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Abstract

Group 3 medulloblastoma (MB) is the most aggressive type of MB with the least
favourable outcome. Although enhanced STAT3 signaling is implicated in acquired
chemoresistance of multiple cancers, arole for STAT3 in MB chemoresistance is not known. Here,
| evaluated if IL-6/STAT3 signaling contributes to acquired chemoresistance in Group 3 MB.
Group 3 MB cells that are initially chemosensitive were rendered chemoresistant either by
incremental drug selection, or by conditioning with IL-6 family cytokines. IL-6 cytokines robustly
stimulated the activation of JAK/STAT3 activity, and the chemoresistant variants exhibited
increased STAT3 phosphorylation when transiently treated or conditioned with I1L-6. Abrogation
of STAT3 or IL6R expression in the chemoresistant cells successfully restored the
chemosensitivity, highlighting the requirement of IL-6/STAT3 signaling in acquired
chemoresistance. MB cells rendered chemoresistant following IL-6 conditioning secreted high
levels of IL-6, indicating that an IL-6 autocrine feedback loop forms an important stimulus able to
sustain enhanced STAT3 signaling. Furthermore, I1L-6 secreted by chemoresistant cells also
stimulated phosphorylated STAT3 in treatment-naive chemosensitive cells, suggesting acquired
chemoresistance may be propagated through the tumour microenvironment via a paracrine
mechanism.

| postulated that immune cells in the TME could initiate paracrine cytokine signaling.
Indeed, microglia co-cultured with MB cells secreted cytokines, including IL-6, that
phosphorylated STAT3 and enhanced MB chemoresistance. Unexpectedly, IL6R”- MB cells co-
cultured with microglia also exhibited enhanced STAT3 phosphorylation and chemoresistance,
suggesting involvement of cytokines in addition to IL-6. | then demonstrated that IL-6 family

cytokines effectively induced STAT3 phosphorylation and chemoresistance. Gp130 encodes the



common [ subunit for the IL-6 family cytokine receptors required for activating JAK/STAT3
signaling. Abrogation of gp130 expression in MB effectively blocked STAT3 signaling and 1L-6
cytokine mediated chemoresistance. Furthermore, combination chemotherapy that included
inhibitors targeting gp130, JAKs or STAT3 effectively circumvented IL-6 mediated
chemoresistance in Group 3 MB. Analysis of multi-layered GEO databases of MB unveiled certain
gene expression changes in the IL-6/STAT3 signaling axis that correlated with poor outcomes
associated with Group 3 MB. Overall, elucidation of the role of IL-6/STAT3 signaling in cell
survival and acquired chemoresistance revealed strategies for molecular targeted therapies to

combat chemoresistance in Group 3 MB.



Lay Summary

Group 3 medulloblastoma is an aggressive type of medulloblastoma associated with less
than 60% survival. A major caveat of chemotherapy in medulloblastoma is the harmful long-term
side effects observed in infants and children as a result of aggressive treatment. My thesis
highlights the importance of certain “survival signals” made up of cytokines that enable cancer
cells to resist chemotherapy. When exposed to these cytokines, medulloblastoma cells gradually
become more resistant to the cytotoxic, or cell death inducing effects, of chemotherapy, that can
eventually lead to treatment failure and disease relapse. My overall goal was to identify and
understand the function of the molecular factors promoting the survival of the few cells that
ultimately become treatment resistant. Once identified, | targeted these molecular factors with
commercially available drugs. Blocking these survival factors made Group 3 medulloblastoma
cells more susceptible to treatment and offers a novel approach to combat acquired

chemotherapeutic resistance.



Preface

The contents of this dissertation are my original work. All experiments were designed and
conducted by me in conjunction with my supervisor, Dr. Chinten James Lim, and the guidance of
my supervisory committee.

A version of Chapter 2 entitled “Autocrine IL-6/STAT3 signaling aids the development of
drug resistance in Group 3 medulloblastoma” by L Sreenivasan, H Wang, SQ Yap, P Leclair, A
Tam, and CJ Lim, has been published in Cell Death Disease (2020) 11:1035. Dr. Lim and |
conceptualized the study and designed the experiments that are detailed in Chapter 2. | performed
all experiments, collected and analyzed data, and prepared figures/graphs with the assistance of Dr
Lim. Dr Lim and | co-wrote the published manuscript. Specific contributions by other personnel
are as follows: Dr H Wang and SQ Yap generated the Med8A-R chemoresistant cell line and
performed the preliminary characterizations. Dr A Tam assisted with gPCR experimental design
and data analysis. Dr Lim and | designed the CRISPR guide RNA targeting STAT3 and IL-6R.
The BCCHR Flow Cytometry core’s Dr L Xu provided fluorescent activated cell sorting services
to collect the CRISPR edited clones. The BCCHR DNA Sequencing core performed Sanger
sequencing of the CRISPR plasmids and knockout clones. P Leclair and | analyzed the sequencing
results to identify the mutations in each CRISPR-targeted allele to confirm the knock out clones.

Chapter 3 “Targeting IL-6/gp130 signaling axis attenuates tumour microenvironment
mediated chemoresistance in Group 3 MB” contains the bulk of the data for a manuscript in a late
stage of preparation. I will be the first author on this manuscript, along with co-authors L Li, P
Leclair and CJ Lim. Dr. Lim and I conceptualized the study and designed the experiments that are
detailed in Chapter 3. | performed all experiments, collected and analyzed data, and prepared

figures/graphs with the following exceptions: Dr Lim designed the CRISPR guide RNA targeting

Vi



gp130. The BCCHR Flow Cytometry core’s Dr L Xu performed fluorescent activated cell sorting
to collect the CRISPR edited clones. The BCCHR DNA Sequencing core performed Sanger
sequencing. L Li assisted in maintenance of the gp130 CRISPR knockout cell lines. Dr Lim and |
are co-writing the manuscript that is in preparation.

Chapter 4 contains transcriptome microarray-based gene expression data obtained from
publicly available databases, specifically the Gene Expression Omnibus (GEO). Dr C Konwar
provided initial assistance in the navigation and analyses of the GEO databases. T Lam provided
additional assistance in the survival analysis of MB subgroups. | acquired the GEO datasets,
performed the analyses, and prepared figures/graphs as shown in Chapter 4. Some parts of Chapter
4 have been published in Cell Death Disease (2020) 11:1035.

Chapter 5 is a summary of the overall conclusions of my thesis, including limitations,

significance to the field, future directions and closing remarks.
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Chapter 1: Introduction

1.1 Brief history of medulloblastoma

Less than a century ago, Harvey Cushing and Percival Bailey postulated that
medulloblastoma (MB) arose from undifferentiated cells termed “medulloblasts” present in the
cerebellar vermis, exhibited leptomeningeal dissemination, and histologically classified MB cells
as small round nuclei with minimum cytoplasm [1-3]. Cushing and Bailey’s recognition and vast
understanding of the disease provided basic clinical information, surgical techniques, and
histopathological characteristics of MB. Although Cushing perceived MB as a subset of glioma,
in early 1900’s MB was redefined as primitive neuroectodermal tumours (PNETs) due to the
histologic similarity shared with small round blue cell tumours [4]. Even today, patients diagnosed
with PNET are enrolled in the same clinical trials as MB patients. Since MB tumours were thought
to arise from the posterior fossa of the brain, they were radiographically similar to other pediatric
brain tumours such as ependymoma, pilocytic astrocytoma, embryonal tumours and atypical
teratoid rhabdoid tumours [5,6].

During Cushing’s era, extensive surgical resection resulted in improved survival outcomes,
but 30% of post-operative patients experienced mortality. A vital study published in 1953 revealed
that surgery followed by craniospinal radiation significantly improved the 3-year survival rate to
65%. However, a severe consequence of craniospinal radiation was observed in infants and
children below the age of 3 who developed neurocognitive impairments, endocrine dysfunction
and second malignancies later in life [7]. In 1970’s, adjuvant chemotherapy in addition to surgery
and radiation helped improve overall survival, and this combination has since remained the gold-
standard in the treatment of MB [8]. Cushing and Bailey’s discovery and studies led by several

groups around the world paved the way for further reformation of our knowledge of central



nervous system malignancies. Up until 2012, MB was regarded as a single disease entity, but recent
advances in molecular genetics led to its classification into distinct molecular subgroups. In 2016,
the World Health Organization (WHO) classified MB into the following four subgroups: Wingless
(WNT), Sonic hedgehog (SHH), Group 3 and Group 4 [6,9]. The classification details and the

clinical implications for these MB subgroups will be further discussed in Sections 1.3 and 1.4.

1.2 Epidemiology

MB is a high-grade pediatric brain malignancy comprising 20% of all childhood brain
tumours and accounts for approximately 63% of intracranial embryonal tumours. MB is postulated
to originate from neuronal precursors and progenitor cell populations located in the posterior
cranial fossa [10]. These tumours occur in infants, children and adults with an overall annual
incidence of 5 cases per million individuals. MB is more common in males than females with a
1.8:1 sex ratio, however sexual predominance varies between subgroups [11,12]. Age-specific
incidence also varies by subgroup; children and infants under the age of 10 comprise 70% of all
MB cases, with peak incidence at ages 3-9. Adults are rarely affected by MB, with an annual
incidence of 0.5 cases per million individuals, and their prevalence is linked to specific subgroups
[13,14]. Due to overall low incidence of MB, population-based studies are scarce and have not

revealed any remarkable disparities across geographical regions and ethnicities so far [10,15].

1.3 Diagnosis and therapeutic intervention
Despite standard treatments such as surgery, radiotherapy and chemotherapy, about 30%
of MB patients experience mortality. Aggressive therapy also leads to severe long-term

complications and development of secondary tumours in individuals with MB. Herein, | will



discuss the symptoms, and the histopathological and molecular signatures used to diagnose and

treat MB patients.

1.3.1 General symptoms

Generic symptoms such as headaches, nausea and fatigue are often experienced by MB
patients in the initial stages of tumour. Other symptoms that emerge as the tumour progresses
include ataxia, manifesting as issues with vision and motor coordination. Patients with MB,
especially in infants and children, are often present with a delayed diagnosis due to the initial non-
specific symptoms. By the time MB is diagnosed, the tumour is often enlarged, leading to increased
intracranial pressure and spinal metastases. However, some individuals with a predisposition to

MB are diagnosed early with the assistance of genetic screening [16-18].

1.3.2 Risk stratification

The recent molecular classification has facilitated stratification of MB tumours into distinct
risk groups and calls for specific treatment paradigm for each molecular subgroup. MB patients
are classified into 4 risk categories based on their subgroup, clinical and molecular features (Table
1.1). The age of the patient at diagnosis, metastatic stage and extent of surgical resection play a
significant role in designing the risk stratification groups.

Low risk MB has an overall survival greater than 90%. Based on the current system,
patients older than 3 years at diagnosis with localized tumour and near total resection (residual
tumour <1.5 cm®) belong to the low-risk category [6,8,16,19]. Patients with localized WNT MB
tumours and Group 4 MB tumours with loss of chromosome 11 are also stratified into this risk

group due to their better survival outcomes.



MB patients with residual tumour post-surgery with or without metastatic disease are
considered standard-risk or high-risk. Standard risk patients, with an overall survival of 75-90%,
most likely develop localized SHH tumours without TP53 mutation or MYC amplification, Group
3 tumours without MYC amplification, or Group 4 tumours without loss of chromosome 11. High-
risk MB has an overall survival not exceeding 75%. This includes patients with SHH tumours with
MYCN amplification and metastatic Group 4 tumours [6,8,16,19].

Infants and children below the age of three with metastatic disease at diagnosis belong to
the very high-risk category that is associated with the lowest survival rate (<50%). This category
consists of Group 3 tumours with MYC amplification and SHH group with TP53 mutation. Very
high-risk tumours have near fatal outcomes but a small subset of patients that survive succumb to
secondary tumours later in life [16,20,21].

The proposed risk stratification attributed to the diverse molecular and clinical
characteristics of MB necessitates de-escalation of therapy in some risk categories. Further reliable
data and delineation of sub-categories is required across different patient cohorts to provide
additional strata of information to develop a more robust and enhanced risk stratification system

[16,20,21].



Table 1.1: MB risk stratification. Adapted table detailing proposed risk stratification based on
clinical and molecular characteristics of MB.

Risk Low risk Standard risk High risk
category

Survival >90% 75-90% 50-75% <50%
Molecular | WNT Group SHH group SHH group with SHH group with
profile without TP53 MYCN TP53 mutation

mutation or MYC | amplification
amplification

Group 4 with Group 3 without Metastatic Group | Metastatic group
loss of MYC amplification | 4 3 with MYC
chromosome 11 Group 4 without amplification
loss of
chromosome 11
Metastatic? No No Yes Yes

1.3.3 Histological classification

MB is histologically classified into four subtypes: classic histology, nodular desmoplastic,
MB with extensive nodularity and large-cell anaplastic. Classic MBs are poorly differentiated
sheets of cells consisting of small round blue-cell tumours with minimal cytoplasm. The classic
histological subtype is associated with a worse prognosis when compared to nodular desmoplastic
tumours. Nodular desmoplastic MBs are made of nodular islands encased by neuronal
differentiated cells and tightly packed hyperchromatic cells. They are mostly present in infants and
adults with MB than in children [8,22,23]. MB with extensive nodularity histological subtype
exhibits extensive lobular structures with enormous elongated reticulin-free zone between the
nodules. Small, round neurocytic-like cells are often found in the internodular regions of MB with
extensive nodularity variants. MB with extensive nodularity are commonly found in infants and

associated with exceptional prognosis. Large-cell anaplastic MBs are defined by enlarged nuclei



with distinguished nucleoli and pleomorphism with variable cytoplasm. Large-cell anaplastic
subtype is often difficult to diagnose as they may either present as large-cell or only anaplastic
phenotypes. Compared to nodular desmoplastic, large-cell anaplastic histological subtype is
considered a marker for high-risk disease that warrants aggressive therapy. The identification of
these histological subtypes has clinical utility and is currently being used as a marker to predict

disease risk [8,23-25].

1.3.4 Surgery

Surgery was the primary and only form of treatment for all MB patients up until the use of
craniospinal radiation in the 1970’s. Increased survival was documented in MB patients that
underwent radical tumour resection. Recent studies have demonstrated that near total resection
(wherein residual tumour is <1.5 cm?) of tumour and gross total resection provide MB patients
with similar progression free survival or overall survival. With the recent classification of MB,
GTR was found to offer a better progression free survival outcome compared to sub-total resection
(residual tumour >1.5 cm?) in a large cohort of MB patients. More specifically, Group 4 MB
patients have benefited with increased progression free survival and overall survival when they
underwent gross total resection or near total resection procedures. Although gross total resection
is considered the gold standard, more data from other MB cohorts is required to validate the
benefits of progression free survival [6,18,26,27].

A surgical decision needs to be made to weight the benefits when performing gross total
resection procedure, since complete resection of the tumour might lead to neurological deficits in
MB patients. For the purpose of biopsy to study the histological and molecular signatures of the

tumour, sufficient tissue needs to be resected from the specific area of the tumour. This process



could be challenging due to the high-level of spatial and temporal heterogeneity exhibited by these
tumours. While some studies have implied the advantage of resecting recurrent tumours, it is yet
to be evaluated in a large cohort of MB patients by controlling for their molecular characteristics

[6,16,18,28,29].

1.3.5 Radiotherapy

Surgery followed by craniospinal radiation enhanced the overall survival of MB patients
as they focused on eliminating remnant tumour cells. Irradiation on the complete craniospinal axis
was performed as a prophylactic treatment to target tumour cells that have invaded to the spinal
cord and the leptomeninges. Initially, high doses of irradiation were administered to all MB
patients, but this led to severe side-effects such as neurocognitive impairment, growth disruption
and deformities, infertility, cardio toxicity, endocrine disorders and secondary tumours. The
standard craniospinal radiation dose is 24 gray (Gy) with a 54 Gy radiation boost to the tumour
bed for patients with no metastatic disease. A higher irradiation dose of 36 Gy is administered to
high-risk patients that exhibit metastasis [6,21,29].

With the recent classification of MB and proposed risk stratification based on their
molecular signatures, efforts were taken to reduce or abstain from administering irradiation unless
required, particularly in infants and children <5 years of age and for low-risk categories.
Additionally, MB patients carrying TP53 mutations are more prone to DNA damage and
development of secondary cancers when radiotherapy is administered, therefore risk needs to be
determined prior to treatment. A few clinical trials are investigating de-escalation of intensive
treatment in patients with WNT MB given their excellent 5-year survival rate [21,30]. Alternative

irradiation techniques such as proton radiotherapy and intensity-modulated radiation therapy are



currently used in clinical trials to study the effects of minimal radiation exposure on normal cells
surrounding the tumour to prevent the harmful side-effects experienced by MB patients [31].
Irradiation protocol needs to be modified and tailored to each individual MB patient based on their
clinical attributes and risk categories to avoid unwarranted toxicities from radiotherapy

[18,29,32,33].

1.3.6 Chemotherapy

Chemotherapy is one of the principal modes of cancer treatment. The main class of drugs
used to treat MB patients are cytotoxic agents that destroy proliferating cells by interfering with
DNA replication and synthesis. Vincristine, cisplatin, lomustine and cyclophosphamide are some
of the drugs approved to use for the treatment of MB patients. The chemotherapeutic regimen is
determined based on age, risk category, molecular and clinical attributes including histology,
amount of tumour resected and occurrence of metastasis [29]. Due to the harmful side effects from
radiation, infants are primarily treated with an intensive chemotherapeutic regimen after surgical
resection [34]. For children (> 3years of age) and adolescents that have undergone near total
surgical resection and have no metastasis at diagnosis, they are treated with 24 Gy irradiation with
a 54 Gy boosted tumour bed followed by 4-9 cycles of vincristine, cisplatin or cyclophosphamide,
and autologous stem cell rescue. MB patients that present with metastasis post-surgery are treated
with similar cycles of chemotherapy with an increased craniospinal radiation (36 Gy) and a 54 Gy
boost to the tumour bed, and radiation at the secondary site of tumour [6,35]. In Europe, small
doses of radiation daily (1.6 Gy to 1.8 Gy) is administered post chemotherapy to MB patients.
However, studies have demonstrated that chemotherapy administered post-radiation results in a

significantly better outcome compared to pre-radiotherapy [36]. Although, chemotherapy is one



of the most effective ways to target cancer cells, its effectiveness is often limited by acquired drug
resistance or intolerable toxicity effects.

In North America, several clinical trials are ongoing for the treatment of MB to alleviate
toxicity and improve the survival outcome of MB patients. For example, clinical trial
NCT01878617 (SJIMBO03) is a clinical and molecular risk-directed therapy for newly diagnosed
MB. Patients enrolled in this trial are grouped into specific strata based on their risk category and
subgroup classification. All the patients undergo maximal surgical resection followed by radiation
and chemotherapy. Craniospinal radiation with boost to the primary tumour bed is administered 5
days a week for 6 weeks followed by chemotherapy once every 4 weeks for 4 cycles. Some of the
objectives of this clinical trial are to evaluate the toxicity of adjuvant chemotherapy, impact of
physical exercise and to evaluate the cognitive function of patients. Another clinical trial,
NCT02212574 is assessing the feasibility of surgery and chemotherapy-only in children with
WNT positive medulloblastoma. WNT patients are often low-risk and do not require aggressive
treatment. Patients that are WNT positive will undergo 9 cycles of chemotherapy regimen without
radiation or the weekly chemotherapy administered alongside radiation. The objective of this study

is to measure the progression free survival of patients with WNT MB [6,16,18,29].

1.4 Molecular classification of medulloblastoma

In the recent decade, high-throughput transcriptomics, genome-wide methylation arrays
and advanced molecular tools have been used by several groups to classify MB into various
subgroups [37-41]. In particular, next-generation sequencing studies by the Pediatric Cancer
Genome Project, the International Cancer Genome Consortium for medulloblastoma and the

Medulloblastoma Advanced Genomics Consortium facilitated broad classification of MB into four



distinct subgroups- WNT, SHH, Group 3 and Group 4. Advancement in integrative genomics has

led to further classification of the subgroups into subtypes detailing differential prognosis, clinical

presentation and genetic landscapes [42,43]. A detailed discussion of the various subgroups will

be provided in the sections below and also illustrated in Figure 1.1.
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Figure 1.1: A summary of the molecular and clinical features of the subgroups of MB.

Figure is adapted from Juraschka et al. [6] (Created with BioRender).
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141 WNT

The WNT subgroup represents approximately 10% of all MBs. WNT MBs are rarely
metastatic at diagnosis and have the most favourable outcome, with a 5-year overall survival
greater than 90%. The fatalities observed in this subgroup are mostly due to development of
secondary tumours or consequences of aggressive therapy. These tumours often occur in children
and young adults over the age of 4 and the typical male to female ratio is 1:1. WNT MB tumours
are postulated to arise from the progenitor cells in the lower rhombic lip located in the midline of
the brain. They display undeviating histology, with uniform clinical and molecular characteristics.
Histologically, the classic subtype is highly prevalent in WNT MB tumours, with a rare
presentation of the large cell anaplastic subtype in some tumours. Although large cell anaplastic
subtype is associated with worse prognosis, WNT MBs with large cell anaplastic subtype was
reported to have good outcomes [18,29,37,40,41,44,45].

Suggestive of the name, the WNT subgroup is driven by the activation of canonical WNT
signaling pathway (Figure 1.2). Inactivation or loss of the tumour suppressor gene, adenomatous
polyposis coli (APC), promotes hyperactivity of the WNT signaling pathway and progression of
the tumour. Turcot Syndrome (TS) often occurs in patients with germline mutations in the APC
gene and they tend to develop numerous polyps that mostly progress to sporadic colon carcinomas.
Increased occurrence of MB is also documented in patients with TS [46-48]. Additionally, somatic
CTNNBL1 gene mutations were found in 86% of WNT MB patients. CTNNBL1 encodes j3-catenin,
a critical effector molecule of the WNT signaling pathway. Activating mutations in the CTNNB1
gene promote stabilization and nuclear accumulation of $-catenin in WNT patients [49]. Nuclear-
localized B-catenin interacts with TCF/LEF family transcription factors, and subsequent activation

of WNT signaling pathway [38,43,50].
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Monosomy 6 is a structural alteration observed in most WNT patients and is a specific
marker for this subgroup [29,51,52]. WNT subgroup harbour a multitude of single nucleotide
variants (SNV) when compared to other MB subgroups. DDX3X (encodes for DEAD-box RNA
helicase), SMARCA4 (chromatin modifier gene) and PISBKCA (encodes for the catalytic subunit of
PI3K) are some commonly mutated genes that interact with 3-catenin in a cooperative manner to
facilitate progression of WNT MB tumours [29,47,53,54]. With the recent emergence of
methylation-derived subtypes, WNT MB is further classified into WNT-o and WNT-f based on
their median age at diagnosis and the frequency of monosomy 6 [42]. Further information

regarding the subtypes and their associated features will be discussed in Chapter 4.
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Figure 1.2: WNT signaling pathway.
B-catenin destruction complex comprising of Axin, APC, glycogen synthase kinase 3 (GSK3p)
and casein kinase 1a (CK1a) is disrupted when WNT binds to LRP and Frizzled (Fz) and activates
Dishevelled (Dsh). B-catenin translocates into the nucleus and binds to TCF/LEF DNA binding
transcription factors. This complex binds to the promoter region of target genes [18] (Created with
BioRender).
14.2 SHH

The SHH MB subgroup constitute approximately one-third of all MB cases and this
subgroup has a 5-year overall survival exceeding 75%. About 15-20% of SHH MBs are metastatic
at diagnosis- Patients with SHH MB have variable outcome attributed to their age, clinical
presentation and molecular abnormalities at the time of diagnosis. These tumours exhibit a slight
male predominance with a gender ratio of male to female at 1.5:1. Age at diagnosis is represented

as a bimodal distribution in SHH MBs as they generally occur in infants (<3 years of age) and

adults (>16 years of age) with few cases found in children (3-16 years of age). SHH MBs are
13



postulated to arise from the granule neuronal precursor cells located in the external granule-cell
layer of the cerebellar hemisphere. Unlike WNT MBs, all four histological subtypes (classic,
nodular desmoplastic, large cell anaplastic, MB with extensive nodularity) are found among SHH
MB tumours. Nodular desmoplastic and MB with extensive nodularity histological phenotypes are
restricted to SHH MBs and are not prevalent in other MB subgroups. Although large cell anaplastic
and classic subtypes have been associated with worse outcome, their contribution to the outcome
of SHH MB tumours is unknown [18,39-41,44,45,55-57].

The SHH pathway plays a crucial role in normal cerebellar development. The receptor
Patched 1 (PTCHL1) interacts with the smoothened homologue (SMO) in the absence of the
activating ligand, thereby preventing signal transduction and activation of the SHH signaling
pathway (Figure 1.3). Aberrant signaling of the SHH pathway is the key driver of tumorigenesis
in this specific subgroup. Mutations or deletions of PTCH1, SUPPRESSOR OF FUSED (SUFU),
and SMO are characteristic of SHH MBs. Amplification of downstream transcription factors like
GLI1, GLI2 and MYCN are predominantly found in children with SHH MB [46-48,58]. In contrast,
mutations in the telomerase reverse transcriptase (TERT) promotor region are commonly found in
adults with SHH MB [59]. Recent data suggests that activating mutations in phosphatidylinositol
3-kinases (PI3K) and the TP53 signaling pathway also play a significant role in the progression of
some SHH MB tumours. Patients with Gorlin syndrome exhibiting nevoid basal cell carcinoma
and germline mutations in PTCH1, PTCH2 or SUFU tumour suppressor gene have a strong
predisposition to SHH MB tumours [60,61]. About 30% of SHH MB patients associated with poor
outcome of the disease have Li Fraumeni syndrome. This syndrome is caused by frequent germline
mutations in the TP53 tumour suppressor gene and is associated with increased susceptibility to

malignancies [9,29,62].
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The genes encoding chromatin modifiers such as KMT2D and BCOR are also frequently
mutated in SHH MBs and are not restricted to WNT MBs. Other commonly occurring mutations
unrelated to the SHH signaling cascade are DDX3X, LDB1 (responsible for intraneuronal
development) and GABRGL1 (inhibits neurotransmission). Loss of 9q (PTCHL1), 10g (SUFU), 17p
(TP53) and gain of 3q and 9p were some of the unique cytogenetic events observed in SHH MBs
[29,35,54,55,63,64]. SHH MBs were recently subclassified into 4 distinct subtypes: SHHo, SHHp,
SHHy and SHHGo based on gene expression and methylation data [42]. These subtypes will be

discussed in detail in Chapter 4.
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Figure 1.3: SHH signaling pathway.

PTCH inhibits SMO on the cell membrane. Binding of SHH to PTCH activates SMO and initiates
downstream signaling. GLI is then activated and translocate to the nucleus to bind to promotor
region of target genes. Activating and loss of function mutations of the SHH signaling components
observed in SHH MB tumours are depicted in red boxes. Figure adapted from Northcott et al.[18]
(Created with BioRender).
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143 Group3

Group 3 MBs constitute about 25% of all MB cases. These tumours are the most aggressive
form of the disease, mostly metastatic at diagnosis (40-45%) with the least overall 5-year survival
rate at about 50%. Group 3 MB tumours predominantly occur in infants and children, with a rare
incidence in young adults. Group 3 MB tumours exhibit a sexual predominance with almost twice
as many males affected than the female population. Classic or large cell anaplastic histological
subtypes are commonly found in Group 3 MB tumours and are associated with poor prognosis of
the disease. Group 3 MB tumours are postulated to arise from Prominin 1* neural stem cells located
in the 4™ ventricle of the cerebellum. The true cell origin is unknown, but they possess similar
transcriptional properties as photoreceptors and gamma aminobutyric acid-secreting (GABAergic)
neurons [18,29,30,39,44,45,65-67].

In contrast to the WNT and SHH subgroups, there is no specific signaling pathway that is
the potential driver of tumorigenesis in Group 3 MBs. However, recent studies on functional
pathway analysis of various subgroups demonstrated that Notch and transforming growth factor
beta (TGF-p) signaling are activated in this MB subgroup [18,29,30,43,68]. These tumours do not
possess germline mutations that predispose them to developing into Group 3 MBs unlike the WNT
and SHH subgroups. MYC amplification is frequently observed in Group 3 MBs. MYC is a proto-
oncogene that is involved in a broad spectrum of cellular functions including cell-cycle
progression, survival, protein translation and differentiation. Group 3 MB tumours with MYC
amplicons often contain plasmacytoma variant translocation 1 (PVT1), which is required for the
stabilization of myc protein. Orthodenticle homeobox 2 (OTX2) amplification is also observed in

Group 3 MBs [29,30,43,69]. OTX2 gene is crucial for brain development during embryogenesis
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[70]. Both MYC and OTX2 somatic gene aberrations are mutually exclusive and are used as
prognostic markers for this subgroup [18,29,52].

Enhancer hijacking caused by structural changes in the DNA can lead to overexpression of
growth factor independent 1 (GFI1) in Group 3 MBs [30,71]. Chromatin modifier and nucleosome
remodelling genes like KMT2D, SMARCA4, KBTBD4 and CHD?7 are frequently mutated in this
subgroup. Group 3 MBs often present with a multitude of chromosomal aberrations including loss
of 8, 10q and 16q, and, gain of 1qg, 7 and 18. There is also a high prevalence of isochromosome
17q in a majority of Group 3 MB cases [18,29,30,35,43,54,64]. Subtype classification based on

methylation data has led to further stratification of Group 3 MB into Group 3a, Group 3p and

Group 3y [42]. Further insight into these subtypes will be provided in Chapter 4.

144 Group4

Group 4 MB is the most common subgroup and represents approximately 35-40% of all
MB cases. Although these tumours are frequently metastatic at diagnosis, patients with Group 4
MB demonstrate intermediate outcome (5-year survival >75%) with late recurrence of secondary
tumours. Group 4 MB tumours typically occur in children and young adults, with a rare incidence
in infants. These tumours exhibit a sexual predominance with almost thrice as many males affected
than the female population. Histologically, the classic subtype is predominantly found in Group 4
MB tumours with rare cases of large cell anaplastic subtype. The true cell origin of Group 4 MB
tumours is not established but they are thought to arise from primitive progenitors that exhibit
transcriptional signatures of unipolar brush cells and are located in the upper rhombic lip. Group

4 MB patients are not predisposed to germline mutations [18,29,30,39,44,45,67,72].
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Enhancer hijacking of the chromatin modifying protein PRDM®6 occurs in a major subset
of Group 4 MB patients [43]. Other recurrent somatic gene aberrations in OTX2, SMARCA4,
DDX3X, GFI1, KMT2D and KBTBD4 are found in Group 4 MB. Amplification of MYCN and
CDKG6 (cell cycle regulators), mutations in the KDMG6A gene (encodes for histone modification
enzyme), duplication of SNCAIP (encodes synuclein-o. interacting protein associated with
Parkinson’s disease) are frequently observed in Group 4 MBs [18,29,30,43,54,67,69].
Isochromosome 17q, which is commonly observed in Group 3 MBs, is also prevalent in Group 4
MB tumours at a much higher frequency. Other cytogenetic events observed in Group 4 MBs are
loss of 8q, 8p, 11p and X chromosome, and, gain of 7 and 18q chromosomes [29,30,39,64]. Despite
being one of the most prevalent subgroup, the underlying biology is not well-established [23].
Many clinical and molecular signatures used to categorize patients into this subgroup overlap with
Group 3 MB signatures despite the dissimilarity in outcome of the disease. Hence, more data are
required to categorize patients efficiently into Group 4 MB subgroup. A study by Cavalli et al.
further subclassified this group into Group 4a, Group 4 and Group 4y, which will be discussed

in detail in Chapter 4 [42].

1.5 Molecular targeted therapy

The recent molecular classification of MB has provided key insights into the molecular
drivers of the disease. However, more information is required to identify genetic drivers distinctive
to each of the 4 subgroups. Currently, there are molecular targeted therapies in clinical trials for
patients with SHH or Group 3 MBs. Molecular targeted therapies can be beneficial to patients in
terms of alleviating toxicity associated with standard aggressive treatments, while retaining

effectiveness in killing tumour cells [18,29,30].
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SHH MB subgroups often carry activating mutations in SMO or loss-of-function mutations
in PTCHL, as previously mentioned [6,73,74]. Pre-clinical trials investigating the role of SMO
inhibitors showed that these inhibitors were effective only in SHH MB cases with mutations
upstream of SMO. A first-generation oral inhibitor, Vismodegib, effectively inhibited SMO
function in about 41% of treatment refractory SHH MB tumours. However, conformational
changes in SMO due to mutations result in ineffective binding of inhibitors. Vismodegib-resistant
SHH MBs are treated with second generation inhibitors such as MK-4101 that are structurally
different from other SMO inhibitors [29,58,75-77].

GLI is a downstream effector of the SHH signaling pathway. GLI antagonist (GANT) and
arsenic trioxide (ATO) are currently being investigated to effectively target GLI. GANT61 alone
was found to increase apoptosis in some MB cell lines. Alternatively, combination treatment of
ATO and cisplatin inhibited GLI activity and affected its stability [78,79]. Other pathways like
PI3K play a role in tumour progression of some MBs. Combination treatment of PI3K inhibitors
and SMO inhibitors were found to be effective in delaying the onset of resistance observed
compared to treatment with a single agent [80]. Other class of inhibitors such as Aurora kinase A
(AURKA) and Polo-like kinase (PLK) inhibitors are potent against SHH MBs. They behave in a
synergistic manner with standard chemotherapeutic agents to inhibit tumour growth [35,81,82].
Combination therapies might help evade the challenges faced with the usage of single agent
therapies.

Group 3 MB is defined by the amplification of the key driver gene, MYC. Bromodomain
and extraterminal (BET) protein, BRD4, is instrumental in regulating the expression of MYC
protein. BRD4 binds to acetylated lysines and recruits transcriptional regulators [83]. Among

many bromodomain inhibitors, JQ1 has been shown to successfully breach the blood-brain barrier
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(BBB) and inhibit MY C expression, resulting in decreased viability of Group 3 MB cells [6,84,85].
Other classes of inhibitors such as histone deacetylase (HDAC) inhibitors and PI3K inhibitors act
in a synergistic manner to inhibit growth of Group 3 MB tumours [6,66,86]. Similar to SHH MB,
Group 3 MB tumour growth is suppressed when the cells are treated with Aurora kinase inhibitors.
MY C proteins are stabilized by binding to AURKA and regulate AURKB expression. Inhibitors
of aurora kinase such as alisertib and CD532 have been potent in inhibiting tumour growth by
facilitating degradation of MY C proteins and regulating their expression [87-90].

Cook Sangar et al. identified a CDK4/6 inhibitor called palbociclib that effectively
enhanced apoptosis, decreased viability and prolonged survival of mice that had Group 3 MB and
SHH MB. This phenomenon was also demonstrated by another research group, thereby
substantiating CDK4/6 inhibition as a potent treatment for Group 3 MB and SHH MB [91,92]. As
previously mentioned, over-expression of GFI1 proteins is often observed in Group 3 and Group
4 MBs. GFI1 is critical for the maintenance of MB tumours. Lysine demethylase 1 (LSD1)
interacts with GFI1 to inhibit neuronal differentiation while promoting tumorigenesis. Inhibiting
LSD1 (with GSK-LSD1 or ORY-1001) could be an effective treatment for GLI1 driven MB

tumours but its efficacy is limited by its inability to infiltrate the brain tumours [6,93].

1.6 Chemoresistance

Chemotherapeutic resistance, or chemoresistance, remains one of the major obstacles faced
in the clinical management of all cancers. Increased risk of disease relapse and poor clinical
outcome are some of the consequences of tumours that are chemoresistant. Chemoresistance may
be functionally categorized into innate and acquired chemoresistance, where innate

chemoresistance is a form of resistance that exists before treatment, while acquired
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chemoresistance typically arise after the tumour cells have been exposed to chemotherapy [94]. In
general, cancer treatment is based on the target cancer cell population and the host environment.
A combination of these factors leads to the development of resistance in cancer. An in-depth
understanding of the molecular mechanisms contributing to the development of chemoresistance
in cancer cells is crucial for utilization of molecular targeted therapies and design of novel
therapeutic agents that could overcome chemoresistance and improve treatment outcomes [95]
[96].

Multi-drug resistance is the ability of cancer cells to survive against multiple cytotoxic
agents, each with a different mechanism of action. A major class of proteins associated with multi-
drug resistance in malignancies is the ATP-binding cassette (ABC) transporters. These proteins
can transport a variety of substrates, including chemotherapeutic agents, across the cell membrane
through conformational changes. In particular, P-glycoprotein 1 (P-gp, ABCB1 or MDR1) is an
ABC transporter that is frequently overexpressed in chemoresistant tumour cells that functionally
works as an ATP-dependent efflux pump of cytotoxic drugs [95,96]. Immunohistochemical
analysis revealed that P-gp is overexpressed in 43% of MB tumours, and that P-gp overexpression
is significantly associated with high-risk MB [97]. The same study also found that inhibition of P-
gp with vardenafil or verapamil in MB cell lines effectively increased their sensitivity to etoposide.
Use of P-gp inhibitors might be an improved therapeutic option for treatment refractory MB
tumours with increased P-gp expression.

Chemotherapeutic efficacy can also be decreased by mechanisms involving drug
inactivation, or alteration in drug targets, that contribute to observed chemoresistance. For
example, platinum drugs can be inactivated by binding to thiol molecules such as glutathione, and

this enhances drug resistance [98]. Alternatively, alterations in drug target expression due to
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genomic amplification events also leads to increased resistance to treatment. For example,
amplifications of growth factor receptors including HER2 or EGFR in breast cancer cells results
in increased resistance to tamoxifen [95].

Tumour cell chemoresistance may also result from inhibition of apoptotic cell death.
Apoptosis can occur via the intrinsic or extrinsic pathways: the intrinsic pathway involves the
BCL2 family proteins, mitochondrial release of cytochrome c, and subsequent activation of
caspases, While the extrinsic pathway signals through death receptors expressed on the cell surface
[95]. In this regard, the anti-apoptotic BCL2 protein that is expressed at high levels in certain
tumours is potentially druggable. For example, SHH mediated signaling promotes the upregulation
of BCL2 expression and survival of MB [99]. Inhibitors against BCL2 can be effective at inducing
tumour cell apoptosis, however, prolonged use also contributed to increased resistance to the same
therapeutic agents [97].

Therapy-imposed selective pressure and evolution of cancer cells results in treatment-
refractory cancer cells that arise from pre-existing sub clonal populations. Accumulating genomic
instability contributes to the development of tumour heterogeneity. Patients with tumours that have
a high heterogenous population are predisposed to poor clinical outcome [100]. Given the different
cell of origin and heterogenous nature of MB subgroups, it is vital to develop combinatorial
chemotherapeutic agents that target drug sensitive populations in addition to cells that are more
drug tolerant such as cancer stem cells (CSCs). CSCs and MB stem cells are tumour-initiating cells
that also have the ability to sustain tumour growth and proliferation. CD133* (Prominin 1) is a
surface marker for MB stem cells. Group 3 MB with enriched CD133" cell population was
associated with higher incidence of metastasis and poor prognosis of the disease. Garg et al.,

demonstrated that CD133* MB cells are brain tumour-initiating cells that signal via the STAT3
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pathway and contribute to MB recurrence. Targeting STAT3 using novel inhibitors led to the
reduced tumour growth in vivo [101]. Hence, blocking STATS3 signaling in MB stem cells might

be a novel therapeutic approach for treatment-refractory MB tumours.

1.7 Brain tumour microenvironment

The brain tumour microenvironment (TME) is comprised of several cellular components
that play crucial roles in facilitating oncogenic transformation, tumour progression and treatment
resistance. Of all the brain tumours, MB has the least amount of infiltrating immune cells. In
addition to conventional cells such as fibroblasts, endothelial cells, and immune cells found in the
TME, there are resident cell types that are exclusive to the brain TME. Microglia (resident brain
macrophages), astrocytes and neurons are resident brain cells that are protected from circulating
toxins and pathogens due to the blood-brain barrier (BBB). Tumour-associated macrophages
(TAMs) and microglia can constitute up to 30% of the cells found in the TME. These immune
cells are often involved in bidirectional cross-talk with tumour cells, wherein immune cells secrete
soluble factors to promote tumorigenesis, while tumour cells secrete chemoattractants to recruit
TAMs and microglia [102,103]. TAM-associated genes are upregulated in the TME of SHH MB
compared to other subgroups [104].

Other immune cells such as dendritic cells in the brain TME can provoke an anti-tumour
response by presenting tumour antigens to activated T-cells. Myeloid dendritic cells in the TME
of Group 3 and Group 4 MBs were associated with a better survival outcome [105]. Additionally,
neutrophils act as prognostic markers for brain malignancies [106]. They promote tumour growth
and survival and also provide resistance to anti-angiogenic therapies in gliomas. Single-cell RNA

sequencing data of 19 tumour samples revealed that Group 4 tumours have more neutrophils
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compared to other MB subgroup tumours. Group 4 tumours also have higher immune cell
infiltration in comparison to other subgroups. Notably, circulating neutrophils also facilitate
metastasis by setting up a pre-metastatic niche for tumour cell colonization [103,107].

Tissue-specific cells such as astrocytes surrounding the brain interact with tumour cells via
gap junctions and gather cytoplasmic calcium. Through this mechanism, astrocytes have been
known to inhibit apoptosis in response to several chemotherapeutic agents [108]. Another study
demonstrated that co-culture with astrocytes rendered glioma cells resistant to vincristine and
temozolomide treatment by establishing gap junctions [109]. Blocking these interactions between
astrocytes and tumour cells might help improve the response to cytotoxic drugs. In the case of MB,
Liu et al. demonstrated that tumour associated astrocytes promote MB progression through SHH
secretion. MB cells in the presence of these cells were found to exhibit increased proliferation,
invasion and resistance to treatment [110].

Bockmayr et al. conducted a study surveying 10 cells in the microenvironment in 1422
brain tumours that included 763 cases of MB. This study revealed that MB tumours exhibited the
least expression of immune cell signatures compared to gliomas. Compared to other MB
subgroups, the TME of SHH MB comprises the highest number of fibroblasts, T cells and cells
from the monocytic lineage, whereas the presence of neutrophils were scarce. In normal tissues,
fibroblasts are required for the synthesis of components that make up the extracellular matrix. The
desmoplastic histological subtype of MB is enriched with cancer associated fibroblasts (CAF),
which are known to cause aberrant fibrosis [103,111,112]. Compared to other MB subgroups, the
TME of Group 3 tumours had small amount of T cells and macrophages, while Group 4 tumours
contained low numbers of fibroblasts. Both Group 3 and Group 4 MB were found to be enriched

with cytotoxic T-lymphocytes in their TME [113].
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T-lymphocytes can elicit an anti-tumour response in the brain TME. Compared to healthy
subjects, MB patients exhibit increased regulatory T-cells (Tregs) near the tumour site and in
peripheral blood. Tregs suppress cytotoxic T cell infiltration to promote tumour growth in an
immunosuppressive environment. Activation of the SHH or B-catenin pathway preserves the
immunosuppressive environment by recruiting Tregs. Recent advances in immunotherapy has
impeded immune evasion by tumours. Programmed death (PD-1) pathway acts as an immune
checkpoint and sends suppressive signals to effector T cells that dampen their anti-tumour
activities in the TME. Blocking PD-1 signaling pathway resulted in an effective anti-tumour
response in a variety of tumour types. Notably, expression of PD-L1 on cytotoxic T (CD8) cells
reduces T-cell infiltration in the TME and was associated with poor prognosis in MB patients
[114]. SHH and WNT MB tumours have the highest expression level of PD-L1 [113]. In an in
vitro setting, MB cells can express higher PD-L1 in an anti-tumour response when stimulated with
interferon y. However, anti-PD1/PD-L1 therapy has been successful in only a subset of population
and the rest display primary resistance to treatment [115]. Immunotherapy has been ineffective at
treating tumours like MB due to their highly immunosuppressive environment. Understanding the
constituents of the subgroup specific MB TME can yield benefits in understanding their pro- or
anti-tumour effects that affect disease progression, as well as identify novel therapeutic strategies

to counter MB that are refractory to conventional therapy [116].
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Figure 1.4: Cells in the brain tumour microenvironment.
Figure adapted from Quiail et al.[103] (Created with BioRender).

1.8 The IL-6/JAK/STATS3 signaling pathway

Interleukin 6 (IL-6) is a pleiotropic cytokine that plays a significant role in tumorigenesis.
Indeed, high levels of serum IL-6 are correlated with shortened duration of overall survival in
multiple malignancies [117]. IL-6 is also the best-established upstream regulator and activator of
signal transducer and activator of transcription 3 (STAT3); IL-6 binding to its receptor IL-6Ra

induces dimerization of a receptor complex that includes glycoprotein 130 (gp130). This leads to
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proximity-mediated transactivation of the gp130-associated Janus kinases (JAKSs), and subsequent
phosphorylation and dimerization of cytoplasmic STAT3, which then translocates into the nucleus,
associates with transcription factors to control target gene expression. Whereas STAT3 is
transiently phosphorylated in response to IL-6 stimulation in normal cells, constitutive activation
of STATS3 is often implicated in treatment-refractory cancers [118]. As nuclear transcription
factors that act to switch on expression of pro-survival and oncogenic proteins downstream of
cytokine (growth factor) signaling, the IL-6/STAT3 pathway represents a promising molecular
target for therapy. Tumour cells can exploit IL-6 to evade apoptosis by acquiring drug resistance

through activation of pro-survival oncogenic pathways [119,120].
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Figure 1.5: IL-6-JAK-STAT3 signaling pathway.
IL-6 binds to its receptor, IL-6Ra, and gpl30 to form a hexametric complex and initiate
downstream signaling leading to autophosphorylation of JAKs. Inactive STAT3 proteins in the
cytoplasm are recruited and phosphorylated by JAKs. Phosphorylated STAT3 dimers translocate
to the nucleus where they bind to specific DNA binding sequence motifs to initiate gene
expression. Proliferation, cell survival, immune evasion, metastasis, drug resistance and
angiogenesis are some of the hallmarks of STAT3 protein (Created with BioRender).
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1.8.1 Interleukin-6 family cytokines

The IL-6 family cytokines comprise of IL-6, IL-11, IL-27, IL-31, oncostatin M (OSM),
leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), cardiotrophin 1 (CT-1) and
cardiotrophin-like cytokine factor 1 (CLCF1). The most striking feature of this group of cytokines
is their shared common signal transducing receptor B-subunit, glycoprotein 130 (gp130). Gp130
(also known as IL-6ST or CD130) is a 130 kDa transmembrane protein that is ubiquitously
expressed in all human cells [121,122]. The IL-6 family cytokines play crucial roles in early
development, maintaining normal physiological homeostasis and inflammatory responses. These
cytokines perform pleiotropic and redundant functions owing to their structural integrity and
shared receptor subunit. They are widely used as indicators of disease onset or to predict outcome
of the disease in the clinic [123,124].

The generic mechanism of signal transduction of I1L-6 family cytokines is described below.
The IL-6 family cytokines initiate the classic signaling cascade by binding to either a non-signaling
a-receptor or to a B-receptor subunit (structurally similar to gp130) and gp130. For example, the
ligands, IL-6 and IL-11 specifically bind to IL-6Ra and IL-11Ra respectively, to transduce the
signal. OSM binds to OSMRJ at a higher affinity but can also bind to LIFRp at a lower affinity.
Alternatively, LIF can only bind to LIFR and gp130 to form a signaling complex. Table 1.2 lists
the IL-6 family cytokines and their receptor interactions.

There are three sites on IL-6 cytokine that play a role in receptor engagement. Sites 1 and
2 on the ligand interact with IL-6Ra and gp130 respectively. Site 3 engages two of these trimetric
complexes to form a hexameric signaling complex. The IL-6/IL-6Ro/gp130 complex then initiates
a downstream signaling cascade involving the JAK-STAT pathway. The IL-6 family cytokines

also activate other prominent survival pathways including mitogen activated protein kinase
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(MAPK), PIBK/AKT and Notch pathway via JAK or STAT activation through interaction with

other pathway components [125,126].

Table 1.2: IL-6 family cytokines and their receptors.

Cytokine | Receptor

IL-6 IL-6Ra
IL-11 IL-11Ra
LIF
CT-1

OSM | LIFRa
OSM | OSMRP
IL-31 | IL31-Ra
IL27 | IL-27Ra
CNTF
CLCF-1 | CNTFRa

In addition to the classic signaling mechanism, many of these cytokines can signal by two
alternate mechanisms; trans-signaling and trans-presentation. Although gp130 is ubiquitously
present in all human cell types, some cells lack the membrane bound non-signaling receptor
subunit (such as IL-6Ra or IL-11Ra). In such cases, IL-6 binds to the soluble form of the receptor,
sIL-6Ro and the membrane bound gp130 to initiate the signaling cascade. This form of signaling
is termed trans-signaling. The sIL-6Ra. is generated either by alternative splicing of mMRNA, or by
shedding of the membrane bound IL-6Ra mediated by a protease called a disintegrin and
metalloproteinase 17 (ADAML17) [127]. A third signaling mechanism, known as trans-
presentation, involves the interaction of different cell types through the trimeric I1L-6, IL-6Ra and
gp130 complex. For example, IL-6 binding to IL-6Ra on the first cell facilitates their interaction

with the membrane bound gp130 presented on a second cell, to trigger an intracellular signaling
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cascade on the second cell. These three modes of signaling shed light on the unique role of the
gp130 receptor subunit and its contribution to IL-6 family cytokine signaling [122,125,126].

Due to their role in a broad range of physiological conditions, development of therapeutic
agents to target the IL-6 family cytokines are of high importance [122,124]. Monoclonal
antibodies, recombinant cytokines and small molecule inhibitors are widely used to target the
cytokines or their respective receptors to block function. For example, tocilizumab is a monoclonal
antibody that binds to IL-6R to prevent binding of IL-6 and signal transduction. However, constant
exposure to tocilizumab treatment leads to weight gain or increase in cholesterol in some patients
[128]. Because these cytokines function in a complex network and affect systemic functions,

caution is required when administering therapeutic agents to target them.

1.8.2 Glycoprotein 130

Gp130 is expressed in all human cells. Gp130 is classified as type 1 cytokine receptor based
on specific conserved domains. It is involved in multiple physiological functions due to its role as
a common signal transducer to the IL-6 family cytokines [125,129]. As previously described in
section 1.8, the hexametric complex formed between gp130 and the cytokine/receptor triggers
activation of downstream targets such as JAKs. Although JAKSs are constitutively associated with
gp130, receptor complex formation is a prerequisite event that triggers phosphorylation of JAKs.
STATSs are subsequently phosphorylated and initiate transcription in the nucleus. Gp130 activation
also leads to phosphorylation of Src homology 2-containing phosphotyrosine phosphatase (SHP2)
and downstream activation of Ras-MAPK-ERK signaling. Due to the involvement of gp130 in a
wide range of signaling cascades, a negative feedback system is present to restrict constitutive

cytokine-mediated signaling in order to maintain homeostasis. One example is suppressor of
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cytokine signaling 3 (SOCS3), which directly interacts with gp130 to prevent phosphorylation of
JAKs and STATSs [130].

Dysregulation of gp130-mediated signaling has been implicated in numerous diseases
including autoimmune diseases, chronic inflammatory diseases and cancer [122,131]. Recent
studies have demonstrated the efficacy of inhibitors that target gpl30 signaling in multiple
malignancies. Bazedoxifene is an FDA-approved selective estrogen receptor modulator (SERM)
that has been repurposed for use as a gp130 inhibitor. This inhibitor has a robust effect in various
cancer cell lines and could be a potential therapy for some types of cancer [132-136]. SC144 is

another inhibitor used in preclinical studies that also effectively targets gp130 [137].

1.8.3 Janus kinase

Janus kinases (JAKs) are non-receptor tyrosine kinases that are required for crucial
functions such as growth, development and immune response. Generally, JAKSs associate with the
intracellular domains of cell membrane cytokine receptors to relay signals [138]. Ligand binding
initiated receptor dimerization causes cross-phosphorylation of JAKs, followed by activation of
numerous signaling cascades including those initiated by STAT, PI3K, and ERK. JAKSs regulate
numerous functions including proliferation, differentiation and chronic inflammation. The JAK
family comprises of 4 members, namely JAK1, JAK2, JAK3 and tyrosine-protein activated kinase
2 (TYK2) [138,139].

Structurally, the JAK protein consists of 7 JAK homology (JH) domains. The most
important domains of JAKs are JH1, JH2, Src homology (SH2) domain (JH3 and JH4), and band
four-point-one, ezrin, radixin, moesin (FERM) domain (JH5, JH6 and JH7) (Figure 1.6). Ligand
binding to the cytokine receptor causes transphosphorylation at the JH1 domain of JAKSs. The JH2

domain is only present in JAK2 and is thought to play an inhibitory role because loss of JH2 leads
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to constitutive activity. Mutation in the JH2 domain of JAK2 leads to autophosphorylation of JAK?2
resulting in increased activation of STAT5 [140]. JAK-mediated phosphorylation of STATS at a
site on the SH2 domain creates ligands for the STAT SH2 domains, and this allows STAT
dimerization. The FERM domain interacts with the SH2 domain to form the receptor binding
domain for distinct receptor interactions. Clinically, mutations in JAKSs has resulted in aberrant
downstream signaling and disease progression [138,140].

SOCSI1 can act as a negative feedback regulator in two ways. Firstly, SOCS1 can interact
with JAK to competitively inhibit STAT3 binding and activation. Secondly, SOCS1 can promote
ubiquitination-mediated proteasomal degradation of JAKs [141,142]. JAKL inhibition with RNAI
or inhibitors has been shown to attenuate STAT3 phosphorylation and inhibit cell growth [143].
Activating mutations of JAK2 have also been reported as key drivers of tumorigenesis in
myeloproliferative neoplasms [144]. In the clinic, JAKs are commonly targeted with a single
therapeutic agent or may be used synergistically with cytotoxic agents to enhance the anti-tumour
activity in some cancers. Most prominently used is Ruxolitinib, a potent but selective JAK1/JAK2
inhibitor that has been used to treat myeloproliferative disorders and cancers by inhibiting cell
growth [145]. Thus, targeting JAKs with small molecule inhibitors holds potential as therapeutic

options to help alleviate the treatment burden and tumorigenesis for JAK-involved tumours.
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Figure 1.6: Structural components of JAK protein.
(Created with BioRender).
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1.8.4 Signal transducers and activators of transcription

Signal transducer and activator of transcription (STAT) proteins are often implicated in
tumorigenesis of multiple malignancies [146-148]. Of the seven STATs, STAT3 and STATS play
a predominant role in tumour cell proliferation and survival. Increased STAT3 phosphorylation,
which occurs downstream of JAK, is commonly associated with drug-resistant recurrent tumours,
when compared to primary tumours [149]. STAT3 is also required for the recruitment of stromal
and immune cells to the TME to facilitate tumour progression [150]. STAT3 is a negative regulator
of T-helper cell mediated inflammation and activates genes crucial for immunosuppression.
Aberrant STATS3 signaling also enables tumour cells to secrete immunosuppressive factors that
activate STAT3 in immune cells and restricts its anti-tumour response. The immunosuppressive
TME helps tumours cells to evade immune attack by blocking inflammatory signals, thereby
making STAT3 a promising target for cancer immunotherapy [151].

The structural domains of the STAT3 protein and their functions are illustrated in Figure
1.7. STAT3 structure-function is defined by phosphorylation by JAKSs, protein dimerization, and
subsequent nuclear translocation to activate transcriptional expression of downstream genes.
Following cytokine receptor dimerization, the first step in STAT3 activation is the recruitment of
its latent cytoplasmic form by phosphorylated JAK proteins. Canonical STAT3 activation is
regulated by two phosphorylation sites located near the C-terminus, Y705 and S727. STAT3 Y705
is phosphorylated by several kinases including EGFR, Src and JAK [152-154]. STAT3 S727 is
phosphorylated by kinases including PKC, ERK and mTOR [155-158]. Of particular functional
significance, pY705-STATS3 has been linked to drug resistance in multiple malignancies, whereas

pS727-STAT3 is required for maximal transcriptional activation [158,159]. As key a driver of
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oncogenesis, STAT3 activity promotes increased expression of downstream target genes that

include cyclin D1, c-myc, bcl-2, survivin, bcl-XL, and VEGF [160].
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Figure 1.7: Structural components of STAT3 protein.
(Created with BioRender).

In summary, STAT3 is a transcription factor that can both activate and repress gene
expression patterns to promote tumour survival and growth. Additionally, several upstream
regulators such as cytokines and cytokine receptors converge on the JAK-STAT3 pathway, hence
targeting STAT3 might be a novel cancer therapeutic approach with a potential for broad clinical
impact. Previous studies have shown that STAT3 inhibitors were able to prevent phosphorylation
of STAT3 Y705 and suppress cell proliferation and growth in MB [161,162]. For example, small
molecule inhibitors such as niclosamide block the phosphorylation and nuclear translocation of
STAT3 in multiple malignancies [163,164]. Although there are several STAT3 inhibitors that have
shown efficacy in in vitro studies, there is yet any clinical evidence in terms of their in vivo
efficacy. Thus, further refinement and evaluation of STAT3 inhibitors is required for their

development as clinically relevant anti-cancer therapies [165].

1.9 Research objectives and hypothesis
1.9.1 Overview of the problem

MB is a high-grade pediatric brain malignancy with an overall 5-year survival rate of 60—
80%, depending on the molecular classification. The four molecular subgroups of MB demand
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specific molecular targeted therapies to treat each subgroup distinctly to improve the prognosis of
the disease [45,69]. MB is primarily treated with a combination of conventional therapies including
surgery, craniospinal irradiation, and cytotoxic chemotherapy [166]. While intensification of non-
specific conventional therapies has led to significant improvements in patient survival, this
achievement is accompanied by more severe long-term sequelae of survivors. As MB more
commonly afflicts infants and children under 4 years old, aggressive chemotherapies also lead to
harmful side effects [21,167]. The current clinical implications of molecular subgroups need to be
considered to improve the quality of treatment for MB patients. Among the four molecular
subgroups, Group 3 has been molecularly classified as the most aggressive type of MB, with
metastases found in most patients at the time of diagnosis. Group 3 MB also has the worst overall
survival (below 50%) and is predominantly found in infants and children [40].

My overall doctorate thesis objective is to evaluate if targeting the major components of
the IL-6/STAT3 signaling pathway may be an improved therapeutic strategy to circumvent drug
resistance in Group 3 MB. My overarching hypothesis is that the IL-6/STAT3 signaling axis
contributes to chemoresistance in Group 3 MB via autocrine and paracrine signaling mechanisms.

The following sections detail the rationale and research objectives for each chapter.

1.9.2 Chapter 2: Rationale and hypothesis

Chemotherapy is one of the principal modes of treatment for cancer, but its effectiveness
is often limited by drug resistance. Constitutive activation of STAT3 is often implicated in
promoting tumorigenesis. Drug-resistant recurrent tumours often have increased STAT3
phosphorylation as compared to primary chemosensitive tumours. Although the significance of

increased STAT3 signaling in survival, proliferation and drug resistance has been well documented
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in multiple malignancies, significant gaps remain in our understanding of the upstream regulators
and of JAK-STATS3 signaling. IL-6 is a pleiotropic cytokine that signals by binding to the
extracellular domain of the heterodimeric receptor IL-6R/gp130, leading to subsequent activation
of JAK and the downstream effectors including STAT3. In Chapter 2:, | examine the hypothesis
that an IL-6/STAT3 autocrine signaling mechanism contributes to acquired drug resistance in
Group 3 MB. Therein, | assessed the possibility that IL-6 stimulation of STAT3 phosphorylation
in MB cells results in further secretion of IL-6 in an autocrine feedback loop that sustains and

amplifies the oncogenic activity of STATS.

1.9.3 Chapter 3: Rationale and hypothesis

The finding that autocrine IL-6 activity promotes development of acquired drug resistance
led to my studies outlined in Chapter 3, which examine the role of IL-6 family cytokines as
paracrine mediators originating from the tumour microenvironment (TME). The TME is a
fundamental regulator of tumour progression that has the potential to significantly modulate
therapeutic efficacy in primary and metastatic brain malignancies. Gaining mechanistic insights
into the tumour—promoting role of the individual components of the brain TME will help us design
potential therapeutics to combat drug resistance and understand the pathogenesis of the disease
[103].

My focus here is on the role of microglia, brain-resident macrophages known to secrete
soluble factors that can facilitate tumour growth and survival in a bidirectional crosstalk manner.
Hence, | evaluated the contribution of microglia in the development of chemoresistance in Group
3 MB cells. Additionally, the presence of IL-6 family cytokines in the brain TME has gained
interest for its newly recognized role in CNS homeostasis and pathogenesis of diseases [168-170].

As upstream regulators of STAT3 signaling, | assessed the contribution of several members of the
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IL-6 family cytokines to acquired chemoresistance in Group 3 MB cells. In Chapter 3:, I
investigated the hypothesis that microglia contribute to tumour drug resistance by secreting

cytokines that activate the 1L-6/gp130/STAT3 signaling cascade in Group 3 MB cells.

1.9.4 Chapter 4: Rationale and hypothesis

In the past decade, numerous transcriptome studies have led to the discovery and
stratification of MB into four distinct molecular subgroups with distinct biology and clinical
behaviour. Understanding the regulatory circuitry that govern the transcriptional landscapes of MB
subgroups, and how they relate to their respective developmental origins will be essential in
identifying novel candidate targets for therapy [42,43,101]. My objective in Chapter 4 was to
further validate the functional biological context of the work provided in Chapters 2 and 3 by using
gene expression array data from existing published GEO datasets to probe for IL-6/STAT3

signaling axis components in Group 3 MB.
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Chapter 2: Autocrine IL-6/STATS3 signaling aids development of acquired

drug resistance in Group 3 medulloblastoma.

2.1 Chapter Overview

IL-6 stimulation of JAK/STATS3 signaling can occur via an autocrine (cell response to its
own secreted signal) manner, subsequently contributing to cellular growth and transformation
[171]. In this chapter, | focus on the preclinical approaches that help predict the emergence of drug
resistance via IL-6/STAT3 autocrine signaling in human Group 3 MB. Using incremental drug
selection, we generated chemoresistant MB cell lines with enhanced IL-6/STAT3 activity.
Conversely, cytokine conditioning without drug pre-exposure was sufficient to convert
chemosensitive MB cells to a chemoresistant variety. The critical requirement of the IL-6/STAT3
signaling axis in MB cell survival and drug resistance was evaluated using CRISPR-Cas9
engineered cells with loss of IL-6R or STAT3 function. My study highlights the pro-tumorigenic
role of IL-6/STAT3 signaling, and implicate the potential for molecular targeted therapies to

counter acquired drug resistance in Group 3 MB.

2.2 Materials and methods

2.2.1 Cells and tissue culture

MED-MEB-8A [172], referred to as Med8A-S, is a MB cell line derived from a 1-year old
male (RRID: CVCL_M137). Med8A-R cells were derived from Med8A-S by incremental
selection over a period of 4 months with vincristine (Sigma) at concentrations starting at
0.01 pg/mL and ending at 0.16 pg/mL. Med8A-S and Med8A-R were confirmed to have identical

STR profiles (ATCC). Med8A-S and derived variants were cultured in 10% fetal bovine serum
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(FBS, Invitrogen) DMEM (Sigma) supplemented with 1% penicillin—streptomycin (Pen-Strep,
Gibco) and non-essential amino acids (NEAA, Invitrogen).

D341 Med (ATCC HTBI187™) and D283 Med (ATCC HTB185™) are MB cell lines
derived from 3.5-year old and 6-year old male, respectively. D341 and D283 were cultured in 20%
FBS EMEM (Sigma) and 10% FBS EMEM, respectively. DAOY (ATCC HTB-186) is a MB cell
line derived from a 4-year old male. Daoy was cultured in 10% FBS DMEM, all with 1% Pen-
Strep and NEAA. D341, D283, and DAOY were purchased from ATCC, and used for experiments
within passages 3—12.

Med8A-S cells were passaged once every three days (doubling time ~ 1 day) at 90%
confluency. Old media is discarded and cells were washed with PBS. Since they are adherent cells,
trypsin was used to lift the cells off the plate and neutralized using fresh media. 1 mL of Med8A-
S cells was plated with 9 mL of fresh media in a 100 mm dish. Med8A-R, STAT3" and IL-6R™
cells were passaged using the same conditions as Med8A-S. D283 and D341 grow as clusters in
suspension with partially adherent cells. Cluster cells have high viability compared to single cells.
The attached cells were removed from the flask base by using a cell scrapper. Cell culture was
maintained by adding fresh media. D283 and D341 cell cultures should be maintained between 4
x 10* to 8 x 10° cells/mL. Cell viability between passages was assessed using Trypan blue.

IL-6 conditioning of cells (denoted as IL-6+) was achieved by culturing each cell line for
4 weeks in media supplemented with 2 ng/mL recombinant human IL-6 (Genscript). Following
this conditioning, cells were cultured a further 2 weeks without IL-6 addition before being used
for experiments.

For conditioning using the coculture system, | refer to target cells as ones being

conditioned, while donor cells represent the source of stimulatory cytokines. Target cells were
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plated at a density of 10° cells/well in a 6-well plate. Donor cells (e.g., IL-6+ cells already pre-
conditioned with 1L-6), were plated at a density of 10° cells within a Transwell insert (Greiner
ThinCert) that was then placed into the well to co-incubate with the target cells in fresh culture
media (with no added cytokine). Following the coculture for 3 days, the Transwell insert was
removed, the target cells rinsed with blank media, and replenished with fresh media for another 3
days. Cells were either harvested for protein analysis, or the media supernatant analysed for

secreted cytokines.

2.2.2  Cell viability assays

Cells were seeded in 96-well plates at a density of 10° cells/well, allowed to adhere for
16 hours before addition of drugs at various concentrations. After 48 hours, the fluorometric
reagent Cell Titer Blue (Promega) was added according to manufacturer’s protocol and
fluorescence (560ex/590em) measured on a spectrophotometer (Enspire) after 4 hours. In this assay,
live cell metabolites convert a redox dye (resazurin) to a fluorescent compound (resosurfin). The
fluorescence emitted by live cells is plotted as relative fluorescence units (RFU). In addition to
vincristine (Sigma), cells were also treated with cisplatin, idarubicin, mitoxantrone, or niclosamide
(Selleckchem). All assays were conducted as 3 replicates per treatment condition and graphs were

plotted using GraphPad Prism.

2.2.3 Radiation assay
Cells were seeded in 6-well plates at a density of 2.5 x 10° cells/well, allowed to adhere for
4 hours before administration of ionizing radiation at various doses. After 72 hours, cells were

resuspended and incubated with AnnexinV-FITC (BD Biosciences) according to manufacturer’s
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instructions prior to flow cytometry analysis. All assays were conducted as 3 replicates per

treatment condition and graphs were plotted using GraphPad Prism.

2.2.4 Western blots

Cell lysates were prepared in PN lysis buffer (10 mM PIPES, 50 mM NaCl, 150 mM
sucrose, 50 mM NaF, 40 mM NasP20710H20, 1 mM NazVOs, 1% Triton X-100, Complete
protease inhibitors (Sigma)). Total protein (30 pug) was separated by SDS-PAGE, and transferred
to nitrocellulose using the Trans-Blot Turbo Transfer System (Bio-Rad). Blots were blocked in
blocking buffer 5% bovine serum albumin (BSA, Fisher) in TBS-T (TBS-T is 50 mM Tris-HCI,
150 mM NaCl, pH 8 with 0.1% Tween20) for 1 hour at 22 °C, then incubated overnight at 4 °C
with primary antibodies diluted in blocking buffer. Blots were further incubated with secondary
goat anti-mouse or -rabbit fluorophore-conjugated antibodies (Dylight 800 or Dylight 680,
ThermoFisher) in 2% non-fat milk in TBS-T, and scanned on the Licor Odyssey.

The following primary antibodies were used (complete details in Appendix B.1): pY705-
STAT3, pS727-STAT3, STAT3, pAKT (S473), pAKT (T308), BAD, BCL-xI, MCL1, SOCS3,
pErk1l/2 and MDR1 (Cell Signaling Technologies); and GAPDH (Biolegend). In some
experiments, cells were treated with IL-6 at the indicated concentrations and time prior to

preparation of cell lysates.

2.2.5 Plasmids and CRISPR

Guide RNA (gRNA) mediated CRISPR-Cas9 gene editing was used to generate null cell
lines. To target exon 2 of STAT3, DNA corresponding to 5" GCAGGAAGCGGCTATACTGC 3’
gRNA sequence was cloned into plasmid pX330 (Addgene #42230). To target exon 1 of IL-6Ra,

5'GGCCGTCGGCTGCGCGCTGC 3’ was cloned into pX458 (Addgene #48138). Med8A-R cells
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were transfected with the respective plasmids using Lipofectamine 2000 (ThermoFisher) as per
manufacturer’s instructions. After 1 day, cells were clonally sorted by flow into 96-well plates
(FacsAria, BD Biosciences). Screening for STAT3™ clones involved immunofluorescence
evaluation for STAT3 expression, followed by western blot confirmation. Screening for IL-
6Ra”" clones was done by flow cytometry. To identify indel mutations within the targeted
genomic loci, | sequenced a genomic amplicon generated by polymerase chain reaction using the
following primers: 5 CACCGGGCCGTCGGCTGCGCGCTGC 3" (Fwd) and 3’
AAACGCAGCGCGCAGCCGACGGCCC 5' (Rev) for STATS3, and 5'
TTCCTATCAGTGGACCGCGT 3’ (Fwd) and 3" ACATTGATGGCATTTTATTGCTGA 5’
(Rev) for IL-6Ra. Sequence alignments of the CRISPR generated mutants and parental strain were

performed using CLC Main Workbench to confirm the knockout.

2.2.6 Flow cytometry

To evaluate cell surface IL-6R expression, cells were suspended, washed with phosphate
buffered saline and stained with anti-human IL-6Ro antibody (R&D Systems) followed by
secondary antibody (Dylight 488; ThermoFisher). Flow cytometry was conducted on the Accuri
C6 (BD Biosciences) and analysis was conducted using FlowJo (Tree Star). Fluorescence activated
cell sorting of CRISPR generated cells was conducted on the FacsAria (BD Biosciences) in the

BCCHRI Flow Core facility.

2.2.7 Real Time PCR
Total RNA was extracted from Med8A-S, Med8A-R, and Med8A-IL6+ cells using the
RNeasy mini plus kit (Cat# 74136; Qiagen). 1 pg RNA was reverse-transcribed into cODNA using

the 1Script cDNA synthesis kit (1708891; Biorad) and real-time PCR was performed using
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TagMan Fast Advanced Mastermix (# 4444556, Applied Biosystems) on the ABI StepOne System
(Applied Biosystems). Pre-designed human PrimeTime gPCR Probe Assays (Integrated DNA
Technologies) was used to measure gene expression of IL-6R (Hs.PT.58.3039085) and E2F3
(Hs.PT.58.22827120), and normalized to HPRT1 (Hs.PT.58 v.45621572). The relative changes in

target gene were analyzed using the 2724t method.

2.2.8 Cell proliferation and colony forming assay

Cell proliferation was assessed by seeding 5 x 10° cells/well in a 96-well plate and cell
density monitored for 5 days. Using the in-built IncuCyte (Sartorius) analysis software, the cell
proliferation rate was calculated by measuring the phase area confluence of cells over a period of
time. Colony forming assay was performed by seeding 200 cells/well in a 96-well plate and
monitored for 7 days. Both assays were performed and analyzed on the IncuCyte live-cell imaging

platform (Sartorius).

2.2.9 Invasion and Migration assay

For the scratch-wound assay, 1.5 x 108 cells were plated on dishes coated with 10 pg/mL
fibronectin and incubated overnight. The cells were then washed with PBS and replenished with
fresh media before performing the scratch using a 200 pL pipette tip. The wells were then imaged
at 4-hour intervals for 24 hours. The migration index was quantified and measured as area (pixel?)
using Image J.

For the invasion assay, the cells were serum starved overnight and replenished with 2%
FBS DMEM. 10° cells were plated on an 8 um pore Transwell insert coated with different
concentrations of Matrigel. The bottom well was supplemented with the chemoattractant (10%

FBS DMEM). At 72 hours, the Transwell inserts were removed and stained with crystal violet to
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visualize the invaded cells. The invasion index was quantified and measured as area (pixel?) using

Image J.

2.2.10 ELISA and cytokine array

IL-6 cytokine secreted by cells was quantified using LEGEND MAX Human IL-6 ELISA
Kit (Biolegend #430507). Media supernatant collected from culture of various cells were incubated
and stained with reagents on a pre-coated 96-well strip plate as per manufacturer’s instructions. A
microplate reader (Enspire) was used to measure the absorbance at 450 nm. Quantibody® Human
Cytokine Array 1 (RayBiotech) is a multiplex ELISA system for quantitative measurement of
multiple cytokines simultaneously. Sample preparation and analysis was performed according to

the manufacturer’s instructions. Further statistical analysis was performed using GraphPad.

2.2.11 Statistical data analysis
All data are representative of at least three independent experiments. Graphs were plotted
and statistical significance calculated using GraphPad, with ***p <0.001, **p <0.01, *p<0.05,

ns — not significant. The statistical tests used is indicated in each figure legend.

44



2.3 Results
2.3.1 Drug resistant MB is correlated with increased IL-6/STAT3 activity

Initially, 1 evaluated the sensitivity of two human MB cell lines to vincristine, a vinca
alkaloid that destabilizes microtubules and is one of the primary agents for clinical treatment of
MB [166,173]. Med8A, which belongs to Group 3 MB, appears to be highly sensitive to vincristine
when compared to DAQY, an SHH subgroup MB (Figure 2.1A) [174]. This presented an
opportunity to contrast pathway changes resulting from acquired drug resistance, thus we subjected
the chemosensitive parental line (herein referred to as Med8A-S) to gradual incremental selection
with vincristine, and derived a stably chemoresistant variant termed Med8A-R (Figure 2.1B).
Despite being selected with only vincristine, | found that Med8A-R exhibited significant resistance
to other agents including cisplatin, mitoxantrone, and idarubicin (Figure 2.1C-F). Furthermore, |
also assessed radio-sensitivity of Med8A-S and Med8A-R cells. These cells were irradiated at
various doses and apoptosis assay was performed after 72 hours to assess cell death. My analysis
revealed that Med8A-R cells were more resistant to irradiation when compared to Med8A-S at 10

Gy (Appendix A.9).

45



s
*
=) s 4
re [vincristine] Med8A-R
L Med8A-S
2 5
= HHHHHH
® i ~ 4 months
2
3 =
Med8A-S Med8A-R
o
Vincristine (ug/mL)
& ) R
* *
D D Fedede
[ T o]
4 4
2 2
= 3
S S 24
> >
3 1 Med8A-S 3 1 Med8A-S
(&} Med8A-R O
NNl BNl
[\ 6@5 R 2% ) 1%
Cisplatin (pg/mL)
ns “ MS, NS
&= B &
o o
T x Pt pot
r E %
4 = 4
2 2
s 82
> >
® 1 Med8A-S ] 1 Med8A-S ns
O mm Med8A-R o mm Med8A-R
1l il = ol LM TIM 11
Q ngo B_Q‘) Q_f\ﬁ) “\’L Q.‘\% QTLQ Q QQ\'L Q({L‘a Qp‘a Q."Q 010 QP‘Q
Mitoxanthrone (uM) Idarubicin (uM)

Figure 2.1: Derivation of a chemoresistant variant of Med8A MB.

(A) Med8A-S and DAOQY cells were treated with vincristine at the indicated concentrations for
48 hours, and cell viability assessed by measuring the fluorescence after incubation with Cell Titer-
Blue (CTB) for 4 hours. As plotted is the mean + SD of an experiment performed in triplicates,
representative of at least 3 independent experiments. (B) Schematic for derivation of drug resistant
Med8A cells. The chemosensitive parental cell line, Med8A-S, was subjected to incremental
selection in vincristine over a period of 4 months to derive the stable chemoresistant variant
Med8A-R. The endpoint vincristine concentration was at 0.16 ug/mL. Med8A-S and Med8A-R
were treated with (C) vincristine (D) cisplatin (E) mitoxantrone and (F) idarubicin for 48 hours
and cell viability assessed with CTB. The fluorescence emitted by live cells is plotted as relative
fluorescence units (RFU). The data represent the mean + SD of three replicates; ***p <0.001, two-
way ANOVA with Bonferroni’s multiple comparison test [120].
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Increased STATS3 activity is known to regulate most tumourigenic functions and promote
drug resistance in gliomas and multiple other malignancies [87,162,175-178]. To infer the role of
STATS3 in drug resistance of MB, | profiled the phosphorylation status at Tyr705 (pY705-STAT3)
and Ser727 (pS727-STAT3) in lysates of Med8A and DAQY cells by western blot analysis. Under
non-stimulated basal culture conditions, DAOY exhibited higher pY705-STAT3 levels when
compared to Med8A-S (Figure 2.2A), suggesting that enhanced STAT3 activity may be involved
in enhanced drug resistance of DAQOY. Next, | titrated the concentration and duration of IL-6
treatment to optimize conditions able to stimulate pY705-STAT3 in Med8A cells in a non-
saturating manner (Figure 2.2B). Even though non-stimulated Med8A-S and Med8A-R cells
expressed comparable levels of STAT3 and pY705-STATS3; IL-6 treatment at 5 ng/mL invoked a
stronger pY705-STAT3 response in Med8A-R compared to Med8A-S (Figure 2.2C, D),
implicating enhanced sensitivity of the chemoresistant variant to IL-6/STATS3 signaling. Under
basal conditions, | observed no difference in levels of pY705-STAT3 between Med8A-S and
Med8A-R cells, however, treatment with the tyrosine phosphatase inhibitor, sodium vanadate,
revealed a noticeable and significant increase of pY705-STAT3 in Med8A-R cells (Figure 2.2E),
suggesting the chemoresistant line have a low albeit intrinsically enhanced level of STAT3

activity.
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Figure 2.2: Chemoresistant MB is associated with enhanced STAT3 activity.

(A) Lysates of DAOY and Med8A-S cells under basal, non-stimulated conditions were assessed
for levels of phosphorylated (pY705 and pS727) and total STAT3 by Western blot
analysis. (B) Med8A-S was treated with IL-6 at various concentrations for various times to identify
conditions promoting optimal but non-saturating stimulation of pY705-STAT3. (C) Med8A-S and
Med8A-R cells were treated with IL-6 at 1 or 5 ng/mL for 10 min and cell lysates immunoblotted
for pY705 and total STAT3. As shown is representative of 3 independent
replicates. (D) Quantitation of pY705-STAT3 over total STATS3, reflected as fold change, from
the data shown in (C). **p <0.01, two-way ANOVA with Bonferroni’s post-test. (E) Med8A-S
and Med8A-R cells were treated with 2 mM sodium vanadate for 20 min, and cell lysates
immunoblotted for pY705 and total STAT3. Left panel: As shown is representative of 3
independent replicates. Right panel: Quantitation of pY705-STAT3 over total STATS3, reflected
as fold change. Significance determined by two-way ANOVA with Bonferroni’s multiple
comparison test [120].
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2.3.2 Lossof STAT3 or IL-6R in drug resistant MB led to restored sensitivity to
vincristine

To further assess the requirement of STAT3 and IL-6 in drug resistance, | used CRISPR-
Cas9 gene editing to generate clonal STAT37 and IL-6Ro "~ derivatives in the stably resistant
Med8A-R cell background (Figure 2.3). Med8A-R cells lacking STAT3 or IL-6R (receptor for IL-
6) expression (Figure 2.4A, B) showed increased sensitivity to vincristine when compared to the
parental Med8A-R cells (Figure 2.4C, D). In addition, treatment of IL-6Ro "~ cells with IL-6 failed
to stimulate any increase in pY705-STAT3 levels (Figure 2.4E), indicating loss of IL-6R led to
complete blockade of IL-6 mediated STAT3 activity. | assessed and found that Med8A-R cells
expressed higher cell surface levels of IL-6R compared to Med8A-S, suggesting the increased
STATS3 activity observed was due to increased IL-6 receptor function (Figure 2.4F). Furthermore,
IL-6R expression was lower in STAT3” cells when compared to the parental Med8A-R, but
remain adequately expressed relative to Med8A-S cells (Figure 2.4F), suggesting that IL-6 activity
cannot overcome loss of STAT3 in promoting drug resistance. In summary, MB cells with
blockade of IL-6 stimulation of STAT3 activity exhibited increased susceptibility to vincristine
treatment. Taken together, my results provide evidence that increased IL-6/STAT3 signaling
enhances vincristine resistance in MB, and implicates the IL-6/STAT3 signaling axis as a novel

therapeutic pathway to circumvent drug resistance.
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Figure 2.3: CRISPR-Cas9 generation of STAT3” or IL-6Ra’" in Med8A-R cells.

(A) Immunofluorescence staining of Med8A-R (WT) and a clonal STAT3-/- derivative for STAT3
(green) and nucleus (DAPI, blue). (B) Sequencing of the Med8A-R and STAT3-/- cells revealed
a homozygous 8bp missense deletion within the second coding exon of STAT3 at the gRNA
targeted site (QRNA underlined, PAM motif highlighted). (C) The 1st coding exon of IL-6Ra was
similarly targeted using CRISPR-Cas9 in Med8A-R cells. As shown is the sequencing alignment
for a single IL-6Ra-/- clone showing the indicated deletions within each allele [120].
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Figure 2.4: Loss of STAT3 or IL-6R restores chemosensitivity in Med8A-R cells.

(A) Western blot analysis of lysates of Med8A-R and STAT3 " cells for STAT3 and GAPDH
expression. (B) Flow cytometry analysis of Med8A-R and IL-6Ra” cells for cell surface
expression of IL-6R, with corresponding IgG controls. Cell viability assay to assess the sensitivity
of (C) STAT3™ and Med8A-R and (D) IL-6R™~ and Med8A-R cells to vincristine. As plotted is
the mean + SD of an experiment performed in triplicates, representative of at least 3 independent
experiments. ***p<0.001, two-way ANOVA with Bonferroni’s multiple comparison
test. (E) Lysates of Med8A-R and IL-6Ro "~ untreated or treated with IL-6 were assessed for
pY705-STAT3 and total STAT3 by western blot analysis. (F) Flow cytometry analysis of IL-6R
expression of Med8A-S, Med8A-R, STAT3™, and IL-6R™ cells. As plotted is the mean + SD of
the geometric mean fluorescence intensity (GMFI) for an experiment performed in triplicates;
***p<0.001, one-way ANOV A with Bonferroni’s multiple comparison test [120].
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2.3.3 Conditioning with exogenous IL-6 is sufficient to promote acquired drug resistance

Incremental vincristine selection resulted in the resistant Med8A-R variant that exhibit
enhanced IL-6/STAT3 activity compared to Med8A-S, but without changes in STAT3 expression
levels (Figure 2.5). | postulated that constant exposure to IL-6 stimuli may be a sufficient driver
of drug resistance in MB. To evaluate this, Med8A-S cells were conditioned with 2 ng/mL IL-6
for 4 weeks to derive the subline known as Med8A-IL6+ (Figure 2.6A). Following the
conditioning stint, Med8A-IL6+ cells were weaned off the exogenous IL-6 prior to further assays.
At basal conditions, | found that Med8A-IL6+ cells exhibit increased pY705-STAT3 levels
compared to the nonconditioned Med8A-S cells (Figure 2.6B). | performed gPCR to evaluate IL-
6R mMRNA expression in Med8A variants. Chemoresistant variants Med8A-R and Med8A-I1L6+
exhibit significantly higher IL-6R mRNA expression compared to chemosensitive, Med8A-S.
These results correlate with increased IL-6R protein expression observed in Med8A-R and
Med8A-1L6+ cells (Figure 2.6B). Increased IL-6R expression in Med8A-R and Med8A-IL6+ cells
may be due increased expression and activity of the transcription factor E2F3. A study by Libertini
et al. showed that E2F3 directly binds and transactivate the IL-6R promotor region in prostate
cancer cells [179]. QPCR analysis revealed that that both Med8A-R and Med8A-S-1L6+ cells have
elevated E2F3 mRNA expression when compared to Med8A-S (Appendix A.4).

Med8A-1L6+ cells expressed correspondingly higher levels of IL-6R protein and mMRNA
when compared to both Med8A-S and Med8A-R (Figure 2.6C). Despite not having been selected
with vincristine, | found that the relatively short term of conditioning with low levels of IL-6 was
sufficient to render the Med8A-IL6+ cells highly resistant to vincristine (Figure 2.6D). IL-6
conditioning of Med8A-R cells appeared to elevate vincristine resistance, but the difference was

not always evident given the already resistant nature of these cells (Figure 2.6E). IL-6 conditioning
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mediated drug resistance is dependent on IL-6R as the receptor, since IL-6Ra " cells similarly
conditioned with IL-6 exhibited no detectable enhancement of vincristine resistance (Figure 2.6E).

STATS3 is also required, since 1L-6 conditioning of STAT3™ cells failed to enhance resistance to

vincristine (Figure 2.6F).

Med8A-S Med8A-R Med8A-
IL6+

panSTAT3

GAPDH | e cm—

Figure 2.5: Comparison of STAT3 expression in chemosensitive parental and chemoresistant

derivatives of Med8A cell lines.
Immunoblot of the indicated cell lysates were probed with antibodies against total STAT3 and

GAPDH [120].
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Figure 2.6: Exogenous IL-6 conditioning promotes drug resistance.

(A) Schematic for IL-6 conditioning of MB cells. The chemosensitive Med8A-S cells were
cultured for 4 weeks in media supplemented with 2 ng/mL IL-6. Following the conditioning stint,
the cells were cultured a further 2 weeks without exogenous IL-6 to yield Med8A-IL6+ variant
used for subsequent assays. (B) Western blot analysis of Med8A-S and Med8A-S-IL-6+ cells for
pY705 and total STAT3 levels under basal conditions, or transiently stimulated with 5 ng/mL IL-
6 for 10 mins. (C) Analysis of Med8A-S, Med8A-R, and Med8A-S-1L-6+ cells using flow
cytometry for IL-6R protein expression (Left panel), and QPCR for IL-6R mRNA expression
(Right panel). Error bars represent mean = SD (n = 3); **p <0.01, ***<0.001, two tailed unpaired
t-test. Cell viability assay to assess the sensitivity of (D) Med8A-S and Med8A-S-IL-6+ cells, (E)
Med8A-R, Med8A-R-IL-6+, IL-6R”", and IL-6R-IL-6+ cells, and, (F) Med8A-R,
STAT3 "~ and STAT3 " -IL-6+ cells to vincristine. As plotted is the mean + SD of an experiment
performed in triplicates, representative of at least 3 independent experiments. ***p <0.001, two-
way ANOVA with Tukey’s multiple comparison test [120].
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I had shown that Med8A cells selected only with vincristine also exhibited resistance to cisplatin,
mitoxantrone, and idarubicin (Figure 2.1), agents that have different mechanisms of action [180]
[181] [182]. To assess if IL-6 conditioning also rendered the cells multi-drug resistant, | tested and
found that Med8A-IL6+ cells were also resistant to cisplatin, mitoxantrone and idarubicin

treatment (Figure 2.7A, B, C).
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Figure 2.7: IL-6 conditioning promotes resistance to cisplatin, mitoxanthrone and

idarubicin.

Cell viability assay to assess the sensitivity of Med8A-S and Med8A-S-1L-6+ cells to (A) cisplatin,
(B) mitoxanthrone, and (C) idarubicin. As plotted is the mean +/- SD of an experiment performed
in triplicates. ***p<0.001, **<0.01, two-way ANOV A with Bonferroni’s multiple comparison test

[120].

Differences in growth and proliferation for the cell lines used in the drug assays could

affect perceived differences in drug sensitivity. | assessed and found that Med8A-S, Med8A-R,
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and Med8A-IL6+ cells proliferated at the same rates (Figure 2.8A), thus the observed
chemoresistance in Med8A-R and Med8A-IL6+ is not due to increased cell numbers alone. | do
note that Med8A-R and Med8A-IL6+ exhibited an increased ability to grow clonally in vitro,

suggestive of cooperative autocrine mediated effects (Figure 2.8B).
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Figure 2.8 : Proliferation rate comparison of Med8A-S, Med8A-R and Med8A-1L6+ cells.
(A) Cells were plated at initial seeding of 5 x 10° cells per well in triplicates and proliferation
monitored over 5 days using a live-imaging platform. As plotted are the phase area confluence
(Mean +/- SD, n=3). The doubling time (in days) was derived from plotting an exponential growth
curve; Med8A-S (1.111), Med8A-R (1.097) and Med8A-IL6+ (1.131). (B) Cells were plated at
200 cells per well and colony formation monitored over 7 days using a live-imaging platform. As
plotted are the colony counts per well (minimum 25 cells per colony) at 7 days for triplicate
experiments (Mean +/- SD, ***p< 0.001, **<0.01, two-tailed unpaired t-test) [120].
234 MDRL1 is positively associated with chemoresistant variants

Although selected with a single agent (i.e vincristine), Med8A-R cells demonstrated multi-
drug resistance, as shown in Figure 2.1(C-F). Additionally, IL-6 conditioning of chemosensitive
Med8A-S cells resulted in chemoresistant Med8A-IL6+ cells that also exhibit resistance in
response to several drugs with different mechanisms of action (Figure 2.7). This led to us to explore

the expression of multi-drug resistance 1 (MDR1) in the chemoresistant variants. MDRL1 is a

plasma membrane localized p-glycoprotein that function as an efflux pump to remove foreign
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substrates from cells, thus reducing intracellular drug accumulation [183]. By western blot analysis
(Figure 2.9), | found that MDR1 protein levels in the chemoresistant variants Med8A-R and
Med8A-1L6+ cells were increased when compared to Med8A-S cells, suggesting that the observed

multi-drug resistance is mediated by increased drug efflux due to MDR1.

Med8A-R Med8A-S Med8A-IL6+

MDR1 | S = aummm——

GAPDH | S S——

Figure 2.9: MDR1 expression in Med8A-S, Med8A-R and Med8A-IL6+.
Western blot analysis of Med8A-S, Med8A-R and Med8A-S-IL-6+ cells for MDR1 and GAPDH
levels under basal conditions (n=1).
2.3.5 IL-6 conditioned cells exhibit increased migration and invasion

IL-6 has been known to play a significant role in promoting migration and invasion through
the activation of STAT3 in multiple malignancies [184-186]. Initially, | compared the migratory
and invasive potential of Med8A-S and Med8A-IL6+ cells using the scratch wound healing assay
and the Transwell assay. When assessed as a scratch wound assay, Med8A-IL6+ cells exhibited
increased migration when compared to Med8A-S cells (Figure 2.10A). To assess migration and
invasion, cells were plated onto Transwell inserts, with and without Matrigel coating, and cells
stimulated to migrate towards fetal bovine serum (FBS) as a chemoattractant. On uncoated inserts,
Med8A-IL6+ cells exhibited increased migration when compared to Med8A-S cells (Figure
2.10B). Introduction of a Matrigel coating simulates the process of invasion in vitro, whereby cells
need to degrade and then migrate through the matrix barrier. Indeed, increasing Matrigel

concentrations hindered migration to an extent, but overall, Med8A-1L6+ cells displayed increased
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invasion compared to Med8A-S cells (Figure 2.10B). In addition, | also assessed the invasion index
of Med8A-R, IL-6R™, and STAT3" cells. While Med8A-R and IL-6R™ cells showed no
remarkable difference in their invasion indexes, STAT3™ cells exhibited significantly decreased
invasion compared to Med8A-R (Figure 2.10C). These results provide evidence that IL-6/STAT3

signaling pathway may contribute to tumourigenic properties of Med8A cells by enhancing tumour

cell migration and invasion.
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Figure 2.10: Cell migration assays.

(A) Med8A-S and Med8A-IL6+ cells were plated on fibronectin coated dishes and incubated
overnight, scratched with a pipet tip to form a wound, and images taken at 4 hr intervals to monitor
cell migration. The images were analyzed using Image J, and the results plotted as the migration
index. As plotted is the mean + SD of three replicates; ***p <0.001, **<0.01, *<0.05, two-way
ANOVA with Dunnett’s multiple comparison test. (B) Med8A-S and Med8A-1L6+ cells or (C)
Med8A-R, IL-6R” and STAT3 cells were plated on 8um pore Transwell inserts coated with
different concentrations of Matrigel, and invasive migration stimulated using 10% FBS in the
bottom well as a chemoattractant. At 72 hours, the Transwell inserts were removed and stained
with crystal violet to visualize the invaded cells. The invasion index was quantified and measured
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as area (pixel?) using Image J. As plotted is the mean+ SD of three replicates; ***p <0.001,
**<0.01, *<0.05, two-way ANOVA with Dunnett’s multiple comparison test.

2.3.6 Chemoresistant MB is susceptible to combination treatment of vincristine with
cisplatin or niclosamide

Since Med8A-R and Med8A-IL6+ exhibited resistance to several drugs when given as
monotherapies (Figure 2.1, Figure 2.7), | assessed if combined therapy may be able to overcome
the observed resistance. As shown in Figure 2.11A, combined treatment of vincristine and cisplatin
effectively overcame the resistance observed for Med8A-R and Med8A-IL6+ to vincristine or
cisplatin alone. In addition, | evaluated the effect of the selective STAT3 inhibitor, niclosamide,
alone and in combination with vincristine. | assayed niclosamide at 0.3 and 0.6 ug/mL, since it
was shown that concentrations below 1 pg/mL is subtoxic to healthy human neural stem cells
[187]. As shown in Figure 2.11B, Med8A-S, Med8A-R, and Med8A-IL6+ cells were not
susceptible to low doses of niclosamide as a monotherapy. However, when used in combination,
niclosamide effectively overcame the resistance observed for Med8A-R and Med8A-1L6+ cells to
vincristine (Figure 2.11B). My findings suggest that sub-toxic levels of a STAT3 inhibitor as well
as another chemotherapeutic used in combination with lower concentrations of vincristine greatly

enhances the susceptibility of chemoresistant MB.
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Figure 2.11: Chemoresistant MB is susceptible to combination treatment of vincristine with
Med8A-S, Med8A-R, and Med8A-S-IL-6+ cells were treated with vincristine alone or in

cisplatin or niclosamide.

two-way ANOVA with Tukey’s multiple comparison test (Significance not highlighted in the

cell viability assessed with CTB. As plotted is the mean + SD of three replicates; ***p <0.001,
figure is presented as supplemental material in the publication [108]).

combination with (A) cisplatin and (B) niclosamide at the indicated concentrations for 48 h and

2.3.7 Autocrine IL-6 signaling promotes drug resistance in MB

To evaluate the possibility that IL-6 autocrine signaling in Med8A cells can promote drug

resistance, | adopted a no-contact coculture system where a drug resistant derivative is

used as cytokine “donor” cells to condition the target cell population. Nonconditioned

Med8A-S or Med8A-R cells were plated in the bottom treatment chamber, while

conditioned Med8A-S-1L-6+ or Med8A-R-1L-6+ cells were placed within hanging tissue
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culture inserts, which effectively separated the cells while enabling exchange of media and
soluble factors within the system (

Figure 2.12A). In this manner, | found that Med8A-S and Med8A-R cells cocultured for 3
days with their corresponding IL-6 conditioned cells exhibited robust activation of pY705-
STAT3 compared with the absence of coculture (Figure 2.12B). As a control, IL-6Ra™" cells
remain nonresponsive to coculture conditioning by Med8A-1L6+ cells, suggesting that IL-
6/1L-6R is a potent cytokine stimulatory pathway promoting STATS3 activity (Figure 2.12

B).

Next, | assayed for cytokines as soluble autocrine factors released by the drug resistant
cells. | profiled the culture supernatant of Med8A-S, Med8A-R, and Med8A-S-IL-6+ cells using
an antibody-based quantitative cytokine array platform. Of the 20 cytokines examined using the
array, four achieved quantifiable levels that was deemed statistically significant (Figure 2.12C).
Not surprisingly, IL-6 levels were greatly elevated (over 10,000-fold) in the supernatant of
Med8A-IL6+ cells when compared to Med8A-S or Med8A-R, indicating that exogenous IL-6
conditioning resulted in cells that secreted more IL-6. Compared to Med8A-S, Med8A-R cells
secreted significantly higher amounts (over 20-fold) of MCP-1 (monocyte chemoattractant
protein-1), but not of IL-6. Both Med8A-R and Med8A-S-IL-6+ cells secreted significantly higher
levels of VEGF (vascular endothelial growth factor) when compared to Med8A-S, but at no greater
than twofold maximum difference. The levels of RANTES were not significantly different
between the 3 cell types assayed.

The cytokine array analysis provided strong evidence that IL-6 is the most prominent
cytokine released by IL-6 conditioned Med8A cells that can function in an autocrine manner. Thus,

| focused analysis on secreted IL-6 found in the conditioned media. Under non-stimulated
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conditions, Med8A-S, Med8A-R, STAT3™, and IL-6R ™ cells secrete very low levels of IL-6,
while DAQY secrete high levels of IL-6 (Figure 2.12D). The IL-6 conditioned Med8A-S-1L-6+
and Med8A-R-IL-6+ cells appear to sustain increased IL-6 secretion even after removal of the IL-
6 stimuli. Increased IL-6 secretion was also detected for Med8A-S cells that had been cocultured
with either Med8A-S-IL-6+ or DAQY cells, but not when cocultured with Med8A-R cells (Figure
2.12D). Finally, neither STAT3™ nor IL-6R ™ cells respond to coculture mediated stimulation of
IL-6 secretion, lending further support that an intact IL-6R/STATS3 signaling pathway is required
to sustain autocrine IL-6 activity. Taken together, my data provide strong evidence that I1L-6
signals in an autocrine manner to promote increased pY705-STAT3 activity, IL-6 secretion and

acquired drug resistance in Med8A cells.
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Figure 2.12: Autocrine IL-6 secretion promotes IL-6/STAT3 activity.

A) Schematic of coculture system for cell-based conditioning of MB cells. Cells (e.g., Med8A-S)
targeted for conditioning are plated in the bottom well, while pre-conditioned Med8A-IL6+ cells
are plated in the top Transwell insert with non-passable 1 um pores that allow media exchange
between the two cell populations. After 3 days in coculture, the insert is discarded, cells in the
treatment well washed, and fresh media added (with no IL-6). After 3 days, cells are harvested for
protein analysis while the conditioned media used for cytokine assays. B) Western blot analysis
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for pY705 and total STAT3 levels of Med8A-S, Med8A-R and IL-6R™~ cells without (—) or with
coculture treatment with Med8A-S-IL-6+ (C1) or Med8A-R-IL-6+ (C2) cells. C) Secreted
cytokine analysis of conditioned media from Med8A-S, Med8A-R, and Med8A-S-IL-6+ cells. As
shown are four cytokines, IL-6, MCP-1, RANTES, and VEGF, from the panel of 20 cytokines that
achieved significant quantifiable levels. D) Secreted I1L-6 analysis of conditioned media using an
ELISA-based kit for the various cells, as indicated. Coculture cells plated in the Transwell inserts
are as follows: Med8A-S-IL-6+ (C1); DAQOY (C2); Med8A-R (C3); Med8A-R-IL-6+ (C4). As
plotted is the mean £+ SD of three replicates; ***p <0.001, **<0.01, *<0.05, two-way ANOVA
with Dunnett’s multiple comparison test [120].

2.3.8 Pro-survival and pro-apoptotic signaling pathways in MB cells

As mentioned earlier, Med8A-R and DAQY cells are chemoresistant, while Med8A-S cells
are chemosensitive. | undertook a western blot screen for select pathways involved in pro-survival
and pro-apoptotic signaling to identify additional pathways in addition to IL-6/STAT3 signaling.
Lysates were collected from control and IL-6-stimulated cells, and probed with the indicated
antibodies as shown in Figure 2.13.

In sum, the results were unremarkable to reveal change between Med8A-S and Med8A-R
cells that would add to our understanding of the involved pathways in chemoresistance. | noted
some differences that exist between DAOY and Med8A-S/R cells, summarized as follows.
Compared to the Med8A cells, levels of pS473-Akt and pT308-Akt were higher in DAQY, while
pPERK was lower (Figure 2.13A). In addition, IL-6 stimulation appeared to dampen phosphorylated
Akt in Med8A-S and Med8A-R cells. Levels of the Bcl2 family proteins, BCL-xI, MCL1 and Bad,
were higher in Med8A-S/R when compared to DAOY (Figure 2.13B). Levels of SOCS3 are
somewhat higher in Med8A-S/R when compared to DAQOY (Figure 2.13C).

These results reveal little new information to account for the difference in survival of the
drug resistant Med8A-R when compared to Med8A-S. The differences seen between DAQOY and

Med8A variants is most likely attributable to cell line differences. If anything, the results shown
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here lend support to the notion that the IL-6/STAT3 pathway is an important if not critical player

in regulating acquired drug resistance in MB.
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Figure 2.13: Survey of pro-survival and pro-apoptotic signaling in DAOY, Med8A-S and
Med8A-R cells.
Western blot analysis for A) pAKT (S473), pAKT (Thr308), pERk, B) BCL-xL, MCL2, C) BAD,
SOCS3 and total GAPDH levels of DAOY, Med8A-S and Med8A-R cells without (—) or with (+)
IL-6 stimulus. Results shown is representative of at least 2 independent replicate experiments
performed.
2.3.9 IL-6 conditioning leads to increased STAT3 activity, IL-6R expression, and
acquired drug resistance in other Group 3 MB cell lines

My work with the Group 3 MB Med8A cell line has demonstrated a vital role of the IL-
6/STAT3 pathway in the development of acquired drug resistance. To assess if this may be a
generally applicable phenomenon, I profiled the expression of STAT3 and assessed the effects of

IL-6 conditioning on D283 and D341, cell lines that also belong to Group 3 MB. IL-6 conditioned

D283 and D341 cells showed no detectable difference in total STAT3 expression when compared
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to the parental nonconditioned cells (Figure 2.14). Similar to Med8A cells, D283 and D341 cells
exhibit low pY705-STATS3 levels at basal state, and that is rapidly inducible with bolus IL-6
treatment (Figure 2.15A). Similar to Med8A-S cells, IL-6 conditioning of D283 and D341 cells
resulted in significant increases in IL-6R expression when compared to the nonconditioned cells
(Figure 2.15B). IL-6 conditioning of D283 and D341 cells also resulted in cells exhibiting
enhanced resistance to vincristine treatment (Figure 2.15C, D). Lastly, | assessed the ability of the
drug resistant derivatives to condition the chemosensitive ones using the coculture model. When
cocultured with their respective IL-6 conditioned cells, D283 and D341 exhibited increased
pY705-STATS3 levels (Figure 2.15E) and increased secretion of IL-6 (Figure 2.15F). Hence, the
results provide a consensus that Group 3 MB cell lines are highly responsive to I1L-6 stimulation
and promotion of STAT3 signaling that plays a prominent role in the development of acquired

drug resistance in Group 3 cell lines.

D341 D3411L6+ D283 D283 IL6+

panSTAT3

GAPDH cnsm e—— i <

Figure 2.14: Comparison of STAT3 expression in chemosensitive parental and
chemoresistant derivatives of D341 and D283 cell lines.

Immunoblot of the indicated cell lysates were probed with antibodies against total STAT3 and
GAPDH [120].
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Figure 2.15: Group 3 MB cell lines D283 and D341 exhibit similar responses to IL-6/STAT3
signaling.
A) D283 and D341 MB cells were treated with IL-6 at 5ng/mL for 10 min and cell lysates
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immunoblotted for pY705 and total STAT3. Left panel: Representative blot of 3 independent
replicates. Right panel: Quantitation of pY705-STAT3 over total STAT3 (mean+SD, n=3,
***n<0.001, one-way ANOVA with Bonferroni’s post-test). B) Flow cytometry analysis for
expression of IL-6R for D283 and D341 cells without and with IL-6 conditioning. As plotted is
the GMFI mean+SD of an experiment performed in triplicates, and representative of 3
independent experiments (***p<0.001, one-way ANOVA with Bonferroni’s post-test). Cell
viability assay to assess the sensitivity of (C) D283 and D283-1L-6+ and, (D) D341 and D341-IL-
6+ cells to vincristine. As plotted is the mean + SD of an experiment performed in triplicates,
representative of 2 independent experiments (***p <0.001), one-way ANOVA with Bonferroni’s
multiple comparison test. E) Western blot analysis for pY 705 and total STAT3 levels of D283 and
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D341 cells without (—) or with coculture treatment with D283-1L-6+ (C1) or D341-1L-6+ (C2)
cells, respectively. F) Secreted IL-6 analysis of conditioned media from D283 or D341 cells, their
IL-6 conditioned derivatives, and upon coculture with D283-1L-6+ (C1) or D341-1L-6+ (C2) cells.
Plotted is mean =+ SD of triplicate experiments; ***p <0.001, two-way ANOVA with Dunnett’s
multiple comparison test [120].

2.4 Discussion

Our study highlights a prominent role for IL-6 -mediated activation of oncogenic STAT3
signaling that gives rise to acquired drug resistance in MB cell lines belonging to Group 3. In this
context, IL-6 is a potential stimulatory cytokine found within the MB tumour microenvironment.
We developed two model systems with a goal to identify a central pathway contributing to drug
resistance. By subjecting the chemosensitive MB cell line, Med8A-S, to incremental selection with
vincristine, we derived the variant Med8A-R that exhibited resistance to not only vincristine, but
also to agents with different mechanisms of action. Characterization of this stably resistant
derivative identified enhanced sensitivity to IL-6 mediated activation of STAT3, attributed in part
to enhanced expression of IL-6R. Loss of STAT3 or IL-6R expression nullified the drug resistance
of Med8A-R cells, indicating that IL-6/STAT3 signaling is a major driver of acquired drug
resistance.

Notably, the chemoresistant DAQY cells exhibit constitutive pY705-STAT3 levels, while
basal pY705-STAT3 in Med8A-R remains low, requiring IL-6 stimuli to provoke an enhanced
response. This observation suggested that constant stimulation of the pathway may suffice to
generate drug resistance. | confirmed this by using chronic low-level IL-6 stimuli to condition
chemosensitive cells for 4 weeks, and found this method was highly effective in generating
vincristine-resistant cells, despite not having been selected with the drug. Chemoresistance

mediated by IL-6 conditioning similarly required IL-6R or STATS3, again highlighting the

indispensable nature of both proteins that likely function in a linear fashion, with IL-6 as the
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extracellular upstream cytokine, IL-6R as the receptor that activate JAKSs, and subsequent
phosphorylation and activation of STAT3.

Although the significance of STAT3 signaling in survival, proliferation, drug resistance,
migration and invasion is well known, gaps remain in our understanding of the upstream regulators
and activation of JAK-STAT3 signaling in MB [118,188]. In particular, pY705-STAT3 has been
linked to drug resistance in multiple malignancies, whereas pS727-STAT3 is required for maximal
transcriptional activation [158]. My study with Group 3 MB cell lines indicated that cells rendered
drug resistant, either by drug selection or with sustained cytokine conditioning, exhibit low basal
levels of pY705-STATS3 that remains inducible at enhanced levels by IL-6. Importantly, this
mechanism invoked sustained activation of STAT3 dependent on elevated cytokine production,
and not necessarily via mutational events of upstream regulators that result in constitutively
activated STAT3. My knockout studies highlight the requirement of not only STAT3 in drug
resistance mediated by IL-6 conditioning, but that includes IL-6R as a signaling intermediary. My
data also shed light on STAT3 and IL-6 in promoting migration and invasion in MB cells. The
mechanism of invasion and migration needs to be further investigated by evaluating the role of
certain downstream effectors of the IL-6/STAT3 pathway. For example, STAT3 is a critical
upstream regulator of several proteins including matrix metalloproteinases (MMP2 and MMP9),
which have been known to play a vital role in cancer invasion and migration [189,190].

STAT3 activity promotes upregulation of oncogenic downstream targets that
include cyclin D1, c-myc, bcl-2, survivin, bcl-XL, and VEGF [160]. MY C amplification in a subset
of Group 3 MB contributes to poor disease outcome, and IL-6 is known to stimulate translation of
c-Myc [42,85]. The MB cell lines used in this study exhibit high basal levels of c-Myc, and IL-6

stimulated significant increases of c-Myc in Med8A-S, Med8A-R and D341 (Appendix A.3).
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Interestingly, MY C amplified MB may be targeted with BET and HDAC inhibitors, presenting a
therapeutic option for chemoresistant MB driven by IL-6/STAT3 signaling [85,191].

Studies have shown that novel STAT3 inhibitors are able to disrupt pY705-STAT3 activity
and suppress cell proliferation and growth in MB [87,165,192,193]. However, single pathway
inhibition of STAT3 has led to feedback activation of other prominent survival pathways including
EGFR and MEK/ERK, with ensuing reduced effectiveness of further STAT3 inhibition [194,195].
Similarly, IL-6 blockade therapy led to upregulation of EGFR signaling [196]. One strategy to
mitigate development of resistance to any one agent is to use combination therapy. | showed that
chemoresistant variants Med8A-R and Med8A-IL6+ cells were susceptible to combined
vincristine and STATS3 inhibition with sub-toxic doses of niclosamide. Similarly, combined use of
vincristine and cisplatin was effective at overcoming resistance observed for either agent when
used as a monotherapy. Additional therapeutic options could include targeting of upstream or
downstream components of the pathway, for example, inhibition of IL-6R or JAK kinases in the
IL-6/STAT3 pathway, as well as co-inhibition of other prominent pro-survival pathways such as
EGFR/ERK [194,195].

Tumour cells have been known to exploit IL-6 to evade apoptosis by acquiring drug
resistance through activation of pro-survival oncogenic pathways [119]. In my study, prolonged
exposure to IL-6 promotes resistance to treatment in several Group 3 MB cell lines. IL-6
conditioned cells exhibit increased pY705-STATS3 activity, IL-6R expression, elevated levels of
IL-6 secreted and acquired resistance to vincristine. The cytokine array assay also revealed
increased levels of RANTES (CCL5), monocyte chemoattractant protein 1 (MCP1), and VEGF
secreted by Med8A-IL6+ in response to IL-6 conditioning. RANTES is a chemokine that

facilitates leukocyte infiltration and inflammation [197]. MCP1 promotes recruitment of immune
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cells in the tumour microenvironment [198]. VEGF is an angiogenic factor that facilitates the
formation of blood vessels and supplies nutrients to the tumour cells. In sum, these cytokines are
potential downstream targets of STAT3 known to promote tumorigenesis and metastasis in
multiple malignancies [149,199-201].

Our study also supports the notion that IL-6 can function in an autocrine fashion. IL-6
conditioned MB cells secrete high levels of IL-6, while increased expression of IL-6R is indicative
of an auto-feedback loop akin to oncogene-addiction, albeit one employing a cytokine-receptor
pair. Similar mechanistic signaling has been reported to facilitate malignant transformation and
activation of STAT3 in other tumours. Lung adenocarcinomas with activating mutations in EGFR
was found to produce high IL-6 levels responsible for constitutive pY705-STAT3 activity [202].
In basal-like breast carcinomas, autocrine I1L-6 sustains Notch-mediated promotion of proliferative
self-renewal and increased invasiveness [203].

Several clinically approved monoclonal antibodies and inhibitors have been developed to
target IL-6R and IL-6 [204]. Due to the clinical correlation of increased levels of IL-6 in serum
and poor prognosis of tumours, blocking the IL-6/STAT3 signaling axis could be beneficial in
improving treatment refractory cancers [205-207]. Other Group 3 MB cell lines evaluated in my
study exhibited a similar phenotype when exposed to IL-6 conditioning, including increased
pY705-STATS3 activity, IL-6R expression, IL-6 secretion and vincristine resistance.

In summary, my study demonstrated the functional consequence of targeting autocrine IL-
6/STAT3 signaling in development of chemoresistance in Group 3 MB cell lines. | found that
knocking out IL-6R or STAT3 was sufficient to circumvent drug resistance, highlighting their
potential for targeting in treatment of refractory MB. My findings underscore how exogenous IL-

6 was able to initiate an autocrine signaling machinery to evade drug-induced toxicity and promote
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sustained cell growth. MB cells exposed to and surviving chemotherapy, as well as cells
conditioned to stimulatory cytokines present in the tumour microenvironment might pave the way
to resistant clonal selection and constitutive activation of pro-survival pathways. My study does
not yet address the potential role of pro-inflammatory cells in the tumour microenvironment that
may act via paracrine signaling to initiate and promote sustained cell growth and transformation
in MB. Future studies could include investigation of brain tumour microenvironmental cells that
include tumour associated macrophages and microglia, T-lymphocytes, neutrophils, and

astrocytes, as possible sources of 1L-6 and other inflammatory cytokines.
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Chapter 3: Targeting gp130/STAT3 signaling axis attenuates tumour

microenvironment mediated chemoresistance in Group 3 MB.

3.1 Chapter overview

The tumour microenvironment (TME) is a fundamental regulator of cancer progression
that also governs therapeutic efficacy in primary and metastatic brain malignancies [103].
Mechanistic insights into the tumour—promoting role of the individual components of the brain
TME will aid in identifying key survival pathways and design of potential therapeutics to combat
drug resistance and pathogenesis of the disease.

In Chapter 2, | presented evidence that Group 3 MB cells subjected to chronic low-level
IL-6 stimuli resulted in chemoresistant cells exhibiting enhanced STAT3 activity, and that secreted
IL-6 can also act in autocrine positive feedback loop to constitutively activate STAT3. In contrast,
the chemosensitive parental cells secreted little IL-6, raising the question of the cellular source for
the initiating cytokine stimuli. In this chapter, | investigate the role of microglia (brain resident
macrophages) as a source of cytokines that can promote STAT3 activation and chemotherapeutic
resistance in Group 3 MB. In addition to evaluating this paracrine-based mechanism, | also
evaluate the potential for targeting the IL-6/STAT3 signaling axis using inhibitors against gp130

and JAKSs as an improved therapeutic strategy to circumvent drug resistance in medulloblastoma.

3.2 Materials and methods

3.2.1 Cells and tissue culture
Tissue culture methods for Med8A, Med8A-IL6+, IL-6R™ cells, and, D283 and D341 cell
lines are as detailed in section 2.2.1 of this thesis. Human microglia cell line, HMC3 (ATCC CRL-

3304™) were cultured in 10% FBS EMEM (Sigma), 1% Pen-Strep and NEAA. HMC3 was
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purchased from ATCC and used for experiments within passages 3-12. HMC3 cells were passaged
once every 4 days at 90% confluency, using trypsin to lift the cells, and cells reseeded at 10%

confluency.

3.2.2 Co-culture system and cytokine conditioning

Cytokine conditioning of cells (denoted as IL-6+, LIF+, OSM+ and IL-11+) was achieved
by culturing each cell line for 2 weeks in media supplemented with 2 ng/mL recombinant human
IL-6, LIF, OSM and IL-11 (Genscript), respectively. Following this conditioning, cells were
cultured a further 2 weeks without cytokine supplementation before being used for experiments.

For conditioning using the coculture system, | refer to target cells as ones being
conditioned, while microglia represent the source of stimulatory cytokines. Target cells were
plated at a density of 10° cells/well in a 6-well plate. Microglia were plated at a density of 10* cells
within a Transwell insert (Greiner ThinCert) that was then placed into the well to co-incubate with
the target cells in fresh culture media (with no added cytokine). Following the coculture for 3 days,
the Transwell insert was removed, the target cells rinsed with blank media, and replenished with
fresh media for another 3 days. Cells were either harvested for protein analysis, or the media

supernatant analysed for secreted cytokines.

3.2.3 Cell viability assays

Cells were seeded in 96-well plates at a density of 10° cells/well, allowed to adhere for 16 h
before addition of drugs at various concentrations. After 48 h, the fluorometric reagent Cell Titer
Blue (Promega) was added according to manufacturer’s protocol and fluorescence (560ex/590em)

measured on a spectrophotometer (Enspire) after 4 h. In addition to vincristine (Sigma), cells were
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also treated with ruxolitinib, bazedoxifene and SC144 (Selleckchem). All assays were conducted

as 3 replicates per treatment condition and graphs were plotted using GraphPad Prism.

3.2.4 Western blots

Cell lysates were prepared in PN lysis buffer (10 mM PIPES, 50 mM NaCl, 150 mM
sucrose, 50 mM NaF, 40 mM NasP20710H.0, 1 mM NazVOs, 1% Triton X-100, Complete
protease inhibitors (Sigma)). Total protein (30 pug) was separated by SDS-PAGE, and transferred
to nitrocellulose using the Trans-Blot Turbo Transfer System (Bio-Rad). Blots were blocked in
blocking buffer 5% bovine serum albumin (BSA, Fisher) in TBS-T (TBS-T is 50 mM TrisHCI,
150 mM NaCl, pH 8 with 0.1% Tween20) for 1 h at 22 °C, then incubated overnight at 4 °C with
primary antibodies diluted in blocking buffer. Blots were further incubated with secondary goat
anti-mouse or -rabbit fluorophore-conjugated antibodies (Dylight 800 or Dylight 680,
ThermoFisher) in 2% non-fat milk in TBS-T, and scanned on the Licor Odyssey.

The following primary antibodies were used (complete details in Appendix B.1): pY705-
STATS3, STAT3 (Cell Signaling Technologies); and GAPDH (Biolegend). In some experiments,
cells were treated with IL-6, LIF, OSM, IL-11 (Genscript) at the indicated concentrations and time

prior to preparation of cell lysates.

3.2.5 Plasmids and CRISPR

Guide RNA (gRNA) mediated CRISPR-Cas9 gene editing was used to generate null cell
lines. To target exon 2 of gpl30, 5 GGTGAACTTCTAGATCCATG 3" or 3’
TGTGGTTATATCAGTCCTGA 5’ was cloned into pX458 (Addgene #48138). Med8A-S cells
were transfected with the respective plasmids using Lipofectamine 2000 (ThermoFisher) as per

manufacturer’s instructions. After 1 day, cells were clonally sorted by flow into 96-well plates
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(FacsAria, BD Biosciences). Screening for gp130 null clones was done by flow cytometry. To
identify indel mutations within the targeted genomic loci, | sequenced a genomic amplicon
generated by polymerase chain reaction using the following primers: 5’
GTTGACGTTGCAGACTTGG 3' (Fwd) and 3" CCTTCCACCATCCCACTCAC 5" (Rev)
for gp130. Sequence alignments of the CRISPR generated mutants and parental strain were
performed using CLC Main Workbench to confirm the knockout. Please refer to section 2.2.5 for

more information regarding generation of IL-6R™" cells used in this chapter.

3.2.6 Flow cytometry

To evaluate cell surface gp130, IL-6R, OSMR, LIFR and IL11R expression, cells were
suspended, washed with phosphate buffered saline and stained with anti-human IL-6Ra antibody
(R&D Systems), OSMRp (ThermoFisher), IL-11Ra (ThermoFisher), LIFRa (Bioss), gp130
(Biolegend) followed by secondary antibody (Dylight 488; ThermoFisher). Flow cytometry was
conducted on the Accuri C6 (BD Biosciences) and analysis was conducted using FlowJo (Tree
Star). Fluorescence activated cell sorting of CRISPR generated cells was conducted on the

FacsAria (BD Biosciences) in the BCCHRI Flow Core facility.

3.2.7 ELISA and cytokine array

IL-6, IL-11, LIF, OSM cytokines secreted by cells was quantified using LEGEND MAX
Human IL-6 ELISA Kit (Biolegend #430507), Human LIF ELISA kit (Raybiotech #ELH-LIF-1):
Human OSM ELISA kit (Raybiotech #ELH-OSM-1), and Human IL-11 ELISA kit (Raybiotech #
ELH-IL11-1). Media supernatant collected from the culture of various cells were incubated and
stained with reagents on a pre-coated 96-well strip plate as per manufacturer’s instructions. A

microplate reader (Enspire) was used to measure the absorbance at 450 nm. Quantibody® Human
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Cytokine Array 1 (RayBiotech) is a multiplex ELISA system for quantitative measurement of
multiple cytokines simultaneously. Sample preparation and analysis was performed according to

the manufacturer’s instructions. Further statistical analysis was performed using GraphPad.

3.2.8 Statistical data analysis
All data are representative of at least three independent experiments. Graphs were plotted
and statistical significance calculated using GraphPad, with ***p <0.001, **p <0.01, *p<0.05,

ns — not significant. The statistical tests used is indicated in each figure legend.
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3.3 Results
3.3.1 MB cells co-cultured with microglia exhibit increased STAT3 activity and
chemoresistance.

Activated microglia in the brain TME contribute to a cytokine rich environment [103,112].
As a potential source of IL-6 in the TME of Group 3 MB, | assessed the role of microglia and their
contribution to drug resistance in Med8A-S cells via a paracrine signaling mechanism. As
illustrated in Figure 3.1A, | used a no-contact co-culture system whereby the human microglia cell
line, HMC3, is seeded in the upper chamber with Group 3 MB cells in the bottom chamber, thus
allowing cell exposure to secreted factors. Med8A-S cells when co-cultured with HMC3
demonstrated significant resistance to vincristine treatment when compared to Med8A-S that were
not subjected to co-culture (Figure 3.1B). The observed chemoresistance was not as high when
compared to IL-6 conditioned cells (termed Med8A-IL6+ cells), but still remarkable given that co-
culture with HMC3 for only 3 days was sufficient to achieve this phenomenon. In Chapter 2, |
showed that IL-6R”" cells failed to respond to IL-6 conditioning and remained susceptible to
vincristine treatment (see Figure 2.4D). Interestingly, IL-6R™ cells when co-cultured with HMC3
were found to exhibit significant resistance to vincristine treatment (Figure 3.1C). This finding
suggests that soluble factors in addition to IL-6 released by microglia promote chemoresistance in
Med8A-S and IL-6R™ cells.

Next, | evaluated if co-culture of MB with microglia promoted STATS3 activity that can be
correlated with the observed chemoresistance. Indeed, both Med8A-S and IL-6R cells that were
co-cultured with HMC3 exhibited elevated levels of pY705-STAT3 expression (Figure 3.1D). As
expected, bolus IL-6 treatment resulted in increased pY705-STAT3 expression in Med8A-S cells

that was not seen in IL-6R™ cells. In addition, HMC3 cells not subjected to exogenous stimuli
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appear to have elevated pY705-STAT3, suggesting that HMC3 may be responsive to secreted
factors in an autocrine fashion. To assess if secreted IL-6 contributes to sustained signaling, |
measured IL-6 in tissue culture supernatant of HMC3 and Med8A cells, either alone of when co-
cultured together. As shown in Figure 3.1E, HMC3 cells secreted high levels of IL-6 that is likely
to act in paracrine fashion to activate IL-6/STAT3 signaling in Med8A-S cells. Indeed, Med8A-S
cells that had been co-cultured with HMC3 also secreted measurable quantities of IL-6. | also
found that IL-6R”" cells that had been co-cultured with HMC3 also secreted significant amounts
of IL-6 despite lacking IL-6R expression, strongly suggesting that IL-6 secretion by MB cells
could be triggered by cytokine-receptor pairs in addition to the IL-6/IL-6R combination.

Taken together, these results demonstrate that HMC3 microglia is a source of stimulatory
cytokines, including IL-6, that act in paracrine fashion to stimulate STAT3 activity of Med8A MB
cells, in turn promoting further secretion of IL-6, and possibly other cytokines, that can act in an
autocrine manner and enable tumour cells to gain chemoresistance. Importantly, these results
further suggest that therapeutic blockade of any one cytokine receptor, such as IL-6R, may not be
sufficient to reduce the possibility of acquired drug resistance in these cells. This led to further
investigation into the possibility of other cytokines able to stimulate STAT3 activity and drive

development of chemoresistance in Group 3 MB cells.
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Figure 3.1: Exposure to microglia render Med8A cells chemoresistant concurrent with
enhanced STAT3 activity.

(A) Schematic representation of co-culture system used to study the effect of microglia on Group
3 MB cell lines. Cells (e.g., Med8A-S) targeted for conditioning are plated in the bottom well,
while microglia (HMC3) cells are plated in the top Transwell insert with non-passable 1 um pores
that allow media exchange between the two cell populations. After 3 days in co-culture, the insert
is discarded, cells in the treatment well washed, and fresh media added. After 3 days, cells are
harvested for protein analysis while the conditioned media used for cytokine assays. Cell viability
assay to assess the sensitivity of (B) Med8A-S and (C) IL-6R™" to vincristine with or without co-
culture with HMC3 cells. In (B), Med8A-IL6+ cells refer to Med8A-S cells conditioned with 1L-
6 for 4 weeks. As plotted is the mean + SD of an experiment performed in triplicates, representative
of at least 3 independent experiments. ***p <0.001, two-way ANOVA with Bonferroni’s multiple
comparison test. (D) Western blot analysis of lysates of Med8A-S, IL-6R~~ and HMC3 cells for
pY705-STAT3 and STATS3 expression. (E) Analyses for secreted IL-6 in culture supernatant of
the indicated cells and co-culture combination. As plotted is the mean + SD of three replicates;
***p<0.001, *¥*<0.01, *<0.05, two-way ANOVA with Tukey’s multiple comparison test.
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3.3.2 JAK inhibitor ruxolitinib diminishes STAT3 activity and reverts acquired drug
resistance.

Janus kinases (JAK1, JAK2 and TYK2) are crucial signal transducers that link cytokine-
bound receptors to activation of STAT proteins [138]. An initial western blot analysis of Med8A-
S cells revealed that bolus IL-6 treatment upregulated levels of phosphorylated JAK1
(pY1034/1035-JAK1 referred to as pJAKL in this thesis) and pY705-STATS3, but not the
phosphorylation of the other JAKs assayed (Figure 3.2A). As expected, bolus IL-6 treatment failed
to stimulate pJAK1 or pY705-STAT3 in IL-6R™ cells. Additionally, | found that Med8A-S and
IL-6R” cells that had been co-cultured with HMC3 exhibited increased pJAK1 and pY705-STAT3
expression (Figure 3.2A). This finding suggested that JAK inhibition may be a sufficient and
preferred strategy to block STAT3 activation and development of acquired resistance that can
occur downstream of signaling by multiple cytokine receptors.

Hence, | used a commercially available JAK1/2 inhibitor, ruxolitinib, to study the effects
of blocking JAKL1 activity in MB cells [145,208]. As shown in Figure 3.2B, ruxolitinib
significantly diminished the levels of pY705-STAT3 of Med8A-S cells stimulated with bolus IL-
6. Ruxolitinib also significantly diminished the levels of pY705-STAT3 in Med8A-S or IL-6R™
cells induced by co-culture with HMC3 microglia (Figure 3.2B). Since ruxolitinib effectively
reduced pY705-STAT3 expression, | assessed if combination treatment with vincristine could
overcome the resistance exhibited by these cells when exposed to HMC3 cells. As shown in Figure
3.2C and D, combined treatment with vincristine and a non-toxic dose of ruxolitinib (2 puM)
effectively overcame the chemoresistance observed in both Med8A-S and IL-6R” cells that had

been co-cultured with HMC3. These results indicate that targeting JAKSs is sufficient to overcome
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acquired chemoresistance in Med8A-S and IL-6R™ cells exposed to soluble factors secreted by

HMC3 microglia.
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Figure 3.2:JAK inhibitor suppresses STAT3 activity and overcomes microglia-induced
chemoresistance of MB cells.

Western blot analysis of lysates of (A) Med8A-S and IL-6R™~ cells when co-cultured with HMC3
or stimulated with 5 ng/mL IL-6 for pJAK1, JAKL, pJAK2, JAK2, pTYK2, TYK2, pY705-STAT3
and STAT3 expression. (B) Med8A-S, Med8A-IL6+ and IL-6R™ cells were untreated or
subjected to treatments that include co-culture with HMC3, or stimulation with 5 ng/mL IL-6.
Where indicated, cells were then treated with 2 uM ruxolitinib for 20 mins prior to western blot
analysis of lysates for pY705-STAT3 and STAT3 expression. Cell viability assay to assess
chemosensitivity to vincristine of (C) Med8A-S or (D) IL-6R™ cells that had been co-cultured
with HMC3 with or without treatment with 2 uM ruxolitinib. MB cells were co-cultured for 3 days
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and replaced with fresh media. 2 uM ruxolitinib was added to the media during the wean off period
of 3 days prior to combination treatment. As plotted is the mean + SD of an experiment performed
in triplicates, representative of at least 3 independent experiments. ***p <0.001, **<0.01, *<0.05,
two-way ANOVA with Bonferroni’s multiple comparison test.

3.3.3 The IL-6 family cytokines IL-6, LIF, OSM and IL-11 promote acquired resistance
to vincristine treatment.

Stimulatory cytokines that belong to the IL-6 family signal through a common receptor S-
subunit called gp130, which transduces the signal intracellularly to activate downstream targets
such as JAKs and STAT3 [125,168]. Hence, | profiled the ability of several members of the 1L-6
family cytokines, including IL-6, LIF, OSM, and IL-11, to stimulate phosphorylation of JAK1 and
STAT3 in Med8A cells. Western blot analysis revealed that Med8A-S cells stimulated with bolus
IL-6, LIF, OSM or IL-11 exhibited enhanced pJAK1 and pY705-STAT3 levels when compared to
non-treated cells (Figure 3.3A). IL-6R” cells similarly responded to stimulation with LIF, OSM
or IL-11, but not to IL-6, which was expected (Figure 3.3A). Flow cytometry analysis revealed
that Med8A-S cells expressed detectable cell surface levels of LIFR, OSMR and IL-11R (Figure
3.3B), a result that supports the ability of the cells to respond to cytokine stimuli.

| showed previously that IL-6 conditioned Med8A-S cells, but not cells lacking IL-6R,
acquired resistance to vincristine treatment (see Chapter 2). As | had done before for IL-6, cells
were subjected to low dose conditioning with IL-6, LIF, OSM and IL-11 for several weeks and
weaned off this conditioning prior to conducting chemosensitivity and other assays. Previously, |
showed that Med8A-IL6+ cells exhibited increased IL-6R expression in response to conditioning.
However, no changes in receptor level expression was evident following cytokine conditioning of
the Med8A-S cells to LIF, OSM or IL-11 (Figure 3.3B). In chemosensitivity assays, | found that

both Med8A-S and IL-6R™" cells conditioned with LIF, OSM or IL-11 also exhibited significant
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resistance to vincristine treatment (Figure 3.3C and D). These results further validate the
possibility of stimulatory cytokines signaling through their specific a-receptors and common f-

subunit to activate STAT3 and induce vincristine resistance in MB cells.
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Figure 3.3: MB cells conditioned with IL-6 family cytokines enhance JAK1 and STAT3
activity and chemoresistance.

(A) Med8A-S and IL-6R™" cells untreated (Ctrl) or treated with bolus LIF, OSM, IL-11 or IL-6,
and immunoblotted to detect pJAK1, JAKL, pY705-STAT3 and STAT3 expression. (B) Flow
cytometry assay for cell surface expression of LIFR, OSMR and IL-11R in Med8A-S and cytokine
conditioned cells (LIF, OSM or IL-11), with corresponding IgG controls. Cell viability assay to
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assess vincristine sensitivity of (C) Med8A-Sand (D) IL-6R cells not conditioned, or
conditioned with IL-6, LIF, OSM or IL-11, as indicated. As plotted is the mean+ SD of an
experiment performed in triplicates, representative of at least 3 independent experiments.
**%p <0.001, **<0.01, *<0.05, two-way ANOVA with Bonferroni’s multiple comparison test.
3.3.4 MB cells conditioned with one IL-6 family cytokine promote secretion of multiple
IL-6 family cytokines.

In Chapter 2, | showed that Group 3 MB cells that had been conditioned with I1L-6 secreted
significant amounts of IL-6 that can act in feedback autocrine signaling (Error! Reference source n
ot found.). Similarly, Med8A-S and IL-6R™ cells that had been co-cultured with HMC3 also
secreted IL-6 (Figure 3.1E). To assess if this phenomenon is also applicable to other cytokines of
the IL-6 family, I evaluated the secretion of LIF, OSM or IL-11 in response to exogenous cytokine
conditioning of Med8A-S and IL-6R™ cells, as well as upon co-culture exposure to HMC3
microglia. The results are shown in Figure 3.4 (A, B and C for LIF, IL-11 and OSM, respectively).
| found that HMC3 microglia secreted detectable amounts of LIF and IL-11, but not OSM,
suggesting that LIF and IL-11 may also be significant contributors to paracrine signaling in the
MB tumour microenvironment. However, Med8A-S or IL-6R™ cells that were co-cultured with
HMC3 for 3 days did not secrete LIF, IL-11 or OSM in excess of non-co-cultured cells.
Additionally, Med8A-S and IL-6R™ cells conditioned with LIF, OSM or IL-11 secreted high levels
of the respective cytokine (eg. Med8A-LIF+ cells secreted LIF). Remarkably, compared to non-
conditioned cells, Med8A-S cells conditioned with a single cytokine secreted significantly higher
levels of other IL-6 family cytokines. For example, Med8A-IL6+ cells were found to secrete LIF,
OSM and IL-11. This suggests that conditioning with one IL-6 family cytokine is sufficient to
promote MB cell secretion of other cytokines belonging to the same family. It is worth noting that

the weaker secretory response demonstrated by chemosensitive MB cells in response to microglia
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could be attributed to the shorter exposure time (3 days) in comparison to exogenous cytokine
conditioning (several weeks). Collectively, these results suggest that both paracrine and autocrine
mechanisms involving IL-6 family cytokines is prevalent in the MB TME that given sufficient

time, could promote transformation of chemosensitive tumour cells to chemoresistant variants.
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Figure 3.4: Chemoresistant MB cells secrete elevated levels of LIF, OSM and IL-11.

A) Secreted cytokine analysis of conditioned media from Med8A-S, IL-6R”, Med8A-S-(LIF,
OSM or IL11) +, IL-6R7(LIF, OSM or IL11) + cells using an ELISA-based kit for the various
cells, as indicated. Med8A-S and IL-6R™ cells were co-cultured with HMC3 prior to conditioned
media collection. After 3 days in coculture, the insert was discarded, cells in the treatment well
washed, and fresh media added. After 3 days, conditioned media used for cytokine assays. As
plotted is the mean =+ SD of three replicates; ***p <0.001, **<0.01, *<0.05, ordinary one-way
ANOVA with Bonferroni’s multiple comparison test.
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3.3.5 Ruxolitinib overcomes chemoresistance of 1L-6 family cytokine conditioned MB cells.
When exposed to soluble factors secreted by HMC3 microglia, Med8A-S and IL-6R" cells
developed resistance to vincristine treatment that could be overcome with the JAK
inhibitor ruxolitinib (Figure 3.2C, D). In Figure 3.3B, | showed that Med8A cells
conditioned with IL-6 family cytokines were highly resistant to vincristine treatment. This
raises the possibility that JAK inhibition can similarly overcome chemoresistance resulting
from IL-6 family cytokine-conditioned MB cells. As shown in Figure 3.5, combination
ruxolitinib and vincristine treatment of Med8A-I1L6+, Med8A-LIF+, Med8A-OSM+ or
Med8A-1L11+ cells effectively overcame the resistance observed with vincristine alone. In
similar fashion, IL-6R" cells conditioned with LIF, OSM or IL-11 also displayed enhanced
sensitivity to combination vincristine and ruxolitinib treatment (Figure 3.6

). These results further confirm that combination treatment with ruxolitinib and vincristine
is more effective compared to single agent treatment in overcoming acquired resistance in MB

cells that had been exposed to cytokines for a prolonged period.
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Figure 3.5: Combined treatment of vincristine with ruxolitinib in 1L-6 family of cytokine
conditioned Med8A-S cells.

Cell viability assay to assess the sensitivity of (A) Med8A-S, (B) Med8A-IL6+, (C) Med8A-
IL11+, (D) Med8A-LIF+ and (E) Med8A-OSM+ to indicated concentrations of vincristine with
and without 2 puM ruxolitinib. As plotted is the mean=+ SD of an experiment performed in
triplicates, representative of at least 3 independent experiments. ***p <0.001, two-way ANOVA
with Bonferroni’s multiple comparison test.
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Figure 3.6: Combined treatment of vincristine with ruxolitinib in IL-6 family of cytokine
conditioned IL6R cells.

Cell viability assay to assess the sensitivity of (A) IL-6R™-IL6+, (B) IL-6R"-IL11+, (C) IL-6R™-
LIF+ and (D) IL-6R7-OSM+ cells to indicated concentrations of vincristine with and without 2
MM ruxolitinib. As plotted is the mean+SD of an experiment performed in triplicates,
representative of at least 3 independent experiments. ***p<0.001, two-way ANOVA with
Bonferroni’s multiple comparison test.
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3.3.6 Targeting gp130 mitigates MB chemoresistance resulting from exposure to

microglia.

My previous results suggested that more than one IL-6 family cytokine found in the TME

can promote MB drug resistance. This finding bears significance for therapeutic considerations,

since targeting any one IL-6 family cytokine, or its specific receptor, may not suffice as a strategy

to overcome acquired drug resistance. Given that all receptors for the IL-6 family cytokines contain

gpl130 as the common B-subunit, I sought to evaluate the role of gp130, and its targeting, in

chemoresistance. | used CRISPR-Cas9 gene editing technigue to generate and then isolate Med8A-

S clones lacking cell surface gp130 expression (Figure 3.7A), sequencing confirmation of targeted

alleles shown in Appendix A.5). Unlike the parental Med8A-S cells, gp1307" cells co-cultured with

HMC3 did not develop resistance to vincristine, suggesting that paracrine signaling was attenuated

in cells lacking gp130 (Figure 3.7B). Western blot analysis also revealed that pY705-STAT3

expression was not induced in gp1307 cells co-cultured with HMC3 (Figure 3.7C).
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Figure 3.7: Loss of gpl30 prevents microglia co-culture induced STAT3 signaling and
chemoresistance in Med8A cells.
A) Flow cytometry assay for cell surface expression of gp130 in Med8A-S and gp130~ cells, with

corresponding IgG controls. B) Cell viability assay to assess vincristine sensitivity of gp130~~ and
Med8A-S cells with or without HMC3 co-culture. As plotted is the mean + SD of an experiment
performed in triplicates, representative of at least 3 independent experiments. ***p <0.001,
**<(.01, *<0.05, two-way ANOVA with Bonferroni’s multiple comparison test. C) Lysates of
Med8A-S and gp130~'~ untreated or co-cultured with HMC3 were assessed for pY705-STAT3 and
total STAT3 by western blot analysis.

Next, | evaluated the potential for targeting gp130 using commercially available small
molecule inhibitors as a strategy to circumvent drug resistance exhibited by Med8A-S cells when
exposed to HMC3 cells (Figure 3.8). Bazedoxifene is a selective estrogen receptor modulator
(SERM) that had been repurposed as a gp130 inhibitor [132-134], while SC144 is a newer class
and potent gp130 inhibitor that effectively blocks activation of downstream signaling such as AKT
and STAT3 in ovarian cancer [137]. As shown in Figure 3.8A and B, both gp130 inhibitors
enhanced sensitivity to vincristine treatment in Med8A-S cells that had been co-cultured with
HMC3. Compared to SC144, bazedoxifene was less effective in overcoming resistance at lower
concentrations of vincristine. Combined treatment of SC144 with vincristine was also effective in
circumventing resistance of IL-6R™" cells that had been co-cultured with HMC3 cells (Figure 3.8D

and E). Together, these results suggest that gp130 is a promising target to overcome resistance

exhibited by chemoresistant MB cells.
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Figure 3.8: Gpl130 inhibitors mitigates microglia co-culture induced chemoresistance in
Med8A cells.

(A) Cell viability assay to assess the sensitivity of Med8A-S cells with or without HMC3 co-
culture to vincristine alone, or, (B, C) in combination with gpl30 inhibitors, SC144 or
bazedoxifene (BZD), as indicated. (D) Cell viability assay to assess the sensitivity of IL-6R™" cells
with or without HMC3 co-culture to vincristine alone, or, (E) in combination with SC144. As
plotted is the mean + SD of an experiment performed in triplicates, representative of at least 3
independent experiments. ***p <0.001, **<0.01, *<0.05, two-way ANOVA with Bonferroni’s
multiple comparison test.
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3.3.7 Gp130 is essential for driving chemoresistance in other Group 3 MB cell lines.

My study demonstrated that gp130 plays an essential role in promoting chemotherapeutic
resistance in Med8A cells in response to external stimuli. To evaluate if this may be a robust
phenomenon demonstrated by other Group 3 MB cell lines, | assessed the requirement of gp130
in driving chemoresistance in D283 and D341 cells. To begin with, STAT3 expression profiling
revealed that D283 and D341 cells exhibited increased pY705-STAT3 expression when co-
cultured with HMC3 cells (Figure 3.9A). D283 and D341 cells when co-cultured with HMC3 also
demonstrated significant resistance to vincristine treatment (Figure 3.9B and D). Finally,
combination treatment using SC144 to target gp130, in conjunction with vincristine, was sufficient
to overcome resistance of D283 and D341 cells that had been co-cultured with HMC3 microglia
(Figure 3.9C and E). Taken together, my data demonstrate that microglia secrete soluble factors
that promote chemotherapeutic resistance in Group 3 MB cell lines. Targeting gp130 in Group 3
MB cells holds potential to prevent TME-mediated development of chemoresistant variants of MB

and improve overall therapeutic efficacy when used in combination with vincristine.
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Figure 3.9: Combination SC144 and vincristine treatment mitigates microglia co-culture
induced chemoresistance in D283 and D341 cells.

A) Lysates of D283 and D341 untreated or co-cultured with HMC3 were assessed for pY705-
STAT3 and total STAT3 by western blot analysis. Cell viability assay to assess the sensitivity of
(B) D283 and (C) D341 cells with or without HMC3 co-culture to vincristine alone, or, (D, E) in
combination with SC144. As plotted is the mean + SD of an experiment performed in triplicates,
representative of at least 3 independent experiments. ***p <0.001, **<0.01, *<0.05, two-way
ANOVA with Bonferroni’s multiple comparison test.
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3.4 Discussion

The brain tumour microenvironment (TME) consists of several cellular components that
are thought to play crucial roles in facilitating cellular transformation and tumour progression.
Tumour-associated macrophages (TAMs) and microglia can constitute up to 30% of the cells
found in the TME [103]. These immune cells are often involved in bidirectional cross-talk with
tumour cells, wherein immune cells secrete soluble factors to promote tumorigenesis, while
tumour cells secrete chemo-attractants to recruit TAMs and microglia [102]. For instance, gliomas
and other cells in the TME can reprogram the microglia by releasing signals that can change the
manner in which microglia function in a TME. Microglia can either aid or inhibit tumour growth
and survival [209]. Extensive research over the years has highlighted the prognostic importance of
immune cells and immunotherapy in cancer biology. Despite the characterization of MB into
molecular subgroups, there is limited knowledge about the cellular players present in the MB TME
and their contribution to tumour progression. Although subtle, understanding the constituents of
the subgroup specific MB TME can yield benefits in understanding their pro- or anti-tumour
effects that affect disease progression and also identify novel therapeutic strategies to counter MB
that are refractory to conventional therapy [116].

My study highlights the contribution of microglia in the development of chemoresistance
in Group 3 MB cells. The chemosensitive Group 3 MB cell line, Med8A-S, when co-cultured with
microglia was found to be substantially resistant to vincristine treatment. Additionally, pY705-
STAT3 activity was substantially elevated in Med8A-S cells exposed to microglia. This
phenomenon is consistent with previous studies demonstrating the association of increased

resistance to treatment with increased pY705-STAT3 activity [118,120].
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In Chapter 2, | demonstrated that knockout of IL-6R (IL-6R”") in a chemoresistant
derivative of Med8A cells restored sensitivity to vincristine treatment, and that IL-6 conditioning
of IL-6R™ cells failed to promote chemoresistance. Rather surprisingly, IL-6R™ cells co-cultured
with microglia exhibited increased resistance to vincristine treatment and elevated pY705-STAT3
activity. This suggests that cells in the TME such as microglia likely secrete a wide range of
stimulatory cytokines, in addition to IL-6, that can activate STAT3 and promote development of
chemoresistance. An important implication is that blocking a single cytokine or its receptor may
not be sufficient to abrogate STAT3 signaling and circumvent chemoresistance in tumour cells
that are subjected to multiple cytokine stimuli that exists in the TME. Collectively, these results
paved the way into the exploration of other upstream activators of STAT3 and its contribution to
drug resistance in Group 3 MB cells.

The IL-6 family cytokines consist of several cytokines that activate STAT3 and play roles
in a multitude of physiological functions [125]. Notably, IL-6 family cytokines in the brain TME
contributes to CNS homeostasis and pathogenesis of diseases [168-170]. As upstream regulators
of STAT3 signaling, | assessed the contribution of some members of this cytokine family, namely
IL-6, LIF, OSM, and IL-11, in their ability to promote chemoresistance in the Group 3 MB cells.
My findings showed that both chemosensitive Med8A cells (Med8A-S or IL-6R™) acquired
resistance to vincristine when subjected to exogenous cytokine conditioning for which the
corresponding cytokine receptors are expressed. The chemoresistance observed in cytokine-
conditioned cells was also associated with increased pJAK1 and pY705-STAT3 levels. These data
suggest that 1L-6 family cytokines can activate STAT3 in chemosensitive Group 3 MB cells and
contribute to acquired drug resistance. More importantly, cells that lack one functional receptor

can also develop drug resistance through STAT3 activation in response to other cytokines.
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To assess paracrine signaling, | evaluated the secretion of IL-6, LIF, OSM, and IL-11 from
microglia as well in chemosensitive MB cells co-cultured with microglia. HMC3 microglia
secreted significantly more IL-6 and IL-11 when compared to non-co-cultured Med8A cells,
indicating the potential that microglia-derived cells IL-6 and IL-11 can act as initiating cytokine
stimuli to activate STAT3 signaling of MB cells in proximity. In addition, MB cells that had been
co-cultured with microglia for 3 days was found to secrete significant quantities of IL-6, which
now constitute a cytokine of tumour cell origin that can signal in autocrine fashion. It is intriguing
to consider if this brief exposure to microglia may be sufficient to kick-start an autocrine signaling
loop involving IL-6 family cytokines and further drive chemoresistance of MB. In particular, |
found that Med8A cells that had been conditioned for 2 weeks with any one cytokine then secreted
significant quantities of that same cytokine, as well as other cytokines in the IL-6 family. Thus,
MB cell exposure to TME cytokines in paracrine signaling may over time result in sustained
autocrine signaling and amplification through secretion of other cytokines, all of which with the
potential to sustain STAT3 activity in a constitutive manner.

For technical reasons, the microglia conditioning experiments was limited to a 3-day
exposure, in contrast to the 2-week long exogenous cytokine conditioning experiments. This
limitation was due to MB cells reaching over-confluence if the co-culture were extended beyond
3-days. The brief exposure to microglia likely contributed to MB cells exhibiting a weaker to non-
detectable secretory response of 1L-6 family cytokines in comparison to cytokine conditioned cells.
This phenomenon may also contribute to microglia conditioned MB cells that are resistant when
compared to non-conditioned cells, but less resistant when compared to cytokine conditioned cells.
It should be possible to extend the period of co-culture with MB cells with microglia by periodic

passaging of MB cells and replacement of microglia inserts. This would allow assessment if
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prolonged co-culture exposure to microglia can lead to increased cytokine secretion by MB cells
and even further enchanced chemoresistance.

Gp130 is a ubiquitous protein that is part of a receptor complex involved in transducing
JAK/STAT3 signaling initiated by IL-6 family cytokines [125,129]. Several studies have
demonstrated that blocking gp130 signaling inhibits tumour growth and induces apoptosis in vitro
and in vivo in multiple malignancies. Given that gp130 is a common signal transducer for the IL-
6 family cytokines, | evaluated the effect of targeting gp130 in Group 3 MB cells. My findings
demonstrate that Med8A cells lacking gp130 expression prevented microglia conditioning
mediated acquired drug resistance, concomitant with blockade of STAT3 activity. To further
validate the targeting gp130, | used two commercially available gp130 inhibitors, SC144 and
bazedoxifene, in combination with vincristine to circumvent the observed chemoresistance [132-
134,137]. Both inhibitors showed efficacy, with SC144 being more potent and exhibiting greater
response at lower doses of vincristine when compared to bazedoxifene. Importantly, | used a
titrated dose of SC144 or bazedoxifene that was not cytotoxic to Med8A cells when used as a
mono-agent, thus potentially minimizing the deleterious side effects of an additional
chemotherapeutic on non-tumour cells when used in combination with conventional agents such
as vincristine. These striking results further validated the vital role of gp130 in IL-6 family
cytokine mediated drug resistance in Group 3 MB cells that requires STAT3 activation.

Other potential drug targets that are downstream of multiple cytokine receptors are JAKS,
which could be inhibited with ruxolitinib, a potent JAK inhibitor that has been shown to effectively
block JAK1/2 activity [145,208]. Notably, a phase 1 trial demonstrated that ruxolitinib is safe to
use in combination with multi-agent chemotherapy for children with acute lymphoblastic leukemia

[210]. Hence, it might be closer to clinical translation for MB pediatric patients compared to other
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inhibitors used in my study. Of the JAKSs that were evaluated, | found that only JAK1 was inducibly
phosphorylated in Med8A cells in response to IL-6 stimulation. A non-toxic dose of ruxolitinib
effectively blocked IL-6 induced phosphorylation of STAT3, and when used in combination with
vincristine, was able to overcome MB chemoresistance resulting from co-culture exposure to
microglia. My experimental findings suggest that JAK1 could be a novel therapeutic target to
effectively overcome chemoresistance in Group 3 MB cells.

In conclusion, my study demonstrated that targeting gpl30/JAK/STAT3 signaling
attenuates tumour microenvironment mediated chemoresistance in Group 3 MB. Blocking JAK1
activation with ruxolitinib led to diminished pY705-STAT3 activity and rendered chemoresistant
Group 3 MB cells more susceptible to vincristine treatment. The evidence suggests that JAK1
might be a potential target to combat drug resistance in Group 3 MB. Additionally, prolonged
exposure to stimulatory cytokines contributed by cells such as microglia present in the brain TME
can promote chemoresistance via a paracrine signaling mechanism in Group 3 MB cells. Future
studies could investigate the role of other cells in the brain TME that contribute to the development
of drug resistance in Group 3 MB cells. Lack of gp130 resulted in diminished pY705-STAT3
activity and prevented acquired drug resistance in chemosensitive cells exposed to microglia.
Notably, inhibiting gp130 signaling with targeted inhibitors such as bazedoxifene or SC144 in
combination with vincristine can effectively overcome chemotherapeutic resistance. The multi-
faceted nature of gp130 makes it a promising therapeutic target for treatment of Group 3 MB
tumours. Future studies are required to determine the efficacy of these inhibitors as a single agent

and in combination with cytotoxic drugs in an in vivo setting.
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Chapter 4. Data mining of MB transcriptional databases provides insight into

components of the IL-6/STAT3 signaling cascade.

4.1  Chapter overview

Numerous transcriptome studies have led to stratification of MB into four distinct
molecular subgroups: WNT, SHH, Group 3 and Group 4. Of these, Group 3 MB tumors are the
most difficult to treat. To account for the high level of tumor heterogeneity, Cavalli et al. have
classified Group 3 MB into additional subtypes, namely Groups 3a, 3, and 3y [42]. Most notable
is Group 3y that has high MY C amplification, high rates of metastasis, and worse overall survival.
Group 3a comprises of infants under the age of 3 with better clinical outcome. Although Group
3a has a better prognosis compared to Group 3y, they are highly similar in terms of metastasis at
diagnosis. Group 3p also has a favourable outcome clinically but comprises of a slightly older
population that present with infrequent metastasis.

In this Chapter, | aim to further validate the functional biological context of the work
provided in Chapters 2 and 3 by using gene expression array data from existing published GEO
datasets to probe for IL-6/STAT3 signaling axis components in Group 3 MB, in comparison to the
other subgroups, as well as within the subtypes of Group 3. | analyzed the expression of select
target genes relevant to my thesis using the GSE85217 gene expression database, comprising a
cohort of 763 primary MB samples [42]. In addition to this large cohort database, | also probed
other geo-datasets GSE21140 and GSE37418 to assess if the gene expression pattern is comparable

among the molecular subgroups [40,211].
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4.2  Methods
4.2.1 Data mining of gene expression profiles from GEO datasets

The functional genomics data repository available on Gene Expression Omnibus was used
to query specific gene expression profiles of MB patients. GEO datasets GSE85217, GSE21140
and GSE37410 were specifically chosen for the analysis due to molecular subgroup classification
of primary MB samples and large cohort. Clinical information for each primary MB tumour were
downloaded from GEO and supplemental information provided by the authors for each dataset.

More details regarding the GEO dataset is listed in Table 4.1

Table 4.1: Additional information of GEO datasets used in this study.

GEO Accession GSES85217 GSEZ21140 GSE37418

Title Expression data from Genomics of Novel mutations
primary medulloblastoma | medulloblastoma target distinct
samples identifies four distinct | subgroups of

molecular variants medulloblastoma

PubMed ID 28609654;30324512 20823417 22722829;26199091

Series Type Expression profiling by Expression profiling Expression profiling
array by array by array

Platform [HuGene-1_1-st] [HUEx-1_0-st] [HG-U133_Plus_2]
Affymetrix Human Gene | Affymetrix Human Affymetrix Human
1.1 ST Array Exon 1.0 ST Array Genome U133 Plus
[HuGenellstvl Hs ENS | [transcript (gene) 2.0 Array
G version 19.0.0] version]

Taxonomy Homo sapiens Homo sapiens Homo sapiens

Cohort size 763 103 76

Clinical Age, gender, histological | Age, gender, Age, gender,

information subtype, metastatic status, | histological subtype ethnicity, metastatic
molecular subgroup and and molecular stage and molecular
subtype. subgroup. subgroup.
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4.2.2 Method of analysis

Raw Affymetrix CEL files consisting of exon array data primary MB specimens from the
following GEO series (GSE85217, GSE21140, GSE37418) were extracted to perform gene-level
analysis. Gene expression values were downloaded from the Matrix file and gene nomenclature

was acquired from the SOFT file. The BioGPS website (http://biogps.org/) was used to collect

information regarding each gene reporter probe for different Affymetrix platforms. STATS,
STAT5A, STATSB, IL6, LIF, OSM, IL11, IL6Ra, IL11Ro, LIFRa, OSMRpS, Gpl130, E2F3, JAK],
JAK2, TYK2, SOCS1, SOCS3, PIAS3 gene expression values were consolidated based on their

subgroup classifications and plotted using GraphPad.

4.2.3 Statistical analysis

The gene expression values for individual patients were plotted with mean and one standard
deviation. Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test was
performed for analysis of each molecular subgroup. Statistical analysis was performed only
between Group 3 MB and other subgroups (WNT, SHH and Group 4) for the purpose of this study.
The p-value is considered significant when it is <0.05 and the actual number is displayed for each
graph. Non-significant (ns) comparisons were not shown. All graphs were plotted using GraphPad

Prism (v9.2.0).
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4.3  Results
4.3.1 STAT3 expression is significantly enriched in Group 3y MB

In the largest GSE85217 dataset that consists of 763 primary MB samples,
STAT3 expression was found to be enriched in Group 3 and Group 4 MB (Figure 4.1A). Within
Group 3 MB, STAT3 expression was highest for Group 3y (Figure 4.1B), a subtype that is
associated with the worst prognosis. Group 4 had the highest STAT3 expression, thus subtype
analysis was also carried out. When compared to Group 4o and Group 4y, Group 4 had the highest
STAT3 expression (Figure 4.1B). The clinical significance of this finding is unclear, since all three
subtypes of Group 4 MB are associated with similar overall survival as well as incidence of
metastasis.

In GSE21140, both Group 3 and Group 4 MB displayed increased STAT3 expression when
compared to SHH MB (Figure 4.1C). In the smallest sized cohort, GSE37418, the only difference
in STAT3 expression with statistical significance is observed between Group 3 and Group 4 (Figure
4.1D). It should be noted that smaller sample size representations for WNT and SHH subgroups
in GSE37418, and for WNT in GSE21140, likely contributed to the lack of statistically significant
difference for STAT3 expression when compared to Group 3 and Group 4. Overall, a consistent
trend that is observed in my analyses of the 3 GEO MB datasets suggests that STAT3 expression

is highest in Groups 3 and 4.
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Figure 4.1: Expression of STAT3 was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.

As reported by Cavalli et al. [42], analysis of the GSE85217 dataset revealed a worst
overall 5-year survival for Group 3 MB patients when compared to other MB subgroups, and for
Group 3y when compared to other subtypes within Group 3. Given that increased STAT3
expression was observed in Group 3 and Group 3y (Figure 4.1A, B), | re-analyzed the GSE85217
dataset to determine if increased STAT3 expression may correlate with poorer survival.

First, using the clinical dataset that accompanies GSE85217, | re-generated overall survival
Kaplan-Meier plots that re-affirm the finding that Group 3 has the worst survival when compared
with other MB subgroups (Figure 4.2A), while Group 3y has the worst survival when compared to
other subtypes of Group 3 MB (Figure 4.2D). Then, | calculated the median expression for STAT3
to facilitate survival analysis for MB patients categorized into high (upper 75% percentile) and
low (lower 25% percentile) STAT3 expression cohorts (Figure 4.2B, E and H). In this manner, no

significant difference in 5-year overall survival was observed for all MB patients segregated into

high or low STAT3 expression (Figure 4.2C). Similarly, no significant difference in 5-year overall
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survival was observed for Group 3 MB patients segregated into high or low STAT3 expression
(Figure 4.2F). Between the molecular subgroups, Group 4 MB patients have the highest STAT3
levels. Survival analysis of Group 4 MB subtypes showed no significant difference in overall 5-
year survival (Figure 4.2G). Additionally, for Group 4 MB, no significant difference in 5-year
overall survival was observed between high and low STAT3 expression (Figure 4.21). In summary,

STAT3 expression levels at diagnosis do not serve as an indicator of overall survival in MB.
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Figure 4.2: Correlation of STAT3 expression with overall survival in MB.

Clinical data derived from GSE85217 dataset was used to generate Kaplan-Meier plots for 5-year
survival of (A) MB subgroups, (D) Group 3 MB and (G) Group 4 MB subtypes. STAT3 expression
median with interquartile range was calculated for (B) all MB (n=538), (E) Group 3 MB (n=106)
and (H) Group 4 MB (n=237). Kaplan-Meier plots for 5-year survival of (C) all MB, (F) Group 3
MB and (I) Group 4 MB divided into two populations designated with High (>75% percentile) or
Low (<25% percentile) STAT3 expression. Overall survival was right-censored at 5 years and p-
values were reported (where significant) using the log-rank trend test. Note that (A) and (B) is an
independent reproduction of the plots originally published by Cavalli et al. [42] using the same
dataset.
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In addition to STAT3, | also assessed the expression of STAT5A and STATSB in the largest
primary MB cohort (GSE85217). Similar to STAT3, constitutive activation of STAT5 has been
linked to disease progression in multiple malignancies [212], and STATS5 is a known contributor
to anti-tumour immunity by suppressing the immune response [213]. The analysis of GSE85217
revealed that Group 3 and Group 4 had elevated levels of STAT5A and STAT5B (Figure 4.3A and
Figure 4.4A) Subtype analyses within Group 3 revealed that Group 3y expressed more STAT5A
compared to Group 3a and Group 3p (Figure 4.3B), and more STAT5B compared to Group 33
(Figure 4.4B). This suggests that increased levels of STAT5A and STAT5B associates with the
worst prognosis in this cohort. No data was available for STAT5A or STAT5B in GSE21140. In
GSE37418, STAT5A was significantly higher in Group 4 MB and STAT5B was significantly higher

in Group 3 MB compared to WNT MB.
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Figure 4.3:Expression of STAT5A was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217 and (C) GSE37418 gene expression database is categorized into the 4 major
subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is further
subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value (numbers)
is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Figure 4.4: Expression of STAT5B was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217 and (C) GSE37418 gene expression database is categorized into the 4 major
subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is further
subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value (numbers)
is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.

Among the three datasets, Group 4 MB exhibited the highest STAT3 expression levels
compared to other molecular subgroups. Cavalli et al. also found that there was a significant
overlap across Group 3 MB and Group 4 MB at the sub clonal level. Further investigation is
required at the cellular level like single-cell RNA sequencing data to bifurcate the subgroups

efficiently to reveal common mechanisms and origins. A summary of key findings for STAT3,

STAT5A and STATSB expression in relation to Group 3 is also presented in Table 4.2.
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Table 4.2: Summary of STAT3, STAT5A and STAT5B expression in GSE85217, GSE21140
and GSE37418 in comparison to Group 3 MB

Gene Group 3 | GSE85217 | GSE21140 GSE37418
VS
STAT3 WNT + ns ns
SHH + + ns
Group 4 - - -
STAT5A | WNT ns ns
SHH + ns
Group 4 - -
STAT5B | WNT + +
SHH + ns
Group 4 - ns

+ indicates gene expression is significantly higher in Group 3
- indicates gene expression is significantly lower in Group 3
ns indicates no significant difference

blank space indicates no data available for analysis

4.3.2 Group 3 MB is associated with reduced JAK1 expression.

Of the four JAKSs, | performed analyses for JAK1, JAK2 and TYK2 expression on the basis
of their association with class Il cytokine receptors that contain gp130 [129]. In GSE85217 and
GSE21140, JAK1 expression was significantly lower in Group 3 MB when compared to the other

subgroups (Figure 4.5A, C). Subtype analysis revealed that Group 3y exhibit reduced JAK1

expression compared to Group 3 (Figure 4.5B).
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Figure 4.5: Expression of JAK1 was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
JAK2 expression was significantly lower in Group 3 MB when compared to Group 4 in
GSE85217 and GSE21140 (Figure 4.6A, C), Within Group 3 MB, subtype 3y exhibited the lowest
JAK2 expression despite the unfavourable outcome depicted by this subtype (Figure 4.6B). TYK2
expression was significantly elevated in Group 3 MB compared to Group 4 MB in all three datasets
(Figure 4.7A, B, and C). Subtype analysis revealed that Group 3y exhibit reduced TYK2 expression
compared to Group 3 (Figure 4.7B). Due to the smaller sample sizes and very large error bars,
no interpretation could be derived from JAK1 and JAK2 analysis of the GSE37418 dataset. A

summary of key findings for JAK1, JAK2 and TYK2 expression in relation to Group 3 is also

presented in Table 4.3.
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Figure 4.6: Expression of JAK2 was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Figure 4.7:Expression of TYK2 was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Table 4.3: Summary of JAK1, JAK2 and TYK2 expression in GSE85217, GSE21140 and
GSE37418 in comparison to Group 3 MB.

Gene Group 3 | GSE85217 | GSE21140 | GSE37418
Vs

JAK1 WNT - - ns
SHH - - ns
Group 4 - - ns
JAK2 WNT + ns ns
SHH ns ns ns
Group 4 - - ns
TYK?2 WNT ns ns ns
SHH ns ns ns
Group 4 + + +

+ indicates gene expression is significantly higher in Group 3 MB
- indicates gene expression is significantly lower in Group 3 MB
ns indicates no significant difference

blank space indicates no data available for analysis

4.3.3 Expression analyses of the IL-6 family cytokines and their receptors.
4.3.3.1 Expression analyses of IL6, IL6R and E2F3.

Expression of I1L6 was significantly higher in Group 3 MB only when compared to SHH
MB in GSE85217, but were otherwise not remarkable between the different major groups, nor
between the Group 3 subtypes (Figure 4.8A, C, D). For IL6, no significant difference was observed
within the Group 3 MB subtypes (Figure 4.8B). Expression of the corresponding receptor, IL6R
were not significantly different between all MB subgroups (Figure 4.9A). Within Group 3
MB, IL6R expression was higher in Group 3y and Group 3 when compared to Group 3a (Figure

4.9B).

112



GSE85217 GSE21140 GSE37418
A B C D
0.0061 5.5+ an
10 —_ - o @
g, . | : Lo - Ss04d . o+ - & E o .
£ 84 . 5 . v o : X
Sl s s | o - | 3 N O N
ilddds e T E T FEFEE
g 4 * i‘ - E SR Y | 5 T e
. - >
& @ 2 W 4.0+ . W )
S % 9 ! o 3
0 T T T T 0 T T T 3.5 T T T T 0 N el‘ T ;‘
& N ] & aQ & Q> 'Y <
\‘\e %Q\ &o‘)q *QQQ ? &é gé oo O\)Q @ ';J‘?\ koé (00
& o & & & o

Figure 4.8: Expression of 1L6 was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Figure 4.9:Expression of IL6R was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.

In addition, | assessed the expression of E2F3, a transcription factor shown to directly bind

the promoter of IL6R and regulate its expression [179]. In GSE85719, E2F3 expression was
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elevated in Group 3 and Group 4 MB subgroups (Figure 4.10A). Within Group 3 MB, E2F3 was
significantly higher in Group 3y when compared to Group 3a and Group 3 (Figure 4.10B). In
GSE21140 and GSE37418, E2F3 was significantly elevated in Group 3 MB compared to WNT
MB (Figure 4.10C, D). In summary, increased STAT3 expression was correlated with
increased IL-6R in subtype Group 3y when compared to Group 3a, and is suggestive of increased
sensitivity to IL-6 cytokine stimulation of STAT3 activity. A summary of key findings for IL6,

IL6R and E2F3 expression in relation to Group 3 is also presented in Table 4.4.
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Figure 4.10: Expression of E2F3 was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Table 4.4: Summary of IL6, IL6R and E2F3 expression in GSE85217, GSE21140 and
GSE37418 in comparison to Group 3 MB.

Gene Group 3 | GSE85217 | GSE21140 | GSE37418
Vs

IL6 WNT ns ns ns
SHH + ns ns
Group 4 ns ns ns
IL6R WNT ns ns ns
SHH ns ns ns
Group 4 ns ns ns
E2F3 WNT + ¥ +
SHH + ns ns
Group 4 ns ns ns

+ indicates gene expression is significantly higher in Group 3 MB
- indicates gene expression is significantly lower in Group 3 MB
ns indicates no significant difference

blank space indicates no data available for analysis

4.3.3.2 Expression analyses of LIF, LIFR, OSM, OSMR, IL11, IL11R and Gp130.

WNT MB was found to have elevated levels of LIF compared to Group 3 MB in GSE
85217 and GSE37418 (Figure 4.11A, D). LIFR expression was significantly lower in Group 3 MB
when compared to SHH MB and was consistent among the three datasets (Figure 4.12A, C, D).
Group 3 MB subtypes showed no remarkable difference in LIF and LIFR expression (Figure 4.11B
and Figure 4.12B). Given that WNT is an MB subgroup associated with the best overall survival,

high LIF expression may be suggestive of an improved outcome.
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Figure 4.11: Expression of LIF was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Figure 4.12: Expression of LIFR was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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OSM expression was reduced in Group 3 MB when compared to WNT MB in GSE85217,
however this finding was not replicated in the other datasets with smaller cohort sizes (Figure
4.13). No notable difference in OSM levels was detected within the subtypes of Group 3 MB
(Figure 4.13B) WNT MB exhibited increased levels of OSMR compared to Group 3 MB
consistently among the three datasets (Figure 4.14A, C, D). Within the subtypes of Group 3, OSMR
was significantly elevated in Group 3y, the subtype with the least favourable outcome (Figure

4.14B).
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Figure 4.13: Expression of OSM was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Figure 4.14: Expression of OSMR was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.

IL11 expression was significantly elevated in Group 3 MB when compared to SHH in
GSE85217 and GSE21140, and when compared to Group 4 MB in GSE85217 (Figure 4.15A, C).
Within Group 3, IL11 was reduced in Group 3y in comparison to Group 3o (Figure 4.15B). IL11R
expression was consistently higher in Group 3 MB when compared to Group 4 MB in all three
datasets, and when compared to SHH in GSE85217 and GSE21140 (Figure 4.16A, C). In contrast,
IL11R expression was lower in Group 3 MB when compared to WNT MB in GSE85217 and
GSE21140. In addition, a consistent trend observed in all three data sets suggested that IL11R
expression was highest in WNT MB (Figure 4.16A, C, D). Within Group 3 MB, IL11R expression

was highest in Group 3a, and lowest in Group 3 (Figure 4.16B).
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Figure 4.15: Expression of IL11 was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Figure 4.16: Expression of IL11R was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.

As mentioned previously, Gp130 is a common subunit for the IL-6 subfamily of cytokine
receptors, hence its expression might serve as a pan-indicator for the entire subfamily. In

GSEB85217, GP130 expression was higher in comparison to Group 4, and lower in comparison to
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WNT and SHH MB (Figure 4.17A). In GSE37418, GP130 was reduced in Group 3 when

compared to WNT, while no significant differences between the subgroups was evident in the

GSE21140 dataset (Figure 4.17C, D). No significant differences in GP130 levels was detected

when comparing the subtypes of Group 3 MB (Figure 4.17B). Overall, some of the IL-6 family

cytokines and their receptor gene expression was consistent across the three datasets. However, a

larger primary MB sample size is required to derive conclusion from these data. A summary of

key findings for expression of LIF, LIFR, OSM, OSMR, IL11, IL11R and gp130 in relation to

Group 3 is presented in Table 4.5.
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Figure 4.17:Expression of GP130 was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Table 4.5: Summary of LIF, LIFR, OSM, OSMR, IL11, IL11R and Gp130 expression in
GSES85217, GSE21140 and GSE37418 in comparison to Group 3 MB.

Gene Group 3 | GSE85217 | GSE21140 | GSE37418
Vs
LIF WNT - ns -
SHH + ns ns
Group 4 + ns ns
LIFR WNT ns ns ns
SHH - _ -
Group 4 ns ns ns
OSM WNT - ns ns
SHH ns ns ns
Group 4 ns ns ns
OSMR WNT - - -
SHH - ns ns
Group 4 ns ns ns
IL11 WNT ns ns ns
SHH + + ns
Group 4 + ns ns
IL11R WNT - - ns
SHH + + ns
Group 4 + + +
GP130 WNT - ns -
SHH - ns ns
Group 4 + ns ns

+ indicates gene expression is significantly higher in Group 3 MB
- indicates gene expression is significantly lower in Group 3 MB

ns indicates no significant difference
blank space indicates no data available for analysis




4.3.4 Expression analyses of negative feedback regulators of 1L-6/STAT3 signaling.

In this section, | analyzed the expression of several key negative regulators of IL-6/STAT3
signaling, specifically SOCS1, SOCS3 and PIAS3 (Protein inhibitor of activated STAT3). As
mentioned in section 1.7.3, SOCS1 and SOCS3 are cytokine inducible members of the STAT-
induced STAT inhibitors (SSI). Mechanistically, SOCS1 and SOCS3 proteins can bind JAKs and
gp130 respectively to inhibit their binding to STAT proteins [214,215]. PIAS3 is a protein that can
bind to the DNA-binding domain of STAT3 to repress its transcriptional activity, hence PIAS3 is
a direct and major negative regulator of STAT3 [216].

Analysis of GSE85217 revealed that SOCS1 expression was lowest in Group 3 MB, a
finding that is suggestive of a weaker negative feedback regulation of IL-6/STAT3 signaling in
this MB subgroup with the worst prognosis (Figure 4.18A). Within Group 3 MB, subtype Group
3B exhibited the highest level of SOCS1 compared to the more metastatic subtypes, Group 3a and
Group 3y (Figure 4.18B). In the same dataset, SOCS3 expression was found to be lower in Group
when compared to Group 4, but higher when compared to SHH (Figure 4.19A). Within Group 3

MB, subtype Group 3y exhibited higher SOCS3 expression when compared to Group 3p (Figure
4.19B). However, there was no remarkable difference in SOCS1 or SOCS3 expression found in

primary MB samples from GSE21140 and GSE37418 (Figure 4.18C, D; Figure 4.19C, D).
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Figure 4.18: Expression of SOCS1 was analyzed according to their subgroup and subtype
categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3B, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
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Figure 4.19: Expression of SOCS3 was analyzed according to their subgroup and subtype

categorization.
The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized

into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.
PIAS3 expression was significantly lower in Group 3 MB when compared to SHH MB in
in all three datasets (Figure 4.20A, C, D). In addition, PIAS3 expression was also lower in Group
3 MB when compared to WNT MB in GSE85217 and GSE21140 (Figure 4.20A, C). Lower PIAS3
expression in Group 3 and Group 4 MB correlated with the enriched STAT3 expression observed
in these molecular subgroups. Group 3y, an MB subtype with the lowest overall survival and high
metastatic incidence, was found to have low PIAS3 expression (Figure 4.20B). Overall, this
analysis revealed that PIAS3 and SOCS1 gene expression is lower in Group 3 MB indicating a

feeble negative feedback mechanism in this cohort. A summary of the key findings for expression

of SOCS1, SOCS3 and PIAS3 in relation to Group 3 is presented in Table 4.6.
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Figure 4.20:Expression of PIAS3 was analyzed according to their subgroup and subtype

categorization.

The (A, B) GSE85217, (C) GSE21140 and (D) GSE37418 gene expression database is categorized
into the 4 major subgroups WNT, SHH, Group 3 and Group 4. Group 3 MB from GSE85217 is
further subcategorized into (B) 3a, 3, and 3y subtypes for the purposes of this analysis. p-value
(numbers) is displayed where significant (p<0.05), one-way ANOVA with Tukey’s post-test.

Table 4.6: Summary of SOCS1, SOCS3 andPIAS3 expression in GSE85217, GSE21140 and
GSE37418 in comparison to Group 3 MB.

Gene Group 3 | GSE85217 | GSE21140 | GSE37418
SOCS1 WY\IST - ns ns
SHH - ns ns
Group 4 - ns ns
SOCS3 WNT ns ns ns
SHH + ns ns
Group 4 - ns ns
PIAS3 WNT - ns -
SHH - - -
Group 4 ns ns ns

+ indicates gene expression is significantly higher in Group 3 MB
- indicates gene expression is significantly lower in Group 3 MB
ns indicates no significant difference

blank space indicates no data available for analysis
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4.4  Discussion

Several recent landmark papers have contributed to an extraordinary amount of information
regarding the four distinct molecular subgroups of MB. The molecular classification of MB that
was based on transcriptional profiling has led to a better understanding of their disease origin,
treatment response and clinical outcomes. Clinical characteristics and DNA methylation array
documented along with microarray transcriptome data has provided a new perspective about the
disease. In particular, the rich gene expression data will be beneficial to identify genes associated
with pathogenesis of MB subgroups and pave the way to discovery of novel targeted therapeutic
strategies.

Among the four molecular subgroups, Group 3 MB manifest as high-risk tumors due to
poor overall survival and highest rates of metastasis at diagnosis [23,45]. WNT MB and SHH MB
have a defined signaling pathway where mutations in the pathway components contributes to MB
tumorigenesis and disease progression. In contrast, Group 3 and Group 4 MB harbour mutations
and chromosomal aberrations that do not have a particular signaling pathway or pathways that
define their pathogenesis. My experimental findings described in Chapters 2 and 3 showed that
constant exposure of MB cells to pro-inflammatory cytokines found in the brain TME and
activation of JAK/STATS3 signaling led to development of chemoresistance in Group 3 MB cell
lines. To provide a functional biological context and assess the translational potential to our
experimental findings, | analyzed the expression of major components involved in the IL-6/STAT3
signaling axis in MB transcriptome databases to gain some clinical insights.

Rationalizing that IL-6 signaling primarily feeds into activation of STAT3, | began my
analysis by assessing if STAT3 gene expression could be correlated to the MB subgroups, with

particular emphasis on Group 3. Enriched STAT3 levels was observed in Group 3 MB and Group
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4 MB. Within the subgroup classification reported by Cavalli et al., Group 3y subtype has the least
favorable outcome, with high MYC amplification and frequent metastasis that correlated with
increased STAT3 expression. It was also revealed that Group 3o and Group 3 patients are
associated with loss of MYC and balanced MYC respectively. MYC amplified tumours were found
to have the lowest overall survival compared to non-MYC amplified tumours in the 763 primary
MB cohort [42]. As previously discussed in Chapter 2, MYC is a transcription factor that acts
downstream of STAT3 and that is a prominent driver of Group 3 MB. | assessed and found that
the Group 3 MB cell lines used in this thesis (Med8A, D341 and D283) also exhibit high levels of
c-myc protein. In addition, IL-6 stimulation of Med8A and D341 cells resulted in significantly
enhanced c-myc levels (Appendix A.3). Overall, Group 4 MB depicted significantly higher STAT3
level compared to other subgroups. Further analysis into Group 4 MB subtypes revealed that
STATS levels were significantly higher in Group 4 compared to Group 4a and Group 4y. GFI
activation is another major characteristic of limited to Group 4f subtype [42]. GF1 is a zinc finger
protein that interacts with PIAS3 (STAT3 inhibitor) to enhance STAT3 signaling [217]. Increased
STATS3 levels observed in these cells could be attributed to high GFI activation.

Survivorship analysis performed with clinical information provided by Cavalli et al.
confirmed that Group 3 MB patients have the least favourable outcome compared to other MB
subgroups [42]. My analysis revealed that increased STAT3 levels was observed in Group 3 MB
patients, thus correlating high STAT3 expression with an MB subgroup with the poorest survival.
Similarly, Group 3y, with the least overall survival within the Group 3 subtypes, were found to
have high STAT3 levels. This correlation did not hold for Group 4 MB: wherein Group 4 had the
highest STAT3 expression amongst the MB subgroups, the overall survival of Group 4 was

improved when compared to Group 3 MB. In addition, 5-year survivorship analysis for all MB,
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Group 3, and Group 4 MB, segregated into high or low STAT3 expression cohorts was found to be
not statistically significant. This data indicated that STAT3 gene expression at disease diagnosis is
not a clear indicator of overall survival in these MB subgroups. In future analysis, it would be
informative to also include the expression of STAT3 protein and its phosphorylation status to not
only correlate with MB subgroups and subtypes, but also with survivorship outcomes.

Another major STAT protein involved in tumour progression is STAT5. Increasing
evidence suggests that STATS plays a significant role in tumour growth, metastasis and resistance
to anti-cancer therapeutics. My analysis revealed that STAT5 isoforms, STAT5A and STAT5B were
both upregulated in non-WNT/SHH MB. Within Group 3 MB, both STAT5A and STAT5B were
found to be significantly elevated in Group 3y that is correlated with lowest overall survival and
higher incidence of metastasis.

Next, | focused analyses on the IL-6 subfamily of cytokine expression, as well as their
corresponding receptors, that were the subject of my thesis research presented in Chapters 2 and
3. Higher 1L6 expression in Group 3 MB over SHH MB also correlated with poor overall survival
in Group 3 MB primary tumors. In contrast, IL6R levels was not significantly different between
Group 3 MB and SHH MB. However, when considered within the subgroups, IL6R and STAT3
levels in 3P and 3y were significantly higher when compared to 30, which correlated to Group 3
subtypes with worse outcomes [42]. Thus, the increased expression of IL-6R may predict an
enhanced response to the cytokine and subsequent STAT3 activity leading to a worse outcome. In
my Group 3 MB cell-based modeling studies, | found that IL-6R expression was also elevated in
the chemoresistant Med8A-R and Med8A-IL6+ cells. | also found that expression of E2F3, a

transcription factor able to transactivate IL-6R expression [179], is elevated in Group 3y MBs, and
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in our chemoresistant Med8A derivatives. Taken together, the findings support the idea that
increased IL-6 autocrine activity may be a driver of treatment resistance in Group 3 MB.

The analyses of IL11, IL11R, OSM, OSMR, LIF and LIFR expression in the GEO cohorts
were mixed in terms of correlation with MB subgroups that have poorer outcomes. For example,
| found that 1L11 was elevated, while OSM and LIF were decreased, in Group 3 MB relative to
other subgroups with a better prognosis. IL11R was higher in Group 3 relative to SHH and Group
4, but lower relative to WNT MB. Generally, LIFR and OSMR expression was lower in Group 3
compared to some of the other subgroups. Within subtypes of Group 3 MB, IL11 and IL11R
expression was significantly higher in Group 3a that has the most favourable outcome. In contrast,
OSMR levels was significantly higher in Group 3y that has the least favourable outcome. My
studies have shown that IL11, LIF, OSM and IL-6 conditioning of Med8A-S yielded
chemoresistant variants that secreted significant levels of the respective cytokines, suggesting that
external stimuli might still play a crucial role in activating STAT3 signaling in MB cells that
possess the required cytokine and/or receptor expression. It is important to note that the MB
cohorts in the analyzed GEO datasets were predominantly based on patients with diagnosed
disease that have not yet seen treatment, thus it would be of interest to ascertain if relapsed variants
may exhibit enhanced expression of any of the genes analyzed.

Among the JAKSs, | had observed that the IL-6 family cytokines could stimulate
phosphorylation of JAK1 in Med8A cells, but not of JAK2 or TYK2, even though JAK2 and TYK2
protein expression was detectable. Analysis of the GEO datasets revealed that JAK1 mRNA
expression was lower in Group 3 MB compared to the other molecular subgroups, while JAK2 was
lower, and TYK2 higher, in Group 3 when compared to Group 4. Within Group 3, JAK1 and JAK2

expression was lowest in Group 3y. | also found that the JAK associated cytokine receptor, GP130,
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was reduced in Group 3 MB when compared to WNT MB. Thus, in sum, higher expression of
JAKSs do not correlate with MB subgroups with poorer outcomes. It is conceivable that cytokine
mediated activation of JAKSs, especially JAK1, may be a better predictor of oncogenic activity, and
not its absolute expression. This may be resolved in future MB datasets that also incorporates
whole- and phospho-proteome analysis that allow for resolution of the activated status of JAKSs as
well as other downstream proteins including the STATS.

A negative feedback mechanism is crucial to maintain physiological homeostasis and a key
component of normal cellular signaling pathway. The result of a failed negative feedback
mechanism could result in constitutive signaling that leads to uncontrolled proliferation and
growth of tumour cells [218]. In that regard, SOCS1, SOCS3 and PIAS3 are major negative
regulators of the IL-6/STAT3 signaling axis. Indeed, lower SOCS1 and PIAS3 expression was seen
in Group 3 MB that is correlated with a poor survival outcome. Furthermore, Group 3y subtypes
associated with the worst outcome also expressed significantly lower PIAS3 expression. In
contrast, SOCS3 expression was higher in subtype Group 3y.

Although the transcriptome data provides insight into the abundance of mRNA, it does not
necessarily correlate to protein expression in the cell. In a study by Rivero-Hinojosa et al.,
qualitative proteomic analysis was performed in 41 primary MB tumours to investigate the
correlation between mRNA and protein abundance. Their results demonstrated that there was
positive correlation between mMRNA and protein in 87% of the genes, however only 45% of the
genes displayed statistical significance. Predicting functional biology solely based on
transcriptome data is not advised and might be a poor predictor of protein abundance. Lack of
difference in gene expression data between molecular subgroups might not reveal important

proteins contributing to biology of those subgroups [219]. Future studies integrating genomic and
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proteomic data will provide a better understanding of the biological determinants and their
functional consequence.

A retrospective cohort study comprising of 428 primary MB samples by Schwalbe et al.,
incorporated risk stratification into the current molecular classification. This resulted in seven
clinically relevant molecular subgroups of MB - WNT, SHH (infant), SHH (child), Group 3 (low
risk), Group 3 (high risk), Group 4 (low risk) and Group 4 (high risk). It could be informative to
analyze the expression of key genes of the IL-6/STAT3 pathway in Group 3 (low risk) and Group
3 (high risk) subgroups as defined by this alternative subgroup classification [57].

To summarize, my analyses of MB transcriptome datasets unveiled certain correlations of
expression of key components involved in IL-6/STAT3 signaling in Group 3 MB. However, there
was ambiguity in gene expression of some components across the three different GEO databases.
This could be attributed to the different microarray platforms used in obtaining gene expression
data. In addition, the smaller sample sizes inherent in two of the datasets could also contribute to
large variations in the expression analysis and lack of statistical significance of the resulting
comparisons [220]. In conclusion, my analyses did reveal that STAT3 and STAT5 were upregulated
in Group 3y, the MB subtype correlated with poor survival outcomes and increased incidence of
metastasis. In turn, this could inform future studies unravel the potential role of STAT5 isoforms

and their contribution to treatment resistance in Group 3 MB.

130



Chapter 5: Conclusion

5.1 Chapter summaries and working models

For my thesis research, | chose to study Group 3 MB, given that it is the most aggressive form of
the disease with the least overall 5-year survival. To this date, there is no defined signaling pathway
associated with the pathogenesis of Group 3 MB. Through my research, | aimed to establish the
role of prominent IL-6/STATS3 signaling in the development of chemotherapeutic resistance in
Group 3 MB cells. Herein, I will summarize my experimental findings by chapter, and present

working models based on these discoveries.

5.1.1 Autocrine IL-6 signaling mediates chemoresistance in MB cells.

Initially, 1 profiled two MB cell lines and found that under basal conditions, constitutive
phosphorylation of STAT3 (pY705-STAT3) was correlated with chemoresistance. Exogenous IL-
6 robustly induced pY705-STAT3 in the chemosensitive Med8A-S cells. Via incremental drug
selection with vincristine, we derived the stably chemoresistant variant Med8A-R, that exhibited
enhanced IL-6 stimulation of pY705-STATS3, increased IL-6R expression, and chemoresistance to
several drugs with different mechanisms of action. Subsequent silencing of STAT3 or IL-6R
expression restored the chemosensitivity of Med8A-R cells, highlighting the key involvement of
the IL-6/STAT3 signaling axis in chemoresistance.

Given that vincristine selection resulted in the Med8A-R variant which exhibit increased
sensitivity to IL-6 stimulation, | assessed and found that prolonged exposure of Med8A-S to IL-6
alone (termed IL-6 conditioning in this thesis) was sufficient to confer multi-drug resistance. Even
upon weaning off the exogenously supplemented IL-6, the conditioning-derived Med8A-IL6+

cells had increased basal levels of pY705-STAT3 and increased IL-6R expression. IL-6
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conditioning of IL-6R™ or STAT3" cells failed to induce chemoresistance, a further indication of
the critical involvement of IL-6R and STAT3. Moreover, Med8A-IL6+ cells now secreted
significant levels of IL-6, an indication of sustained autocrine signaling involving IL-6 and
constitutive activation of STAT3 that could drive chemoresistance. Using a co-culture system, |
further demonstrated that Med8A-I1L6+ cells ably invoked a strong pY705-STAT3 response in the
parental Med8A-S cells, strongly indicating that chemoresistant MB may secrete autocrine factors,
including IL-6, that could transform chemosensitive tumours to becoming chemoresistant.
Importantly, combination treatment of vincristine with cisplatin (a cytotoxic agent) or niclosamide
(a STAT3 inhibitor) effectively overcame the resistance observed for Med8A-R and Med8A-IL6+
cells. I validated key findings observed with the Med8A cells using D283 and D341, cell lines that
also belong to Group 3 MB.

Overall in Chapter 2, my study unveiled autocrine IL-6 as a promoter of STAT3 signaling
in development of drug resistance, and suggests therapeutic benefits for targeting the IL-6/STAT3

signaling axis in Group 3 MBs as illustrated in Figure 5.1.
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Figure 5.1: Graphical abstract depicts the experimental approach and mechanisms involved
in autocrine 1L-6/STATS3 signaling in the development of chemoresistance in Group 3 MB
cells.

(Created with BioRender.com).

5.1.2 Paracrine IL-6 signaling originating from the brain TME.

To understand the role of paracrine signaling in the TME of MB, | evaluated if brain
resident macrophages, microglia, may be a source of stimulatory cytokines that can induce STAT3
activity and promote MB chemoresistance. | found that Group 3 MB cells, Med8A-S, D283 and
D341, exposed in a co-culture system to HMC3, a human microglia cell line, exhibited enhanced
pY705-STAT3 expression and acquired drug resistance. Indeed, HMC3 cells were found to secrete
high levels of 1L-6. Unexpectedly, even though IL-6R” cells do not respond to exogenous IL-6

conditioning, IL-6R” cells co-cultured with HMC3 cells also exhibited increased pY705-STAT3
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levels and chemoresistance, suggesting that other soluble factors released by microglia is sufficient
to drive chemoresistance in Med8A cells. This finding also suggests that targeting IL-6 or its
receptor alone may not be sufficient to abrogate drug resistance in these cells.

Next, | evaluated if the IL-6 family cytokines share a common ability to activate STAT3
signaling in Group 3 MB cells. Med8A-S and IL-6R” cells conditioned with OSM, 1L-11 or LIF
also became chemoresistant and exhibited enhanced pY705-STAT3 levels. Cytokine secretion
analysis revealed that the conditioned cells not only secreted increased levels of the respective
cytokines they were conditioned with, but also of other IL-6 family cytokines. This finding
suggested that IL-6 family cytokines can act in a complementary manner to amplify autocrine
signaling and promote constitutive activation of STAT3. | also found that IL-6 family cytokine
stimulation of STATS3 signaling involved JAK1. Indeed, combined treatment of the JAK inhibitor
ruxolitinib with vincristine was effective in overcoming chemoresistance of IL-6 family cytokine
conditioned Med8A cells.

HMC3 cells co-cultured Med8A cells also exhibited increased pJAK1 and pY705-STAT3
concomitant with chemoresistance, and that combination ruxolitinib and vincristine treatment
overcame the observed chemoresistance to vincristine as a monoagent. | also showed that IL-6 was
secreted at high levels in Med8A-S and IL-6R™ cells that had been co-cultured with HMCS3.
Although HMC3 was initially chosen as a major source of IL-6 and to demonstrate paracrine
signaling mechanism, cytokine array analysis revealed that HMC3 secreted other soluble factors
in addition to IL-6, such as GRO. Given that IL-6 family of receptors share a common beta subunit,
gp130, I evaluated if targeting gp130 may effectively abrogate chemoresistance resulting from IL-
6 family cytokine signaling. Co-culture with HMC3 failed to induce chemoresistance in Gp130™-

cells. Furthermore, | evaluated the potential of targeting gp130 using commercially available
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inhibitors, SC144 and Bazedoxifene (BZD). In combination with vincristine, subtoxic levels of
SC144 or BZD proved to be effective in overcoming resistance depicted by chemoresistant Group
3 MB cells. This robust phenomenon was further validated in two other Group 3 MB cell lines,
D283 and D341. Collectively, this data presented in Chapter 3 suggests that targeting JAK or
gp130 in chemoresistant Group 3 MB cells is a novel approach to circumvent chemotherapeutic

resistance and lower drug toxicity. A graphical abstract is presented in Figure 5.2.
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Figure 5.2: Graphical abstract depicts the experimental approach and mechanism involved
in tumour microenvironment mediated chemotherapeutic resistance involving IL-6 family
of cytokine signaling in Group 3 MB.

(Created with BioRender.com).
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5.1.3 Correlative clinical evidence for IL-6/JAK/STAT signaling in subgroups of MB.

To provide a clinical perspective to the functional assays demonstrated in my study, |
investigated several GEO databases and evaluated the gene expression patterns of select target
genes associated with the IL-6/STATS3 signaling axis. In the largest cohort, my analysis revealed
that STAT3 levels were enriched in Group 3 and Group 4 MB and particularly in Group 3y subtype,
which is associated with poor overall survival. Notably, STAT5 isoforms, STAT5A and STAT5B
were both upregulated in non-WNT/SHH MB and significantly elevated in Group 3y subtype.

Stimulatory cytokines that belong to IL-6 family cytokines such as IL-6, LIF, IL-11 and
OSM; and their corresponding receptors used in the thesis were also analyzed in the different GEO
databases, with particular attention to elucidating significance between Group 3 with the other MB
subgroups, and between Group 3y with the other subtypes, given that Group 3 and Group 3y were
associated with worst survival [42]. Although there was positive correlation of some cytokines and
receptors to poor survival outcome, there was huge variation in results across the different GEO
databases. In the large 763 patient cohort, | found that IL6 expression was significantly higher in
Group 3 MB over SHH MB. But no remarkable difference was found in IL6R expression across
the molecular subgroups. Within the subgroups, Group 3y and Group 3 associated with the least
favourable outcome were found to have significantly higher IL6R expression. On the contrary,
other cytokines and receptors such as 1L11 and IL11R were found to be significantly higher in
Group 3a, a subtype associated with the most favourable outcome. Additionally, GP130 did not
show any remarkable difference among the molecular subgroups.

My experimental findings revealed that only pJAK1 was significantly upregulated in
Group 3 MB cell lines in response to external stimuli. However, JAK1 expression was found to be

lower in Group 3 MB compared to other molecular subgroups in two of the GEO databases.

136



Though JAK1 expression is lower in Group 3 MB and is inversely correlated with poor outcome,
their biological activity depends on their interaction with external stimuli. Increased pJAK1 was
found to induce enhanced pY705-STAT3 and correlated with increased resistance to vincristine
treatment. Another JAK member, TYK2 was found to be significantly higher in Group 3 MB
compared to Group 4 MB in all three datasets.

Analysis of negative feedback regulators of the IL-6/STAT3 signaling axis such as SOCS1,
SOCS3 and PIAS3 was also carried out. Low PIAS3 and SOCS1 expression in Group 3 MB
correlated with poor survival outcome. Furthermore, Group 3y subtypes associated with poor
outcome also expressed significantly lower PIAS3 and SOCSL. In contrast, SOCS3 expression was
higher in Group 3y. Protein expression analysis of negative feedback regulators in Group 3 MB
cells and their chemoresistant variants will be beneficial to further understand their role. A
summary of key gene expression analyses conducted for Chapter 4 presented as a heat map collated
for MB subgroups and subtypes is presented in Figure 5.3. In conclusion, my analyses of MB
transcriptome datasets unveiled certain correlations of expression of key components involved in

IL-6/STAT3 signaling in Group 3 MB.
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Figure 5.3: Heat map summary depiction of gene expression involved in the IL-6/STAT3
signaling pathway.
The mean values in expression units is plotted with the corresponding scale depicted on the right.

5.2 Significance of study

Transcriptional profiling of MB has led to categorization of four distinct molecular
subgroups that will be instrumental to define risk in the clinical setting. However, therapeutic
intervention linked to the risk stratification have yet to be refined to improve clinical outcomes
and long-term sequelae of patients with more aggressive forms of MB. The conventional treatment

approach is undermined by treatment refractory tumours and frequent occurrence of relapse, with
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high variability in survival outcomes [21,39,40,45,47,52,69,221]. Hence, specific targeted
therapies are currently required to efficiently treat this aggressive malignancy [222]. Importantly,
knowledge of activated signaling pathways in promoting treatment resistance and pathogenesis of
the disease is key to designing novel therapeutic options.

Patients with Group 3 MB have the least overall survival of about 60%. These tumours are
the hardest to treat and are predominantly found in infants and children. Unlike WNT and SHH
subgroups, Group 3 and Group 4 MB do not have a single definitive signaling pathway associated
with tumour progression. My study has identified a prominent cancer survival pathway and its
contribution to development of chemotherapeutic resistance in Group 3 MB. The IL-6/STAT3
signaling cascade is a well-established pathway that has been known to promote tumorigenesis in
several malignancies. Through my findings, | have demonstrated that constant exposure to
stimulatory cytokines secreted by immune cells in the tumour microenvironment contributed to
drug resistance in Group 3 MB cells. | have established a direct correlation between constitutive
activation of STAT3 and drug resistance in Group 3 MB cells. To circumvent chemoresistance, |
targeted individual components of the IL-6/STAT3 signaling axis using loss-of-function
approaches (CRISPR-Cas9 mediated knockouts) or small molecule inhibitors to evaluate their role
in drug resistance. Cytotoxic drugs such as vincristine that is used to treat MB patients in the clinic
was also used in my study to treat Group 3 MB cells. My research has demonstrated the targeting
gp130, JAK1 or STAT3 using inhibitors diminished STAT3 signaling and thereby sensitizing
chemoresistant cells to vincristine treatment. In addition, these inhibitors may be prophylactic to
prevent the development of chemoresistance when given early during the treatment regime. Due
to the high incidence of Group 3 MB particularly in infants and children, using combined treatment

with sub-toxic levels of inhibitors and low dose of cytotoxic drugs could alleviate the post
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treatment burden experienced by most patients, while also improving therapeutic options for

relapsed and chemoresistant tumours.

5.3 Limitations of study

Drug resistance assays was primarily performed using 2-dimensional (2D) monolayer cell
cultures. Although this technique is well established, inexpensive and highly replicable, it is not a
good representative of the tumour cell environment. On the contrary, a 3D cell culture system is
more relevant for pre-clinical screening of anti-cancer drugs. Spheroid 3D culture systems
maintains structural complexity such as cell morphology or polarity. Cellular integrity and cell-
cell interactions are well preserved in spheroid 3D cultures and influence intracellular pathway
signaling [223]. 3D cell cultures also provide for the enrichment of CSC and MB stem cell
populations [224]. In context of MB, enriched stem cell population in Group 3 MB contributes to
increased resistance to treatment [101]. Additionally, SHH MB cell lines grown as spheroid 3D
cultures were found to be significantly chemoresistant compared to monolayer culture system
[225]. Hence, a 3D cell culture system might be a more suitable platform to evaluate drug
resistance. Another major limitation in my study is the absence of healthy neural stem cells (NSCs)
to study the effect of inhibitors and drugs on healthy brain cells. Neural stem cells are self-
renewing, multipotent cells that give rise to cells of the central nervous system during development
[226]. Healthy NSC as control in dose-response curves could be beneficial to understand neural
toxicity, an important aspect to consider for MB that occurs frequently during the early
developmental ages of children.

Although an in vitro setting allows for controlled experiments to study the TME (eg.

microglia and MB interactions), it is not adequate to model the highly dynamic TME of a living
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tumour that contains a plethora of other stimuli, including other immune cells, non-immune cells,
role of the tumour vasculature, and other non-cellular factors such as nutrients, growth factors,
cytokines and chemokines, ECM, oxygen and so on. In this context, an ideal model would be an
immuno-competent murine-based model for MB tumorigenesis. Although transgenic models for
Group 3 MB has been challenging to develop, limited in vivo modeling using immune-incompetent
mice is possible [29]. In this regard, orthotopic CNS engraftment of human MB cells could be
useful to assess their potential to recruit macrophages. Alternatively, overexpression of MYC and
dominant negative forms of TP53 in cerebellar stem cells or granule neuron precursors helped
transform these cells to resemble Group 3 MB in mice [66]. Testing combination treatments
targeting the IL-6/STAT3 signaling cascade in these in vivo model systems will be highly
complementary to purely in vitro models, and represent next steps to further validate the findings
of my research hypotheses.

The brain TME consists of multiple cell types including macrophages, microglia,
astrocytes, lymphocytes, dendritic cells and neutrophils. In this thesis, | have only investigated the
role of microglia and its contribution to chemoresistance in Group 3 MB cells. Microglia were
chosen primarily due to their presence in the brain TME and as a source of IL-6. However, it is
essential to understand the individual roles of these immune cells in the MB TME and their clinical
implications. SHH MB tumours are known to have a rich infiltration of TAMs compared to Group
3 MB, but the latter had higher amount of CD8+ PD-1+ T cells in the TME [113]. Programmed
death 1/programmed death ligand 1 (PD-1/ PD-L1) is an immune checkpoint pathway that is
utilized by tumour cells to evade immune cell targeting. Expression of PD-L1 on cytotoxic T
(CD8) cells reduces T-cell infiltration in the TME and was associated with poor prognosis in MB

patients [114]. Using these immune cells might be a better model to mimic the Group 3 MB TME.
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Additionally, assessment of cytokines secreted by the different immune cells also found in the
TME could help to better understand their contribution to drug resistance in Group 3 MB cells.

In this thesis, a biased approach was used to identify the molecular signatures that
contribute to drug resistance in Group 3 MB. Prior established knowledge of oncogenic pathways
was utilized to design the experimental model systems to investigate drug resistance. Although
this approach is notable from a mechanistic point of view, it fails to provide substantial information
about other molecular alterations and oncogenic events occurring in this disease. However, an
unbiased approach utilizes valuable tools such as high-throughput screening to identify significant
cancer signatures and predict clinical outcome of the disease. A disadvantage of this method is the
high genetic noise and the lack of strong evidence between cause and effect [227,228]. Given the
strengths and caveats of both the approaches, an integrated approach should be used to identify
and validate cancer signatures. The primary purpose for analyzing GEO datasets was to analyze
the transcriptome data for the individual components of IL-6/STAT3 signaling cascade and
provide clinical significance to functional protein data explored in this thesis. Analysis of GEO
datasets did not provide a definite conclusion regarding the gene expression patterns and their
association with outcome for certain genes in my thesis. However, it is to be noted that disease
phenotypes cannot be inferred from genomic alterations alone. Stronger correlative information
between clinical subgroups of MB, in particular for Group 3 MB, await future omics datasets that
include the proteome (total and phospho-proteome expression) to confirm both mRNA and protein
involvement [219]. In addition, single-cell sequencing could be a vital tool to distinguish tumour
heterogeneity, lineages and identify sub-populations. This technology has been able to unravel
specific molecular signatures and provide insights into pathway enrichment pertinent to Group 3

MB [229]. Identification of subgroup specific immune cell infiltration in the MB TME could form
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the basis for in vitro reconstitution studies to evaluate the role of each of these immune cells found
in the MB TME. [113].

Another limitation is that a microglia cell line was used to model one aspect of the immune
cell-MB interaction that may occur within the brain TME to study drug resistance in Group 3 MB.
It is essential to confirm the presence of microglia in the TME of Group 3 MB. Tumour microarray
analysis of clinical biopsy formalin fixed paraffin embedded (FFPE) samples could be useful to
identify immune cell populations enriched in Group 3 MB including microglia. Assessment of
individual components of the IL-6/STAT3 signaling cascade including their expression levels and
activity status (eg phosphorylated JAK or STAT3) in diagnostic and relapsed primary MB samples
by immunohistochemical staining will serve to validate the clinical relevance of immune cell

infiltrates in the MB TME that could modify chemotherapeutic response.

5.4 Future perspectives

Group 3 MB is frequently metastatic at initial diagnosis. | showed that IL-6 conditioned
Group 3 MB cells exhibited enhanced migration and invasion potential. This raises the interesting
possibility if clinically diagnosed metastatic Group 3 MB may already exhibit constitutive IL-
6/JAK/STAT3 activity; genomic and proteomic profiling of Group 3 MB categorized into
metastatic and non-metastatic variants might provide additional valuable insights. A recent study
by Kumar et al., investigated the clinical outcome and compared the molecular signatures of
diagnostic and relapsed MB. This study highlights the need for verifying molecular targets in
relapsed MB prior to deciding the treatment strategy. Divergence in some molecular features was
found in patient-matched diagnostic and relapsed MB, however the subgroup was mostly

preserved. When the gene expression dataset is made publicly available, it will be intriguing to

143



compare the expression of key genes of IL-6/STAT3 signaling pathway in diagnostic and relapsed
MB patients [230]. Experimentally, it would be of interest to examine if other IL-6 family
cytokines, as well as prolonged exposure to TME immune cells including microglia, also facilitate
transformation of Group 3 MB cells into a more invasive phenotype. It would also be of interest
to examine if TME cytokine induced STAT3 signaling leads to increased expression of proteolytic
enzymes commonly implicated in metastasis [231].

In chapter 2, | showed that multi-drug resistance protein (MDR1; also known as ABCB1,
Pgp) was upregulated in multi drug resistant MB cells. MDR1 belongs to the ATP binding cassette
family and acts as a drug efflux transporter to decrease intracellular concentrations of several
drugs. In some types of cancer, overexpression of MDR1 is a marker for treatment refractory
tumour cell population [232]. Overexpression of MDR1 has also been known to promote
chemotherapeutic resistance against a variety of cancer drugs such as taxanes, vinca alkaloids and
anthracyclines [233]. In my thesis, | have demonstrated that Med8A-R and Med8A-IL6+ cells are
resistant to cytotoxic drugs such as vinca alkaloids (vincristine) and anthracyclines (idarubicin and
mitoxantrone). Future studies examining the use of MDRL1 inhibitors alone or in combination with
cytotoxic drugs may be explored to effectively overcome resistance in Group 3 MB cells through
an alternate signaling mechanism.

In addition to IL-6, cytokine array analysis also revealed that HMC3 secreted high levels
of the chemokine, GRO (also known as CXCL1) (Appendix A.8). Furthermore, Med8A-S and IL-
6R™ cells co-cultured with HMC3 also secreted significant levels of GRO (Appendix A.8). GRO
is known to activate STAT3 in an autocrine manner and induce cancer stem like characteristics in
tumour cells [234]. In addition to TAMs and microglia, activation of STAT3 in Th17 cells produce

IL-17A that induces astrocytes to secrete GRO in the brain TME. The presence of GRO in the
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brain TME could play a significant role in the recruitment of neutrophils [235]. Circulating
neutrophils play a role to facilitate metastasis by setting up a pre-metastatic niche for tumour cell
colonization, while intratumoral neutrophils correlate with increased incidence of drug resistance
[103]. Given the high level of GRO secreted by Group 3 MB cells in response to HMC3, it might

be worthy to assess GRO signaling and its contribution to chemoresistance in these cells.

5.5 Closing remarks

MB is the most common pediatric brain malignancy and it is categorized into four distinct
molecular subgroups. Of the subgroups, Group 3 MB patients have the least favourable outcome
and frequent recurrence of disease. Acquired treatment resistance is a common feature of recurrent
tumours that is usually treated with an intensive regimen of chemotherapy. Due to the occurrence
of Group 3 MB predominantly in infants and young children, these aggressive treatments often
lead to severe long-term side effects for survivors. Unlike WNT and SHH MB, Group 3 MB does
not have a defined signaling pathway contributing to the pathogenesis of the disease. In search of
a potentially targetable signaling pathway, | investigated the role of IL-6/STAT3 signaling and its
contribution to chemoresistance in Group 3 MB cells. To study chemoresistance, | developed two
unique model systems to assess gain-of-function and loss-of-function of critical genes in the IL-
6/STAT3 signaling pathway. My research findings demonstrated that an autocrine signaling
mechanism involving IL-6 was crucial for sustained signaling and subsequent development of
chemotherapeutic resistance. Additionally, stimulatory cytokines secreted by certain cells in the
brain TME initiated paracrine signaling with Group 3 MB cells and promoted chemoresistance in
Group 3 MB. Overall, | demonstrated that acquired chemoresistance in Group 3 MB cells can be

initiated by the IL-6/STATS3 signaling cascade. As a novel and potentially improved treatment
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approach, | demonstrated that targeting individual components of IL-6/STAT3 signaling axis such
as JAK, gp130 or STAT3 using inhibitors at sub toxic doses in combination with a conventional
cytotoxic agent circumvented acquired chemoresistance in Group 3 MB cells. In the future, this
treatment regimen could possibly be used in the clinic to treat treatment refractory Group 3 MB

tumours and lower the chemotherapeutic burden on pediatric patients.
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Appendix A

Al
Med8A-S Med8A-R (8) Med8A-R (16) Med8A-R (20)
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IL-6 stimulation of STAT3 expression in Med8A-S and Med8A-R variants. The indicated cells
were untreated or treated with 1 ng/mL and 5 IL-6 ng/mL for 15 mins and lysates immunoblotted
for pY705-STATS3, total STAT3 and GAPDH. As shown is representative of 3 independent

replicates.
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Concentration and time optimization for IL-6 stimulation. Med8A-R cells were untreated or
treated with varying concentration of IL-6 for different time points (mentioned in the figure) and
lysates immunoblotted for pY705-STATS3, total STAT3 and GAPDH. As shown is representative

of 3 independent replicates.
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IL-6 stimulation of c-Myc expression. (A) The indicated cells were untreated or treated with 10
ng/mL IL-6 for 15 mins and lysates immunoblotted for pY705-STATS3, total STAT3, c-Myc and
GAPDH. As shown is representative of 3 independent replicates. (B) Quantitation of c-Myc over
GAPDH, reflected as fold change, from the data shown in A (Mean +/- SD, one-way ANOVA
with Bonferroni’s post-test).
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E2F3 mRNA expression. QPCR for IL6R mRNA expression. Error bars represent mean + SD
(n=3); **p<0.01, **¥*<0.001, two tailed unpaired t-test.
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A5

TCCTGGGAGA GATTG AG CAGTATAGCC GCTTCCTGCA AGAGTCGAAT GTTCTCTATC

T m\m A Aol s (g

/.
MedSA(-zlrzliTATs TCCTGGGAGA GATTGA CKi-------+- oot AGAGTCGAAT GTTCTCTATC
Allele #1 ““q T “I . M 17 bp deletion ? \
TCCTGGGAGA GATTGA . -zz o GTAT AGCCGCTTICC TGCAAGAGTC GAATGTTCTC

Med8A-R STAT3™ TCCTGGGAGA GATTGACCAG CKATACGTAT AGCCGCTTCC TGCAAGAGTC GAATGTTCTC

Alﬁii)#z MM“n W\ W N Q ﬂﬂ n ‘ 7 ﬂ .

4 bp insertion

TCTAGAT- TGTGGTTATA TCAGTCCCGA ATCTCCAGTT GTACAACTTC

Med8A-S j F f“n’\? T i ?,. n?ff Tf\,fff nf\ ’\ f H?T

TCTAGAT- ----------- “T=GTCCCGA ATCTCCAGTT GTACAACTTC

Med8A-S gp130-

2.2A Qf : : 11 bp deletion

Med8A-S ATCTATAGGT GACTTCTAGA TCCATGTGGT TATATCAGTC CCGAATCTCC
ATCTATAGGT GA»- ATG TATATCAGTC CCGAATCTCC
Med8A-S gp130-- ; PAM
21E 11 bp deletion
N ; gRNA

Sequencing of STAT3 and gp130 CRISPR clones: Sequencing of the Med8A-R and STAT3™
cells revealed a heterozygous indel within the second coding exon of STAT3 at the gRNA targeted
site. The 2nd coding exon of gp130 was similarly targeted using CRISPR-Cas9 in Med8A-S cells.
As shown is the sequencing alignment for a two homozygous deletion in gp1307 clones (JQRNA
underlined, PAM motif highlighted in orange).
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Phosphorylation of JAK2 and TYK2 expression. The indicated cells were co-cultured with
HMC3 cells or conditioned with 1L-6 for 2 weeks and weaned off for two weeks prior to
harvesting lysates. (A) Immunoblotted for pJAK2, JAK2, pY705-STATS3, total STAT3. B)
Immunoblotted for pTyk2, Tyk2, pY705-STATS3, total STATS3.

pTyk2

Tyk2

A7
[ Med8A-S
ol - R

6000001 | | B Med8A-IL6+
il

4000004
200000+
0 T
te)
5"
©
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Optimization for sub toxic dose of ruxolitinib. Med8A-S, IL-6R”", and Med8A-S-1L-6+ cells
were treated with ruxolitinib alone at the indicated concentrations for 48 h and cell viability
assessed with CTB. As plotted is the mean=+SD of three replicates; ***p <0.001, two-way
ANOVA with bonferroni multiple comparison test. (**Significance are compared between 0 and
other concentrations within each cell line).
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A.8

HMC3 and Med8A cells secrete GRO.

Analyses for secreted GRO in culture supernatant of the indicated cells and co-culture
combination. As plotted is the mean + SD of three replicates; ***p <0.001, **<0.01, *<0.05, two-
way ANOVA with Tukey’s multiple comparison test.
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Irradiation Dose

Med8A-R cells exhibit resistance to irradiation.

Med8A-S and Med8A-R cells were plated at an initial seeding density of 2.5 x 10° cells per well
in triplicates and subjected to 5 Gy and 10 Gy radiation. These cells were incubated at 37° C for
72 hours before performing Annexin V apoptosis assay.
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Appendix B

B.1

Table: List of antibodies/kits used in the thesis.

Antibody Catalog # Application Company
pY705-STAT3 9145 Western blot Cell Signaling
pS727-STAT3 9134 Western blot Cell Signaling
STAT3 9139 Western blot Cell Signaling
PAKT (S473) 4060 Western blot Cell Signaling
pAKT (T308) 2965 Western blot Cell Signaling
BAD sc-8044 Western blot Santa Cruz
BCL-xL 2764 Western blot Cell Signaling
MCL1 sc-819 Western blot Santa Cruz
SOCS3 52113 Western blot Cell Signaling
pPERK1/2 4695 Western blot Cell Signaling
MDR1 12273 Western blot Cell Signaling
GAPDH 631402 Western blot Biolegend
c-MYC 13987 Western blot Cell signaling
pJAK1 74129 Western blot Cell signaling
pJAK2 8082 Western blot Cell signaling
pTYK2 68790 Western blot Cell signaling
JAK1 3344 Western blot Cell signaling
JAK?2 3230 Western blot Cell signaling
TYK2 14193 Western blot Cell signaling
IL-6Ra 352802 Flow cytometry R&D systems
IL-6 Z03034 Recombinant Genscript
cytokine
LIF 202681 Recombinant Genscript
cytokine
IL-11 Z03108 Recombinant Genscript
cytokine
OSM Z03132 Recombinant Genscript
cytokine
LIFRa BS-1458R Flow cytometry Bios USA
IL-11Ra 10264-1-AP Flow cytometry Thermo Fisher
OSMRp 17-1303-42 Flow cytometry Thermo Fisher
IL-6 362006 ELISA Biolegend
Gp130 362005 Flow cytometry Biolegend
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