIC1. Two 

representative images.  (B) Primary antibodies omitted were used as control for the assay. One 

representative image.  (C) PLA in CLIC1 CRISPR KO clone was used as a negative control for 

the specificity of the antibodies. Two representative images. (D) The number of PLA puncta per 

nucleus was determined based on BTSC147WT and CLIC1 CRISPR KO line. Data are presented 

as the mean ± SD, n = 3 biological replicates from which 14 nuclei were counted for BTSC147WT 

and 16 nuclei were counted for CLIC1 CRISPR KO. Statistical analysis was performed using a 

student t-test. *** p<0.001.  Nuclei were stained with DAPI. Scale bar, 10 μm.  

 

C.4 Pilot experiments: Impact of transient knockdown (KD) of CLIC1 on BTSCs  

 

OSMR has previously been identified to be a driving force in BTSC growth and self-

renewal in vitro and tumorigenesis in vivo. Mechanistically, this is driven in part via its interaction 

with the oncogenic protein, EGFRvIII (Jahani-Asl et al., 2016). Thus, to assess the impact of a 

novel OSMR binding partner in BTSC growth and self-renewal, we first employed short 
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interfering RNA (siRNA) targeting CLIC1 in pilot experiments. Following electroporation with a 

pool of 4 siRNA targeting CLIC1 and control (siCTL) non-targeting RNAi, samples were 

incubated for 48 to a maximum of 72 hours prior to analysis. This was done in order to ensure 

maximal efficiency of the siRNA to degrade the mRNA CLIC1 transcript. Validation using RTq-

PCR and immunoblotting analyses showed that the siRNA mediated knockdown of CLIC1 was 

efficient, resulting in greater than 85% decrease in mRNA level and a significant decline in CLIC1 

protein expression level (Figure 13). Cells treated with siRNA CLIC1, or control were then 

subjected to a cell population growth assay. This was accomplished by counting the number of 

live cells using trypan blue exclusion dye after a designated period of incubation following 

electroporation. This data revealed a significant decrease in the BTSC growth upon knockdown of 

CLIC1(Figure 14).    

 
Figure 13. Validation of siRNA mediated knockdown in patient-derived BTSC147 

(A) mRNA CLIC1 expression data following electroporation with siRNA targeting CLIC1 or 

control. Data are presented as the mean ± SD, n=3 biological replicates, ***p<0.001. (B) CLIC1 

protein expression assessed by immunoblotting following electroporation with siRNA targeting 

CLIC1 or control, n=2 biological replicates.  
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Figure 14. CLIC1 knockdown on proliferation in patient-derived BTSC147 

Knockdown of CLIC1 using siRNA decreased the proliferation capabilities of BTSC147. (A) 

Proliferation ability plotted based on the number of viable cells counted using trypan blue 

exclusion dye.  (B) Proliferation capability plotted as fold change based on the initial count on day 

1 for each condition. A student-t test was used to compare two conditions at day 7 for both A and 

B. Data are presented as mean ± SD, n = 3 biological replicates, non-significant (ns), **p<0.01.  

 

Next, since proliferation was found to be reduced in cells treated with short interfering 

RNA targeting CLIC1, we asked how this proliferation reduction may be taking place. To begin 

to look at this, we employed a simple experiment in which we measured the size of the spheres 

that were formed following 3 days of incubation at 37°C and 5% CO2. The results suggest that 

spheres generated from cells treated with siRNA targeting CLIC1 are significantly smaller (~5%) 

than those treated with control siRNA (Figure 15).   



62 

 
Figure 15. CLIC1 knockdown on sphere size in patient derived BTSC147 

(A-B) Representative images of BTSC spheres following 3 days of incubation at 37°C and 5% 

CO2. Scale bar 100 μm. (C) Sphere size assessment in cells treated with siCLIC1 or siCTL. A 

minimum of 100 spheres were measured from each biological replicate and data was plotted as a 

mean ± SD. All sphere measurements are shown. A student-t test was used to identify significance, 

**p<0.01. 

 

Self-renewal is the process by which a stem cell divides and gives rise to one or two 

daughter cells that can also self-renew or commit to become a progenitor (Shenghui et al., 2009). 

Maintaining the stem cell pool requires the activation and suppression of multiple signalling 

pathways (cell intrinsic mechanisms) that are regulated by the niche or microenvironment 

(extrinsic mechanisms) in which the stem cell resides (Shenghui et al., 2009). These cell extrinsic 

signals include but are not limited to ligand binding to specific receptor such as LIF/LIFR/gp130 

(Shenghui et al., 2009; Williams et al., 1988), BMP (Shenghui et al., 2009; Ying et al., 2003), and 

OSMR/EGFRvIII in BTSCs (Jahani-Asl et al., 2016). Thus, we asked whether CLIC1 impairs self-

renewal capacity of BTSCs. An extreme limiting dilution assay (ELDA) (Hu & Smyth, 2009) was 

used to determine BTSC self-renewal following their electroporation with siCLIC1 or siCTL. 

Using this strategy, it is possible to determine the number of biologically active particles, or cells 

that are able to undergo self-renewal, from those that are not (Hu & Smyth, 2009; Rasool et al., 

2022).  Following electroporation, cells from each condition were plated at varying concentrations 

starting at 25 cells per well to 1 cell per well. After 7 days, wells were recorded as either a positive 

well (having a sphere) or a negative well (not having a sphere). The results suggest that siCLIC1 
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reduced self-renewal capacity of BTSC147 with the number of biologically active particles or stem 

cells frequency (SCF) being reduced by ~15% (Figure 16). 

 

 
Figure 16. CLIC1 knockdown on self-renewal capacity in patient-derived BTSC147 

(A) ELDA was performed following electroporation with siRNA targeting CLIC1 or CTL in 

BTSC147. Representative image for n=2 biological replicates (B) Percent stem cell frequency 

(SCF %) in siRNA targeting CLIC1 or CTL.  Data are presented as mean ± SD, n = 2 biological 

replicates, **p<0.01.  

 

C.5 Generation of transgenic BTSC lines using CRISPR-CAS9 technology  

 

To pursue future experiments in understanding the role of CLIC1 in BTSCs and 

glioblastoma tumorigenesis, CRISPR-CAS9 technology was employed to generate CLIC1 KO cell 

line. Following in vitro assembly of the CRISPR-CAS9 constructs, plasmids were expanded and 

verified to contain the desired guide RNA (gRNA) sequences through plasmid sequencing. The 

plasmids contained either gRNA1 or gRNA2 with GFP or RFP markers, respectively. 

Electroporation was used to introduce the CRISPR-CAS9 CLIC1 construct to patient-derived 

BTSCs and subsequent fluorescence activated cell sorting (FACS) was employed to determine 
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singlet cells that had received both plasmids (Figure 17A-H, I-P). Singlet live cells for BTSC147 

wild type (WT), BTSC73WT as well as BTSC147 or BTSC73 electroporated with guide RNAs 

were determined based on light scattering for parameters of size and granulation (Figure 17A-C, 

E-G, I-K, M-O). The top 20% of singlet double positive cells (Figure 17D, H, L, P) were seeded 

at a density of 1 cell per well in order to generate a colony of CRISPR-CAS9 CLIC1 clones. A 

clonal model of expansion was used for the culturing of BTSC CRISPR-CAS9 CLIC1 clones. 
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Figure 17. Fluorescence activated cell sorting plots in control and CRISPR-CAS9 CLIC1 

patient-derived BTSCs 

(A-C, I-K) Control and electroporated BTSC147 and BTSC73 were subjected to FACS following 

dissemination of spheres into a single cell suspension. Yellow colour used to denote selected cells 

and red colour used to denote cells that were omitted. (D,L) Control BTSC147 and BTSC73 were 

used as a baseline for identification of singlet live cells and autofluorescence signal with the 

suspected top 20% denoted by P1. (A, E, I, M) Using forward scatter (FSC-A) and side scatter 

(SSC-A) to determine singlet cells from dead cells, debris or doublet cells in CTL or electroporated 

BTSC147 and BTSC73 using light scattering patterns to assess size and granularity respectively. 

(B-C, F-G, J-K, N-O) Using alternate parameters of forward scatter (FSC-H/W) and side scatter 

(SSC-W) to further define the population of singlet cells in CTL or electroporated BTSC73 and 

BTSC147. (H, P) Defining the subset of double positive cells of which the top 20% were chosen 

(P1 in green) based on baseline autofluorescence defined in CTL (D, L).   

 

Following clonal expansion, clones were assessed for mono- or bi-allelic deletion using 

internal and external primers to cut sites generated by the CAS9 protein following gRNA 

recognition (Figure 18A). A mono-allelic deletion supports the hypothesis that the clone in 

question has undergone a cut event in one allele in the desired location by the CAS9 protein, 

suggestive of a knockdown phenotype, whereas a bi-allelic deletion suggests that both alleles were 

cut, generating a possible complete knockout of the gene of interest. Among multiple positive 

clones from both BTSC147 and BTSC73 electroporated cells, we selected one clone with a mono-

allelic deletion and one clone with a bi-allelic deletion for each to conduct follow up analysis 

(Table 10). Validation of mono- and bi-allelic clones was completed using RT-qPCR analysis of 

CLIC1 mRNA expression in the chosen clones and immunoblotting of protein expression relative 

to parental wild type control BTSC147 or BTSC73 which had not undergone any form of CRISPR-

CAS9 mediated alterations. Both chosen clones from each of the parental lines (BTSC147 or 

BTSC73) demonstrated to have a significant silencing of CLIC1 with respect to the mRNA 

expression and protein expression (Figure 18B-E). This suggests that CRISPR-CAS9 mediated 

deletion of CLIC1 was successful and could be used for subsequent experimentation to assess the 

role of CLIC1 in BTSCs.    
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Figure 18. Validation of CRISPR-CAS9 CLIC1 clones in patient-derived BTSCs 

Internal 
FWD/REV External FWD External REV 

gRNA1 gRNA2 
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 (A) Schematic of primers used for identification of mono- and bi-allelic deletions. Internal primers 

(red; forward -FWD and reverse -REV) and external primer (purple; forward -FWD and reverse -

REV) sequences were generated based on the location of the guide RNA sequences. Arrows 

indicate the direction of primer sequences. Solid and dotted lines represent one allele respectively.  

If a mono-allelic deletion were to take place, one allele would remain intact leading to 

amplification of the internal primer sequence only while the other would generate a product based 

on the external primer sequence. If a bi-allelic deletion takes place, only products based on external 

primers will be observed. (B) mRNA CLIC1 expression in two CRISPR-CAS9 CLIC1 clones 

compared to parental BTSC147WT. Data are presented as the mean ± SD, n=3 biological 

replicates, ***p<0.001. (C) CLIC1 protein expression assessed by immunoblotting in two 

CRISPR-CAS9 CLIC1 clones compared to parental BTSC147WT, n=2 biological replicates. (D) 

mRNA CLIC1 expression data in two CRISPR-CAS9 CLIC1 clones compared to parental 

BTSC73WT. Data are presented as the mean ± SD, n=3 biological replicates, ***p<0.001. (E) 

CLIC1 protein expression assessed by immunoblotting in two CRISPR-CAS9 CLIC1 clones 

compared to parental BTSC73WT, n=2 biological replicates.  

 

Table 10. Description of CLIC1 clones selected for follow up analysis  

Parental BTSC line Clone Type of deletion Suggested phenotype 

BTSC147 CRISPR8 Mono-allelic  Knockdown  

BTSC147 CRISPR68 Bi-allelic  Knockout  

BTSC73 CRISPR1 Mono-allelic Knockdown 

BTSC73 CRISPR78 Bi-allelic Knockout  

  

C.6 Effect of CLIC1 genetic deletion in BTSCs 

  

Having established CRISPR-CAS9 CLIC1 clones, we next investigated if the clones 

presented the same or similar phenotype for proliferation, sphere size and stemness as observed in 

siRNA CLIC1 pilot experiments in patient-derived BTSC147. BTSC147WT and each CRISPR-

CAS9 CLIC1 clone (CRISPR8 and CRISPR68) were plated at a density of 30,000 cells per well 

in a 6 well plate with 2mL of BTSC growth media respectively and assessed for proliferation 

following 1, 3 and 7 days of incubation at 37°C and 5% CO2 using trypan blue exclusion dye. The 
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results showed that the proliferation of both CRISPR-CAS9 CLIC1 clones was significantly 

decreased by over 50% compared to BTSC147WT control (Figure 19). Interestingly, although 

CRISPR-CAS9 CLIC1 clones exhibited ~10-fold decline in proliferation compared to controls, 

there was no significant difference between the CRISPR-CAS9 CLIC1 clones (Figure 19B). 

Along with reduced proliferation, the sphere size of CRISPR-CAS9 CLIC1 clone 8 was found to 

be significantly smaller than control cells by ~20% (Figure 20). Interestingly, however, CRISPR-

CAS9 CLIC1 clone 68 (bi-allelic deletion) appeared to be unable to form spheres following 3 days 

of incubation at 37°C and 5% CO2 (Figure 20C) compared to control or CRISPR-CAS9 CLIC1 

clone 8 (mono-allelic deletion) (Figure 20A-B).  

 

Next, CRISPR-CAS9 CLIC1 clones were subject to extreme limiting dilution assay in 

which self-renewal and stemness capacity was assessed. Following 7 days of incubation at 37°C 

and 5% CO2 the experiment was completed, and it was determined that both CRISPR-CAS9 

CLIC1 clones showed a significant decrease in self renewal capacity (Figure 21). This data is 

consistent with that observed for proliferation, sphere size and stemness in siRNA CLIC1 pilot 

experiments (Figure 14-16) but to a greater extent, suggesting that the effects of CLIC1 silencing 

using CRISPR-CAS9 technology in patient-derived BTSCs is dose dependent.  

 

Figure 19. CRISPR-CAS9 CLIC1 on proliferation in patient-derived BTSC147 

Silencing of CLIC1 using CRISPR-CAS9 technology significantly decreases proliferation 

capabilities of BTSC147. (A) Proliferation capability plotted based on the number of viable cells 
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counted using trypan blue exclusion dye. (B) Proliferation capability plotted as fold change based 

on the initial count on day 1 for each condition. A student-t test was used to compare two 

conditions at day 7 for both A and B. Data are presented as mean ± SD, n = 3 biological replicates, 

**p<0.01.  

Figure 20. CRISPR-CAS9 CLIC1 on sphere size in patient-derived BTSC147 

Silencing of CLIC1 significantly reduces the size of BTSC spheres following 3 days of incubation 

at 37°C and 5% CO2. (A-C) Representative images of BTSC spheres following 3 days of 

incubation at 37°C and 5% CO2. Scale bar 50 μm. (D) Sphere size assessment in CTL 

BTSC147WT and CRISPR 8 clone. A minimum of 100 spheres were measured from each 

biological replicate and data was plotted as a mean ± SD. All sphere measurements are shown. A 

student-t test was used to identify significance, ***p<0.001.  
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Figure 21. CRISPR-CAS9 CLIC1 on self-renewal capacity in patient-derived BTSC147 

(A) ELDA was performed on control BTSC147 and two CRISPR-CAS9 CLIC1 clones (CRISPR 

8 and CRISPR 68). Representative image for n=3 biological replicates. (B) Percent stem cell 

frequency (SCF %) in control BTSC147 and two CRISPR-CAS9 CLIC1 clones (CRISPR 8 and 

CRISPR 68). Data are presented as a mean ± SD, n = 3 biological replicates, **p<0.01.  

 

D. Discussion and future directions   

 

Glioblastoma is one of the most aggressive brain cancers in adults. Its aggressive nature is 

brought on by cancer cells that are able to metastasize and evade standard of care therapy (Gilard 

et al., 2021; Shergalis et al., 2018). Research over the past decade has suggested that one of the 

reasons for glioblastoma recurrence and lack of response to therapy is due to a small subset of 

brain tumour stem cells (BTSCs) that are able to give rise to new cancerous populations following 

even the most intense therapeutic interventions (Singh et al., 2003; Singh et al., 2004). This has 

led to the hypothesis that to effectively treat glioblastoma, a combined approach must be 

employed, one that targets slower dividing BTSCs and those that are supporting these cells (Yang 

et al., 2020). In order to target BTSCs for therapy, patient specific-driver mutations or gene 

amplifications must be identified. Importantly, these genetic alterations can also be modulating the 

tumour microenvironment, which is of high importance (Gimple et al., 2019). For instance, the 

epidermal growth factor receptor (EGFR) is frequently amplified in BTSCs, however there is also 
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a mutant variant of EGFR in the form of an EGFR variant (EGFRvIII) that is constitutively active 

in almost 30% of GB patients (Rutkowska et al., 2019). This mutation contributes to BTSC 

functioning, but it is not acting alone. Recent discoveries have revealed that EGFRvIII forms a 

complex with the oncostatin M receptor (OSMR) to generate a positive feedback loop to induce 

the activation of STAT3 and the subsequent expression of OSMR as a direct target of STAT3 

(Jahani-Asl et al., 2016).  Interestingly, although OSMR is an EGFRvIII co-receptor, recent 

evidence has suggested that it too may be considered a driver because of its multifaceted role in 

BTSC maintenance and glioblastoma tumorigenesis. A mitochondrial OSMR has been discovered 

which is targeted to complex 1 of the mitochondrial electron transport chain (ETC) and interacts 

with NADH ubiquinone oxidoreductase 1 (NDUFS1) and NADH ubiquinone oxidoreductase 2 

(NDUFS2) of the ETC.  This interaction was found to increase oxidative phosphorylation 

(OXPHOS) thus generating a highly resistant tumour phenotype to ionizing radiation (Sharanek et 

al., 2020). OSMR has also been identified to be modulating the transition to mesenchymal-like 

states and impacting surrounding immune responses to either promote or suppress tumour growth 

(Guo et al., 2019; Hara et al., 2021; Masjedi et al., 2021), suggesting that this pathway can switch 

roles depending on multiple other factors. Thus, we hypothesized that OSMR signalling can be 

influenced by its binding partners in different genetic backgrounds and that it may regulate 

different aspects of GB tumorigenesis.   

 

D1. MaMTH-HTS validation and other binding partners  

 

  In the present study, we employed a MaMTH-HTS screen in the goal of identifying a 

novel OSMR binding partner in the absence and presence of EGFRvIII. Through careful screen 

analysis and extensive literature review, I selected to investigate the role of a candidate binding 

partner, Chloride Intracellular Channel 1 (CLIC1) in BTSCs. This partner was chosen as CLIC1 

is highly expressed in glioma cancer stem cells specifically those of the mesenchymal subtype, of 

which OSMR is also found to be highly expressed (Natesh et al., 2015). CLIC1 is shown to play 

a significant role in GB tumorigenesis in cancer stem cells (CSC) (Setti et al., 2013) and it has 

been identified as a possible target for therapeutic intervention because of its dichotomous 

structure (Barbieri et al., 2022; Barbieri et al., 2018; Gritti et al., 2014). Importantly, upon mRNA 

expression analyses in patient-derived BTSCs (BTSC147 and BTSC73), CLIC1 appeared to be 
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highly expressed (Valente et al., 2009). This suggests that CLIC1 may be a viable target for further 

experimentation.  

 

Interestingly, analysis of the hits identified in the MaMTH-HTS did not identify gp130 or 

EGFRvIII as OSMR binding partners, although both have been proven to bind with OSMR 

(Heinrich et al., 1998; Jahani-Asl et al., 2016). For gp130, one possible reason is that 

heterodimerization of OSMR and gp130 takes place in the presence of its ligand, which suggests 

that if the ligand is not present then the dimerization to form the OSMR/gp130 complex would not 

take place (Heinrich et al., 1998). Since OSM was not introduced as part of the screen, it is not 

surprising the gp130 did not come up as a possible binding partner.  As for EGFRvIII, one possible 

explanation for its lack of identity in the screen could be environmental. This means that the 

tumour BTSC microenvironment may be favouring this interaction, but once this environment is 

removed the interaction may not occur or it may occur at a very low frequency.  For this reason, 

once CLIC1 was identified as a possible candidate binding partner, validation was undertaken to 

assess if this interaction was in fact taking place endogenously in BTSCs as opposed to 

exogenously in HEK293T cells in which the screen was run. Proximity ligation assay (PLA) in 

patient-derived BTSC147 was used to validate CLIC1 and OSMR interaction in situ. Using this 

method, we confirmed that OSMR and CLIC1 are novel binding partners in situ. 

 

Although CLIC1 was chosen as the focus of this project, various other binding partners 

identified through the MaMTH-HTS may be equally viable targets for experimentation, such as 

kinases or DNA-binding proteins (Table 11-12). For example, looking at the kinase candidate 

interacting partners in the presence and absence of EGFRvIII may shed light on whether OSMR 

is post-translationally modified in each condition and how this modification may be impacting its 

ability to maintain BTSCs or its translocation to mitochondria. Previously,  

OSMR has been identified to either take a role as a tumour suppressor or a oncogenic player 

through signal modulation by c-myc (Kan et al., 2011). In this manner, c-myc acts as a molecular 

switch dictating the pathways activated by OSMR to either support tumour growth or inhibit it 

(Kan et al., 2011). However, post translational modification to OSMR by different kinases may 

help further identify how OSMR signalling is acting in such a dichotomous manner sometimes 

even in the same cancer type. Additionally, the numerous possible co-receptor candidates 
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identified in OSMR unique versus OSMR/EGFRvIII may suggest that in addition to EGFRvIII, 

OSMR may generate feedback loops with other receptors to modulate different aspects of 

tumorigenesis. This may take the form of enhancing metastasis or even modulating the activity of 

neighbouring non-cancerous cells to support the growth of the tumour. Finally, four distinct 

functional categorisations were identified from the OSMR unique hits that were not identified in 

the OSMR/EGFRvIII complex grouping. These functional categorizations include ATP dependent 

protein activity, receptor activity, adaptor activity and translational regulator activity (Figure 9). 

This data again points to OSMR as an active player in pathways other than those identified when 

it is in complex with EGFRvIII. Future studies can focus on these pathways to potentially identify 

new targets and complexes that contribute to glioblastoma tumorigenesis.     

 

Table 11. Hits identified to be functional kinases or kinase-related proteins. The identification 

of the hit in OSMR unique, OSMR in complex with EGFRvIII or both is denoted by an X next to 

the indicated hit. 
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Table 12. Hits identified as protein involved in DNA processes: DNA/chromatin binding 

proteins and transcription factors. The identification of the hit in OSMR unique, OSMR in 

complex with EGFRvIII or both is denoted by an X next to the indicated hit.  

 

D2. Silencing of CLIC1 impacts BTSC proliferation, sphere size and stemness  

 

Following validation that CLIC1 and OSMR are endogenous binding partners in BTSC73 and 

BTSC147. We next set out to determine the impact of CLIC1 silencing on patient-derived BTSCs. 

OSMR has been shown to have a significant impact on BTSC and astrocyte proliferation both in 

vitro and in vivo. Mechanistically, this is driven in part via interaction with EGFRvIII to induce 

the constitutive phosphorylation of STAT3 (Jahani-Asl et al., 2016). Thus, to begin to unravel how 

the interaction of OSMR with CLIC1 is involved in BTSC maintenance, we first employed short 

interfering RNA as a pilot experiment to assess the impact of KD in patient-derived BTSC147.  In 

previous studies, CLIC1 KD in glioma cancer stem cells (CSC) was found to induce a significant 

reduction in proliferation, viability and stemness specifically in glioma CSC of the mesenchymal 
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subtype (Setti et al., 2013). Studies using siRNA targeting of CLIC1 versus a non-targeting - CTL 

were conducted to analyse population growth assay, BTSC sphere size and self-renewal via 

extreme limiting dilution assay (ELDA).  

 

We first confirmed that the siRNA induced an 85-90% KD of CLIC1 mRNA and a significant 

decrease in CLIC1 protein expression. We found that KD of CLIC1 induced an approximate 5-

fold decrease in proliferation growth of BTSC147. Of note, fold change was used to determine 

significance and correct for any discrepancies in initial plating. Additionally, using siRNA 

targeting CLIC1, it was observed that there was a significant decrease in sphere size and ability to 

self-renew. Of note, this effect was found to be dose dependent, such that deletion of CLIC1 using 

CRISPR-CAS9 technology more profoundly impaired self-renewal and growth. This was 

especially evident when looking at fold change for the population growth assay in which an 

approximate 5-fold change was observed between siCTL and siCLIC1 groups compared to an 

upwards of around 10-fold proliferation difference between control BTSC147 and both CRISPR-

CAS9 CLIC1 clones, respectively.  Additionally, using extreme limiting dilution assay (ELDA), 

knockdown of CLIC1 by siRNA yielded a decrease in self renewal capacity by ~15.6% between 

siCTL and siCLIC1 while CRISPR-CAS9 silencing of CLIC1 yielded a ~33.5% to ~34.6% 

decrease in self-renewal capacity between control BTSC147 and CRISPR-CAS9 CLIC1 clones. 

In follow up analyses, I conducted sphere size assessment of CRISPR-CAS9 CLIC1 clones and 

the data revealed that silencing of CLIC1 impairs the ability of the cells to form spheres. Upon 

identification of the clone that was not able to form spheres (clone 68), it was found that this clone 

is generated from a biallelic deletion of CLIC1 whereas clone 8, which was able to form spheres 

after 3 days of incubation, presented a mono-allelic deletion of CLIC1 (Table 10). This again, may 

point to the dose dependent effect of CLIC1 KD or silencing. There are, however, some limitations 

to experimentation that could be addressed in future work with the CRISPR-CAS9 CLIC1 clones 

such as the use of a negative control. In this thesis, the parental cell line which had not been edited 

by the CRISPR-CAS9 construct was used as the wild-type control. Using this type of control may 

fail to determine additional phenotypic changes that occur in the cells as a result of the editing 

system. Thus, to properly adjust for such a limitation, future experimentation may use a control 

non targeting gRNA sequence in the CRISPR-CAS9 construct. Although additional studies must 

be conducted on the mechanistic intersection of OSMR and CLIC1 in patient-derived BTSC and 
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in a murine model, the dose dependent effect of silencing CLIC1 may suggest that targeting 

channel activity with a CLIC1 specific inhibitor such as IAA-94 combined with inhibiting OSMR 

signalling may prove to have a significant therapeutic potential. To elucidate this, future 

experiments can begin with performing extreme limiting dilution assay (ELDA) with IAA-94 

treatment in in control or OSMR knockout lines.  

 

Additionally future experiments to understand how and if OSMR is impacting the functionality 

of CLIC1 and therefore impacting glioblastoma progression must be undertaken.  It has been 

suggested that the cytoplasmic domain of membrane receptors can activate intracellular proteins 

such as ion channels and transporters (Yeagle, 2016). Thus, based on preliminary data collected, 

perhaps OSMR is additionally impacting the localization of CLIC1 to the membrane to activate 

its function as an ion channel. In order to begin to understand the possible role of OSMR in the 

regulation of CLIC1 functioning and CLIC1 localization, dimerization to form a channel and 

phosphorylation status can be investigated in control BTSCs and OSMR KO lines. 

 

D2.1 Impact of CLIC1 silencing on cell fate  

 

Using the population growth assay, it was determined that silencing of CLIC1 induced a 

significant decrease in the number of viable cells, however, a reduction in the number of cells can 

take the form of increased cell death or slower cell cycling. Sphere size was found to be 

significantly reduced in both siRNA and CRISPR-CAS9 mediated silencing of CLIC1 suggesting 

that the cell cycle processes might be impaired. Additional experiments are, however, required to 

support this hypothesis. Interestingly, there has been considerable evidence that CLIC1 impairs 

the cell cycle and slows progression through various stages, (Peretti et al., 2018; Valenzuela et al., 

2000) but it has also been suggested that silencing of CLIC1 leads to increased cell death in the 

form of apoptosis (Kobayashi et al., 2018; Li et al., 2018). To determine which process or if both 

processes are at play upon silencing of CLIC1 in BTSCs, future experiments should be conducted 

to explore the various possibilities including Ki-67 staining or 5-Ethynyl-2′-deoxyuridine (EdU) 

incorporation assay along with Annexin V and Propidium Iodide (PI) staining followed by flow 

cytometry analysis. Ki-67 is a nuclear protein that has been widely used as a marker for active 

proliferation (Gerdes et al., 1983), as it has been identified to have an active role in the cell cycle 
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at multiple stages (Gerdes et al., 1983; Sun & Kaufman, 2018). Additionally EdU incorporation 

assay can be used. This chemical additive is a nucleoside analogue of thymidine, and thus will be 

incorporated upon DNA synthesis. These experiments will provide an indication of if a reduced 

number of viable cells is a result of impaired cell cycling.  However, to identify if the number of 

viable cells decreases as a result of cell death, PI staining can be used, but to specifically look at if 

cell death is a result of apoptosis, Annexin V staining can be employed.  Annexin V is able to bind 

phosphatidylserine that has been transitioned to the outside of the cell during the process of 

apoptosis (Van Engeland et al., 1998). By combining both Annexin V and PI staining followed by 

FACS analysis, both necrotic cells as well as early and late-stage apoptosis can be ascertained.  

This will help elucidate the mechanism by which cell death is occurring in CLIC1 silenced cells. 

For instance, cells stained with PI only indicate necrosis is taking place whereas cells stained with 

Annexin V only will be indicative of early-stage apoptosis. However, late stage apoptosis is 

defined by both Annexin and PI staining (Rieger et al., 2011).  

 

D2.2 Intersection of oncogenic pathways between CLIC1 and OSMR  

 

CRISPR-CAS9 technology was employed to generate a constitutive silencing CLIC1 in 

two patient-derived BTSC lines (BTSC147 and BTSC73). Validation of the two clones in both 

cell lines demonstrated to have a significant impact on proliferation, sphere size and stemness of 

BTSCs, leading to the conclusion that the phenotypes presented by the silencing of CLIC1 in the 

chosen clones phenocopies that of silencing OSMR in BTSCs (Jahani-Asl et al., 2016; Sharanek 

et al., 2020). Using the clones generated in this study, future experiments can be undertaken to 

determine the mechanistic intersection of OSMR and CLIC1 in BTSCs. An important question 

that requires more attention is how OSMR is regulated to determine its pro or anti-tumorigenic 

capabilities and how novel binding partners may influence its oncogenic role in cancer cells. One 

group attempting to answer this question has suggested that c-myc acts as a molecular switch to 

modulate the activity of OSMR/gp130 through downstream targets (Kan et al., 2011). C-myc 

belongs to the MYC oncogene family and it, like many of its members, has been identified to play 

a significant role in different hallmarks of cancer. Specifically, c-myc has been identified to be a 

master regulator in metabolic and proliferative pathways (Chen et al., 2018; Miller et al., 2012). 

The expression of c-myc, itself,  is regulated by the binding of STAT3 to its promoter region which 
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has been shown to be induced by the activity of IL-6 family receptors of which OSMR is a member 

(Hirano et al., 2000). Interestingly, CLIC1 has been previously identified to be a transcriptional 

target of c-myc. In addition, CLIC1 expression was found to regulate the expression of 

downstream c-myc related genes (Jiang et al., 2020). This data, along with validation that CLIC1 

and OSMR are endogenous binding partners suggests that these two proteins may mechanistically 

converge on c-myc or c-myc related pathways. Additionally, this could suggest that CLIC1 may 

be playing a larger role, perhaps in additional signalling to regulate the activity of OSMR in 

patient-derived BTSCs toward its pro- or anti-tumorigenic capabilities. To investigate this, 

experiments can first be devised to look at activity of downstream c-myc targets in the absence of 

CLIC1, OSMR or both.  

 

D2.3 CLIC1 and immune function  

 

The immune system is a complex system in which the innate and adaptive systems play a 

significant role in ensuring health of the individual. Although differentiated by two names, the 

innate and adaptive immune systems present coordinated and sometimes overlapping activities in 

the goal of protecting the host from pathogen, foreign substances, and compromised self-cells, 

such as the ones encountered in cancer (Chaplin, 2010). The innate immune system is composed 

of elements such as mucosal barriers, enzymatic proteins/bioactive molecules, and membrane 

receptors or proteins that bind specific molecular patterns. This branch also includes specific cell 

types including basophils, eosinophils, neutrophils, mast cells and natural killer (NK) cells 

(Chaplin, 2010; Marshall et al., 2018). The adaptive immune system, on the other hand, is 

composed of specialized cells that will generate a tailored response. This includes B and T cells 

that can be further divided into plasma cells, cytotoxic T cells, regulatory T cells, and natural killer 

T cells to name a few. Additionally, there are cell types that mediate the interaction between the 

innate and adaptive systems, this includes cells such as macrophages, other antigen-presenting 

cells (APC) and dendritic cells which are also known as professional phagocytic cells (Chaplin, 

2010; Marshall et al., 2018). The cells that can present antigen must also be able to uptake material 

in a process known as phagocytosis. These cells are known as professional phagocytes as they 

have specific pathogen-associated molecular patterns on their plasma membrane to effectively 

phagocytize foreign material. Once engulfment takes place there is a series of pinching off events 



79 

that leads to the formation of a nascent phagosome within the APC. Phagosomes then go through 

a period of maturation in which the phagosome becomes increasingly acidic to degrade the particle 

engulfed (Kinchen & Ravichandran, 2008; Lee et al., 2020) (Figure 22).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure retrieved from (Yamauchi & Moroishi, 2019) in Cell  

Figure 22. Innate and adaptive immune cells with cells that overlap in both systems to generate a 

coordinated response against pathogens or hijacked self-cells. The innate immune system is the 

first line of defence of the body with cells taking action hours after infection, while the adaptive 

system is active days after infection to generate a tailored response.  

 

The role of ion channels has been widely characterised for their importance in immunology 

such that they have been associated with lymphocyte function and development, as well as in 

innate immune function (Feske et al., 2012). Specifically, chloride channels play a key role in 

regulating the innate and adaptive immune pathways through the acquisition of intracellular 

chloride (Wang, 2016). The acquisition of chloride ions is highly essential to cells that can take up 

antigen or antigen-presenting cells; cells such as macrophages and dendritic cells that are the 

bridge between the two systems (Wang, 2016; Westman & Grinstein, 2021). This is because the 

change in pH, which is accomplished by chloride ion currents among others, is required for 

phagosome maturation. For instance, luminal acidification is essential in recycling receptors on 
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phagosomes, facilitating microbial responses by activating degrading enzymes, limiting microbial 

replication and enabling proteolysis for antigen presentation (Westman & Grinstein, 2021). 

Specifically, proteolysis capabilities of antigen presenting cells is accomplished by lysosomal 

proteinases one of which is cathepsin C. Interestingly, this proteinase has been identified to be 

activated in a chloride-dependent manner (Gorter & Gruber, 1970; Wang, 2016). This suggests 

that chloride is a key element in determining the efficiency of antigen presentation to other immune 

cells, thus mediating activities of the adaptive immune system (Wang, 2016). Similarly, to classical 

chloride channels, CLIC1, particularly, has been found to mediate immune function through 

phagosomal acidification (Jiang et al., 2012; Salao et al., 2016; Westman & Grinstein, 2021). In 

2012, researchers concluded that upon phagocytosis of a serum-opsonized zymosan, CLIC1 

localised to the phagosomal membrane in macrophages where it had an impact on acidification of 

these phagosomes. Although silencing of CLIC1 decreased acidification by a pH value of 0.2, this 

small difference was sufficient to produce an apparent change in macrophage proteolysis 

capabilities (Jiang et al., 2012). Similarly, the role of CLIC1 has also been characterised in antigen 

presenting cells such as dendritic cells. Impairment in acidification by silencing of CLIC1 

significantly reduced CD4+ T cell activation by mediating antigen processing pathways in bone 

marrow derived dendritic cells (BMDCs) (Salao et al., 2016). Furthermore, CLIC1 has been 

implicated in the activation and induction of secretory products such as IL-1β. This discovery 

highlights the role of this protein in the innate immune system through its involvement in the 

activation of the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome 

(Domingo-Fernández et al., 2017). Importantly, aberrant activity of the NLRP3 inflammasome has 

been implicated in the progression of several cancers including GB (Hamarsheh & Zeiser, 2020; 

Kelley et al., 2019). Finally, CLIC1 has also been identified to be translocated to the cell membrane 

where it mediates Cl- current in activated microglia upon stimulation by β-amyloid protein (Aβ) 

(Novarino et al., 2004). Microglia are the immune effectors of the central nervous system which 

become activated upon stimulation by bacterial assault, trauma-related damage and inflammation 

(Block et al., 2007). Once activated these cells travel to the site of infection or damage and begin 

a series of events including secretion and production of pro-inflammatory molecules such as ROS/ 

tumour necrosis factor alpha (TNF-alpha) and begin to proliferate. This activation has been 

characterized to be mediated by alerted ion currents including chloride currents (Block et al., 

2007). Interestingly, inhibition of CLIC1 in microglia reduced proliferative capacity as well as 
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reduced microglia capacity to express TNF-alpha thereby protecting neurons from neurotoxicity 

associated with Aβ protein (Novarino et al., 2004). This data points to the possibility of CLIC1 

chloride currents having a direct and profound impact on immune function, hence it is important 

to conduct future studies on the intersection of OSMR and CLIC1 in terms of immune functioning. 

This is especially important since OSM, the natural ligand of OSMR is a critical mediator of 

inflammation, and immunity as well as plays a role in disease progression.  

 

D2.4 Future studies of impact on ROS and ion conductance  

 

Since CLIC1 presents a dichotomous structure, one in which it functions as a chloride 

channel (Gururaja Rao et al., 2020), looking at how chloride current is impacted by binding OSMR 

and how this current impacts other cellular processes can prove to be further avenues of study. 

Chloride currents are highly important in health and disease as chloride itself is known to be the 

principal anion of the body (Berend et al., 2012; Verkman & Galietta, 2009). In connection with 

other chloride channels that mediate the role of chloride currents in the cell cycle and the immune 

response, CLIC1 has also been identified to be an additional mediator of chloride currents in cancer 

cells (Francisco et al., 2020; Jia et al., 2016; Li et al., 2018; Miyazaki et al., 2008; Setti et al., 2013; 

Singha et al., 2018; L. Wang et al., 2012; Wang et al., 2011). Of note, chloride currents by CLIC1 

have been previously identified as a mediator of intracellular ROS production in cancer cells. 

Interestingly, some research has suggested that CLIC1 is involved in suppressing ROS production 

while others claim it increases ROS generation, thus moulding the fate of the cell towards death 

or survival (Peretti et al., 2018; Shen & Liu, 2006).  This is an area of interest and future study as 

there has been considerable evidence suggesting a bidirectional relationship between ROS, other 

ions and ion channels. This includes channels responsible for Ca2+ release or uptake (Görlach et 

al., 2015; Kiselyov & Muallem, 2016).  This may suggest that CLIC1 could have a role in the 

regulation of intracellular ions. For instance, CLIC1 may be impacting ions such as Ca2+ through 

the regulation of ROS in the cell. Another hypothesis can be that CLIC1 is regulating Ca2+ currents 

in a more direct manner. In this manner, the impact of CLIC1 on calcium currents may be 

modulating the bidirectional effect of calcium and subsequently ROS as a second messengers.  In 

support of this hypothesis, although the mechanism remains unclear, in 2019 Lee et al., published 

an article suggesting that CLIC1 regulates Ca2+ by controlling the activity of L-Type Calcium 



82 

Channels (LTCC) (Görlach et al., 2015; Hempel & Trebak, 2017; Lee et al., 2019). The mechanism 

by which this occurs is still under investigation, but one hypothesis proposed is environmental 

(Lee et al., 2019). Nonetheless, the potential intersection of ROS, chloride currents generated by 

CLIC1, and intracellular calcium currents suggests that CLIC1 may play a role in wide scale 

processes such as mitochondrial activity and metabolic functions of which both are critical in 

cancer progression. To begin to investigate these hypotheses the first step would be to examine 

how chloride currents are impacted by OSMR KO in BTSCs. This can be done using patch clamp 

experiments in OSMR KO and control BTSC lines. Next, calcium content studies can be 

undertaken in both OSMR and CLIC1 KO/KD lines using a calcium sensitive fluorescent 

radiometric dye, such as fura-2 (Zanin et al., 2019), to understand how calcium is affected by KO 

or KD of one or both interacting proteins. Finally, by looking at ROS production in control BTSCs 

and OSMR or CLIC1 KO lines important conclusions can be made about the intersection of these 

critical elements in the progression of glioblastoma.  

 

D3. Conclusion 

 

The data presented in this study identified a novel OSMR binding partner, Chloride 

Intracellular Channel 1 (CLIC1), in patient-derived brain tumour stem cells. This protein was 

identified through analysis of a Mammalian Membrane Two-Hybrid High Throughput Screen 

(MaMTH-HTS) and through in situ validation in BTSCs. siRNA or CRISPR-CAS9 mediated 

silencing of CLIC1 proved to have a significant impact on proliferation, sphere size and self-

renewal capacity of BTSCs in a dose-dependent manner, suggesting an important role of CLIC1 

in glioblastoma tumorigenesis. This work lays the foundation for future studies specifically aimed 

at understanding the mechanistic intersection of OSMR and CLIC1 in BTSCs at the level of 

resistance to therapy, metastasis and progression. The findings of this study put OSMR and CLIC1 

at an important inspection point, one that places ions and ion conductance at the forefront of cancer 

progression in glioblastoma.   
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