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Lay abstract:

Medulloblastoma is the most common type of brain cancer that affects children. Out of the
four main subgroups of medulloblastoma, tumors in Groups 3 and 4 are the most aggressive
and are associated with a low overall survival in children diagnosed with this type of brain
cancer. These two subtypes of medulloblastoma also account for the largest number of
patients in which gold standard therapies fail and no additional therapies are available.
Several studies have shown the existence of few cells within the tumor that alone can drive
tumor growth. The aggressive behavior of these cells has in part been attributed to
dysregulation of genes involved in cell replication and division. Further studies that will
focus on understanding the significance of genes that regulate cell growth and replication
can help discover a population of cells that is capable of evading therapy and contribute to
tumor relapse. The identification and characterization of such population can lead to
development of novel treatments for the children affected with aggressive
medulloblastoma. In my thesis, I have developed a mouse model that replicates the
aggressive therapy given to the medulloblastoma patients in order to study cells capable of
escaping the harsh treatment and drive tumor comeback. Next, by profiling the gene
expression and functional attributes of those cells, we identified genes that contribute to
regulation of cell division and growth. The effects of both increasing and decreasing the
activity of those genes were then tested in cells grown in the dish. Subsequently, the most
promising results were verified in the established mouse models. The main objective of my

thesis was to discover new opportunities in treatments the most aggressive type of brain

il



cancer affecting children, and thus not only improve the quality of treatment but also the

overall survival of patients with medulloblastoma.
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Abstract:

Medulloblastoma (MB) is the most common malignant pediatric brain tumor. Out of the
four molecular subgroups (WNT, SHH, Group 3 and Group 4), Group 3 patients face the
highest incidence of leptomeningeal spread and overall patient survival of less than 50%.
Current clinical trials for recurrent MB patients based on genomic profiles of primary,
treatment-naive tumors, provide limited clinical benefit since recurrent metastatic MBs are
highly genetically divergent from their primary tumors. The paucity of patient matched
primary and recurrent MB samples has contributed to the lack of molecular targets specific
to medulloblastoma recurrence, limiting relapsing MB patients to palliation. Our previous
in silico analyses revealed enriched expression of many stem cell self-renewal regulatory

genes in Group 3 MB.

In this work, I have set out to investigate whether by identifying genes contributing to self-
renewal of Group 3 MB cells, we can characterize a population of cells responsible for
therapy evasion and subsequent tumor relapse. Initially, we have adapted the existing
COG (Children’s Oncology Group) protocol for children with newly diagnosed high-risk
MB for treatment of immuno-deficient mice intracranially xenografted with human MB
cells. Cell populations recovered separately from brains and spines mice during the course
of tumor development and therapy were comprehensively profiled for gene expression
analysis, stem cell and molecular features to generate a global, comparative profile of MB
cells through therapy. Additionally, we have investigated therapeutic potential of small

molecules targeting BMI1, a known self-renewal regulating gene. In the setting of recurrent



Group 3 MB, pharmacological inhibition of BMI1, led to a remarkable decrease in cell
proliferation and self-renewal in vitro as well as reduction of local and spinal metastatic
disease in vivo. Finally, by combining the established therapy-adapted patient-derived
xenograft mouse model and BMI1 inhibitor, PTC-596, we have demonstrated an additive

effect of two modalities and provided the pre-clinical data for the upcoming Phase I trial.

Biological investigations into the drivers of MB recurrence will lead to development of
new therapeutic options for children who are frequently limited to palliation. Clinically
relevant mouse models of MB recurrence can serve as platforms for pre-clinical testing and
validation of new treatments aimed to provide therapeutic intervention rather than

palliation.
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Chapter 1: Introduction

1.1 Epidemiology

Following leukemia, central nervous system (CNS) tumors are the second most common
pediatric malignancy, and remain the leading cause of cancer-related mortality in pediatric
oncology(Taylor et al., 2012). Originating in the cerebellar region of the brain,
medulloblastoma (MB) represents the most common malignant pediatric brain tumor.
Although the overall incidence of MB has declined to 4.82 cases per 1,000,000
people(Johnston et al., 2014), it still represents 60% of childhood intracranial embryonal
tumors. A small number of population-based studies have highlighted the fairly uniform
levels of MB incidence across geographical regions and ethnicities(Ezzat et al., 2016).The
median age of diagnosis of pediatric medulloblastoma is at ~6 years of age, with an overall

male-to-female ratio of 1.8:1(Khanna et al., 2017).

1.2 Diagnosis, histology and risk stratification

The diagnosis of MB is based on clinical symptoms, brain and spine imaging, cerebrospinal
fluid cytology, molecular and histopathological analysis. The multimodal standard-of-care
(SoC) therapy for MB consists of surgical resection, chemotherapy and radiation for non-
infant patients (over the age of 3 years). To distinguish MB from other radiographically
similar brain tumors, the biological specimen obtained during surgical resection is used for
histopathological and molecular analysis. Current histopathological stratification of MB
includes five subtypes: (i) Classic MB, (ii) desmoplastic/nodular MB (D/N), (iii)) MB with

extensive nodularity (MBEN), (iv) large cells MB (LC), and (v) anaplastic (A) MB(Ellison,
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2010). Although the differences in histological and cytogenetic characteristics between
subtypes have addressed the issue of cellular and morphological heterogeneity of the bulk
tumor, they provide very limited prognostic value that can be translated into clinical
settings. The survival rates of MB reach 70-85% in standard-risk patients(Gajjar et al.,
2006; Oyharcabal-Bourden et al., 2005; Packer et al., 2006), who are typically older than 3
years of age, have a gross total tumor resection, and do not present any metastatic lesions
at diagnosis. On the other hand, patients who are younger than 3, have a subtotal resection
and present with metastatic lesions at diagnosis are stratified into the high-risk category
with a five-year OS of less than 70%(Gajjar et al., 2006; Gandola et al., 2009; Jakacki et
al., 2012). Patients with radiological evidence of brain dissemination or spinal metastasis
have been shown to have worse overall prognosis that those who have no evidence of

dissemination(Taylor et al., 2005; Zeltzer et al., 1999)

1.3 Molecular classification of medulloblastoma

Given the limitations of current clinico-pathological parameters to accurately predict
treatment response(Crawford et al., 2007; Gilbertson, 2004; Korshunov et al., 2010),
multiple integrated genomic platforms have been used to characterize the aberrant
expression of signaling pathways in MB. This has re-conceptualized the heterogeneity that
exists within pathological subtypes, and has given context to the role of key stem cell
signaling pathways in MB pathogenesis(Cho et al., 2011b; Kool et al., 2008; Northcott et
al., 2011; Thompson et al., 2006). The unsupervised hierarchical clustering methods of

segregating these data have produced four subgroups, of MB, WNT, SHH, Group 3 and
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Group 4. While WNT and SHH MBs are characterized by upregulation of genes in the Wnt
and Sonic hedgehog (Shh) pathways, respectively(Fattet et al., 2009; Kool et al., 2008;
Northceott et al., 2011; Taylor et al., 2012; Thompson et al., 2006), little is known about the
underlying pathways driving Group 3 and 4 MB pathogenesis. In contrast to WNT and
SHH MBs, Group 3 and 4 MBs are associated with metastatic disease and poor patient
outcome(Cavalli et al., 2017; Schwalbe et al., 2017). These aggressive MBs, which have
been collectively labeled as “non-Shh/Wnt” subgroups(Ellison, 2010), remain refractory to
current treatment modalities. Furthermore, recent genomic meta-analyses have revealed
evidence for the existence of subtypes within Group 3 and 4 MBs, now labeled as 3a, 33,
4a and 4f, each with distinct gene mutations and transcriptome profiles(Cavalli et al.,
2017). Furthermore, genetic alterations unique to each MB subtype that can influence
histone modification, DNA methylation and subsequent chromatin remodeling were shown
to impact the underlying gene expression profile(Northcott et al., 2012a). In non-Wnt/Shh
MB, the undifferentiated phenotype is preserved by the increase in histone 3 lysine 27
trimethylation (H3K27me3) and decrease in histone 3 lysine 4 trimethylation
(H3K4me3)(Alimova et al., 2012; Dubuc et al., 2013; Robinson et al., 2012). Molecular
subgroups of MBs further differ in the prevalence of metastatic disease. While metastatic
dissemination is observed in 10% of WNT and 20% of SHH tumors, it is more common in
Group 3 (45%) and Group 4 (30%) MBs(Cho et al., 2011b; Kool et al., 2008; Northcott et
al., 2011; Pomeroy et al., 2002; Shih et al., 2014). Genetic studies on metastatic samples
have shown the preservation of subgroup affiliations(Wang et al., 2015), and provided

evidence of increased genetic divergence between primary and metastatic compartments
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through the course of disease progression(Morrissy et al., 2016; Wu et al., 2012). Clinically,
metastatic dissemination presents a significant challenge as over 50% of Group 4 patients
are presented with metastasis at the time of relapse, while Group 3 patients are frequently
presented with unresectable tumor nodules on the leptomeninges at
presentation(Ramaswamy et al., 2013). The paucity of both human samples and mouse
models able to recapitulate metastatic disease has contributed to the lack of molecular

targets, and remain to be an area of active investigation.

1.4 Recurrent MB

Relapse still remains the single most adverse event in MB progression. Despite the
advances of multimodal therapies, current treatment schemes fail to cure 25-40% of SHH,
Group 3 and Group 4 patients(Shih et al., 2014). The studies on recurrent MB have been
hindered by the low incidence of the disease and the lack of standardized treatment
regimens across institutions(Dunkel et al., 1998; Fouladi et al., 2006; Gajjar et al., 2006;
Pizer et al., 2011). For the last three decades, relapsing patients have been treated with
either salvage therapy or high dose chemotherapy (HDCT) followed by autologous
hematopoetic stem cell rescue (ASCR). Although combination of HDCT-ASCR led to
disease free survival of over 3 years in almost 10% of relapsing patients, the responding
patients were almost uniformly radiotherapy-naive(Gururangan et al., 2008; Shih et al.,
2008). The long term benefit of HDCT-ASCR is still unclear in patients over the age of 3
and who have been treated with radiation(Gajjar et al., 2006; Gururangan et al., 2008; Pizer

etal., 2011; Shih et al., 2008; Zeltzer et al., 1999). Since the harsh treatment has been shown
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to negatively affect the neurocognitive development in children(Mulhern et al., 2005;
Packer et al., 2006; Ribi et al., 2005), future studies should focus on identification of novel
targeted approaches to work in combination with the current gold-standard therapies.
Unlike the subgroup plasticity observed in high-grade gliomas in response to
therapy(Pietsch et al., 2014; Sottoriva et al., 2013), subgroup affiliation of MB remains
stable at relapse(Ramaswamy et al., 2013), further supporting the distinct cell of origin of
each MB subtype. This in turn is suggestive that understanding molecular mechanisms for
each subgroup would be essential in designing targeted therapies. A study profiling 23
patient matched primary and recurrent samples revealed a consistent upregulation of MYC
genes and mutations in 7P53 driving recurrence of SHH tumors(Zhukova et al., 2013).
However, the paucity of patient MB samples collected at relapse has hindered the
functional understanding of molecular mechanisms driving therapy failure in Group 3 and
4 MB, subgroups with the highest rates of recurrence. The matter is further complicated by
the fact that patients with Group 3 and 4 MB present with inoperable metastatic spread at

recurrence unlike the local recurrences observed in SHH patients(Ramaswamy et al., 2013).

1.5 Developmental origins of MB

Mounting experimental evidence has contributed to the notion that each MB subgroup
arises from a distinct progenitor population in the course of normal development. The
genetic and epigenetic alterations acquired in the process of transformation in turn
contribute to the tumors identity and clinical outcome. The gene expression profile of WNT

tumors resembles closely the transcriptional profile of dorsal brain stem
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progenitors(Gibson et al., 2010), while SHH tumors are derived from the granule neuron
precursor cells (GNCPs)(Schuller et al., 2008; Wechsler-Reya and Scott, 1999; Wefers et
al., 2014; Yang et al., 2008). Although, cell of origin remains to be experimentally
elucidated for Group 3 and Group 4 tumors, the alterations in stem cell maintenance,
differential and neurogenesis pathways suggest an early neural stem cell as a potential cell

of origin(Perreault et al., 2014; Wefers et al., 2014).

1.6 Cancer stem cell (CSC) hypothesis

Although the term “stem cell” received its current definition in the late 1800s(Ramalho-
Santos and Willenbring, 2007) it was not until the seminal work by Dr. James Till, Dr.
Ernest McCulloch and colleagues in the 1960s that provided first definitive evidence of
adult stem cells(McCulloch et al., 1965; Siminovitch et al., 1963; Till and McCulloch,
1961). Through their adaptation of an in vivo spleen colony formation assay, where donor
bone marrow cells (BMCs) were transplanted into a pre-irradiated recipient animal
following the qualitative and quantitative analysis of colonies formed on the host’s spleen,
they were able to functionally describe and characterize adult stem cells. They first alluded
to the fact that stem cell studies must be based on functional assays and defined the
following properties of the cells capable of forming colonies in the recipient: (i) extensive
proliferative capacity; (ii) giving rise to cells capable of differentiation and (iii) ability to
self-renew. Following their work, adult stem cells have been shown to be present in blood,
skin and small intestines, all three associated with a high cell turnover and putative rare
population of cells responsible for generating differentiated cells. In a review by Potten and

Loeftler, an updated functional definition of stem cells was proposed as undifferentiated
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cells with (i) extensive proliferation capacity; (ii) ability to self-renew; (iii) potential to
produce differentiated functional progenitors; (iv) ability to regenerate tissue post injury
and (v) flexibility in the use of those abilities(Potten and Loeffler, 1990). Interestingly, the
existence of adult stem cells was thought to be limited to tissues with inherently high
turnover rates up until early 1990s. However, with the development of increasingly
enhanced culturing techniques, adult stem cells were discovered in more static tissues
including breast(Al-Hajj et al., 2003), brain(Reynolds and Weiss, 1992) and lungs(Kajstura

etal., 2011).

1.5.1 Conceptualization of CSCs
Following an observation of phenotypic similarities between embryonic and cancer cells
by Joseph Claude Anselme Recamier and Robert Remak in mid-1800s, the first putative
notion of stem cells having the ability to give rise to cancers was postulated, termed
embryonal rest theory of cancer. Formalized by Franco Durante and Julius Cohnheim the
embryonal rest theory of cancer suggests that a small collection of persistent,
undifferentiated embryonic tissue was the key to cancer initiation(Cohnheim, 1875). In the
later half of the 19™ century, the de-differentiation theory of cancer was brought into focus,
acting as a substitute for the embryonal rest theory of cancer(Rippert, 1904). Unlike the
embryonal rest theory, the dedifferentiation theory proposed that changes in the mature
cells give rise to cancer due to the comparative properties of differentiated and cancer cells.
A strong support for de-differentiation theory came from the observation made by Rudolf
Virchow, who proposed that embryonic tissue in teratocarcinoma arose from chronic

inflammation of connective tissue(Virchow, 1863). Other studies in the early 1900s
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suggesting that cancers could be caused by chemicals, infectious parasites, and loss of
inhibitory influences of the body on tissues, were considered supporting of the de-
differentiation hypothesis(Paget, 1853; Rippert, 1904). It was not until 1980s when the role
of stem cells in cancer was brought back into the spot light through studies of

teratocarcinoma and leukemia.

1.5.2 Teratocarcinoma
Teratocarcinomas are malignant cancers originating from germinal cells. During the
analysis of cellular composition of teratocarcinomas, Barry Pierce and colleagues have
demonstrated the similarities in the cellular composition between the malignant and normal
tissue, as both contained differentiated cells, progenitor cells and stem cells. Although over
90% of cells comprising teratocarcinomas were differentiated cells, the malignant cells
were exclusively found in structures resembling early embryoid bodies(Pierce and Dixon,
1959). More importantly, it was later demonstrated that it was the cells found in embryoid
bodies that had the potential to be propagated in vitro and ability to initiate tumors upon
transplantation(Illmensee, 1978; Mintz and Illmensee, 1975) Further experiments by Leroy
Stevens demonstrated that teratocarcinomas could arise from normal cells including early
mouse embryo cells and testicular germ cells when transplanted from their natural site into
abnormal tissues(Stevens, 1970). In the complementary experiments by Mintz and
Illmensee, they found that when the stem cells isolated from teratocarcinomas were injected
into the blastocyst of a normally developing embryo, they were able to give rise to normal
tissue(Stevens, 1964). Together the studies on teratocarcinomas have contributed to the

notion of malignant tissue having similar cellular hierarchy as normal tissue but that
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tumours were arising from maturation arrest of the stem cells found in normal tissues and
not by dedifferentiation. Although originally thought to be limited to teratocarcinomas,
conceptualization of stem cell driven tumorigenesis was further developed from studies

done on leukemia.

1.5.3 Identification of CSCs in brain tumors
It has been suggested that cancer stem cells (CSCs) are endowed with conventional
chemotherapy and radiation resistance, along with tumor-initiating and metastatic
properties that are correlative with increased tumor recurrence and poor clinical
outcome(Allen and Weiss, 2010). In stark contrast, non-CSCs are thought to be therapy-
sensitive and lack any self-renewal capacity(Nguyen et al., 2012). Studies involving human
acute myeloid leukemia (AML) by Bonnet and Dick in 1997 provided the first compelling
evidence of the existence of CSCs(Bonnet and Dick, 1997). The existence of CSCs in solid
tumors was reported in 2003 by Al Hajj who demonstrated the presence of CSCs in breast
cancer(Al-Hajj et al., 2003). Currently, CSCs have been proven to exist in various solid
tumors including colon, lung, prostate, pancreatic, brain, head and neck and liver among
others. Current anti-cancer therapies have a tendency to kill bulk tumor, rather than
specifically target the intrinsically resistant CSCs that proliferate following completion of
standard therapies. Interestingly, experiments with lung cancer cells have suggested that
lung-CSCs rely on both symmetric and asymmetric cellular division, whereas non-CSCs
undergo symmetric division(Serrano et al., 2011). With symmetric cell division, each CSC
generates either two CSC progeny or two differentiated cells. Conversely, asymmetric

division involves each CSC producing a differentiated progeny, along with a CSC. Despite
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their reliance on both types of cellular division, CSCs employ symmetric division
particularly when subjected to cellular stress, such as chemotherapy(Liu et al., 2013), thus
increasing the number of highly proliferative cells capable of repopulating the bulk tumor.
Whether tumors emerge from de-differentiation of a normal cell, or rather a transformation
event of a normal stem cell or progenitor cell is largely elusive to researchers in the field.
With significant tumor heterogeneity, a multipotent cell of origin is highly plausible,
particularly due to the presence of several lineage phenotypes with distinct gene expression
profiles and cell surface markers. Whether a CSC originates from a transformed stem cell
or a de-differentiated, a more profound, functional definition of a cancer stem cell allows

for a more accurate description of their role in driving tumour progression.

The discovery of brain tumor stem cells was made on the heels of work in breast cancer(Al-
Hajj et al., 2003) and brain tumors were among the first solid tumors in which cells
responsible for tumor initiation were identified(Singh et al., 2004). Since the identification
of normal neural stem cells (NSC) in mice and humans(Reynolds and Weiss, 1992), several
groups focused on whether NSC enrichment conditions could be used to identify a similar
population in brain tumors. Hence, human brain tumors were grown in serum-free media
with neural specific growth factors, which led to the identification of small cell populations
with clonogenic, self-renewing and multi-lineage differentiation potential(Galli et al.,
2004; Hemmati et al., 2003; Ignatova et al., 2002; Singh et al., 2004). Utilizing prospective
cell sorting through magnetic beads or fluorophore conjugated antibodies, CD133 was the

first protein that marked a cancer stem cell-like population in both pediatric and adult brain
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tumors(Singh et al., 2003) CD133" brain tumor cells gave rise to self-renewing colonies
(termed neurospheres) in vitro and carried higher tumorigenic potential than CD133" cells
when engrafted intracranially in immune-deficient mice. Tumors derived from CD133"
cells were heterogeneous and a phenocopy of the patient’s original tumor, suggesting the
presence of cellular hierarchy originating from CD133" cell fraction(Singh et al., 2004). In
efforts to further characterize brain tumor stem cells, additional markers such as
CD15(Read et al., 2009; Son et al., 2009; Ward et al., 2009), integrin alpha 6(Lathia et al.,
2010), LICAM(Bao et al., 2008), ephrin family of receptors (EphA2, EphA3,
EphB2)(Binda et al., 2012; Day et al., 2013; Nakada et al., 2010), as well as neural
stem/precursor markers such as Nestin, Sox2(Alonso et al., 2011; Vanner et al., 2014),
BMII(Hemmati et al., 2003) and Notch were subsequently identified. Although further
characterization and purification of the brain tumor stem cell compartment is required,
current knowledge already suggests that brain tumor stem cells play an important role in
not only tumor initiation, but also tumor maintenance and therapy resistance. In the adult
malignant brain tumor, glioblastoma, the brain tumor stem cells seem to be localized to the
perivascular niche, allowing these cell populations to maintain tumor growth through
access to the host vasculature. More significantly, brain tumor stem cells, marked especially
by the expression of CD133, have been demonstrated to be resistant to radiation(Bao et al.,
2006) and chemotherapy(Beier et al., 2012). Hence, brain tumor stem cells can then also
be seen as the source of therapy resistance and disease relapse observed in malignant brain
tumors. The collective role that brain tumor stem cells have been shown to play in initiating

and maintaining the tumor and allowing the tumor to escape therapy makes them a
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significant biological target for therapeutic development, making in vitro and in vivo brain

tumor stem cell models pertinent platforms for future drug discovery.

1.7 Summary of intent

The concept of MB arising from development gone awry, has made it a great candidate to
be studied in the context of cancer stem cell hypothesis. The main idea that was explored
in this thesis is the presence of a small population of CSCs that is able to evade therapy,
maintain tumor growth and drive tumor recurrence” . Although, tumor initiating cells

241744 the failure of

have been isolated from the newly diagnosed, treatment-naive tumors
therapy is indicative of the ability of CSCs to undergo clonal evolution in response to
therapy. Thus, further understanding of the dynamic nature of CSCs in response to therapy
is necessary for the development of new targeted therapies. The inherently increased self-
renewal potential of CSCs has identified genes and pathways driving this phenotypic
attribute as promising targets for therapeutic intervention. We hypothesize that a subset
of genes regulating self-renewal may identify the treatment refractory population of
MB cells that are causative of tumor relapse and can provide potential therapeutic
targets for patients diagnosed with Group 3 MB. Our specific experimental aims are
designed to determine the nature of treatment refractory MB CSCs as well as further
elucidating role of genes regulating self-renewal in MB pathogenesis.

i.  To establish a therapy-adapted patient derived xenograft mouse model of

Group 3 MB. (Chapter 2)

12



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

ii.  To investigate whether genes responsible for stem cell self-renewal are
identifying the treatment refractory cell population and are driving tumor
relapse. (Chapter 2)

iii.  To investigate the therapeutic potential of targeting a key self-renewal

regulator, BMI1, in the context of recurrent Group 3 MB. (Chapter 4)

Collectively, the work of this thesis has provided insights into molecular mechanisms

driving MB relapse, as well as pre-clinical data suggestive of therapeutic value of targeting

genes governing self-renewal in Group 3 MB.
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Chapter 2: Stem cell longevity factor BPIFB4 is a driver of medulloblastoma
recurrence

This chapter is an original article that is currently in submission to Nature.

Bakhshinyan, D., A.A. Adile, C. Venugopal, J. Liu, M. Singh, N. McFarlane, M.K.
Subapanditha, M.A. Qazi, P. Vora, M. Kameda-Smith, N. Savage, K.L.. Desmond, N.
Tatari, D. Tran, M. Seyfrid, K. Hope, N.A. Bock, G. Bader, S.K. Singh (2019). “Stem

cell longevity factor BPIFB4 is a driver of medulloblastoma recurrence.” Nature

This work represents the primary focus of my PhD thesis. To overcome the paucity of MB
samples collected at relapse, we set out to develop a patient-derived xenograft (PDX)
mouse-adapted therapy model. In addition to having a distinct advantage of generating
human, treatment-refractory MB recurrence for each patient profiled, this model allowed
for comprehensive and dynamic profiling of MB cells through functional stem cell and self-
renewal assays. However, the biggest novelty of this work lies in its potential to identify
drivers of MB progression as cells undergo therapy. Comparative gene expression analysis
of MB cells collected throughout therapy revealed upregulation at relapse of a gene never
before characterized in the setting of cancer, BPIFB4. Despite the absence of modalities
capable of targeting BPIFB4 itself, a small molecule inhibitor targeting endothelial nitric
oxide synthase (eNOS), a downstream substrate of BPIFB4, impeded the growth of several
MB patient-derived lines at low nanomolar concentrations. The development of a model

that can recapitulate both disease progression and its response to therapy holds great

14



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

promise to mitigate the rarity of matched primary and recurrent MB samples and guide the

development of next-generation targeted therapeutic agents.
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Medulloblastoma (MB) represents one of the leading causes of morbidity and
mortality in childhood cancer. Over the past decade, genomic profiling of primary
MB characterized molecular heterogeneity within MB cohorts and led to subsequent
stratification of MB into four consensus subgroups, each distinct in prognosis and
predicted therapeutic response(Cavalli et al., 2017; Schwalbe et al., 2017). However,
virtually all MB patients who relapse after conventional therapy succumb to their
disease, irrespective of subgroup. The paucity of MB samples collected at relapse has
hindered the functional understanding of molecular mechanisms that drive therapy
failure. In this study, we developed a patient-derived xenograft (PDX) mouse-adapted
therapy model that has a distinct advantage of generating human, treatment-
refractory MB recurrence. This model allowed for comprehensive and dynamic
profiling of MB cells at engraftment, after radiation, after chemoradiotherapy and at
relapse, through functional stem cell self-renewal assays and transcriptomic analysis.
Comparative gene expression analysis of MB cells collected throughout therapy
revealed highly significant upregulation at relapse of a gene never before
characterized in the setting of cancer, bactericidal/permeability-increasing fold-
containing-family-B-member-4 (BPIFB4). shRNA-mediated knockdown of BPIFB4
led to markedly decreased proliferation, self-renewal and longevity of MB cells, as
well as extended survival and reduced tumor burden in vivo. Furthermore, a small
molecule inhibitor targeting endothelial nitric oxide synthase (eNOS), a downstream
substrate of BPIFB4(Villa et al., 2015), impeded the growth of several MB patient-

derived lines at low nanomolar concentrations. For the first time, we describe the role

17



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

of BPIFB4 as a potent regulator of self-renewal and specific driver of MB relapse. The
development of a model that recapitulates both disease progression and its response
to therapy holds great promise to mitigate the rarity of matched primary and
recurrent MB samples and guide the development of next-generation targeted
therapeutic agents.

Of the four core medulloblastoma (MB) subgroups, patients with Group 3
medulloblastoma (G3 MB) experience the highest frequency of metastatic dissemination
(~45%) and subsequently the worst clinical prognosis(Ramaswamy et al., 2013). Although
5-year overall survival for standard risk MB has reached 70-80%, tumor recurrence still
remains the most adverse event in MB pathogenesis. Only 6% of relapsed patients have an
overall survival (OS) exceeding 5 years, with standard clinical care focusing on palliation
rather than therapeutic intervention.

The clonal evolution of tumor cells in response to conventional cytotoxic therapies
has become one of the biggest hurdles in designing therapies for patients with tumor
recurrence(Greaves and Maley, 2012; Morrissy et al., 2016). As majority of the studies
focus on MB at diagnosis, understanding of MB at recurrence remains limited. Our novel
patient-derived xenograft (PDX) mouse-adapted therapy model incorporates radio and
chemotherapy, the two treatment modalities that exert selective pressure to mimic the
clonal evolution of MB in patients (Fig. 1a). Mice xenografted with representative primary
human G3 MB lines HD-MBO03 and D425 were treated with craniospinal irradiation and a
combination of chemotherapy drugs administered to pediatric MB patients, which consists

of cisplatin, vincristine and cyclophosphamide. Following treatment, xenografted mice
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demonstrated an initial response to treatment as indicated by reduced local and metastatic
tumor burden (Fig. 1b, c; Supplementary Fig. la-c). Although, the combined therapy
regimen improved the overall survival in both HD-MBO03 and D425 cohorts (n=8) by 19
and 8.5 days respectively, all treated mice succumbed to subsequent tumor recurrence (Fig.
1d; Supplementary Fig. 1d). Most intriguing was the continual increase in phenotypic traits
of proliferation and self-renewal, through the stages of therapy in human MB cells isolated
from both local (brains) and metastatic (spines) compartments (Fig. le-h; Supplementary
Fig. 1e-h). Since the ability of a cancer cell to undergo self-renewal is one of the key pillars
of the cancer stem cell (CSC) hypothesis(Greaves and Maley, 2012), we performed a
limiting dilution assay to identify any changes in the frequency of self-renewing cells in
samples isolated from brains and spines at each stage of therapy. A major increase in
incidence of self-renewing cells was observed in samples extracted from brains (HD-
MBO03: 1/132 at engraftment and 1/37 at relapse), compared to a more modest increase in
frequency of self-renewing cells isolated from spines (HD-MBO03: 1/147 at engraftment and
1/100 at relapse). This data suggests self-renewal is not a phenotypic trait required by cells
with the potential for leptomeningeal metastasis (Fig. 1i, j; Supplementary Fig. 1i, j),
further highlighting the bicompartmental nature of the disease(Wu et al., 2012) and the
need for development of therapies specific to metastatic cells. Studies profiling CSCs have
shown increased resistance to chemoradiotherapy(Bao et al., 2006; Nakai et al., 2009) when
compared to more differentiated tumor cells. To ensure that our model was able to select
for the cells capable of evading therapy, we measured the response of MB cells isolated at

relapse to in vitro re-treatment with radiation, cisplatin and vincristine. In all three cases,
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we observed an increased tolerance of cells collected at relapse to each of the treatment
modalities (Fig. 1k-m; Supplementary Fig.1k-m).

The utility of our PDX mouse-adapted therapy model lies in its ability to generate
a comprehensive gene expression comparison between treatment-naive and recurrent MB
to identify driver genes of therapy evasion and subsequent relapse. The initial gene
expression profiling of MB cells isolated from brains and spines (Fig. 2a, b; Supplementary
Fig. 2a, b, 3; Supplementary Table 1) and subsequent pathway analysis (Fig. 2c, d;
Supplementary Fig. 4; Extended Table 1, 2) revealed selective pressures exerted by either
chemotherapy or radiation distinctly alter the underlying pathways driving MB cell growth.
With very few pathways overlapping between each stage of therapy, our model of MB
therapy has for the first time captured the dynamic nature of tumor cells as they are
subjected to radiation and chemotherapy. In accordance with previously published
reports(Hill et al., 2015), pathway analysis revealed upregulation of Myc-target genes in
samples isolated at relapse (Supplementary Fig 2e, f). In addition to validating genes that
have been previously described as modulators of CSCs such as proteins belonging to the
family of Inhibitors of DNA (ID)(Lasorella et al., 2014; Snyder et al., 2013)
(Supplementary Fig 5a-d), our differential expression analysis identified genes yet to be
described in the context of cancer. Most intriguing was the observation of consistently high
degree of overexpression of BPIFB4 in samples collected post-therapy in both datasets
(Supplementary Table 1; Supplementary Fig 3).

To determine the clinical significance of BPIFB4 upregulation at MB recurrence,

we profiled BPIFB4 mRNA expression in a collection of 19 MB samples representing the
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four consensus molecular subtypes (WNT n=4; SHH n=6; Gr3 n=3, Gr4 n=6;
Supplementary Table 4; Supplementary Fig. Se, f). Although there was no correlation
between high levels of BPIFB4 and the more aggressive subtypes of MB, the profiling of
five patient matched primary and recurrent samples revealed a consistent upregulation of
BPIFB4 at relapse (Fig. 3a), further validating our model of MB recurrence. Similar to our
findings in primary MB patient samples, MB cell lines representative of recurrent disease
had higher levels of BPIFB4 mRNA and protein, when compared to their matched
treatment-naive counterparts and healthy human neural stem cells (hNSCs) (Fig. 3b;
Supplementary Fig. 5g). Probing a large dataset of published primary MB samples(Cavalli
et al., 2017) confirmed a lack of significant upregulation of BPIFB4 in G3 MB subgroup
(Supplementary Fig. S5h), patients with higher expression of BPIFB4 mRNA had worse OS
if left untreated (Supplementary Fig. 51). To investigate whether BPIFB4 may contribute
to the aggressive phenotype of MB, we undertook functional studies using two different
shRNAs targeting BPIFB4 in both treatment-naive and recurrent MB cell lines
(Supplementary Fig. 5j). In all five MB cell lines tested, D425, D425-Re, HD-MBO03, HD-
MBO03-Re and SU MBO002, we observed a dramatic decrease in proliferation (Fig. 3¢) and
self-renewal (Fig. 3d). The apparent morphological changes of cells with BPIFB4 KD into
a more differentiated phenotype were validated by an increased expression of neuron-
specific class III B-tubulin (TUJ1), a marker of differentiated neuron(Artero Castro et al.,
2019) (Supplementary Fig. 6a). Since BPIFB4 was first identified as a cell longevity factor,
we tested the effects of BPIFB4 KD on the cell cycle. Interestingly, the reduced

proliferation rate was not attributed to the differential distribution of cells within stages of
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cell cycle (Supplementary Fig. 6b), but instead to an increasingly higher rate of cells
undergoing apoptosis, as indicated by the AnnexinV assay (Fig. 3e). Furthermore, BPIFB4
KD in three recurrent MB lines led to a decreased fraction of self-renewing cells (Fig. 3f)
and eventual abrogation of self-renewal after three passages in vitro (Fig. 3g), further
validating its role in regulating the longevity of MB cells. We next undertook intracranial
xenotransplantation of recurrent MB cells that were stably transduced with BPIFB4 KD
lentivector and evaluated its effects on tumorigenicity. In all three cohorts (D425-Re, HD-
MBO03-Re and SU_MBO002), BPIFB4 inhibition resulted in prolonged survival (Fig. 3h) and
reduced tumor burden in both brains (Fig. 31, Supplementary Fig. 6¢) and spines (Fig. 31,
Supplementary Fig. 6d).

The very small body of existing literature on BPIFB4 suggested its role in the
activation of endothelial nitric oxide synthase (eNOS) and subsequent production of nitric
oxide (NO)(Villa et al., 2015). Profiling cells with NO reporter probe, DAF-FM, we
observed an increased levels of NO in recurrent MB cells when compared to their treatment
naive counterparts (Fig. 4a). Although hNSCs were also observed to have high levels of
endogenous NO, its production is distinctively driven by neuronal nitric oxide synthase
(nNOS)(Bredt et al., 1990). Furthermore, elevated expression of eNOS but not nNOS is a
significant predictor of survival in MB patients (Supplementary Fig. 7a, b). Unlike BPIFB4,
eNOS can be targeted using small molecule inhibitors. Notably, a reversible eNOS
inhibitor, N°(1-Iminoethyl)-L-ornithine (L-NIO), was ineffective in reducing growth of
MB cell lines (Supplementary Fig. 7c¢), while an irreversible inhibitor,

diphenyleneidodonium chloride (DPI), was potent at low nanomolar concentrations (Fig.
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4b). When compared to recurrent MB samples, the inhibitory concentration of DPI was
found to be 3-10-fold higher in hNSCs, providing a therapeutic window for treating patients
at relapse. Functionally, DPI-directed irreversible eNOS inhibition of MB cells showed
reduced levels of endogenous NO in those cells (Supplementary Fig. 7d), with comparable
effects on MB cell proliferation (Fig. 4c) and self-renewal (Fig. 4d) to BPIFB4 inhibition.
As prolonged NO exposure has been linked to chemoradiotherapy resistance(Pervin et al.,
2007), we tested the effects of DPI treatment on sensitization to chemoradiotherapy. DPI
pre-treated HD-MBO03 and HD-MBO03-Re showed a greater response to treatment with
irradiation and a combination of cisplatin and vincristine, when compared to DMSO pre-
treated counterparts. (Fig. 4e). Furthermore, the sensitivity to DPI treatment was higher in
the BPIFB4 KD setting, suggesting an additive effect. (Supplementary Fig. 7e). Our initial
in vitro findings of eNOS targeting were further validated by in vivo administration of DPI
to mice xenografted with recurrent MB, which resulted in prolonged survival (Fig. 4f).
With several ongoing Phase Ib/II clinical trials testing efficacy of competitive NOS
inhibitors in combination with chemotherapy drugs for aggressive solid tumors
(NCT02834403; NCT03236935), we provide evidence for the potential of eNOS inhibitors
as a novel treatment paradigm for patients with recurrent MB.

The data collected from gene expression and functional profiling of human MB
cells undergoing therapy has for the first time characterized the role of a longevity-
associated factor, BPIFB4, in maintaining a stem cell-like state of MB cells. Reduced levels
of BPIFB4 mRNA in recurrent MB cells were sufficient to diminish their aggressiveness

in vitro and in vivo. Furthermore, preliminary studies targeting eNOS using a selective
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small molecule inhibitor lead to increased survival of mice xenografted with recurrent MB.
In combination with functional effects of BPIFB4 KD, the finding of consistent
upregulation of BPIFB4 mRNA levels in all recurrent patient samples profiled and the in
vivo efficacy of a small molecule eNOS inhibitor may suggest the potential for a unique
therapeutic option for patients with MB relapse, irrespective of molecular stratification at

diagnosis.
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ONLINE METHODS:

The experiments were not randomized, and investigators were not blinded to allocation
during experiments and outcome assessment.

Human Medulloblastoma (MB) cell cultures. MB cell lines were cultured in NeuroCult
Complete (NCC) media: NeuroCult™ NS-A Basal Medium supplemented with 50mL
NeuroCult™ Supplement (STEMCELL™ Technologies), 20ng/mL EGF, 10ng/mL FGF,
0.1% heparin and 1% penicillin-streptomycin for a minimum of 48 hours prior to
experiments. SU MBO002 was derived at recurrence from a patient who received only
chemotherapy and displayed expression markers of Group 3 MB(Facchino et al., 2010).
HD-MBO03 was isolated from a 3-year old male patient with metastasized Group 3
MB(Milde et al., 2012). D425-Med(He et al., 1991) (D425) was propagated in Dubecco’s
Modified Eagle Medium (DMEM) high glucose (Life Technologies) supplemented with
1% penicillin—streptomycin, and 20% FBS. Human fetal neural stem cells (hNSCs) were
isolated using a previously described protocol(Venugopal et al., 2012b) and cultured in
NCC media.

Intracranial xenografting of MB and in vivo treatment protocol. All in vivo studies
were performed according to McMaster University Animal Research Ethics Board (AREB)
approved-protocols. Intracranial injections were performed as previously described(Singh
etal., 2004). Cell numbers sufficient to generate a measurable tumor burden was previously
determined and are as follows: D425 — 1x10, HD-MBO03 — 1x10° and SU_ MBO002 — 5x10°.
NOD SCID mice were anaesthetized using isofluorane gas (5% induction, 2.5%

maintenance) and 10uL of cells were injected into the frontal lobe using a 50uL. Hamilton
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syringe, in a non-randomized, non-blinded fashion. The mice designated to receive
treatment were subjected to 2Gy of craniospinal irradiation using GammaCell 3000
irradiator 14 days post-engraftment. The mice were irradiated in the specially designed
cerrobend shield that allowed negation of full body radiation effects, while exposing the
cranium and upper portion of the spine to the full dose of radiation. Following radiation,
mice were allowed to recover for a week prior to treatment with cisplatin (2.5mg/kg),
vincristine (0.4mg/kg) and a day later with cyclophosphamide (75mg/kg). Mice were
closely monitored and changes in tumor burden and survival were recorded.

For the in vivo knockdown studies mice were intracranially xenografted with
1.5x10* cells transduced with either ssCTRL or shBPIFB4-2 lentiviral vectors. The number
of mice allocated per experimental group was determined using the following formula: N =
1+ 2C(s/d)?, where N is the number of mice per treatment arm, C=7.85 (significance
level of 5% with a power of 80%), s is standard deviation and d is the difference to be
detected.

To assess tumor volume, mice were sacrificed when the control group reached endpoint.
For survival studies, treated or control mice were sacrificed when they reached endpoint.
Upon reaching endpoint, brains and spines were harvested, formalin-fixed, and paraffin-
embedded for hematoxylin and eosin (H&E) and CoxIV staining. Images were captured
using an Aperio Slide Scanner and analyzed using ImageScope v11.1.2.760 software
(Aperio). COXIV positivity was determined by Positive Pixel Algorithm v9 using

ImageScope v11.1.2.760 software (Aperio).

26



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Magnetic Resonance Imaging. 3D magnetic resonance imaging as performed on a 7T
Bruker Ascend 300WB vertical bore with the MicWB40 probe (Bruker Biospin). The
image volume was acquired with 150pm isotropic voxels, with a field-of-view (FOV) of
25 x 25 x 20mm. Magnetization transfer weighted images were acquired according to the
protocol in Watanabe et al(Watanabe et al., 2010). The saturation pulse was applied once
per repetition time (TR), with a Gaussian shape, pulse width: 12ms, nominal flip angle 523°
(max pulse amplitude 6.8uT), offset frequency 2500Hz. Image acquisition was performed
with a spoiled gradient echo with TR: 23ms, TE: 3ms, and excitation angle: 5°. The scan
time for a single 3D image was 8 minutes and 28 seconds. Eight averages were performed
for a total imaging time of 1 hour 7 minutes 11 seconds. Tumor-bearing animals were
imaged at multiple timepoints after injection (in increments of weeks) to establish
engraftment and progression after treatment. For MRI, animals were induced with 5%
isoflurane in 1L/min O; in an induction chamber and maintained during imaging with 1 -
2% isoflurane delivered via a nose cone. Anesthetized mice were placed on a custom plastic
sled, secured with foam and Transpore tape (3M), and loaded head up into the vertical
wide-bore spectrometer. Rectal temperature and breath rate were monitored with a Biopac
acquisition system (MP36E-CE, Biopac Systems Inc, RRID:SCR 014829). The
temperature of water circulating through the gradient was set to 35°C at the cooling unit
(BCU20, Bruker Biospin), which reliably maintained animal internal temperature at 37°C.
Isoflurane levels were manually adjusted to maintain stable respiration rate of 70 breaths
per minute.

Flow cytometric analysis: To isolate human MB cells from mouse tissue, xenograft
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samples were cultured as previously described(Venugopal et al., 2012a) and sorted based
on human TRA-1-85 marker using MoFlo XDP cell sorter (Beckman Coulter). MB
tumorspheres were mechanically dissociated and resuspended in PBS+2mM EDTA
(Invitrogen) prior to staining with human anti-TRA-1-85 (1:10, Miltenyi Biotec, REA476)
antibody or matched isotype control. Cells were incubated for 15 minutes at room
temperature and run on a MoFlo XDP cell sorter. Dead cells were excluded based on the
viability dye 7AAD (1:10, Beckman Coulter), and compensation values were determined
using IgG CompBeads (BD Biosciences). Regions of TRA-1-85 positivity and negativity
were established based on isotype control.

For assessing changes in cell cycle, propidium iodide-based Coulter DNA Prep Kit
(Beckman Coulter, #6607055) was used. No deviation from manufacturer’s instructions
were introduced. To assess the extent of apoptosis, MB cells were dissociated, and single
cell suspension was resuspended in 100uL of Annexin V Binding Buffer (BioLegend) with
2uL of 7AAD and 1pL anti-Annexin V antibody (1:100, Life Technologies, #A23204).
Samples were incubated at room temperature for 15 minutes and spun at 1100rpm for 3
minutes. Cells were resuspended in 300pL of with Annexin V Binding Buffer and profiled
using MoFlo XDP cell sorter.

Cell proliferation assay. Single cell suspension of MB cells was sorted into 96-well plate
at a density of 1,000 cells/well in 200uL. of NCC with 6 technical replicates per sample.
After 4 days, 20uL of PrestoBlue® Cell Viability Reagent (Life Technologies) was added
to each well approximately 4 hours prior to the readout timepoint. Fluorescence was

measured using FLUOstar Omega Microplate reader (BMG Labtech) at excitation and
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emission wavelengths of 540-570nm respectively. Readings were analyzed using Omega
software.

Self-renewal and in vitro limiting dilution assay. Single cell suspension of MB cells was
sorted into 96-well plate at a density of 200 cells/well (500 cells/well in case of KD
experiments) in 200uL of NCC with 6 technical replicates per samples. Self-renewal was
evaluated by counting the number of spheres (clusters equal to or more than 7 cells) formed
in each well after 4 days. For in vitro limiting dilution analysis, viable cells were sorted in
quadruplicates into 96-well plate, using Moflo XDP at cell densities ranging from 1,000
cells/well to 1 cell/well in 200uL of NCC. The number of wells without any spheres or
colonies after 4 days were scored and the fraction of negative wells was plotted against the
number of cells per well. The number of cells corresponding to the fraction of negative
wells equal to 0.37, is the dilution with 1 self-renewing unit(Tropepe et al., 1999).

In vitro dose response curves of cisplatin, vincristine, diphenyleneidodonium chloride
(DPI)

and N°(1-Iminoethyl)-L-ornithine (L-NIO): 1x10° cells were plated in a 96-well plate
in quadruplicates at a volume of 200puL/well with two-fold dilutions of cisplatin or DPI
from concentrations of 20uM to 39nM. In the case of vincristine and L-NIO, the
concentrations tested ranged from 200nM to 39pM and 500uM to 31.25uM, respectively.
Highest volume of DMSO was used as negative control. After 72 hours, proliferation was
measured as described in “cell proliferation assay” and ICsy values determined by plotting
percent cell viability versus log)o transformed concentration of inhibitors. Throughout the
manuscript, ICsg value refers to the concentration of drug that was effective in reducing

viability of cell culture by 50%. I1Cs values were calculated using the following formula:
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ICr) = [(100-F)/F, 7755 % ICsy (where F = percent reduction of proliferation, HS = Hill
Slope).

In vitro irradiation of MB cells: Cells were plated at a density of 2.5x10’ cells/well into
6-well tissue culture treated plate in triplicates and were irradiated with a single dose of
2Gy using Faxitron RX-650. After 72 hours, cell viability was assessed by mixing 10uL of
cell suspension with 10uL 0.4% Trypan Blue solution (Life Technologies), and the cell
counts generated by Countess II FL Automated Cell Counter (Life Technologies) were
plotted.

RNA-Sequencing analysis: Gene expression data was obtained from RNA-Sequenced
samples as raw counts. The counts data was then normalized using edgeR with CPM
(counts-per-million) and filtered by TMM (trimmed mean of M-values) method. TMM kept
the genes with CPM greater than or equal to 2 in at least 3 samples as determined by
comparing sample densities. Filtered CPM data was transformed by log2-transformation
and subjected to batch-correction using the package “Removing Unwanted Variation
(RUV)”. We used the bottom 75% and low-expressing genes for calculating correction
factors by the RUV algorithm. The batch-corrected values were used for detecting
differentially expressed (DE) genes by generalized linear model Likelihood Ratio Test
(glmLRT) in edgeR comparing each treatment groups to control and engraft samples.
Pathway analysis: Rank files were generated from the p-values and fold change in the
comparisons and pathway analysis (GSEA, Broad Institute) were performed. Significant
pathways were visualized in Cytoscape (v3.6.1) using the Enrichment Map App (v3.1.0)

with p-value < 0.001, FDR g-value < 0.1, and Jaccard > 0.25 for shared genes. Pathway
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clusters were organized and labeled by the AutoAnnotate App (v1.2) in Cytoscape.
Microarray analysis: The raw data files were combined and processed by the
BioConductor package “lumi”. In short, expression data was first normalized by the
quantile method and then filtered by detection FDR values. Only probes with detection
FDR value < 0.05 in at least 2 samples were included in the analysis. In the case where
multiple probes were designed for one gene (duplicates), only the probe with the highest
standard deviation was chosen. Out of 47323 probes on the [llumina HT-12 microarray
representing 22864 unique genes, 15281 probes/genes passed the FDR filter and duplicate-
removal. After quantile normalization, Multidimensional scaling (MDS) plots were used to
assess the difference between treatment groups in Brain and Spine. The normalized and
log2-transformed intensity values of microarray data were used to calculate differential
expression by the BioConductor package “limma”. Bayesian moderated t-statistics tests
(ModT-test) was performed to determine DE genes and the T values from ModT-tests were
used as ranking scores to generate Rank files for Gene Set Enrichment Analysis (GSEA).
Patient data: Human MB samples and clinical data were obtained from consenting
patients, as approved by the Research Ethics Board (REB) at Hamilton Health Sciences.
To identify the molecular subtype of each sample, RNA from patient tumor samples was
isolated using a Total RNA isolation kit (Norgen) and submitted for NanoString nCounter
profiling at Farncombe Metagenomics Facility (McMaster University). The custom
CodeSet was designed using previously characterized genes for each of the core MB
subgroups: WNT — WIFI, TNC, GAD1, DKK2, EMX2; SHH - PDLIM3, EYAl, HHIP,

ATOHI, SFRPI; Group 3 — IMPG2, GABRAS5, EGFL11, NRL, MAB21L2; Group 4 —
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KCNAI, EOMES2, KHDRBS2, RBM24, UNC5D, OASI and 6 housekeeping genes —
ACTB, TBP, LDHA, POLR2A, GAPDH, HPRTI. The subgroup assignment was determined
as previously described.(Northcott et al., 2012b)

RT-qPCR: 2.5x10° cells were collected and total RNA was extracted using a Total RNA
isolation kit (Norgen). Complimentary DNA (cDNA) was synthesized using qScript cDNA
SuperMix (Bio-Rad) and a C1000 Thermo Cycler (Bio-Rad) with the following cycle
settings: 4min at 25°C, 30min at 42°C, Smin at 85°C, hold at 4°C. RT-qPCR was performed
using Perfecta SybrGreen (Quanta Biosciences) and CFX96 instrument (Bio-Rad). CFX
Manager 3.0 software was used for quantification of gene expression and were normalized
to 28SrRNA. The following primers were used to measure mRNA levels of BPIFB4 (FWD:
5’-AGATCCTTGAGTCCGAGGGAA-3’, REV: 5’-TGCGAGGATGCCATCAGC-3’),
ID1 (FWD: 5’-AATCATGAAAGTCGCCAGTG-3’, REV: 5’-
ATGTCGTAGAGCAGCACGTTT-3’), ID2 (FWD: 5’-ATGAAAGCCTTCAGTCCCGT-
3, REV: 5’-TTCCATCTTGCTCACCTTCTT-3’), ID3 (FWD: 5’-
TCATCTCCAACGACAAAAGG-3’, REV: 5’-ACCAGGTTTAGTCTCCAGGAA-3’),
and  28SYrRNA  (FWD:  5-AAGCAGGAGGTGTCAGAAA-3’, REV: 5’-
AAAACTAACCTGTCTCACG-3).

Lentiviral knockdown studies: pGFP-C-shLenti vectors expressing shRNA targeting
human BPIFB4 (shBPIFB4-1 5’-TTATCCTCGGCTGGTCATTGAGCGATGTG-3’;
shBPIFB4-2 5’-ACAGTGGCTATCGCAGTGCCGAGAATGCA-3’) and the control
vector (shCRTL 5’- ATCAGTTGCTCAGATACTCAGC-3’) were purchased from

OriGene (#TL305949 and #TR30023). Lentiviral pLKO.1 vectors expressing shRNA
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targeting human IDI1, (shID1.1 5’-CGGCTGTTACTCACGCCTCAA-3’; shID1.2 5°-
GCAGGTAAACGTGCTGCTCTA-3’), ID2 (shID2.1 5’-
GAGCCTGCTATACAACATGAA-3), ID3 (shID3.1 5’-
CATCGACTACATTCTCGACCT-3’; shID3.2 5’-GCCCACTTGACTTCACCAAAT-
3’), and the control vector (shGFP 5’-ACAACAGCCACAACGTCTATA-3’), were gifts
from Dr. Jason Moffat. Stable cell lines with KD were generated by transduction, and
subsequent selection with puromycin. The extent of KD was validated by RT-qPCR as
previously described.

Western immunoblotting: Total denatured protein (50ug) was separated by 1% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene
fluoride (PVDF) membrane. Western blots were probed with human anti-BPIFB4 antibody
(1:2500, Abcam #ab168171, 61kDa) and anti-GapDH antibody (1:50000, Abcam #ab8245,
37kDa) followed by secondary antibody, horseradish peroxidase conjugated goat anti-
mouse IgG (1:20000, Bio-Rad #1721011). The bands were visualized using a Luminata™
Forte Western HRP Substrate (Millipore) and ChemiDoc™ MP imaging system. Western
immunoblots were quantified with Image J software, and protein levels normalized to the
loading control are provided in the respective figures.

Immunofluorescence assay: D425, D425-Re, HD-MBO03 and HD-MBO03-Re transduced with
shBPIFB4-1, shBPIFB4-2 and shCTRL vectors were cultured for 14 days. Following cell
expansion, 1.5x10" cells were plated onto poly-L-ornithine (Sigma) and laminin (Corning) coated
round glass coverslips, placed in wells of a 24-well plate in 300puL of NCC media. Cells were fixed
using 4% paraformaldehyde after 12 hours. Samples were washed using 1X TRIS-buffered saline

(TBS) and incubated with blocking solution (1% BSA, 0.2% Triton 100X and 5% goat serum in
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1X TBS) for 45 minutes at room temperature followed by a 3 hour incubation in primary antibody,
chicken anti-human TUJ1 (1:500, Neuromics #MO15013) at room temperature. Cells were then
washed in 1X TBS and incubated with secondary antibody, Alexa Flour 488 donkey anti-chicken
IgG (1:400, Life technologies #A-11039), for 2 hours at room temperature. Cells were then washed
with 1X TBS and counterstained with prolong gold anti-fade mountant with DAPI (Life
technologies). Images were acquired using Olympus IX81 microscope and Volocity® software
(Quorum Technologies).

In vivo treatment of mice with DPI: Mice xenografted with 1.0x10" D425-Re and HD-
MBO03-Re cells were treated with 2 doses/week with 100ug/kg of DPI for 2 weeks. The
number of mice allocated per experimental group was determined using the following
formula: N = 1 + 2C(s/d)?, where N is the number of mice per treatment arm, C=7.85
(significance level of 5% with a power of 80%), s is standard deviation and d is the
difference to be detected.

Measuring levels of nitric oxide (NO): Cellular levels of NO were measured by addition
of 1.5uM DAF-FM diacetate to cell cultures as previously described.(Kojima et al., 1999)
The levels of GFP fluorescence were evaluated 1 hour post-treatment with DAF-FM and
no exogenous L-arginine was added throughout the assay. Samples designated as control
were treated with equal volume of DMSO.

Statistical analysis: At least three technical or experimental replicates from each
experiment were compiled. Data represent mean+SD with # values listed in figure legends.
GraphPad Prism™ was used to plot all bar graphs and statistical analyses including
student’s t-test or 2-way ANOVA, p<0.05 was considered significant. All Kaplan-Meier

survival plots were plotted with GraphPad Prism"™™ and long-rank (Mantel-Cox) test was
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performed for comparison of median survival, p<0.05 was considered significant. For in
silico analyses all associated statistical tests were performed in R using the coxPH package.
Reporting summary: Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data Availability: Data generated in preparation of the manuscript is readily available

upon request from the corresponding author.
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Supplementary Information is linked to the online version of the paper at
www.nature.com/nature
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Figure 1: Functional profiling of HD-MB03 cells through in vivo
chemoradiotherapy. (a) Schematic representation of the novel PDX mouse-adapted
therapy model using patient-derived human Group 3 medulloblastoma. Changes in
tumor burden in (b) brains and (c) spines of xenografted mice through therapy
(n=3/timepoint). (d) Kaplan-Meier curve demonstrating survival benefit of mice
undergoing in vivo chemoradiotherapy (n=8/treatment arm). Proliferation assay on
cells isolated from (e) brains and (g) spines of mice undergoing in vivo
chemoradiotherapy (n=3/timepoint). Changes in self-renewing potential of cells
isolated from (f) brains and (h) spines of mice undergoing in vivo chemoradiotherapy
(n=3/timepoint). Fraction of self-renewing cells in cultures derived from (i) brains
and (j) spines of mice undergoing in vivo chemoradiotherapy (n=3/timepoint).
Changes in sensitivity of recurrent HD-MBO03 cells to in vitro treatment (k) radiation,
(n) cisplatin and (m) vincristine. Bars represent mean of at least three technical
replicates. *p < 0.05, **p < 0.001, ***p < 0.0001; ****p < 0.00001; unpaired t-test or

one-way ANOVA with Sidak’s method for multiple comparisons.
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Figure 2: RNA-seq analysis of HD-MBO03 cells undergoing in vivo
chemoradiotherapy treatment. A heat map of differentially expressed genes in cells
isolated from (a) brains and (b) spines through the course of in vivo treatment.
Differential expression profiles were used to generate pathway maps representative

of significantly dysregulated pathways in (c) brain and (d) spine samples.
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Figure 3
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Figure 3: Effects of BPIFB4 KD in MB cell lines. (a) BPIFB4 mRNA levels in matched
primary and recurrent patient samples. (b) Relative BPIFB4 mRNA expression levels
in hNSCs and five MB cell lines. Changes in (c) proliferation, (d) self-renewal, (e)
fraction of cells undergoing apoptosis, and (f) frequency of self-renewing cells in MB
cell cultures post lentivector mediated KD of BPIFB4. (g) Diminished self-renewal
capacity after third in vitro passage of three recurrent MB lines with BPIFB4 KD. (h)
Kaplan-Meier curves demonstrating extended mouse survival in MB cells with
BPIFB4 KD (n=6/cohort). (i) Representative IHC brain and spine sections stained
with H&E and human-COXIV staining respectively. Bars represent mean of at least
three technical replicates. *p < 0.05, **p < 0.001, ***p < 0.0001; ****p < 0.00001;

unpaired t-test or one-way ANOVA with Sidak’s method for multiple comparisons.
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Figure 4
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Figure 4: Irreversible small molecule targeting of eNOS reduces MB
proliferation in vitro and in vivo. (a) Increased levels of NO in recurrent MB cells as
indicated by an increased percentage of GFP+ cells in response to treatment with NO
probe. (b) ICso curves of DPI in hNSCs and five medulloblastoma lines. Changes in (c)
proliferation and (d) self-renewal of MB cells treated with DPI at concentrations
equivalent to ICgo for the respective cell line. (e) Enhanced efficacy of in vitro
chemoradiotherapy after treatment of MB cells with DPI. (f) Kaplan-Meier curves
demonstrating extended mouse survival in MB cells with BPIFB4 KD (n=6/cohort).
Bars represent mean of at least three technical replicates. ****p < 0.00001; unpaired

t-test.
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Supplementary Figure 1
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Supplementary Figure 1: Functional profiling of D425 cells through in vivo
chemoradiotherapy. (a) Schematic representation of the novel PDX mouse-adapted
therapy model using patient derived human Group 3 medulloblastoma. Brains and
spines collected at engraftment (ENG), post radiation (R), post radiation and
chemotherapy (RC) and at relapse (Re) were processed and stained with H&E.
Representative MRI images showing brain tumor burden in mice undergoing in vivo
chemoradiotherapy. Quantified changes in tumor burden in (b) brains and (c) spines
of xenografted mice through therapy (n=3/timepoint). (d) Kaplan-Meier curve
demonstrating survival benefit of mice undergoing in vivo chemoradiotherapy
(n=8/treatment arm). Proliferation assay on cells isolated from (e) brains and (f)
spines of mice undergoing in vivo chemoradiotherapy (n=3/timepoint). Changes in
self-renewing potential of cells isolated from (g) brains and (h) spines of mice
undergoing in vivo chemoradiotherapy (n=3/timepoint). Fraction of self-renewing
cells in cultures derived from (i) brains and (j) spines of mice undergoing in vivo
chemoradiotherapy (n=3/timepoint). Changes in sensitivity of recurrent D425 cells
to in vitro treatment (K) radiation, (1) cisplatin and (m) vincristine. Bars represent
mean of at least three technical replicates. *p < 0.05, **p < 0.001, ***p < 0.0001; ****p
< 0.00001; unpaired t-test or one-way ANOVA with Sidak’s method for multiple

comparisons.

49



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Supplementary Figure 2
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Supplementary Figure 2: Technical validation and pathway analysis of RNA-seq
data. Principal component analysis (PCA) of HD-MBO3 cells collected from (a) brains
and (b) spines though in vivo chemoradiotherapy. Venn diagrams representing the
number of differentially expressed genes of cells isolated from (c) brain and (d)

spines at each stage of therapy, compared to the engraftment timepoint.
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Supplementary Table 1: Differential gene expression analysis generated from
RNA-seq profiling. LogFC values of top 20 up- and down- regulated genes in HD-
MBO03 cells isolated from (a) brains and (b) spines of mice undergoing in vivo

chemoradiotherapy.
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Supplementary Table 1

Up-regulated genes

Down-regulated genes

Brain Spine
Gene Post-Rad Post-Chemo Relapse Gene Post-Rad Post-Chemo Relapse
vs. Engraft vs. Engraft vs. Engraft vs. Engraft vs. Engraft vs. Engraft
BPIFB4 9.76 6.90 3.27 SRL 0.91 3.11 5.46
CHRNB4 5.17 3.96 4.34 CREG2 3.47 3.16 2.79
THEM5 5.72 3.73 2.34 HBE1 2.07 1.62 2.65
DLX2 4.09 3.63 3.17 C20rf82 1.48 2.06 2.20
MT3 4.78 2.47 2.35 RINL 1.35 1.21 1.64
LRRC17 3.87 2.47 2.28 ARHGAP27 1.56 1.04 1.24
SLC44A5 3.69 2.14 2.37 NEURL1B 0.93 0.88 1.49
ARHGEF4 1.63 3.04 3.45 SLC25A45 1.11 1.01 1.17
IL6R 3.45 2.87 1.73 TNNC2 0.62 0.59 2.07
SOX8 3.13 1.65 3.21 THNSL2 1.16 0.96 1.06
FEZF1-AS1 2.35 1.74 3.76 ALPK2 0.83 1.01 1.31
INHBB 3.49 2.14 1.97 CDHR1 1.30 0.62 1.16
EPHB1 3.70 2.51 1.24 IQCH-AS1 0.92 0.88 1.24
SEMA6B 2.67 2.07 2.51 FABP3 0.78 0.98 1.22
SLC8A3 2.77 1.86 2.53 RTBDN 0.89 1.20 0.88
RIPPLY2 2.41 1.70 2.59 SNTB1 0.87 0.79 1.12
SNTB1 2.07 2.00 2.60 FAM179A 0.87 0.70 1.19
TMEM200A 3.01 2.18 1.38 DDIT4L 0.78 0.54 1.32
DLX1 2.58 2.20 1.67 SPOCK1 0.60 0.66 1.34
DRAXIN 2.56 1.74 2.11 MACROD1 0.57 0.94 1.10
ACTC1 -3.41 -9.80 -7.48 RP11-555J4.4 -1.47 -1.20 -1.45
CCDC136 -2.86 -3.43 -3.23 LINC00085 -0.61 -0.80 -1.38
CACNA1H -4.05 -2.75 -2.58 ADRA2C -0.86 -0.58 -1.32
KLHDC8A -2.91 217 -3.02 TPK1 -0.70 -0.50 -1.08
VWAS5B1 -3.17 -1.47 -2.81 ARHGAP6 -0.74 -0.64 -0.88
CCDC175 -2.05 -1.92 -2.66 PLAGL1 -0.41 -0.89 -0.83
KLHL32 -2.25 -1.37 -2.01 ARHGEF18 -0.59 -0.51 -0.71
RP11- -0.98 -1.44 -2.89 HSPAS5 -0.34 -0.60 -0.86
413P11.1

KCNV2 238 146 146 SHOX2 -0.61 -0.52 -0.67
ALPL 203 44 183 RP5-991G20.1 -0.56 -0.45 -0.73
DOC2B -2.65 -1.31 -1.30 CDH2 -0.50 051 0.73
SYT2 -1.79 -1.47 -1.87 TLN2 -0.29 -0.48 -0.82
ANOS 176 146 181 DNAJB1 -0.46 -0.81 -0.32
PAPLN -2.09 -1.66 -1.19 PKD1P6 -0.46 -0.35 -0.55
GREBA 144 Y 232 RP11-395G23.3 -0.53 -0.41 -0.40
GYLTL1B -2.84 -0.60 -1.40 NBPF1 -0.46 -0.36 042
SRL 237 112 425 MROH6 -0.29 -0.58 -0.35
NMU 24 142 206 DNAJC3 -0.28 -0.45 -0.47
FRMD3 207 156 102 HERPUD1 -0.30 -0.29 -0.59
SALL1 -1.95 -1.63 -1.02 PLCB4 -0.38 -0.36 -0.40
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Supplementary Figure 3
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Supplementary Figure 3: Differential gene expression analysis generated from
gene microarray. PCA and logFC values of top 10 up- and down- regulated genes in

D425 cells collected from (@) brain and (b) spines through therapy.
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Supplementary Figure 4

Pathways low in
post-chemotherapy

F &

Pathways low in
post-chemotherapy
and relapse

E =

Pathways low
in relapse

DO

Pathways stay
high or low in all

G-

Average NES

=K

Border colour:
Cluster type A-G

Node image:
Treatments and
pathway activity

Pathways high in
post-chemotherapy
and relapse

©B

Pathways high
in relapse

©A

Pathways high in
post-chemotherapy

Yo

b
Brain Spine
Cluster type Number Percentage (%) Number Percentage (%)
A 25 6.30 194 22.80
B 219 55.16 65 7.64
C 18 4.53 57 6.70
D 20 5.04 305 35.84
E 37 9.32 55 6.46
F 43 10.83 65 7.64
G 35 8.82 110 12.93
c

M@ Post-Radiation
W Post-Chemotherapy
DORelapse

Average Spine NES
1

i

Brain Clusters

Average Brain NES
1

|
1

-2 -

ﬁﬁﬂﬁ%m

Spine Clusters

EPost-Radiation
WPost-Chemotherapy
DORelapse

56




PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Supplementary Figure 4: Separation of pathways by pattern of change. (a, b)
Clustering of pathways activated after radiation, chemotherapy and at relapse;
pathways with z-value differences greater than 2.33 (p < 0.01) were used for
clustering. (c) Distinct patterns of change in pathway clusters identified in brain and

spine samples.
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Extended Table 1: Clusters of top 4 pathways (by p-value) with NES in the D425

brain samples.

Extended Data 1

Pathways in Brain Cluster Post-Rad Post-Chemo Relapse p_diff
ACTIVATION OF RRNA EXPRESSION BY ERCC6 (CSB) AND EHMT2 (G9A)-REACTOME A -0.84 -0.67 2.35 1.33E-04
HDMS DEMETHYLATE HISTONES-REACTOME A -0.72 -1.14 160 1.63E-04
NONHOMOLOGOUS END-JOINING (NHEJ)-REACTOME A -0.89 -0.93 1.73  2.04E-04
POSITIVE EPIGENETIC REGULATION OF RRNA EXPRESSION-REACTOME A -0.76 -0.83 2.03 2.15E-04
PROTEIN-DNA COMPLEX SUBUNIT ORGANIZATION-GOBP B -0.91 1.79 2.00 1.10E-04
PROGRAMMED CELL DEATH-GOBP B -0.97 1.32 1.02 1.18E-04
REGULATION OF GENE EXPRESSION, EPIGENETIC-GOBP B -0.90 1.1 1.69 1.23E-04
NUCLEOSOME ASSEMBLY-GOBP B -0.87 1.39 1.92  1.29E-04
C -1.20 1.17 -0.99 1.13E-03
Cc -0.84 1.32 -1.08  1.94E-03
C -1.57 0.83 -1.03  2.18E-03
Cc -1.38 1.14 -1.18  2.89E-03
SELENOAMINO ACID METABOLISM-REACTOME D 1.71 1.20 -0.85 4.19E-04
EUKARYOTIC TRANSLATION ELONGATION-REACTOME D 1.28 1.07 -1.23  5.12E-04
PROTEIN TARGETING TO MEMBRANE-GOBP D 1.16 1.25 -1.17  5.29E-04
P73 TRANSCRIPTION FACTOR NETWORK-NCI-NATURE CURATED DATA D 1.09 1.48 -0.97 1.29E-03
E 0.96 -1.83 -1.58  1.42E-04
E 1.02 -1.62 -0.77 4.42E-04
E 0.89 -1.68 -1.17  5.52E-04
E 1.10 -1.51 -0.87  7.49E-04
F 1.55 -0.95 0.95 1.21E-04
F 0.41 -1.07 1.77  1.76E-04
F 0.41 -1.06 1.75  2.15E-04
F 0.89 -1.05 1.69  2.16E-04
ACID SECRETION-GOBP G -0.83 -1.96 -1.40 1.54E-03
SIGNAL RELEASE FROM SYNAPSE-GOBP G -0.67 -1.68 -1.23  1.65E-03
SYNAPTIC TRANSMISSION-GOBP G -0.91 -1.51 -1.22  1.87E-03
TRANS-SYNAPTIC SIGNALING-GOBP G -0.92 -1.53 -1.24  1.90E-03
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Extended Table 2: Clusters of top 4 pathways (by p-value) with NES in the D425

spine samples.

Extended Data 2

Pathways in Spine Cluster Post-Rad Post-Chemo Relapse  p_diff
REGULATION OF INTERLEUKIN-4 PRODUCTION-GOBP A -1.24 -1.21 1.63 1.26E-04
CELLULAR RESPONSE TO CARBOHYDRATE STIMULUS-GOBP A -1.83 -1.38 1.02  1.36E-04
VESICLE ORGANIZATION-GOBP A -1.17 -1.13 1.27  1.46E-04
MUSCLE CONTRACTION-REACTOME A -1.32 -1.11 122 1.57E-04
NEGATIVE REGULATION OF CELL ACTIVATION-GOBP B -0.99 1.14 1.66 1.01E-04
REGULATION OF RHODOPSIN MEDIATED SIGNALING PATHWAY-GOBP B -1.74 1.17 0.98 1.23E-04
CELLULAR RESPONSE TO TOPOLOGICALLY INCORRECT PROTEIN-GOBP B -0.97 0.98 165 1.51E-04
ACTIVATION OF RRNA EXPRESSION BY ERCC6 (CSB) AND EHMT2 (G9A)-REACTOME B -0.95 1.31 1.79  1.83E-04
C -0.89 1.41 -1.18  1.31E-04
C -0.98 0.96 -1.78  1.55E-04
C -1.30 1.13 -1.69  1.59E-04
C -1.11 1.17 -1.59  1.69E-04
TRANSCRIPTION FROM RNA POLYMERASE || PROMOTER-GOBP D 1.51 1.35 -0.94 1.00E-04
HYDROGEN ION TRANSMEMBRANE TRANSPORT-GOBP D 1.06 1.69 -1.13  1.01E-04
POSITIVE REGULATION OF CYTOKINESIS-GOBP D 1.74 1.37 -1.06 1.03E-04
NUCLEUS ORGANIZATION-GOBP D 211 1.41 -0.90 1.03E-04
E 1.31 -1.29 -1.08  1.44E-04
E 1.17 -0.99 -1.64 1.67E-04
E 0.90 -1.17 -1.42  1.94E-04
E 1.31 -1.42 -1.10  2.41E-04
F 0.69 -1.52 1.27  1.42E-04
F 1.47 -0.92 1.00 2.23E-04
F 0.92 -1.52 1.26  2.44E-04
F 1.1 -1.11 1.63  2.78E-04
FATTY ACID METABOLIC PROCESS-GOBP G 0.89 0.76 1.61 6.42E-04
COPI-DEPENDENT GOLGI-TO-ER RETROGRADE TRAFFIC-REACTOME G 1.75 1.07 0.76  6.92E-04
MICROTUBULE-BASED PROCESS-GOBP G 1.91 0.94 0.86 7.96E-04
NEGATIVE REGULATION OF CATALYTIC ACTIVITY-GOBP G 1.51 1.46 0.91 8.68E-04
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Supplementary Figure 5
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Supplementary Figure 5: Validation of genes identified from comparative gene
expression profiling of samples isolated through in vitro chemoradiotherapy.
Changes in (@) proliferation and (b) self-renewal in SU_MB002 post lentivector
mediated KD of ID1, ID2 and ID3 in SU_MBO002 alone and in (¢, d) combinations. (e)
Subgroup affiliation of patient MB samples based expression of subgroup specific
genes on NanoString nCounter platform. (f) Relative mRNA expression of BPIFB4
across 19 patient MB tissues. (g) BPIFB4 protein levels across five MB cell lines and
hNSCs. (h) mRNA expression of BPIFB4 across 643 MB samples described in et al. (i)
Kaplan-Meir curve demonstrating decreased overall survival in patients (n=384) with
relative mRNA expression of BPFIB4 over 4.6 (RMA-Normalized). (j) Validation of
BPIFB4 KD across five MB cell lines. Bars represent mean of at least three technical
replicates. *p < 0.05, **p < 0.001, ***p < 0.0001; ****p < 0.00001; unpaired t-test or

one-way ANOVA with Sidak’s method for multiple comparisons.
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Supplementary Table 2: Demographic and clinical data of 19 MB samples

curated at McMaster Children’s Hospital. M - Male, F - Female, OS - Overall

survival, PFS - progression free survival

Supplementary Table 2

Subgroup Sample diggﬁséis Sex Primary/Recurent P?’?r?al?]gy (ygas:'s) (ylzz?s) Status
WNT BT737 6Y M Primary N/A 35 3 Alive
BT800 1Y F Primary Desmoplastic 3.25 25 Alive
BT853 5Y 6M F Primary Anaplastic 3.25 2.5 Alive
BT950 8Y M Primary Anaplastic 2 1.5 Alive
SHH BT514 8y F Primary Anaplastic 55 2 Alive
BT726 1Y MM M Primary Desmoplastic 4 1 Alive
BT964 1Y F Recurrent of BT514 Classic 2 1.5 Alive
BT979 4M 25D M Primary Anaplastic 0.25 0.17  Dead
BT992 6M 5D M Recurrent of BT979 Anaplastic 0.25 0.17 Dead
MBT60 5Y 2M M Recurrent of BT726 Desmoplastic 4 3 Alive
Group 3 BT885 2Y 4M F Primary Desmoplastic 2.75 2 Alive
MBTO05 10M F Primary Desmoplastic 1.33 0.83  Alive
MBT58 3Y 11M M Primary Desmoplastic 0.67 0.17  Alive
Group 4 BT313 16Y M Primary Desmoplastic 4.5 217 Dead
BT611 18Y M Recurrent of BT313 Desmoplastic 4.75 2.6 Dead
BT645 10M M Primary Desmoplastic 4.75 4 Alive
BT806 3Y1IM/M M Primary Desmoplastic 3.25 25 Alive
BT948 10Y M Primary Classic 2 1.5 Alive
BT975 5Y 4M M Recurrent of BT806 Classic 3.25 1.6 Alive
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Supplementary Figure 6
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Supplementary Figure 6: Functional profiling of cells post BPIFB4 KD. (a) Increased
expression of neuronal differentiation marker, TUJ1 after BPIFB4 KD. (b) Changes in
percentage of MB cells in G0/G1, S, and G2/M phases of cell cycle post BPIFB4 KD.
Quantified tumor burden in (¢) brains and (d) spines of mice xenografted with recurrent
MB cells transduced with control or BPIFB4 KD lentivectors as indicated by measured
tumor area or positivity of CoxIV staining respectively. Bars represent mean of at least
three technical replicates. *p < 0.05, **p < 0.001, ***p < 0.0001; ****p < 0.00001;

unpaired t-test.
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Supplementary Figure 7
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Supplementary Figure 7: Selectivity of DPI in recurrent MB. Kaplan-Meir curves
demonstrating (a) decreased overall survival in patients with relative mRNA
expression of eNOS over 5.4 (RMA-Normalized) and (b) no survival disadvantage in
patients with relative mRNA expression of nNOS over 5.08 (RMA-Normalized). (c)
ICso curves of L-NIO in hNSCs and five medulloblastoma lines. (d) Reduced levels NO
in HD-MBO03 and HD-MBO03-Re cells after 72-hour treatment with DPI as indicated by
a reduced percentage of GFP+ cells in response to treatment with NO probe. (e)
Increased sensitivity of MB cells to DPI treatment after transduction with BPIFB4 KD

lentivector.
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Chapter 3: BMI1: a path to targeting cancer stem cells
This chapter is an original published article presented in its published format in Oncogene

available at https://touchoncology.com/bmil -a-path-to-targeting-cancer-stem-cells/

Bakhshinyan, D., A. A. Adile, C. Venugopal, S. K. Singh (2017). "BMI1: a path to

targeting cancer stem cells." European Oncology and Haematology

In this work, I aimed to provide a comprehensive overview of literature pertaining the basic
biology of polycomb repressive complexes 1 and 2 with an emphasis on their role in
regulating self-renewal in normal and cancer stem cells. The main focus of the review was
a key subunit of polycomb repressive complex 1 (PRC1), BMI1, a major driver of self-
renewal and metastatic potential across multiple cancer types. In addition to the discussion
of BMI1 mechanism of action, clinical implications of dysregulated BMI1 expression are
examined within the review article. Finally, insights on several potential therapeutic
modalities for targeting BMI1 and their promise for translation into clinic are described.
The review further contributes to the objective my thesis work exploring implications and

therapeutic interventions for the aberrant self-renewal in medulloblastoma cells.
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Abstract:

The Polycomb group (PcG) genes encode for proteins comprising two multiprotein
complexes, Polycomb repressive complex 1 (PRC1) and Polycomb repressive complex 2
(PRC2). Although the initial discovery of PcG genes was made in Drosophila as
transcriptional repressors of Homeotic (HOX) genes, Polycomb repressive complexes have
been since implicated in regulating a wide range of cellular processes, including
differentiation and self-renewal in normal and cancer stem cells. Bmil, a subunit of PRCI,
has been long implicated in driving self-renewal, the key property of stem cells. Subsequent
studies showing upregulation of Bmil in several cancers correlated with increased
aggressiveness, radioresistance and metastatic potential, provided rationale for
development of targeted therapies against Bmil. Although Bmil activity can be reduced
through transcriptional, post-transcriptional and post-translational regulation, to date the
most promising approach has been through small molecule inhibitors targeting Bmil
activity. The post-translational targeting of Bmil in colorectal carcinoma, lung
adenocarcinoma, multiple myeloma and medulloblastoma have led to significant reduction
of self-renewal capacity of cancer stem cells, leading to slower tumor progression and
reduced extent of metastatic spread. Further value of Bmil targeting in cancer can be
established through trials evaluating the combinatorial effect of Bmil inhibition with

current “gold standard” therapies.

Key words

Polycomb group (PcG) genes; BMI1; MEL18; cancer stem cells (CSCs); self-renewal.
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Polycomb Group Proteins: Overview

Since the discovery of the Polycomb group (PcG) gene family in Drosophila as
repressors of Homeotic (HOX) genes, PcG proteins have been implicated in a range of
processes from chromosome X inactivation to stem cell plasticity and differentiation. PcG
proteins execute their function through transcriptional repression of the promoter region of
a target gene. Although PcG proteins function as two major multiprotein complexes -
Polycomb Repressive Complex 1 (PRC1) and Polycomb Repressive Complex 2 (PRC2) -
the existence of several context specific subcomplexes has been postulated(Otte and
Kwaks, 2003). PRC2 initiates gene silencing through the activity of histone deacetylase,
and histone methyltransferases that can methylate lysine 9 and 27 residues on histone H3
and lysine 26 on histone HI(Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2004;
Muller et al., 2002; van der Vlag and Otte, 1999). The stable gene repression is then
maintained by PRC1 through recognition of tri-methylated H3K27 (H3K27me3)(Czermin
et al., 2002). The canonical repression pathway is initiated through trimethylation of
H3K27 on the promoter of target gene by PRC2 subunit EZH1 or its paralog EZH2”*. The
H3K27me3 mark is readily recognized by PRCI through chromatin binding ability of its
subunit CBX. The repression is further maintained through ubiquitination of lysine 119
residue on histone H2A (H2AK119ub) by RINGI, a subunit of PRCI, or chromatin
condensation(Fischle et al., 2003; Min et al., 2003; Wang et al., 2004). Promoters of the
polycomb target genes have been generally characterized as CpG-rich DNA sequences that
are lacking other epigenetic marks(Gao et al., 2012; Jermann et al., 2014; Ku et al., 2008;

Lynch et al., 2012; Mendenhall et al., 2010). However, several other models of context
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dependent PRC2 recruitment mechanisms, including Polycomb Response Elements
(PREs)(Bengani et al., 2013; Cuddapah et al., 2012; Sing et al., 2009; Woo et al., 2010)
and ncRNAs(Aguilo et al., 2011; Brockdorff, 2013; Karapetyan et al., 2013; Peschansky
and Wahlestedt, 2014) have been investigated.
PcG Genes and Self-renewal:

Over the years, in addition to HOX genes, numerous targets of PcG repression have
been identified, with one of the examples being CDKN24 locus (Figure 1). Encoding for
p16™** and p14**F tumor-suppressor proteins, gene products of CDKN2A locus act as

important mediators of the cell cycle(Sharpless and Sherr, 2015). The p16™***

prevents
phosphorylation of retinoblastoma protein (RB) through inhibition of cyclin D-dependent
CDK4 and CDK®6, which allows hypophosphorylated RB to sequester E2F transcription
factor and prevent activation of genes required for DNA replication(Serrano et al., 1993).
On the other hand, p14™*" interacts with MDM2 E3 ubiquitin ligase, preventing p53
polyubiquitination and subsequent p53 activation(Kamijo et al., 1998; Kamijo et al., 1997;
Pomerantz et al., 1998; Zhang et al., 1998). The repression of CDKN2A by PcG proteins
in stem cells(Sharpless and DePinho, 2007; Signer and Morrison, 2013) or its frequent
deletion in cancer cells(Bignell et al., 2010; Chandler and Peters, 2013) facilitates increased
self-renewal and proliferation and has been implicated in neoplastic transformations. A
meta-analysis of 11 studies quantifying CDKN2A methylation in 3440 colorectal cancer
patients have identified hypermethylation in 23% of tumors. Furthermore, CDKN2A

promoter hypermethylation was shown to correlate with poor patient overall survival(Xing

et al.,, 2013) In juvenile myelomonocytic leukemia (JMML), hypermethylation of
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CDKN2A was observed in 35% of the patients and correlated with poor
outcome(Sakaguchi et al., 2015), similarly to the patients diagnosed with non-small cell
lung cancer (NSCLC), hypermethylation of p16 promoter was also associated with worse
outcome(Bradly et al., 2012). The notion of slowing down the replication of cancer cells, a
major hallmark of tumor biology, has been of great interest, and the efforts have escalated
tremendously with the conceptualization and discovery of cancer stem cells (CSCs). The
first compelling evidence of cancer cells possessing stem-like properties came from the
work of Bonnet and Dick in mouse models of acute myeloid leukemia (AML)(Bonnet and
Dick, 1997). Since then, CSCs have been identified and characterized in breast(Al-Hajj et
al., 2003), brain(Singh et al., 2004), colon(Barker et al., 2007), and lung(Ho et al., 2007;
Salcido et al., 2010) cancers, among others. Due to their ability to evade chemoradiotherapy
along with tumor-initiating and metastatic properties, CSCs have been implicated in driving
treatment failure, tumor recurrence and poor clinical outcome(Allen and Weiss, 2010).
Although CSC populations identified in various cancer types have intrinsically different
gene expression patterns, they all share the unique ability to self-renew, unlike the more
differentiated cancer cells. This difference confers one of the major limitations of current
therapy modalities, as they are effective against bulk tumor consisting of highly
proliferative cells, while sparing the intrinsically resistant, slow-dividing CSCs. The
increasing evidence connecting self-renewal and therapeutic resistance of CSCs presents a
strong rationale for developing of novel therapeutic modalities as a treatment option for

many aggressive malignancies. In this review, we discuss the involvement of PRCI1
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subunits, Bmil and Mell8, in regulation of self-renewal in cancer and their potential for
therapeutic targeting.
Clinical implications of Bmil in cancer:

Bmil, a 37kDa subunit of PRC1, was first identified as a key component in the
activation region of Moloney murine leukemia virus(Alkema et al., 1993). The target gene
suppression by PRCI is primarily achieved through H2A119ub by RING1B E3 ligase, the
catalytic activity of which is dramatically reduced in the absence of Bmil. However, to
date no specific enzymatic activity of Bmil has been reported(Cao et al., 2005), making it
a challenge to target for therapeutic intervention. In early 2000s, Bmil was implicated in
self-renewal of hematopoietic and neural stem cell populations and driving the proliferation
of early cerebellar progenitors(Lessard and Sauvageau, 2003; Molofsky et al., 2003; Park
et al., 2003). Further experimental evidence of importance of PcG gene in stem cells came
from the study of Bmil-deficient mice that suffered from continuous loss of hematopoietic
cells and cerebellar neurons(van der Lugt et al., 1994). PRC1 complex was further
implicated in maintaining proper function of hematopoietic stem cells through interaction
between Mphl/Rae28 with Bmil(Ohta et al., 2002). The oncogenic potential of Bmil
became evident through investigation of lymphomagenesis in mouse models. Haupt et a/
have demonstrated that in collaboration with c¢-Myc, Bmil contributed to
lymphomagenesis in T and B cell lineages(Haupt et al., 1993). The PRC1-mediated
transcriptional repression of CDKN2A locus during lymphomagenesis leads to
maintenance of proliferative capacity and undifferentiated state(Itahana et al., 2003; Jacobs

et al., 1999), and has since been implicated in progression and poor prognosis in a number
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of hematologic malignancies(Hosen et al., 2007; Lessard and Sauvageau, 2003). Similarly
to normal stem cells, Bmil was implicated in maintenance of self-renewal in leukemic stem
and progenitor cells(Schuringa and Vellenga, 2010). Intriguingly, there is some evidence
that Bmil can exert its oncogenic properties even in CDKN2A-deficient
models(Bruggeman et al., 2007), suggesting the existence of other gene targets repressed
during tumorigenesis. In addition to hematologic malignancies(Hosen et al., 2007,
Merkerova et al., 2007), elevated levels of Bmil have been shown in colorectal carcinoma,
non-small cell lung carcinoma(Vrzalikova et al., 2008), breast carcinoma(Guo et al., 2011;
Honig et al., 2010), glioblastoma (GBM)(Abdouh et al., 2009), medulloblastoma(Leung et
al., 2004), and prostate cancer(Glinsky, 2007). Clinically, increased Bmil expression levels
have been shown to correlate with poor patient prognosis in several aggressive cancer
types, including colorectal carcinoma(Li et al., 2010), GBM(Cenci et al., 2012), and
medulloblastoma(Manoranjan et al., 2013). The maintenance of self-renewal potential by
Bmil contributes to the aggressive cancer phenotype by allowing CSCs to evade
chemoradiotherapy regimens and drive tumor recurrence. Further contributions of Bmil to
cancer cell survival through therapy has come from its role in promoting DNA damage
repair. Both Bmil and RinglB are recruited to the DNA double-strand breaks (DSB) to
facilitate unbiquitination of YH2AX(Ismail et al., 2010). The continuous localization of
Bmil to DSB breaks is highly dependent on functionally intact ataxia-telangiectasia
mutated (ATM), in addition to ATM- and Rad-3-Related (ATR) kinases(Ginjala et al.,
2011; Marechal and Zou, 2013). Moreover, Bmil-driven enhancement of DNA DSB repair

allows cancer stem cells to negate the detrimental effects of radiation and persist post
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therapy. For example, in GBM, a highly malignant adult brain tumor, CD133 expressing
brain tumor initiating cells (BTICs)(Singh et al., 2004) were shown to have the capacity of
escaping radiation through activation of DNA DSB repair mechanisms(Facchino et al.,
2010). However, the loss of Bmil-assisted DNA DSB repair increases the sensitivity of
CSCs to ionizing radiation and promotes accumulation of cells in Go/M phase of the cell
cycle. Aside from driving self-renewal and resistance to radiotherapy, Bmil has been
implicated in promoting epithelial-mesenchymal transition (EMT), a signaling program
frequently associated with cancer invasion and metastatic potential(Singh and Settleman,
2010), through cooperation with Twist 1 in head and neck carcinomas(Yang et al., 2010).
By modulating SNAIL activity, Bmil is able to promote EMT through repression of PTEN
and subsequent activation of AKT pathway(Song et al., 2009). The apparent role of Bmil
in maintaining a stem cell-like state and an invasive phenotype along with its clinical
significance in multiple tumor types has prompted investigation into avenues of reducing
Bmil levels as a potential therapeutic modality.

Therapeutic targeting of Bmil:

The extensive research on Bmil function in numerous malignancies has created a
large amount of empirical data, correlating reduced Bmil expression levels with less
proliferative, more therapy-sensitive and less tumorigenic phenotype of cancer cells. The
development of small molecule inhibitors against Bmil might create an opportunity for
designing therapies that not only target the highly proliferative cancer cells, but also the
slowly dividing, therapy-evading CSCs. Additionally, Bmil targeting within cancer stem

cells can allow for modulation of two key tumor suppressor pathways driven by Rb and
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p53. In its turn, the combinatorial approach might allow for de-escalation of existing
chemoradiotherapy protocols and minimize the associated toxicity and side effects.
Decreased Bmil activity can be achieved through transcriptional, post-transcriptional or
post-translational regulation(Cao et al., 2011). In breast cancer cells, broad spectrum
histone deacetylase (HDAC) inhibitors have been shown to inhibit expression of Bmil and
the activity of PRC1 complex as measured through a decrease of HIAK119ub(Bommi et
al., 2010; Jung et al., 2010). However, HDAC inhibitor-mediated reduction of Bmil
expression is unlikely to be useful as a targeted therapy against cancer cells, and thus is
likely to be associated with toxicity and side effects. In a recent publication by Kaneta et
al, researchers have isolated and identified a series of naturally occurring compounds
targeting Bmil promoter activity. The most active compound, wallichoside was shown to
decrease Bmil protein levels in colon carcinoma cells and reduced self-renewing capacity
of human hepatocellular carcinoma cells(Kaneta et al., 2017). However, further in vivo
studies in human-mouse xenograft models are warranted to generate better understanding
of the compounds therapeutic value. Additionally, molecules targeting Bmil transcript
have been shown to hold a promising therapeutic potential in reducing oncogenic potential
of prostate cancer stem cells(Bansal et al., 2016) and hepatocellular carcinoma(Bartucci et
al., 2017). Another potential way to modulate protein function, localization and half-life is
through post-translational modifications(Cao et al., 2011). Targeting Bmil post-
translationally, using small molecule inhibitors can present a more clinically relevant
therapy modality with its potential to be selective for CSCs. The first experimental evidence

demonstrating the imminent value of targeting Bmil through post-translational
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modification, came from the study conducted by Voncken et al(Voncken et al., 1999) in
1999 where researchers observed fluctuating phosphorylation levels of Bmil through its
progression in the cell cycle. In G;/S phase, hypophosphorylated Bmil is present in the
chromatin-bound state, whereas the phosphorylation of Bmil in the G»/M phase reduces its
chromatin association. Mechanistic insight into kinases involved in post-translational
modification of Bmil came from the yeast two-hybrid interaction assay, which identified
MAPKAP kinase 3pK as a regulator of Bmil chromatin association, among other PcG
proteins(Voncken et al., 2005). In recent years, small molecule inhibitors developed by
PTC Therapeutics (NJ), were designed to promote phosphorylation of Bmil have been
tested in colorectal carcinomas(Kreso et al., 2014), lung adenocarcinomas(Yong et al.,
2016), multiple myeloma (MM)(Bolomsky et al., 2016), prostate cancer(Bansal et al.,
2016) and medulloblastoma (unpublished data). In all cases, small molecule inhibitor
resulted in decreased Bmil protein levels and reduced activity of the PRC1 complex. More
importantly, diminished Bmil levels reduced the self-renewal capacity of cancer stem cells,
which in turn correlated with lowered tumorigenic potential in vitro and in vivo. In keeping
with the original observations, cells treated with a Bmil inhibitor became more
apoptotic(Bansal et al., 2016; Bolomsky et al., 2016; Kreso et al., 2014; Yong et al., 2016)
and underwent cell cycle arrest at Gy phase(Kreso et al., 2014; Yong et al., 2016).
Collectively, these studies have provided a strong rationale for including Bmil targeted
therapy in the treatment strategies for patients presenting with malignancies displaying
elevated Bmil expression. Currently, the lead compound developed by PTC Therapeutics,

PTC-596, is being examined in a Phase I clinical trial (ClinicalTrials.gov Identifier
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NCT02404480) for recurrent solid malignancies in adults. Another example of post-
translational regulation of Bmil is through beta-transducin repeat containing protein
(BTrCP) mediated ubiquitination and subsequent degradation of Bmil. In their work
Sahasrabuddhe ef al, were able to demonstrate that wild-type Bmil is readily recognized
and bound to by BTrCP, a subunit of SCF (SKP1-cullin F-box) E3-ubiquitin ligase and is
destined for ubiquitin-proteasome mediated degradation(Sahasrabuddhe et al., 2011).
Development of therapies increasing the extent of Bmil ubiquitination might present an
avenue to continuously reduce Bmil protein levels within the cell and thus ensure un-
inhibited transcription of CDKN2A locus.

In addition to development small molecules directly affecting Bmil transcription or
protein levels, novel compounds modulating Bmil through inhibition of proteins that
contribute to normal regulation of Bmil have been tested. Polo-like kinase 1 (PLK1) is
overexpressed in several cancer subtypes, correlates with poor patient outcomes and has
been shown to play an important role in driving tumor cell growth(Strebhardt, 2010;
Strebhardt and Ullrich, 2006). In breast cancer, small molecule inhibition of PLK 1 resulted
in marked induction of cellular senescence. Further experimentation revealed that
downregulation of PLK1 activity caused upregulation of miR-200c and miR-141 which in
turn post-transcriptionally inhibited expression of Bmil(Dimri et al., 2015).

Negating Bmil effects by upregulation of Mel18:

Despite the highly similar amino acid sequences and functional redundancy

between Bmil and its paralog Mel-18(van Lohuizen et al., 1991), the two proteins differ in

their regulation of PRC1 complex. Both Bmil-PRCI complex and Mell18-PRC1 target
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genes with high levels H3K27me3 and contribute to the canonical PcG-mediated gene
repression(Gao et al., 2012). However, in vitro studies in MCF7 cells indicated that Mel-
18-PRC1 complexes have reduced ubiquitination activity compared to Bmil-PRCI1
complexes(Cao et al., 2005; Qian et al., 2010). It has also been postulated that increased
levels of Mel-18 allows it to outcompete Bmil for integration into PRC1 and thus reduce
the extent of PRCI mediated gene repression(Koppens and van Lohuizen, 2016).
Interestingly, the expression pattern of Bmil and Mel-18 varies in adult tissues suggesting
regulation of distinct cellular programs(Gao et al., 2012; Lessard et al., 1998). In contrast
to Bmil, expression levels of Mel-18 escalate during differentiation of HSCs(Lessard et al.,
1998; Park et al., 2003; Schuringa and Vellenga, 2010), suggesting that while Bmil is
essential in preserving HSCs, Mell8 ensures proper differentiation(Kajiume et al., 2009;
Oguro et al., 2010). Further functional differences between Bmil and Mel18 extend to their
role in cancer cells. Unlike Bmil, that is often upregulated in aggressive cancers, Mel18 is
often downregulated(Guo et al., 2007b; Lu et al., 2010; Riis et al., 2012; Tao et al., 2014;
Wang et al., 2011; Wang et al., 2009; Zhang et al., 2010) suggesting a tumor suppressive
role. Studies in human fibroblasts identified Mel-18 contribution to transcriptional
regulation of Bmil through modulation of c-Myc levels. The Mel-18-driven
downregulation of c-Myc during cellular senescence reduces its binding to the Bmil
promoter and thus stalls Bmil gene expression(Guo et al., 2007a; Guo et al., 2007b; Kanno
et al., 1995; Tetsu et al., 1998). Several other pathways modulated by Mel-18 include Wnt
signalling, E-cadherin, and angiogenesis(Guo et al., 2010; Lee et al., 2014; Park et al.,

2011). From a therapeutic perspective, Mel-18 presents an intriguing possibility to negate
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Bmil activity through Mel-18 agonists. The increased levels of Mel-18 will allow for
formation of more Mel-18-PRC1 complexes that have opposing effects to Bmil-PRCI
complexes and thus will reduce the extent to which Bmil is able to contribute to therapy
evasion and self-renewal ability of cancer stem cells.

Concluding remarks:

A combinatorial approach of targeting the bulk tumor population, along with the
cancer stem cell fraction can potentially not only lead to de-escalation of current treatment
protocols, but also address the root cause of tumor recurrence. However, since Bmil is
ubiquitously expressed throughout the human body, the effects of Bmil targeting must be
carefully and methodically evaluated. In the pre-clinical models investigating the efficacy
of Bmil targeting with small molecule inhibitors for treatment of childhood
medulloblastoma, our lab has shown a higher sensitivity of tumor cells to the Bmil
inhibitor, relative to neural stem cells (unpublished data). These results highlight the
importance of further elucidating different Bmil roles and its regulation in cancer cells,
when compared to normal cells. The increasing evidence demonstrating Bmil-driven
therapy evasion and tumor recurrence warrants routine profiling of Bmil levels in
oncologic patients, in order to identify patients who have the potential to benefit from
combining Bmil targeted therapies with today’s gold standard chemoradiotherapies.
Moreover, the relationship between Bmil and Mel-18 requires further investigation as
indirect modulation of Bmil levels by Mel-18 can create new therapeutic avenues for

minimizing oncogenic effects of Bmil.
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Figure 1: Role of Bmil in driving self-renewal of cancer stem cells. Cancer stem cells
(CSCs) are endowed with the intrinsic ability to escape the best chemoradiotherapy
regimens. Without targeted therapies against CSCs, slowly dividing cells left behind post-
therapy will proliferate and drive tumor recurrence and metastatic spread. Within CSCs,

Bmil directed self-renewal and proliferation is accomplished through transcriptional

INK4A ARF
6 4

repression of the CDKN2A locus encoding for pl and pl . However, in the
absence of Bmil, pl6-mediated inhibition of RB phosphorylation and pl4-mediated
prevention of p53 polyubiquitination contribute to reduced activation of genes required for
DNA replication and cell cycle progression. Through targeted therapies against Bmil, it is

possible to limit proliferation and self-renewal of the rare population of cells responsible

for treatment failure and tumor recurrence.
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Chapter 4: BMI1 is a therapeutic target in recurrent medulloblastoma
This chapter is an original published article presented in its published format in Oncogene

available at https://www.nature.com/articles/s41388-018-0549-9

Bakhshinyan, D., C. Venugopal, A. A. Adile, N. Garg, B. Manoranjan, R. Hallett, X.
Wang, S. Mahendram, P. Vora, T. Vijayakumar, M. Subapanditha, M. Singh, M. M.
Kameda-Smith, M. Qazi, N. McFarlane, A. Mann, O. A. Ajani, B. Yarascavitch, V.
Ramaswamy, H. Farooq, S. Morrissy, L. Cao, N. Sydorenko, R. Baiazitov, W. Du, J.
Sheedy, M. Weetall, Y. C. Moon, C. S. Lee, J. M. Kwiecien, K. H. Delaney, B. Doble,
Y. J. Cho, S. Mitra, D. Kaplan, M. D. Taylor, T. W. Davis and S. K. Singh (2018).
"BMI1 is a therapeutic target in recurrent medulloblastoma." Oncogene.

doi:10.1038/s41388-018-0549-9

In this manuscript, we used stem cell assays, patient-derived human-mouse xenograft
(PDX) models, and genomic and bioinformatic profiling of recurrent human MB lines and
patient-derived samples to elucidate the role of BMI1 in driving recurrent MB. Through a
collaborative industry partnership, we obtained access to BMI1 small molecule inhibitors,
PTC-028 that was used for in vitro, ex vivo and in vivo treatment of recurrent patient-
derived MB stem cells, and PTC-596 that was used for in vivo studies. In vivo self-renewal
deficits in MB cells caused by post-translational targeting of BMI1, led to significant
reduction in tumor burden, extent of spinal metastases and tumor initiation ability of

recurrent MB cells upon re-transplantation of PTC-028 treated cells into secondary
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recipient mouse brains. Although, both mouse and human neural stem cells (NSCs) express
BMI1 and are mildly sensitive to BMI1 inhibitors, no significant toxicity was observed in
either mouse or human NSCs upon PTC-028 treatment, at doses relevant for MB cells. This
study provided extensive evidence of an efficacious therapy for relapsed and treatment-
refractory, metastatic and recurrent solid malignancy through post-translational inhibition

of BMII.
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ABSTRACT:

Medulloblastoma (MB) is the most frequent malignant pediatric brain tumor,
representing 20% of newly diagnosed childhood central nervous system malignancies.
Although, advances in multimodal therapy yielded a 5-year survivorship of 80%, MB still
accounts for the leading cause of childhood cancer mortality. In this work, we describe the
epigenetic regulator BMI1 as a novel therapeutic target for the treatment of recurrent human
Group 3 MB, a childhood brain tumor for which there is virtually no treatment option
beyond palliation. Current clinical trials for recurrent MB patients based on genomic
profiles of primary, treatment-naive tumors will provide limited clinical benefit since
recurrent metastatic MBs are highly genetically divergent from their primary tumor. Using
a small molecule inhibitor against BMI1, PTC-028, we were able to demonstrate complete
ablation of self-renewal of MB stem cells in vitro. When administered to mice xenografted
with patient tumors, we observed significant reduction in tumor burden in both local and
metastatic compartments and subsequent increased survival, without neurotoxicity.
Strikingly, serial in vivo re-transplantation assays demonstrated a marked reduction in
tumor initiation ability of recurrent MB cells upon re-transplantation of PTC-028 treated
cells into secondary recipient mouse brains. As Group 3 MB is often metastatic and
uniformly fatal at recurrence, with no current or planned trials of targeted therapy, an

efficacious targeted agent would be rapidly transitioned to clinical trials.
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INTRODUCTION:

Medulloblastoma (MB) is the most frequent malignant pediatric brain tumor,
representing 20% of newly diagnosed childhood central nervous system malignancies.
Although, advances in multimodal therapy yielded a 5-year survivorship of 80%, MB still
accounts for the leading cause of childhood cancer mortality(Ellison, 2010; Huse and
Holland, 2010). Treatment-induced morbidity and long-term clinical sequelae leading to
poor quality of life is common in surviving children(Taylor et al., 2012). Limited ability of
clinico-pathological parameters in predicting treatment response have propelled the use of
genomic platforms to re-conceptualize MB into four major molecular subgroups; each
distinct in terms of prognosis and predicted therapeutic response(Cavalli et al., 2017; Cho
et al., 2011a; Kool et al., 2008; Northcott et al., 2011; Pomeroy et al., 2002; Schwalbe et
al., 2017; Thompson et al., 2006). Metastatic disease characterized by leptomeningeal
spread and dissemination via cerebrospinal fluid is seen in up to 40% of patients at the time
of diagnosis and at recurrence in Group 3 and 4 patients and leads to the worst clinical
outcome with a 5-year survivorship of approximately 50% of patients with Group 3
MB(Taylor et al., 2012). The salvage rate of recurrent MB is even more dismal at less than
10%, irrespective of the treatment modality used(Ramaswamy et al., 2013). Consequently,
current treatment for MB patients who present with recurrent metastatic lesions is limited
to palliative care, and the development of novel therapeutics for these patients is further
encumbered by rare clinical opportunities in which specimens may be obtained from

relapsed patients.
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Stemness factors have been shown to contribute to treatment failure and relapse,
irrespective of whether these determinants are present in the bulk tumor or rare clonal
cells(Reya et al., 2001). BMII, the epigenetic regulator of fate determination and
proliferation, has been implicated in the maintenance of stemness in a number of normal
and malignant cell populations(Sauvageau and Sauvageau, 2010; Sparmann and van
Lohuizen, 2006). BMII1 functions as a component of the Polycomb Repressive Complex 1
(PRC1), to repress the Ink4a/Arf and p2I loci(Alkema et al., 1993). Recent studies
implicated BMI1 in the pathogenesis of brain tumors such as glioma(Bruggeman et al.,
2007; Gargiulo et al., 2013) and MB(Leung et al., 2004; Wang et al., 2012), with recent
work identifying BMI1 as a novel therapeutic target in solid tumors(Kreso et al., 2014;
Yong et al., 2016). Intriguingly, an 11-gene stemness signature representing a conserved
BMI1-regulated transcriptional network has been shown to reliably predict poor treatment
response, recurrence, metastatic potential, and death in eleven cancer models, including
MB(Glinsky et al., 2005). The marked propensity for metastatic dissemination uniformly
seen in a wide range of organs suggests the presence of a conserved BMI1-driven pathway
engaged in clonal cell populations that is amenable to therapeutic targeting.

In this manuscript, we describe BMI1 as a novel therapeutic target for treatment of
recurrent human Group 3 medulloblastoma. Using a small molecule inhibitor targeting
BMI1, PTC-028, we significantly reduced stem cell properties of recurrent Group 3 MB
lines in vitro and in vivo. Further experiments revealed that at the doses relevant to MB
cells, BMII inhibitor spared the self-renewal properties of human neural stem cells while

effectively targeting MB cells. As future MB subgroup-specific clinical trials will most
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likely begin with relapsed patients, therapeutic targets identified from the comparative
analyses between primary and matched-recurrent tumors offer the greatest clinical yield

and may be readily translated to patient bedside.
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RESULTS:
Increased BMI1 expression predicts MB recurrence and poor patient survival

Since prior work has identified a BMI1-driven gene signature (Glinsky signature)
that predicts metastasis and tumor progression across eleven cancer subtypes(Glinsky et
al., 2005), we decided to probe for this signature in a publicly available MB genomics
database. We found elevated levels of the BMII driven gene signature were associated with
both reduced relapse-free and overall survival (Figure 1a). In a multivariable analysis that
included subtype, age, and metastasis (M)-status, only the BMII1 signature was an
independent predictor of overall survival, although subtype and M-status also trended with
outcome (Figure 1b). Due to the pivotal role of BMI1 in tumor pathogenesis, we sought to
explore the role of this pathway in the context of MB recurrence. We compiled curated
databases (BROAD Molecular Signatures Database V5.0) pertaining to BMI1 and its
associated Polycomb group complex into a new BMI1-driven signature (Supplementary
Table 1), and undertook preliminary gene set enrichment analysis of a cohort of twelve
matched primary and recurrent patients MBs(Wang et al., 2015). Gene expression profile
of a human MB primary-recurrent dataset revealed spinal metastases to significantly enrich
for BMI1 pathway genes (Figure 1c).

Since upregulation of BMI1 has been shown to confer radioresistance in brain
tumor cells(Facchino et al., 2010), we set out to investigate the effects of in vitro
chemoradiotherapy on MB cells, by designing a two-week in vitro chemoradiotherapy
treatment plan, resembling the existing COG (Children’s Oncology Group) protocol

ACNSO0332 used for treatment of newly diagnosed high-risk MBs (Supplementary Figure
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la). Primary MB cell line, D425, was used to optimize radiation and chemotherapy dosages
(Supplementary Figure 1b-d). When cells were harvested post-treatment to assess BMI1
levels, we found both BMII transcript and protein expression levels were significantly
enhanced in treated cells (Figure 1d-e). mRNA expression of other stem cell markers such
as CDI133, FOXG1 FUT4, and SOX2 and was also increased after chemoradiotherapy
(Supplementary Figure 1e). To investigate the in vivo significance of upregulation of BMI1
in recurrent MB, we undertook intracranial xenografting of a therapy-naive Group 3 MB
cell line (D425) into NOD SCID mice, followed by treatment with standard
chemoradiotherapy. Despite the fact that untreated mice formed larger tumors and treated
mice presented an expected decrease in tumor size (Figure 1f, left panels), we observed a
marked increase in BMI1 levels in treatment-refractory tumor cells (Figure 1f, right panels,
Supplementary Figure 1f).
Targeting BMI1 using small molecule inhibitors

PTC-028 was established through lead identification and chemical modification of
PTC-209, a small molecule BMII inhibitor (PTC Therapeutics) that showed efficacy in
targeting self-renewal of colorectal cancer-initiating cells(Kreso et al., 2014). It was found
that changing the 2-amino-thiazole middle ring contained within PTC-209 to a 2-amino-
pyrazine provided analogs with potency increased by 2-3 orders of magnitude.
Furthermore, the replacement of the imidazolopyridine (or imidazolopyrimidine) right
flank with benzimidazole provided analogs with increased oral bioavailability. Introduction
of fluorination on the benzimidazole led to the discovery of PTC-028 (Supplementary

Figure 2a). The ICsy of PTC-028 in normal hNSCs (human neural stem cells) was found to
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be 6.7uM (Hill Slope = -1.512), which was higher than 1Cs, values determined in the two
recurrent MB lines (SU_MBO002 = 1.6uM, Hill Slope =-1.109; D458 = 4.5uM; Hill Slope
=-1.001) (Figure 2a).

The BMII inhibitors of this class cause hyper-phosphorylation and subsequent
degradation of BMI1 protein as measured by both Western blot analysis (Figure 2b and
Supplementary Figure 2b). The canonical PRC1 mediated target gene repression is
achieved through ubiquitination of Lysine 119 residue of histone 2A (uH2AK119)(Wang
et al., 2004). Using PTC-028 we were able to demonstrate the selective reduction of PRC1
activity through the reduction of global Lys119 ubiquitinated H2A levels in SU MBO002
and D458 cells but not in hNSCs (Figure 2b). In order to test the specificity of the inhibitor
to BMI1, we treated SU_MBO002 cells with bortezomib, a reversible proteasome inhibitor
with and without PTC-028. It was intriguing to observe that even in the presence of
bortezomib, treatment of MB cells with PTC-028 resulted in marked reduction of BMI1
protein levels (Supplementary Figure 2c).

The modified inhibitor, PTC-028 was tested in our model systems of recurrent MB
and normal hNSCs. Similar to our BMII knockdown (KD) studies (Supplementary Figure
3), in vitro treatment with PTC-028 reduced the proliferative capacity and self-renewal, as
measured by the decrease in number and frequency of spheres formed in recurrent Group
3 MB cell lines SU MB002 (Figure 2c-e) and D458 (Figure 2f-h). To further understand
the mechanism of reduction in cell proliferative capacity after treatment with BMI1 small
molecule inhibitor, we undertook cell cycle studies of treated MB cells. Treatment of MB

cells with PTC-028 for 72 hours led to significant reduction of the cell populations in the
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S-phases in both SU_ MBO002 and D458 (Figure 2i). Since BMI1 has the ability to activate
cell cycle by repressing the expression of several cell cycle regulators including p161nk4,
p21 and HOXAY9, we analyzed the mRNA expression levels of these genes in MB cells that
were treated with PTC-028. The in vitro treatment with PTC-028 and subsequent BMI1
degradation, resulted in an increased expression of all three genes in both recurrent MB
lines, SU_MBO002 (Figure 2j) and D458 (Figure 2k), indicating the release from the BMI1-
mediated repression.
PTC-028 spares human neural stem cells, while inhibiting growth of MB

BMI1 plays a crucial role in regulating self-renewal of both hNSCs and MB stem
cells. Previous experiments indicated that PTC-209 spares primary human hematopoietic
stem cells while targeting colorectal cancer-initiating cells(Kreso et al., 2014), suggesting
a potential therapeutic window for BMI1-targeted therapies. Similar to the in vitro studies
done in MB cells, we treated hNSCs with PTC-028 at a previously established
therapeutically effective dose for MB cells. Functionally, although treatment of hNSCs
with high dose of PTC-028 led to a decrease in proliferative potential (Supplementary
Figure 4a, d) their ability to self-renew was spared (Supplementary Figure 4b, c, e, f).
Unlike MB cells, PTC-028 treated hNSCs were able to remain a fraction of cells in S-phase
of the cell cycle, despite an evident increase in cells undergoing apoptosis (Supplementary
Figure 4g).

To rule out cytotoxic effects on hNSCs after treatment with PTC-028, we performed
a mixing experiment of recurrent MB cells, SU_MBO002 or D458 tagged with GFP and non-

GFP-expressing hNSCs (Figure 3a). Cell populations were mixed at a ratio of 1:1 and then
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treated with either DMSO or PTC-028, at a dose equivalent to ICgy for SU MB002
(5.45uM) or D458 (17.9uM) for 72 hours. After 72 hours, cells were analyzed using flow
cytometry to assess the differential activity of PTC-028 in MB cells and hNSCs. Although
doses of BMI1 inhibitor used were comparable or higher than the 1Csy values calculated for
hNSCs, BMII1 inhibition resulted in reduced percentage of live MB cells while sparing
unlabeled hNSCs (Figure 3b-c). The initial results were confirmed by performing a reverse
experiment, mixing GFP-labelled hNSCs and unlabeled MB cells. When treated with
DMSO, MB cells were able to propagate unhindered and constitute a vast majority of the
analyzed cell population, however, when treated with PTC-028, the growth of MB cells
was inhibited, allowing for expansion of hNSCs (Supplementary Figure 4h). A similar
experiment was performed employing the frequently used chemotherapeutic agent,
cisplatin. Unlike PTC-028, treatment with cisplatin (ICso: SU_MBO002 - 614.4nM, Hill
Slope =-0.7628; hNSCs - 416.2nM, Hill Slope = -4.925) resulted in continuous expansion
of GFP-positive MB cells and inhibited growth of hNSCs (Figure 3d-e). This data suggests
that in contrast to conventional chemotherapy drug used for treatment of MB, BMI1
inhibitor treatment spares hNSCs, which can potentially translate into a reduced
neurotoxicity in patients.
BMI1 inhibitor treatment selectively reduces expression of target genes driving tumor
growth and aggressiveness in MB cells, with minimal effect on hNSC target gene
expression

To further understand the mechanisms by which PTC-028 affects MB, we have

undertaken a gene expression profiling of PTC-028 treated D425, D458 and hNSCs. We

102



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

found that both MB samples displayed a larger number of differentially expressed genes
when compared to NSCs (Supplementary Fig 5a), underscoring enhanced drug activity in
MB samples compared to NSCs. Gene expression enrichment analysis (GSEA) using two
BMI1 signatures present within the MSigDB C6 oncogenic signatures revealed
downregulation of BMII signaling in response to PTC-028 in MB samples compared to
DMSO treated control samples (Figure 4a). We annotated enrichment maps from GSEA
run with the MSigDB C2 based on broad agreement between the enriched gene sets,
revealing PTC-028 induced increase in expression gene sets associated with TLR signaling
and broad decrease in expression of gene sets associated with RNA metabolism, cell cycle,
translation, and glucose metabolism (Supplementary Figure 5b). In addition to this broad
level analysis, we completed GSEA with the MSigDB hallmark gene set, which revealed
robust downregulation of MYC signaling, oxidative phosphorylation and glycolysis
(Figure 4b and Supplementary Table 2). As expected, these changes were not significant in
NSCs (Supplementary Figure 5c¢). To test whether these changes were relevant to MB
patients we completed survival analysis using the leading edge genes from the enriched
hallmark gene sets as a signature indicating activity of the relevant pathway. In all cases,
increased signaling activity was associated with lower survival in MB patients (Figure 4c).
Taken together, our data suggests that BMI1 inhibitors reduce the aggressive and metastatic
behavior of MB by downregulating key oncogenic pathways such as Myc, whose high
expression often reflects a classic Group 3 MB with metastases at diagnosis(Taylor et al.,
2012).

In vivo therapeutic targeting of BMI1
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Having established the role of BMI1 inhibitor in vitro, we set out to test the ability
of PTC-028 to inhibit growth of human MB through both ex vivo and in vivo studies. Initial
efficacy of the BMII1 inhibitor in animal models was validated though experiments
measuring bioavailability and pharmacokinetics of PTC-028. Pharmacokinetic analysis
following oral dosing of 10 mg/kg PTC-028 in 0.5% hydroxypropyl methyl cellulose
(HPMC) suspension demonstrated that PTC-028 is orally bioavailable (Supplementary
Figure 6). Tissue analysis taken from this study at 6 and 16 hours post-dose demonstrated
that PTC-028 is taken up into tissues, including the brain, at comparable levels to those
observed in the plasma (Supplementary Table 3). Pharmacodynamic analysis was
conducted in nude mice bearing established subcutaneous HT1080 fibrosarcoma flank
tumors. Tumor growth was reduced in mice treated with 10mg/kg PTC-028 either once a
day for ten days or twice a day for four days (Supplementary Figure 6b). After 10 days,
BMII levels were significantly reduced (Supplementary Figure 6¢) in the treated group.
The initial bioavailability study for MB brain tumor xenografts revealed that the highest
amount of PTC-028 after 4-hour post oral gavage is in plasma and in MB tumors
(Supplementary Figure 6d). Furthermore, after completion of 6-dose (3 doses/week on
alternating days for 2 weeks) treatment regimen with PTC-028, there was no significant
weight loss (Supplementary Figure 6¢) and no cytotoxicity observed in brains, lungs, heart,
kidneys and liver when comparing control and PTC-028 treated mice (Supplementary
Figure 7). Histological analysis of the brain from control and PTC-028- treated mice
revealed large masses of large, pleomorphic tumor cells in the subarachnoid space and in

the ventricles compressing the brain tissue and also scattered intracerebral masses
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throughout the brain. Often, at the edge of a tumor mass there was an active infiltration of
the adjacent brain tissue by individual or small clusters of cancer cells. Although cells with
karyorrhectic nucleus and shrunken hyper-eosinophilic cytoplasm were rarely scattered in
the masses of control mice, such cells were numerous in the tumor masses of PTC-028
treated mice. Cell death was not observed in the brain tissue adjacent to tumor masses in
control and PTC-028 treated mice. To investigate whether PTC-028 has an effect on murine
BMI1, we compared BMI1 levels in DMSO and PTC-028 treated mouse NSCs
(Supplementary Figure 6f). Owing to the fact that hANSCs have higher ICs, values for PTC-
028, we used high doses of the inhibitor for treatment of mNSCs. Similar to human MB
cells, we observed a reduction in BMI1 protein levels post treatment with PTC-028, further
confirming specificity of the drug to BMI1 in both human and mouse cells.

Since BMI1 is highly overexpressed in recurrent MB lines, we used D458 and
SU MBO002 for in vivo studies. These cells are refractory to conventional
chemoradiotherapy, but as they express high levels of BMI1, we hypothesized that the
BMI1 inhibitor, PTC-028 would effectively target these cells, with the added advantage of
excellent bioavailability through oral administration. The initial intracranial injections of
PTC-028 or DMSO ex vivo treated D458 cells in varying cell numbers, ranging from 10,000
to 500,000 cells/mouse, resulted in a 60-80% reduction in tumor burden across all dilutions
(Supplementary Figure 8a-b). Next, we initiated the two-week in vivo treatment protocol
by administering either PTC-028 (10mg/kg dose, three times a week) or vehicle into NOD
SCID mice intracranially xenografted with recurrent MB cells. Mice treated with PTC-028

showed a reduction in intracranial tumor burden and decreased metastatic leptomeningeal
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dissemination to spines in both recurrent MB lines, SU MBO002 (Figure 5a-b) and D458
(Supplementary Figure 8c-d). Furthermore, mice engrafted with two recurrent cell lines
and treated with PTC-028 also exhibited significant increase in survival (Figure 5S¢ and
Supplementary Figure 8¢). The immunohistochemical staining of brain sections from both
PTC-028 and vehicle treated mice revealed a reduction in BMI1 levels in the remaining
tumor cells post treatment with PTC-028, further validating the on-target activity of the
inhibitor (Figure 5d). Strikingly, through serial in vivo re-transplantation assays, we
observed a marked reduction in tumor initiation ability of recurrent MB cells upon re-
transplantation of PTC-028 treated cells into secondary recipient mouse brains (Figure 5e).
These data illustrate the great potential of BMI1 inhibitors in effectively targeting treatment

refractory disease in patients with recurrent and metastatic MB.
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DISCUSSION:

Current clinical trials for recurrent MB patients who no longer tolerate or respond
to risk-adapted therapy are based on the genomic profiles of primary, treatment-naive
tumors(Ramaswamy et al., 2013). These approaches are poised to be of limited clinical
benefit for patients since recurrent Group 3 and 4 MBs, which often present as metastases,
are highly genetically divergent from their primary tumor(Wu et al., 2012). The
experimental approach taken in our study aimed at evaluating the therapeutic efficacy of
novel small molecule inhibitor in models representative of recurrent Group 3 MB, and
therefore should have immediate clinical implications for recurrent childhood MB, a tumor
that is uniformly fatal and treated with palliation alone.

Our results establish BMI1 as a necessary factor that enables cells to adapt to current
therapies and drive recurrence based on phenotypic differences in stemness. Primary MB
cells that survived the in vitro and in vivo chemoradiotherapy protocols were found to be
highly enriched in BMI1. Although the question of whether BMI1 expression is induced or
cells with increased BMI1 expression are selected for through the course of
chemoradiotherapy remains to be answered, it is evident that population of cells with high
BMII1 expression contribute to tumor recurrence and represent a potential therapeutic
target. Additional support for BMII in driving recurrence was observed using our
prognostic BMI1 signature, which not only enriched for those patients most likely to
relapse and succumb to their disease but also offered a phenotypic platform for assessing
the efficiency at which candidate molecules impaired the self-renewal of primary and

matched-recurrent MB cells (Figure 1). The maintenance of self-renewal potential by BMI1
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and its role in promoting DNA damage repair enables the BTICs to evade
chemoradiotherapy regiments and drive tumor recurrence. The continuous recruitment of
BMI1 to the DNA double-strand breaks (DSBs) and subsequent promotion of DNA repair
allows cells to contravene the effects of ionizing radiation and persist post-therapy(Ismail
et al., 2010). Studies on CD133+ GBM cancer stem cells demonstrated that loss of BMI1-
directed DNA DSB repair activity can re-sensitize the seemingly radiation resistant
population of cells to radiotherapy and induce replicative senescence. PTC-028 selectively
inhibited a conserved BMI1-regulated transcriptional network that maintained MB self-
renewal (Figure 4), leading to notable abrogation of spinal metastases (Figure 5). Similar
results were observed following short-term ex vivo treatment, which suggests MB cells are
reliant on BMII to sustain tumor progression, clonal maintenance and metastatic
dissemination (Supplementary Figure 8).

An important consideration is the effect of PTC-028 on normal human neural stem
cells. In addition to hematopoietic and skeletal defects, BMI1” mice develop clinical
manifestations of cerebellar disease such as progressive ataxic gait, balance disorders,
tremors, and behavioral abnormalities(Leung et al., 2004). Histologically, the cerebellar
cytoarchitecture in these mice contain a marked reduction in the cellularity of the granule
and molecular layers suggesting a decrease in the mitotically active granule neuron
precursor (GNP) population. We observed no changes in the self-renewal or proliferative
capacity of post-natal human neural stem cells treated with PTC-028, indicating our
therapeutic dose would have no noticeable effects on the normal central nervous system

(Figure 3 and Supplementary Figure 4). Of note, in our work we transiently lowered BMI1
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levels in xenografts and cell culture, whereas previous transgenic mouse studies analyzed
the effects of complete BMII knockout during development and beyond, which may
account for the observed differences. Given the detrimental neurocognitive effects of high-
dose radiation in Group 3 MB patients our finding that PTC-028 does not impair the
function of normal human neural stem cells provides further support for targeted inhibition
of BMI1 as a high-yield therapeutic with limited effects on quality-of-life in both primary
and recurrent Group 3 MB.

Changes in risk-adapted therapy for childhood MB resulted in a significant survival
advantage over the past 20 years. The establishment of a robust molecular classification
has paved the way for a more personalized treatment scheme. While, targeted therapies
according to this molecular framework are currently underway for primary MB
(NCTO01878617), similar approaches have yet to be applied for the treatment of recurrent
Group 3 MB. The failure of current cancer therapeutics, especially for Group 3 MB, may
be attributed to a number of determinants such as clonal expansion based on cellular and
genomic diversity(Wu et al., 2012), properties of stemness such as self-renewal(Pei et al.,
2012), and the inability to effectively identify targets that act on multiple pathways of
functional significance(Bandopadhayay et al., 2014). Our study describes the application
of an inhibitor targeting BMI1, a chromatin modifier and epigenetic regulator of stemness,
to a metastatic treatment-refractory pediatric brain tumor thought to be driven by a stem
cell population. Through inhibiting a conserved BMI1-regulated transcriptional network,
we reproducibly eradicated metastatic clones in two recurrent Group 3 MB patient lines;

preclinical data that may drastically alter the treatment of tumors that are uniformly fatal
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with conventional approaches. By considering cancer as a disease in which heterogeneous
cell populations are carried forward from ontogeny into primary oncology and distal
recurrence/metastasis, our therapeutic paradigm may be generally applied to several solid
tumor malignancies. Emerging studies continue to conceptualize cancer as a disease driven
by determinants of stemness(Chen et al., 2012) for which greater effort should be taken to
target these phenotypic traits, as they may be the most influential processes in regulating
tumor maintenance and relapse(Venugopal et al., 2015). Such approaches will yield
immediate clinical impact as those patients who currently succumb to their illness often

present with tumor recurrence and metastasis.
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MATERIALS AND METHODS:
Cell Cultures

SU MBO002 was a kind gift from Dr. Yoon-Jae Cho that was derived at recurrence
from a patient who received only chemotherapy and display expression markers of Group
3 MB(Facchino et al., 2010). SU_MBO002 cells were propagated in NeuroCult Complete
(NCC): NeuroCult™ NS-A Basal Medium (Stemcell™ technology #05750) supplemented
with 50mL NeuroCult™ Supplement, 20ng/mL EGF, 10ng/mL FGF, 0.1% heparin and 1%
penicillin-streptomycin. Commercially available cell lines representing primary, therapy-
naive (D425) and recurrent (D458) Group 3 MB cell lines(He et al., 1991) were propagated
in DMEM high glucose (Life Technologies# 11965-118) supplemented with 1% penicillin—
streptomycin, and 20% FBS, but cultured in NCC for 48hours prior to experiments. Human
fetal neural stem cells (hNSCs) were isolated using a previously described
protocol(Venugopal et al., 2012b) and cultured in NeuroCult Complete medium. Mouse
neural stem cells were isolated from E14 CD1 embryos and cultured in vitro using mouse
specific NeuroCult Complete medium for 72 hours prior to experimentation.
In vitro chemoradiotherapy

Cells plated at a density of 1x10° cells/mL were treated with a single dose of 2Gy
radiation (Faxitron RX-650) and incubated for a week. Following incubation, cells were
treated with a single dose of 200nM cisplatin and 2nM vincristine and incubated for an
additional week. The doses were chosen based on ICsy values calculated using D425. At
the third week, cells were analyzed by RT-qPCR and Western immunoblotting for BMI1

mRNA and protein levels respectively.
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Real-time Quantitative PCR (RT-qPCR)

Total RNA was extracted using a Norgen Total RNA isolation kit and quantified
using the NanoDrop Spectrophotometer ND-1000. Complementary DNA was synthesized
from 1pg RNA by using qScript cDNA Super Mix (Quanta Biosciences) and a C1000
Thermo Cycler (Bio-Rad) with the following cycle parameters: 4min at 25°C, 30min at
42°C, 5Smin at 85°C, hold at 4°C. RT-qPCR was performed by using Perfecta SybrGreen
(Quanta Biosciences) and CFX96 instrument (Bio-Rad). CFX Manager 3.0 software was
used for quantification of gene expression and levels were normalized to GapDH, b-Actin
or b2 microglobulin expression. Primers are listed in Supplementary Table 4.

Western immunoblotting (WB)

Denatured total protein (10png) was separated using 10% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane.
Western blots were probed with anti-human BMII antibody (EMD Millipore, #05-637,
40kDA), anti-ubiquityl-histone 2A (Lys 119) antibody (Cell Signaling #8240, 23kDa),
anti-histone 2A antibody (Cell Signaling #12349, 14kDa), anti-GapDH antibody (Abcam
#ab8245, 37kDa) and anti-b-tubulin antibody (Abcam #ab6046, 50kDa). The secondary
antibody was horseradish peroxidase conjugated goat anti-mouse IgG (Bio-Rad #1721011)
or goat anti-rabbit IgG (Sigma #A0545). The bands were visualized using an Luminata™
Forte Western HRP Substrate (Millipore) and chemicdoc. Western immunoblots were
quantified with Image J software, and protein levels normalized to the loading control are
provided in the respective figures.

Analoging effort to generate improved BMI1 inhibitor: PTC-028
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PTC-028 (Fig. S2A) was discovered as a result of further optimization of PTC-209°
It was found that changing the thiazole middle core (such as in PTC-209) to a pyrazine
middle core (such as in PTC-028) provided analogs with potency increased 2-3 orders of
magnitude.  Furthermore, the replacement of the imidazolopyridine (or
imidazolopyrimidine) right flank with benzimidazole provided analogs with greatly
increased oral bioavailability.
Synthesis of PTC-028
Compound A: 4-Trifluoromethylaniline (4.83g, 30mmol) and 2,6-dichloropyrazine (4.5g,
30mmol) were dissolved in DMF (50mL) and cooled to -78°C. To this solution was added
2.5M solution of sodium tert-pentoxide in THF (40mL, 100mmol). The reaction was
gradually warmed to RT and reaction was completed as showed by LC-MS. Aqueous work
up followed by chromatography gave the title compound as dark solid (7.08g) in 86% yield.
Compound B: To a MW tube was added Compound A (546mg, 2mmol), 1,2-difluoro-4,5-
diaminobenzene (560mg, 4mmol), Pd2dba3 (100 mg, 0.1 mmol), X-Phos (100mg,
0.2mmol) and K3PO4 (1.27g, 6mmol) and DME (10mL). The mixture was heated under
MW at 120°C for 1h. Reaction was completed as showed by LC-MS. Aqueous work up
followed by chromatography (30% - 100% EtOAc/hexcane followed by 0% - 10%
MeOH/EtOAc) gave the title compound as dark solid (627mg, 83% yield).
PTC-028: To the solution of Compound B (76mg, 0.2mmol) in MeCN (2mL) was added
acetyl chloride (21mL, 0.3mmol). The reaction was stirred at RT for 10min, then heated by
MW at 180°C for 10min. The reaction mixture was diluted with EtOAc and washed with

NaHCO3 followed by brine. The ester layer was concentrated and purified by
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chromatography to give the tile compound (32mg, 35% yield). 1H NMR (CDCI3, 500
MHz) d: 8.31 (1H, s), 8.13 (1H, s), 7.73 (2H, d, J = 8.6), 7.56 (2H, d, J = 8.6 Hz), 7.52 (1H,
m), 7.31 (1H, m), 3.03 (2H, q, J = 7.5 Hz), 2.68 (3H, s), M+1, 406.
Treatment of MB cells with BMI1 inhibitor

1000 cells were plated in a 96-well plate in quadruplicates at a volume of
200uL/well with two-fold dilutions of BMI1 inhibitor from a starting concentration of
20uM and ending at 39nM. DMSO was used as a control. Three days after treatment, Presto
Blue assay was performed as described in the cell proliferation assay. By plotting percent
(%) cell viability versus log dilutions of the inhibitors, ICsy value was determined.
Throughout the manuscript, ICsy concentration refers to the concentration of BMI1
inhibitor at which cell proliferation was reduced by 50%. ICso values were calculated using
the following formula:
ICr) = [(100-F)/F, 78S x ICsy (Where F = percent reduction of proliferation, HS = Hill
Slope).
Cell sorting and analysis using flow cytometry

Tumorspheres were enzymatically dissociated to single cells with
Liberase/Blendzyme (Roche). Intracellular staining was performed using BD
Cytofix/CytopermTM fixation/permeabilisation kit (BD Biosciences) and dead cells
excluded using LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit (Invitrogen). The
viability dye 7AAD was used to exclude dead cells for surface staining and sorting. BD™
CompBeads were used to establish compensation values where required.

Cell proliferation assay

114



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Single cells were plated in 96-well plates, at a density of 1,000 cells/200uL per well
in quadruplicate for each sample and incubated for four days. 20uL of Presto Blue (Life
technologies), a fluorescent cell metabolism indicator, was added to each well
approximately 4 hours prior to the readout time point. Fluorescence was measured using
FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) at excitation
and emission wavelengths of 540—570 nm respectively. Readings were analyzed by Omega
software.

In vitro limiting dilution analysis and self-renewal assay

For in vitro limiting dilution analysis, cells were sorted in quadruplicates into 96
well plate using Moflo XDP at the cell densities raging from 1000cells/well to 1cell/well.
Unlike SU MB002, D458 cells do not readily form spheres in culture hence we performed
colony forming assay, where the cells were embedded into 0.35% soft agar, promptly after
the sort. The number of wells without any spheres/colonies after 4 days were scored and
fraction of negative wells was plotted against the number of cells per well. The number of
cells with the fraction of negative wells equal to 0.37 is the dilution with 1 self-renewing
unit(Tropepe et al., 1999). Self-renewal assay was performed by counting the number of
spheres formed in the wells containing 200cells/well.

Cell cycle analysis:

The cell cycle analyses on D458 and SU_MBO002 cells after PTC-028 treatment or
lentiviral mediated KD of BMIIl were performed using APC BrdU Flow Kit (BD
Biosciences #552598). No modifications to the protocol were made.

BMI1 immunohistochemical staining
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4mm formalin-fixed paraffin-embedded sections were dewaxed in 5 changes of
xylene and brought down to water through graded alcohols. Antigen retrieval or unmasking
procedures were applied, if necessary (see below for H.I.LE.R). Endogenous peroxidase and
biotin activities were blocked respectively, using 3% hydrogen peroxide and avidin/biotin
blocking kit (Vector #SP-2001). Serum block was applied for 10min with 10% normal
serum from the species where the secondary antibody is made in. Sections were drained
and incubated accordingly at room temperature with the appropriate primary antibody using
conditions previously optimized(Wang et al., 2012). Sections were incubated for an hour
with BMII antibody (R&D # MAB33342) at 1:500 dilution. This was followed with a
biotin labeled secondary (Vector labs) for 30min and horseradish peroxidase-conjugated
ultrastreptavidin labeling reagent (ID labs.) for 30min. After washing well in TBS (Tris-
bufferd saline), color development was done with freshly prepared DAB (DAKO #K3468).
Finally, sections were counterstained lightly with Mayer’s Hematoxylin, dehydrated in
alcohols, cleared in xylene and mounted in Permount (Fisher #SP15-500).

H.L.LE.R.: Heat Induced Epitope Retrieval refers to microwaving tissue sections in a medium

for antigen retrieval. For this antibody we use a Tris-EDTA Buffter at pH 9.0 and the
solution and tissue sections are being heated up inside a microwavable pressure cooker.
After the pressure is built up inside the cooker (exact time will depend on the actual set-
up), boiling is maintained for another 3min with a lower setting. The cooker is then
removed from the microwave oven and allowed to cool off on the bench for 20min. Sections

are then removed from the hot buffer into warm water and then rinsed in TBS.
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The IHC slides were scanned using Aperio ScanScope slide scanner (Aperio Technologies,
CA), and the images were analyzed using Positivity Pixel Count 9.0 algorithm within
ImageScope software (Aperio Technologies, CA).
Lentiviral KD studies

We obtained lentiviral constructs CS-H1-BMI1shRNA-EF-1-EGFP (shBmil-1)
expressing shRNA targeting BMI1 (5' GAGAAGGAATGGTCCACTT 3') and CS-HI Luc
shRNA-EF-1-EGFP expressing the target sequence for Luciferase as a negative
control (5'ACGCTGAGTACTTCGAAAT3'), as a kind gift from Professor Atsushi Iwama
(Chiba University, Japan). Lentiviral pLKO.1 vectors shBmil-2 expressing shRNAs
targeting human BMI1 (5’CCTAATACTTTCCAGATTGATS3’), and the control vector,
shGFP (5’ ACAACAGCCACAACGTCTATAZ’), were gifts from Dr. Jason Moftat. Stable
cell lines with BMI1 KD or over expression were generated by transduction followed by
maintenance of cultures with zeocin (shBmil-1) or puromycin (shBmil-2) respectively.
Lambda Protein Phosphatase Treatment

Following cell harvest, lysates were supplemented with ImM MnCI2 and 1X
NEBuffer for PMP (50mM HEPES, 100mM NaCl, 2mM DTT, 0.01% Brij 35, pH 7.5).
Lysates were either supplemented with 800units of lambda protein phosphatase (NEB,
#P0753L) or water (untreated), and incubated at 30°C for 30 minutes.
ELISA assays

HT1080 cells were treated with vehicle control (0.5% DMSO) or compounds at the
indicated concentration for 48 hours, and BMI1 protein in the cell lysate was quantified

using BMI1 specific sandwich ELISA kits generated by PTC Therapeutics. Tumor tissues
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were harvested at dosing day 10 and homogenised in lyses buffer (PBS, 0.5% NP40 and
protease inhibitor) by a tissue homogenizer. Total protein concentrations were determined
by Bradford method and equivalent protein concentrations were then analysed via ELISA.
The capture mouse anti-BMI1, clone F6 was purchased from Millipore (#05-637), while
PTC Therapeutics generated the detection rabbit anti-BMI1 antibody.
Microarray analysis

RNA samples from 2 independent MB lines (D425 and D458) and normal human
neural stem cells (hNSCs) that were treated with PTC-028 (500nM and 3.5uM for D425
and D458 respectively and 7uM for hNSCs) for 12 hours or DMSO were labelled using
[llumina Total Prep-96 RNA Amplification kit (Ambion) as per amplification protocol.
750ng of cRNA generated from these samples were hybridized onto Human HT-12 V4
Beadchips. The BeadChips were incubated at 58°C, with rotation speed 5 for 18 hours for
hybridization. The BeadChips were washed and stained as per Illumina protocol and
scanned on the iScan (Illumina). The data files were quantified in GenomeStudio Version
2011.1 (Illumina). All samples passed Illumina sample dependent and independent QC
Metrics. GSEA analysis was performed using the MySigDB oncogenic signature
collection.
Signature analysis

Signatures representing the various GSEA hallmark processes were selected to
comprise the leading edge genes from enriched gene sets. The Affymetrix data set
described above was used to evaluate the capacity of each signature to predict outcome in

Z ek X

MB patients. Briefly, a signature score was i calculated for each patient as

118



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

follows: Where x is the log2-transformed expression, R is the set of genes comprising the
Glinsky signature, similar to as described previously(Hallett et al., 2012a; Hallett et al.,
2012b).
Gene set enrichment analysis

Gene Set Enrichment Analysis(Subramanian et al., 2005) was used to analyze all
publicly annotated BMI1 signature genes in the metastatic compartment of
medulloblastoma compared to matched primary samples. All BMII pathway gene sets were
manually compiled from the Molecular Signatures Database v5.0 curated at the Broad
Institute. Using the previously published human primary-metastasis medulloblastoma
dataset(Wang et al., 2015), GSEA analysis was performed using gene-set permutations
with a FDR cutoff of 3.5% and p-value cutoff of 0.01. Raw Affymetrix CEL files and
associated  clinical data was downloaded from the broad institute
(http://www.broadinstitute.org/pubs/medulloblastoma/cho)(Cho et al., 2011b). Further
details are described in the Supplemental Experimental Procedures. Enrichment mapping
was completed using Cytoscape (v2.8.2).
Gene expression analysis of CEL files

Raw Affymetrix CEL files were processed using RMA(Irizarry et al., 2003). For

the in-house Illumina array, two hundred nanograms from 24 RNA samples were label
using I[llumina TotalPrep-96 RNA Amplification kit (Ambion), and 750 nanograms of
cRNA generated from these samples was used to hybridized onto Human HT-12 v4

beadchips. The mean value for each probe was extracted and normalized using a cubic
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spline method. For both Affymetrix and Illumina array data probes were collapsed by
Unigene IDs based on highest mean expression.
Intracranial xenografting of MB and in vivo treatment protocol

All in vivo studies were performed according to McMaster University Animal
Research Ethics Board (AREB) approved-protocols. Intracranial injections were
performed as previously described(Singh et al., 2004) using each of the following MB
samples: SU MB002 and D458. Briefly, the appropriate number of live cells (determined
by Trypan Blue exclusion) were resuspended in 10uL of PBS. NOD SCID mice were
anaesthetized using isofluorane gas (5% induction, 2.5% maintenance) and cells were
injected into the frontal lobe using a 10uL Hamilton syringe, in a non-randomized, non-
blinded fashion. The mice were treated in randomized, non-blinded manner with PTC-
028 (12mg/kg) or vehicle orally for 3 times a week for 2 consecutive weeks for a total of
6 doses. The number of animals per treatment arm was determined using the following
formulation: N =1 + 2C(s/d) where n is the number of animals per arm, “C” =7.85 when

(P2
S

significance level is 5% with a power of 8§0%, is standard deviation, and “d” is the
difference to be detected.

For assessing tumor volume, the mice were sacrificed when the control group
reached endpoint. For survival studies, treated or control mice were sacrificed when they
reached endpoint. Upon reaching endpoint, brains were harvested, formalin-fixed, and
paraffin-embedded for hematoxylin and eosin (H&E). Images were captured using an

Aperio Slide Scanner and analyzed using ImageScope v11.1.2.760 software (Aperio).

Statistical analysis
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At least three technical or experimental replicates from each experiment were compiled.
Data represent mean+SD with n values listed in figure legends. GraphPad Prism™ was
used to plot all bar graphs and statistical analyses including student’s t-test or 2-way
ANOVA, p<0.05 was considered significant. All Kaplan-Meier survival plots were
plotted with GraphPad Prism™ and long-rank (Mantel-Cox) test was performed for
comparison of median survival, p<0.05 was considered significant. For in silico analyses

all associated statistical tests were performed in R using the coxPH package.
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Figure 1: Increased BMI1 expression predicts MB recurrence and poor patient
survival. (a) Increased levels of a BMI1 driven gene signature were associated with both
reduced relapse-free (HR: 2.2) and overall survival (HR: 2.0). (b) Multivariate analysis
evaluating predictive potential of MB subtype, age, metastatic status and BMI1 signature
of overall survival in MB. (c) GSEA enrichment plot of genes involved in BMI1 pathway
in matched primary versus recurrent MB samples (n=12). Primary Group 3 MB cells
(DA425) treated with in vitro chemoradiotherapy were harvested and profiled for changes in
(d) BMII mRNA expression by RT-qPCR and (e) BMII protein levels by western
immunoblotting. (f) NOD SCID mice were intracranially xenografted with D425 cells line
(n=6, 1x10" cells/mice) and treated with 2Gy of craniospinal irradiation in followed by a
single cycle of chemotherapy consisting of cisplatin (2.5mg/kg), vincristine (0.4mg/kg) and
cyclophosphamide (75mg/kg). Xenografts were fixed, embedded in paraffin, and stained
with H&E (scale bar=5000pm) or anti-human BMI1 antibody by immunohistochemistry
(scale bar=50pm). Numbers underneath depicted western immunoblots represent band
intensity levels of BMI1 protein normalized to the loading control. Bars represent mean of
three technical or experimental replicates, meantSD, two-tailed t-test. (*p<0.05,
**p<0.001, ***p<0.0001, ****p<(0.00001). See also Supplementary Figure 1 and

Supplementary Table 1.

128



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Figure 2
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Figure 2: In vitro treatment of recurrent Group 3 MB with PTC-028. (a) Dose response
curves generated by treating hNSCs, SU MBO002 and D458 cells with varying
concentrations of PTC-028. (b) Reduction of BMI1 and uH2A (Lysine 119) levels in
SU MB002 and D458 after 72-hour treatment with PTC-028 at the respective ICsg
concentrations (SU_MBO002 - 1.6uM; D458 — 4.5uM), but not in hNSCs treated with 17.9
uM PTC-028 (ICgy of D458). Small molecule inhibitor-modulated downregulation of
BMI1 in both recurrent Group 3 lines resulted in decreased cellular proliferation (c, f) and
self-renewal as measured by number of spheres formed (d, g) and limiting dilution assay
(e, h) at the respective ICgy concentrations: 5.45uM (SU_MBO002); 17.9uM (D458)). (i)
After 72-hour incubation with PTC-028 (ICg) both SU MBO002 (upper panel) and D458
(lower panel) cells showed significant reduction of treated MB cells in S phase and an
increased apoptotic fraction. (j, k) Increase in mRNA levels of p/6, p21 and HOXAY after
treatment with BMI1 inhibitor (ICg). Bars represent mean of three technical or
experimental replicates, mean+SD, two-tailed t-test (*p<0.05, **p<0.001, ***p<0.0001;

**%%p<0.00001). See also Supplementary Figure 2 and Supplementary Figure 3.
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Figure 3
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Figure 3: BMI1 inhibitors reduce MB cell proliferative capacity when dosed in the
nanomolar range, while hNSCs remain resistant to BMI1 inhibitor treatment at doses
relevant to MB cells. (a) Recurrent MB lines, SU MB002 or D458 (GFP-tagged) and
human NSCs (non-GFP labelled) were mixed in equal ratios and treated with PTC-028 at
ICyp of either MB line for 72 hours prior to flow cytometric analysis. (b, ¢) After 72-hour
treatment with PTC-028, hNSCs persisted post-treatment, while percentage of MB cells
were eradicated post-therapy. (d) Dose response curves for cisplatin in SU MB002 and
hNSCs. (e) Unlike treatment with BMI1 inhibitor, exposure to cisplatin has resulted in
reduction of hNSCs and a continuous expansion of MB cells. See also Supplementary

Figure 4.
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Figure 4
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Figure 4: BMI1 inhibitor treatment selectively reduces expression of target genes
driving tumor growth and aggressiveness in MB cells, with minimal effect on hNSC
target gene expression. Matched primary and recurrent MB cell lines (D425 and D458
respectively) and human NSCs were treated with PTC-028 at ICg values calculated for MB
cells and ICsg values calculated for hNSCs for 12 hours, and gene expression profiling of
PTC-028-treated cells was compared with DMSO-treated cells, with technical replicates
(n=3 in MB and n=2 in hNSCs). (a) For comparison, two BMI1 signatures present within
MSigDB C6 oncogenic database were used (see Material and Methods section). Marked
downregulation of BMII signaling was observed in MB samples treated with PTC-028
when compared to DMSO treated cells. (b) Myc targets, oxidative phosphorylation and
glycolysis processes were significantly downregulated upon PTC-028 treatment and (c)
used as a survival signature to probe the Pomeroy dataset. See also Supplementary Figure

5 and Supplementary Table 2.
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Figure 5
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Figure 5: Therapeutic targeting of BMI1 in MB using in vivo approach. NOD SCID
mice (n=5/cohort for tumor size; n=10/cohort for survival studies) were intracranially
injected with 50,000 viable cells from patient derived recurrent MB cell line, SU_MBO002.
After one week, mice were treated with 10mg/kg body weight of either PTC-028 or vehicle
control for two weeks, three times a week. At the end of the third week, mice were
sacrificed for tumor volume analysis, and the remaining mice were monitored for their
survival. (a) Representative H&E sections of the brains (a, left panel) and spines (a, right
panel). (b) Reduction in tumor burden after PTC-028 treatment. (c) A significant survival
benefit is observed with PTC-028 treatment (mean survival = 39 days) compared to control
treatment (mean survival 26 days), p=0.0009. (d) Brain sections stained for human BMI1
by IHC revealed a marked decrease in BMI1 protein in the tumor cells remaining post
treatment with PTC-028. (e) Reduction in tumor burden in mice serially xenotransplanted
with in vivo PTC-028-treated SU _MBO002 cells. Bars represent mean of three technical
replicates, mean+SD, two-tailed t-test (*p<0.05, **p<0.001, ***p<0.0001;

*#%%0<(.00001).
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Supplementary Figure 1
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Supplementary Figure 1, related to Figure 1: In vitro chemoradiotherapy treatment
of primary MB. (a) A schematic timeline of in vitro chemoradiotherapy treatment
protocol. (b) Changes in cell viability as measured by Trypan blue assay after 1x10° D425
cells were treated with radiation doses ranging from 2Gy to 10Gy. 50% cell viability was
observed with 2Gy dosage and hence was chosen for further in vitro chemoradiotherapy
studies. 1000cells/well of primary MBs were treated with varying concentrations of (c)
cisplatin or (d) vincristine in a 96 well plate for 4 days. ICsy curves were generated by
Presto Blue assay with four technical replicates. ICsy values for cisplatin and vincristine
were 200nM and 2nM respectively. (e) An increase in mRNA expression levels of
additional stem cell markers including CD133, FOXGI, FUT4 and SOX2 in D425 after in
vitro chemoradiotherapy treatment protocol (D425-RC) compared to control untreated cells
(D425). (f) Increase in BMI1 positivity in MB xenografts after treatment with in vivo
chemoradiotherapy. Bars represent mean of three technical replicates, mean+SD, two-

tailed t-test (*p<0.05, **p<0.001, ***p<0.0001; ***%p<0.00001).
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Supplementary Figure 2
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Supplementary Figure 2, related to Figure 2: PTC-028 mechanism of action. (a) A
step-wise outline of PTC-028 (Ci9H2NsFs) synthesis. See supplementary Materials and
Methods section for complete description. (b) D458 cells were treated with ICsy of PTC-
028 for 20 hours, after which cell lysates were assessed for BMI1 by western
immunoblotting with and without A-phosphatase. The supershift was diminished by A-
phosphatase treatment, thus confirming hyperphosphorylation of BMI1. (¢) Changes in
BMI1 levels in SU_MBO002 levels in response to treatment with bortezomib, a reversible
proteasome inhibitor, alone and in combination with PTC-028. Even in the presence of
bortezomib, there is a decrease in BMI1 protein levels after BMI1 inhibitor treatment,
further suggesting specificity of PTC-028. Numbers underneath the depicted western
blots represent levels of BMI1 protein relative to the loading control (B-tubulin or

GapDH).
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Supplementary Figure 3
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Supplementary Figure 3, related to Figure 2: Functional effects of BMI1 KD in
recurrent MB. (a-b) Validation of reduction in BMI/ mRNA and (c) protein levels post
lentiviral KD in SU_MBO002 and D458. Numbers underneath the depicted western blot
represent levels of BMI1 protein relative to the loading control (GapDH).
Downregulation of BMI1 in both recurrent Group 3 lines resulted in decreased (d, g)
proliferation and self-renewal as measured by (e, h) number of spheres formed and (f; 1)
limiting dilution assay. (j) Changes in cell cycle post shRNA-mediated knockdown of
BMI1 in SU MBO002 and D458 cells. See Materials and Methods section for detailed
experimental procedures. Bars represent mean of three technical replicates, mean+SD,

two-tailed t-test (*p<0.05, **p<0.001, ***p<0.0001; ***%*p<0.00001).
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Supplementary Figure 4
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Supplementary Figure 4 related to Figure 3: In vitro effects of PTC-028 on hNSC.
Functional changes in hNSCs treated with PTC-028 were investigated by (a, d)
proliferation assay, (b, €) sphere formation assay, and (c, f) limiting dilution assay. (g)
Cell cycle analysis using BrdU incorporation of hNSC after treatment with 17.9uM of
PTC-028. (h) GFP-labelled hNSCs were mixed with recurrent MB lines, SU_MB002 and
D458 in 1:1 ratio and subjected to treatment with PTC-028 or DMSO. The percentage of
GFP+ cells was evaluated by flow cytometry after 72 hours. Bars represent mean of three
technical replicates, mean+SD, two-tailed t-test (*p<0.05, **p<0.001, ***p<0.0001;

*#%%0<(.00001).
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Supplementary Figure 5
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Supplementary Figure 5, related to Figure 4: Annotated enrichment maps for GSEA
with C2 MSigDB of PTC-028 treated D425 & D458 cells and effects of PTC-028 on
hNSCs. (a) Number of differentially expressed genes in the PTC-028 treated cell lines. (b)
Blue indicates processes induced, whereas red indicates those inhibited by PTC-028. For
details about procedure, see supplemental experimental procedures section on Microarray
analysis. (¢) Signature scores in PTC-028 treated hNSC cells with for leading genes
selected from relevant gene sets. Overall, there are no significant changes in the MYC
driven pathways, oxidative phosphorylation or glycolysis upon treatment with PTC-028,
suggesting NSCs are spared. Experimental details are outlined in the Materials and

Methods section on Microarray analysis.
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Supplementary Figure 6
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Supplementary Figure 6, related to Figure 5: Tumor growth Kinetics of
pharmacodynamics study. (a) Mean exposures in tissues taken from C57 BL mice dosed
orally with an HPMC suspension of 10mg/kg of PTC-028 (n=3). (b) Mice bearing
established HT 1080 tumors in the flank were dosed with the indicated regimens for 10 days
prior to harvest. (c) BMII1 protein level was measured by ELISA in the control and
treatment group of mice engrafted with HT1080 tumors. PTC-028 significantly reduced
tumor BMI1 protein levels. (d) The initial bioavailability analysis of PTC-028 4 hours post
oral dosing was performed and identified the highest presence of the inhibitor in the plasma
and xenografted SU MBO002 tumor, compared to the normal brain tissue. (¢) Changes in
weight in NOD SCID mice xenotransplanted with SU_MBO002 cells and in vivo treated with
either vehicle or PTC-028. (f) Changes in BMI1 protein level in mouse NSCs treated with
PTC-028 in comparison with DMSO treatment. Bars represent mean of three technical
replicates, mean+SD, two-tailed t-test (*p<0.05, **p<0.001, ***p<0.0001;

*#%%0<(.00001).
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Supplementary Figure 7
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Supplementary Figure 7, related to Figure 5: Investigation of in vivo cytotoxicity of
PTC-028. Brain, lungs, liver, kidney and heart collected from either control or PTC-028
treated NOD SCID mice (n=3/cohort) were harvested 4 hours after the last oral dose of
BMI1 inhibitor. The organs were then paraffin embedded and H&E stained. The
pathological investigation revealed that none of the organs exhibited signs of inhibitor

related cytotoxicity.
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Supplementary Figure 8
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Supplementary Figure 8 related to Figure 5: Ex vivo and in vivo treatment of D458
with PTC-028. D458 cells were treated ex vivo with 1Cgy dose of PTC-028 or DMSO for
72hrs and three different concentrations of viable cells (n=2/group) were injected into
immunocompromised mice. (a) Representative H&E stained brains sections showing a
reduction of tumor burden in mice injected with PTC-028 pre-treated D458 cells in
comparison to the DMSO treated counterparts. (b) Quantification of tumor burden in brains
extracted from both treatment and control mice, reveals a consistent reduction of tumor
area in mice injected with ex vivo treated MB cells when compared to the control animals.
NOD SCID mice (n=3/cohort for tumor size and n=5/cohort for survival studies) were
intracranially injected (frontal lobe) with 100,000 viable D458 cells. After one week, mice
were treated with 10mg/kg body weight of either PTC-028 or control (vehicle) for two
weeks, three times a week. Vehicle composition is 0.5% HPMC and 0.1% Tween-80 in
water, used to make a dosing suspension. At the end of third week, mice were sacrificed
(n=3/cohort) for tumor volume analysis, and the remaining mice (n=5/cohort) were
monitored for their survival. (c) Representative H&E sections of the brains (left panels)
and spines (right panels) show a reduction in intracranial and spinal leptomeningeal tumor
burden in BMI1-inhibitor-treated mice. (d) Quantified tumor burden in mice treated with
PTC-028 or vehicle solution. (e) A significant survival benefit was observed post PTC-028
treatment (mean survival = 32.5 days) compared to vehicle treatment (mean survival = 26

days). (*p<0.05, **p<0.001, ***p<0.0001; ****p<0.00001).
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Supplementary Table 1, related to Figure 1: Gene set enrichment analysis. The gene
sets are compiled from the various experiments that the authors conducted by
overexpressing or downregulating BMII1 in a relevant MB cell line. The first gene sets
(BMI1_UP/DN) were done using gene expression platforms(Wiederschain et al., 2007).
The second dataset is from gene expression compiled using Ewing sarcoma
database(Douglas et al., 2008), which was also done using overexpression and knockdown
studies. The other database MORF BMI1 is a computed gene list generated by Broad that
is manually annotated

(http://www.broadinstitute.org/gsea/msigdb/cards/MORF BMI1.html).
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Supplementary Table 1

PROBE RANK IN GENE LIST |RANK METRIC SCORE RUNNING ES CORE ENRICHMENT
TIMP3 319 1.526909471 0.00859461 Yes
CCDC80 464 1.441977024 0.02382295 Yes
CLDN1 471 1.440531135 0.045270447 Yes
JUN 817 1.336823106 0.0498233 Yes
KCNN3 844 1.33036375 0.06870532 Yes
ITGB8 864 1.327391624 0.0878591 Yes
CAV1 942 1.310061812 0.10412859 Yes
MYOF 1077 1.287487268 0.117479935 Yes
PLAUR 1089 1.285038233 0.13635695 Yes
ITGA3 1235 1.264169693 0.14885926 Yes
EDN1 1244 1.262978673 0.16753936 Yes
ITGA4 1292 1.256255865 0.18435435 Yes
P4HA2 1294 1.256166458 0.2032483 Yes
NAV2 1473 1.235645413 0.21382816 Yes
AXL 1647 1.216268063 0.224342 Yes
PAPPA 1712 1.209403038 0.23968177 Yes
F2RL1 2141 1.181477666 0.23813887 Yes
ADM 2181 1.179061174 0.2541518 Yes
CRISPLD2 2311 1.170999765 0.26597297 Yes
GADD45A 2455 1.1641711 0.27705806 Yes
ABLIM3 2456 1.164101839 0.2946092 Yes
NTM 2488 1.162315249 0.31073144 Yes
COL5A1 3041 1.137333512 0.30291516 Yes
BMP5 3640 1.115989566 0.29269674 Yes
MICALL1 3948 1.107487798 0.29551044 Yes
LRRC8A 4128 1.102346897 0.30403534 Yes
MICAL2 4179 1.101064205 0.31837484 Yes
RHOD 4459 1.094270825 0.32225555 Yes
PLAT 4540 1.092440605 0.3351083 Yes
CPA4 4727 1.088276863 0.34310448 Yes
CCND1 5448 1.07380724 0.32673275 No
GAL 5960 1.064958453 0.31967947 No
SAFB2 6726 1.053223252 0.30096227 No
FOSL1 7111 1.047781825 0.2993935 No
MICB 7562 1.041966915 0.29475227 No
IL7R 7882 1.037695527 0.29597104 No
BMP1 8454 1.030182362 0.28567997 No
MICA 8459 1.030100703 0.30102986 No
S100A2 8490 1.029672027 0.31519747 No
MAP1B 8693 1.027355313 0.32155156 No
PODXL 10942 1.001457214 0.23498625 No
ADAM19 12131 -1.01197052 0.19651721 No
TPM1 12939 -1.021246552 0.1754185 No
DNMT3B 15746 -1.058716059 0.06448131 No
INHBA 15945 -1.061628938 0.07153305 No
SDC3 16190 -1.065614939 0.07656456 No
FAM43A 16561 -1.071532726 0.075987026 No
MMP7 17611 -1.091545463 0.045003917 No
NET1 17725 -1.093794465 0.056384675 No
KRT75 17865 -1.096819997 0.066635214 No
LFNG 18187 -1.104279399 0.0687674 No
BCL7A 18701 -1.117247581 0.06241203 No
NAV1 19980 -1.160081744 0.022105876 No
TEK 21801 -1.355123758 -0.039771214 No
CDK6 21910 -1.402357221 -0.023512144 No
PTHLH 22163 -2.3273592 1.81E-04 No

153



PhD Thesis — David Bakhshinyan;

McMaster University, Department of Biochemistry and Biomedical Sciences

Supplementary Table 2, related to Figure 4: Gene signature of PTC-028 treated MB

cells. GSEA analysis of PTC-028 treated D425 and D458 cells using the hallmark MSigDB

gene sets. (a) Pathways inhibited post treatment with PTC-028 and (b) pathways induced

in response to PTC-028 treatment.

Supplementary Table 2

PTC-028 inhibited NES NOM p-val FDR qg-val
HALLMARK_MYC_TARGETS_V1 2.7376404 0 0
HALLMARK_OXIDATIVE_PHOSPHORYLATION 2.7342591 0 0
HALLMARK_BILE_ACID_METABOLISM 2.0218518 0 0
HALLMARK_FATTY_ACID_METABOLISM 1.9542177 0 0
HALLMARK_MYC_TARGETS_V2 1.941926 0 0
b
PTC-028 induced NES NOM p-val FDR g-val
HALLMARK_APOPTOSIS -2.2167857 0 0
HALLMARK_TNFA_SIGNALING_VIA_NFKB| -2.1283877 0 0.005294118
HALLMARK_MYOGENESIS -2.0295672 0 0.003529412
HALLMARK_MITOTIC_SPINDLE -1.9644133 0 0.002647059
HALLMARK_IL6_JAK_STAT3_SIGNALING | -1.8592203 0 0.004117647
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Supplementary Table 3, related to Fig. 5: Pharmaceutical properties of PTC-028.

Supplementary Table 3

PTC-028

(L O
Structure N N)\"\‘/g\//
H =N

ECsp, NnM (HT1080 ELISA) 24
Mousg microsome 13%
metabolism, % loss, 1h
Caco-2 (10® cm/sec) 0.9
Plasma exposure, ug/mL 0.7*
Muscle exposure, ug/g 1.8*
Brain exposure, pg/g 0.5*

*PK: mouse, PO, 10 mg/kg, HPMC, 6h

155



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Supplementary Table 4: Primer sequences used for RT-qPCR experiments. GapDH,

B2-microglobilin (32M) or B-actin were used as housekeeping controls.

Supplementary Table 4
Gene Forward Sequence Reverse Sequence
BMI1 5-GGAGGAGGTGAATGATAAAAGAT-3’ 5-AGGTTCCTCCTCATACATGACA-3
SOX2 5-TCAGGAGTTGTCAAGGCAGAGAAG-3’ 5-GCCGCCGCCGATGATTGTTATTAT-3
p16 5-CAGGTGGGTAGAGGGTCTGC-3 5-GCCAGGAGGAGGTCTGTGATT-3
p21 5-TGTCACTGTCTTGTACCCTTG-3 5-GGCGTTTGGAGTGGTAGAA-3’
FUT4 5-ACAATTACAAAGTGCCAGCCACCG-3’ 5-TGTGGAATCCCGGTAACACCAAGA-3
CD133 5-GTGTCCTGGGGCTGCTGTTTA-3 5—-CCATTTTCCTTCTGTCGCTGG-3
FOXG1 5-GCCACAATCTGTCCCTCAAC-3’ 5-GACGGGTCCAGCATCCAGTA-3
HOXA9 5-CCTGACTGACTATGCTTGTGG-3 5-CTTGTCTCCGCCGCTCTCAT-3’
GAPDH 5-TGCACCACCAACTGCTTAGC-3 5-GGCATGGACTGTGGTCATGAG-3
B2M 5-TCTCTGCTGGATGACGTGAG-3’ 5-TAGCTGTGCTCGCGCTACT-3
B-Actin 5-TATCCCTGTACGCCTCT-3 5-AGGTCTTTGCGGATGT-3’
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Chapter 5: Identification of druggable targets to work in combination with BMI1

inhibitors.

Preamble:

This chapter contains excerpts from the following first-authored book chapter:

Bakhshinyan D., A.A. Adile, M.A. Qazi, M. Singh, M.M. Kameda-Smith, N. Yelle, C.
Chokshi, C. Venugopal, S.K. Singh (2016). “Introduction to Cancer Stem Cells: Past,

Present and Future” Methods in Molecular Biology

Our initial work studying post-translational targeting of BMI1 using small molecule
inhibitors showed a remarkable decrease in cell proliferation and self-renewal in vitro
(Chapter 5, Figure 2), as well as reduction of local and spinal metastatic disease in recurrent
MB (Chapter 5, Figure 5). However, mice treated with PTC-028 still succumbed to the
disease post-BMII inhibition, suggestive of either incomplete elimination of BMII
expressing cells or emergence of new clonal population driving therapy failure.
Furthermore, we have developed a combinatorial in vivo model, in which we treated with
standard chemoradiotherapy together with PTC-028 analog, PTC-596 (Figure la). PTC-
596 has been tested in pre-clinical models of glioblastoma (Jin et al., 2017) and its efficacy
is currently being tested in ongoing Phase 1 clinical trials for adult patients with advanced
solid cancers (ClinicalTrials.gov Identifier: NCT02404480) and pediatric brain tumors

(ClinicalTrials.gov Identifier: NCT03605550). The combinatorial treatment resulted in an
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even greater survival benefit and tumor burden reduction for both concurrently and
sequentially treated PDX mouse cohorts, than either of the modalities alone (Fig. 1b-d).
Although both concurrent and sequential administration of PTC-596 lead to a similar extent
of survival, at the endpoint of control mice, the observed tumor burden was significantly
lower in sequentially treated animals. One possible explanation is the fact that upfront
treatment with chemoradiotherapy has been shown to induce expression of BMII in
majority of the cells (Chapter 5, Figure 1) and hence increase the target population
susceptible to BMI1 inhibition. Nevertheless, mice still succumbed to the disease even after
combinatorial treatment, highlighting the main obstacle in treating a constantly evolving
tumor and the need to investigate potential polytherapy that can work in combination with
BMI1 targeting. Through utilization of DNA barcoding and CRISPR-Cas9 screening
technologies, we set to identify the clonal dynamics and putative sensitizers to
chemoradiotherapy and BMI1 inhibition. The identified targets will represent the novel
candidates for development of polytherapy targeting multiple self-renewing populations in
recurrent MB in combination with small molecules targeting BMI1.
5.1 DNA Barcoding

Concept of cellular heterogeneity is displayed in both normal and cancer systems,
with the presence of distinct cellular subpopulations. Intratumoral heterogeneity (ITH) at
the cellular, genetic and functional level has been shown to occur to a startling degree in
many cancers, and is increasingly appreciated as a key determinant of treatment failure and
disease recurrence (Burrell et al., 2013; Meacham and Morrison, 2013; Swanton, 2015).

Pioneering work using lentivector-mediated clonal tracking (Jin et al., 2017) of
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hematopoietic stem cells by John Dick, demonstrated distinct clonal contribution of various
cell populations to bone marrow engraftment in mice (Mazurier et al., 2004). Resolution of
clonal tracking was further improved by pairing cellular barcoding with sequence-based
detection system, thus offering higher sensitivity for identification of major and minor
clones (Gerrits et al., 2010). The application of cellular DNA barcoding technology has
helped researchers to start appreciating the complexity tumoral heterogeneity and gain
insights into temporal tumor evolution and how tumor cells respond to therapy. Through
utilization of DNA barcoding technology in studies of acute lymphoblastic leukemia (ALL)
(Turke et al., 2010), colorectal cancer(Kreso et al., 2013; Nolan-Stevaux et al., 2013) and
breast cancer (Navin et al., 2011), researchers were able to postulate that even when a
presumably clonal population is transplanted in vivo the tumor growth is driven by a rare,
pre-existing clonal cell subpopulation. However, in other studies by Connie Eaves’ group,
they demonstrated that multiple clonal populations in breast cancer can be detected and a
constant flux in clonal composition was observed (Nguyen et al., 2014). Together these
studies have highlighted polyclonality as an intrinsic property of tumor populations
allowing for continuous adaptive potential under multiple environmental factors including
chemo- and radiotherapies. Identification of clonal subpopulations responsible for driving
tumor recurrence allows for development of novel therapeutic approaches that selectively
targets treatment-refractory clones.

In collaboration with Dr. Jason Moffat, we set out to optimize and implement DNA
barcoding technology in the setting of recurrent MB as it undergoes treatment with

chemoradiotherapy and small molecule-mediated targeting of BMII separately and in
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combination (Figure 2). To commence the in vivo DNA barcoding tracking, puromycin
dose response curves and doubling time of SU_MBO002 cells were evaluated (Figure 3a, b).
The collected data along with the estimated viral titer (Figure 3c) were used to deduce
optimal lentivector transduction and selection of successfully “barcoded” cells. Following
in vitro expansion, the barcoded SU MBO002 cells were intracranially xenografted into
immunocompromised mice. Mice were subsequently separated into 4 treatment cohorts for
treatment with (i) control vehicle, CTRL; (ii) chemoradiotherapy, SoC; (iii) BMI1
inhibitor; and (iv) SoC+BMI1 inhibitor (Figure 2). Brains and spines from 5 mice/cohort
were collected and used for extraction of genomic DNA (gDNA) for sequencing and
downstream bioinformatics analysis to determine clonal composition following each
treatment modality. The obtained data will be used to determine the clonal composition of
the cells driving tumor progression after each treatment strategy and whether the same
polytherapy might be efficacious for each cohort.
5.2 CRISPR-Cas9 Screening

The ability to target genomic locations in normal and cancer cells paves the way to
evaluate the roles of specific genes in cancer involved in cancer development and
resistance. Studies involving highly specific site-specific DNA manipulations in eukaryotic
cells have been made easier after the development of Zinc Finger Nucleases (ZFNs)
(Bibikova et al., 2003; Porteus and Baltimore, 2003), TALE domains in transcription
activator-like effector nucleases (TALENs) (Boch et al., 2009) and CRISPR/Cas (clustered
regularly interspaced palindromic repeats/CRISPR-associated) technology. Originally

discovered as part of adaptive immunity in select bacteria and archaea, CRISPR allows
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these organisms to respond to and eliminate invading genetic materials than ZFNs and
TALENSs (Bolotin et al., 2005; Mojica et al., 2005), and has now been extensively adapted
for eukaryotic genome engineering (106). CRISPR allows for the precise manipulation of
genetic locations in the mammalian genome, even if these regions are functionally silenced
or structurally condensed (Knight et al., 2015). Combined with the precise nature of
CRISPR-Cas, the ease of generating large libraries of targeting constructs has poised this
genomic editing system to discover novel therapeutic targets in cancer using loss-of-
function (LoF) and gain-of-function screens (GoF).

CRISPR sgRNA genome-wide libraries have been developed for in vitro screening
and, more recently, in vivo screening. First-generation CRISPR sgRNA LoF libraries were
initially developed to target over 18 000 genes in the human genome, including over 1000
microRNAs (miRNA) (Shalem et al., 2014; Wang et al., 2014). Recently, an improved
CRISPR LoF library targeting the human genome was developed by Hart et al., known as
the Toronto KnockOut (TKO) library. The second-generation TKO CRISPR library
contains ~2000 high-confidence fitness genes and demonstrates that KO of context-
dependent fitness genes is linked to pathway-specific genetic vulnerabilities (Hart et al.,
2015). Recently, Chen et al. showed that the use of genome-wide CRISPR LoF screens in
tumor growth and metastasis in vivo, by transplanting a mutant mouse cancer cell line using
a genome scale library with ~68000 sgRNAs into immunocompromised mice (Chen et al.,
2015).

Using CRISPR sgRNA KO-libraries, we are conducting an in vitro genome-wide

LoF screen in treatment-refractory SU MBO002 cells. To begin, assays confirming
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screening potential of the selected cell line, as well as cellular doubling time and dose
response curves of the proposed treatments were performed (Figure 4). After initial
optimization, the cells were transduced with a pooled genome-wide LoF CRISPR sgRNA
library. Following selection and propagation of transduced Cas9-sgRNA clones, genetic
vulnerabilities in the presence or absence of conventional chemoradiotherapy could be
identified based on the in vitro growth of cancer cells. MB cells will be treated with ICy
of radiation, cisplatin, vincristine and PTC-596 every doubling period. Genomic samples
of the transduced cells will be collected at different time points and sequenced to identify
an absence of particular sgRNA suggesting potential genetic vulnerability (Figure 5).
Following validation, these genetic vulnerabilities can be targeted using small-molecule
inhibitors or immunotherapeutic biologics.

5.3 Case Study

The future of treatment and management of MB patients lies in combining the cellular and
molecular analysis of each individual tumor. Here, I would like to present a case study of
an 11yo female patient with recurrent Group 4 MB to demonstrate how a combination of
molecular subgrouping and further molecular profiling can help guide next generation of
personalized therapies. Initially, we have performed RNA isolation from the obtained
frozen tissue specimen and submitted it for gene expression analysis using previously
designed 86-gene codeset for NanoString(Northcott et al., 2012b). The results were
compared against human neural stem cells (hNSCs), a representative WNT tumor specimen
(BT800) and another Group 4 tumor (BT611) (Table 1). As expected there was an obvious

increase in MYCN expression, a hallmark of Group 4 MBs. Furthermore, in concordance
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with our IHC results (Figure 6) an upregulation of BMII was observed in the tumor sample
when compared to healthy neural stem cells. Another gene encoding an important protein
involved in histone methylation, EZH2, was upregulated in both Group 4 samples.
Moreover, the patient matched recurrent sample (S18) showed almost expression of BMI1,
similarly to the xenograft sample of recurrent MB (Figure 6). Taken together, the data is
strongly suggestive that the patient might be the ideal candidate for treatment with BMI1
inhibitor. Further investigation of clonal dynamics and molecular dissection of mechanisms
by which MB cells evade targeted therapies against BMI1 will allow to identify and test

synergistic treatments that will enhance the anti-tumoral effects of BMI1 inhibitors.
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Figure 1: Combining BMI1 inhibition with SoC. BMI1 inhibition in combination with
chemoradiotherapy treatment leads to reduced tumorigenesis in MB. (a) SU MBO002
xenografted mice mice are stratified into control and 3 treatment cohorts. For standard of
care (SoC), mice initially undergo a cycle of 2Gy craniospinal irradiation followed by
treatment with the modified COG A395 chemotherapy regimen of cisplatin and vincristine.
PTC-596, BMII inhibitor, was administered orally at 10mg/kg 3 times a week for 2 weeks.
(b) Representative H&E stained IHC slides demonstrating tumor burden in mice from each
cohort at the endpoint of mice treated with vehicle control. (¢) Quantified tumor area in
mice from each cohort at the endpoint of mice treated with vehicle control. (d) An
additional survival benefit was observed by combining small molecule mediated inhibition
of BMI1 and chemoradiotherapy. Median survival in CTRL cohort was 33 days, in PTC-
596 treated was 40 days, in radiation and SoC treatments was 46 and 47 days respectively
and in mice treated with combination of SoC and BMII inhibitor concurrently and

sequentially was 53 and 56.5 days respectively.
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Figure 2: Tracking MB cells in vivo using DNA barcoding. Schematic representation of
the proposed DNA barcoding tracking experiment. After transduction and selection, 5x10°
barcoded SU MBO002 cells were intracranially xenografted into immunocompromised
mice. In all cohorts, mice were allowed to reach endpoint, after-which brains and spines

were harvested for gDNA extraction.
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Figure 3: Preliminary assays using SU_MB002 cells prior to transduction with DNA
barcoding library. (a) Puromycin kill curve demonstrating the minimal concentration of
puromycin required to kill 100% of the MB cells is 1.5ug/ml. (b) SU_MB002 grew at the
observed doubling time of 3.5 days. (c) Evaluation of GFP levels post transduction of

SU MBO002 cells with varying concentration of DNA barcoding library.
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Figure 4: Assays evaluating the suitability of SU_MBO002 for the in vitro genome-wide
CRISPR-Cas9 screen. (a, b) CRISPR-Cas9 mediated knockout of essential proteasome
subunits led to a diminished cellular viability. The dose response curves of (c) radiation,
(d) cisplatin and (e) vincristine in SU_MBO002 as determined by the change in viability or

proliferation.
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Figure 5: Schematic for the proposed in vitro genome-wide CRISPR-Cas9 screen.

174



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Table 1: mRNA counts generated using NanoString nCounter system.

WNT Group 4
GENE:
IMPG2
EGFL11 | 513152
KHDRBS2 11143 | 484181
EZH2 964.54 | 541.86 | 390594 | 4479.14
NOTCH2 | 13506 | 1679.93 | 1181 3901.79
Bmil 645.05 | 1526.57 | 3246.78 | 3514.11
FSTL5 262.88 | 3353.62
MYCN 2569.96 | 1302.68
IGF2 1135.88 | 864.98
NRL
PTCH2
UNC5D
EYA1
GLI1
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Figure 6: Immunohistochemical analysis of BMI1 expression in matched primary-
recurrent tissue specimen. BMI1 protein levels were profiled in 4 samples by
immunohistochemistry using (Ab name: Human BMI-1 Antibody Monoclonal Mouse
IgG2A Clone # 384509 R&D, Catalog Number: MAB33342): (i) normal human brain
tissue; (i1) S16 sample (Primary); (iii) S18 (Recurrent) sample; and (iv) Group 3 Recurrent
MB, generated through therapy adapted PDX mouse model. Images were processed and

analyzed with Aperio ImageScope software.

177



PhD Thesis — David Bakhshinyan;
McMaster University, Department of Biochemistry and Biomedical Sciences

Chapter 6: Discussion

Insights into molecular drivers of MB pathogenesis will continue to guide identification of
targeted therapies allowing for selective killing of MB cells while sparing the normal cells
of the developing cerebellum. However, due to existence of distinct MB subtypes, each
driven by a different set of genes, development of subtype-specific targeted therapies is
required. The focus of this thesis has been to identify and characterize molecular drivers of
recurrent Group 3 MB, with the specific emphasis on gene regulating self-renewal, as well

as investigate their therapeutic potential.

6.1 Targeted therapies for Group 3 MB

Although molecular profiling have not revealed any single pathway driving Group 3 MB
progression, a defining feature of this subgroup is an aberrant expression or amplification
of MYC oncogene((Taylor et al., 2012). Unfortunately, target-specific small molecule
inhibitors against MY C remain to be described, inhibitors of epigenetic regulators of MYC
have shown to decrease viability of Group 3 MB cells(Bandopadhayay et al., 2014; Veo et
al., 2019). Treatment of Group 3 MB cells with BET inhibitor, JQ1, decreased expression
of MYC and subsequently reduced proliferation in MY C-driven MB cells(Bandopadhayay
et al., 2014). More recently, a monomethyltrasferase of histone 4 lysine 20, SETDS8, has
been described as a potential target for MYC-driven MB. By performing a combined
functional genomic and chemical screen, Veo et al, demonstrated that epigenetic probe
targeting SETD8, UNCO0379 can reduce in vitro self-renewal and metastasis in Group 3

MB. However, the efficiency of blood-brain-barrier penetration of this compound remains
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to be investigated(Veo et al., 2019). Similarly to other cancers, it is unlikely that targeting
one driver gene in a heterogeneous tumor will result in a long-lasting effect, thus it is
important to investigate synergistic effects between multiple inhibitors to achieve a global
and sustained response. Interestingly, a study combining inhibitors of histone deacetylase
(HDAC) with PI3K inhibitors showed a combinatorial effect that prolonged mouse survival
in vivo(Pei et al., 2016). In our work (Chapters 4 & 5), we showed that following
chemoradiotherapy, Group 3 MB cells were susceptible to BMI1 inhibition, however, it
was insufficient to fully prevent disease progression. Currently, more work is being
conducted to understand molecular mechanisms driving therapy failure and development
of combinatorial therapies (Chapter 6). In addition to DNA barcoding and CRISPR
screening technology, a large scale chemical screen on therapy resistant cells might provide
an insight into potential candidates for further synergistic evaluation. Using FDA-approved
libraries might further expedite translation of the findings into clinic. A study conducted by
Morfouace et al, have tested a library of FDA-approved compound on treatment naive
Group 3 MB and identified the sensitivity of cells to folate pathway inhibitor,
pemetrexed(Morfouace et al., 2016). The combination of pemetrexed, with gemcitabine is

currently being tested in a clinical trial (NCT01878617) for newly diagnosed MB.

In the recent years, the therapeutic relevance of treatments has been assessed through the
established PDX models of Group 3 MB(Bandopadhayay et al., 2014; Cook Sangar et al.,
2017; Morfouace et al., 2016; Pei et al., 2016; Tang et al., 2014). The major benefit of using

PDX models is the preservation of molecular and cellular features of the original tumor
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unlike the in vitro passaged cells lines(Daniel et al., 2009; Zhao et al., 2012). However, the
number of samples that can be established into a PDX remains limited, with increased
prevalence of PDX lines representative of non-Wnt/Shh MB subtypes. Through generation
of a therapy adapted PDX model of Group 3 MB (Chapter 2), we were able to
comprehensively profile gene expression patters of cells undergoing therapy. This gene
expression profile can be used to identify potential therapeutic targets using computational
approaches such as disease-model signature versus compound-variety enriched response
(DiSCoVER)(Hanaford et al., 2016). When applied to the model of Group 3 MB, software
analysis predicted efficacy of CDK4/6 inhibitor, which were later validated in PDX model
of Group 3 MB(Cook Sangar et al., 2017). The major obstacle in translating MB targeting
compounds is the blood-brain barrier. Although many compounds have shown their
promising efficacy in vitro some failed to cross the blood brain barrier and were rendered
ineffective. A recent study by Phoenix et al, has shown that Wnt MB tumors are able to
cause a local disruption in the blood-brain barrier making tumor cells exposed to

chemotherapy(Phoenix et al., 2016).

6.2 Targeting nitric oxide pathway for treatment refractory MB

One of the key observations made from profiling gene expression of cells as they undergo
therapy (Chapter 2) was the upregulation of genes contributing to cellular levels of nitric
oxide (NO). Since its identification in 1987(Ignarro et al., 1987; Palmer et al., 1987), NO
has emerged as a molecule of interest in cancer. Currently, the exact role of NO in cancers

cells remains unclear, as there are studies suggestive of its tumoricidal(Harada et al., 2004;
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Shang et al., 2002) and tumor promoting effects(Cobbs et al., 1995; Reveneau et al., 1999;
Thomsen et al., 1994). NO is endogeneously synthesized by a family of nitric oxide
synthase (NOS) enzymes: NOSI (nNOS), NOS2 (iNOS), NOS3 (eNOS). Unlike the
inducible NOS (iNOS), nNOS and eNOS are constituently expressed in neurons and
endothelial cells respectively(Moncada et al., 1991). Production of NO largely depends on
the calcium concentration in the tissue, while the concentration of NO dictates its
downstream effects(Ambs et al., 1998; Grisham et al., 1999). While in some cancers,
increased levels of NO can contribute to regulation of cell cycle, angiogenesis, invasion
and metastasis(Ying and Hofseth, 2007), it can also lead to induction of pro-apoptotic
signalling, upregulation of p53 and suppression of DNA synthesis. The dichotomous nature
of NO in cancer remains to be a hurdle in developing therapies exploiting NO signalling

cascade and thus further tumor type specific studies are required.

A study in 1995 profiling levels of NOS isoforms in brain tumors including
medulloblastoma, showed an upregulation of NOS1 and NOS2 isoforms when compared
to normal brain tissue(Cobbs et al., 1995). Furthermore, in a cell line model of SHH MB,
an upregulation of a calcium channel known as Transient Receptor Potential Cation
Channel Subfamily C Member 4 (TRPC4), induced increased NO production and
subsequent tumor motility in vitro(Wei et al., 2017). Nevertheless, studies on the exact role
of NO in MB initiation, progression, metastasis and relapse are limited and should be

further investigated using the new generation of genomic tools.
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6.3 Concluding remarks

Over the last 25 years, MB therapies have remained largely unchanged and although five-
year survival rates have reached 70-80%, there are still patients who are presented with
tumor relapse and/or metastatic dissemination and are limited to palliation. In this thesis
work, I have presented a therapy-adapted PDX model of the most aggressive MB subgroup
used to profile gene expression and functional attributes of MB cells as they undergo
therapy. The resulting comprehensive profiling lead to identification of a previously
uncharacterized in the setting of cancer gene, BPIFB4, as a potential driver of therapy
evasion and tumor relapse. Furthermore, the developed model allows for pre-clinical testing
of novel therapeutic agents in combination with the current gold-standard therapy. Finally,
by profiling effects of inhibiting a key self-renewal regulator gene, BMII1, I was able to
demonstrate its value for treatment of recurrent MB patients. Studies into combinatorial
therapy regimens driven by extensive molecular profiling of each patient’s tumor will

continue to provide new therapies for this devastating disease.
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