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ABSTRACT

Brain tumors are the leading cause of cancer-related mortality and morbidity in
the pediatric years. Pediatric brain tumor treatment has been driven largely by findings in
adult tumors, and in the case of high-grade gliomas (HGGs) including glioblastoma
(GBM), universal failure of therapy across patients of all ages is continuously observed.
Recent years have seen a plethora of studies emerge exploring the cancer genome of
HGGs to better understand and target the molecular mechanisms that make these cancers
some of the deadliest and most aggressive encountered in oncology. Recent studies have
uncovered the epigenome as a critical component altered in HGGs. Mutations resulting in
vital amino acid substitutions at lysine 27 (p.Lys27Met, K27M) and glycine 34
(p.Gly34Arg/Val, G34R/V) in histone variant H3.3 were shown by our lab and others to
characterize about one-third of pediatric GBM tumors, a discovery that marked the first
recurrent mutations identified in histone genes in human disease, which are highly
conserved across species. Herein, we will discuss the major aspects of my doctoral work
that was centered on better characterizing H3.3 and related mutations and alterations in
pediatric HGGs as well as characterizing the genomic landscape of the low-grade
astrocytoma, pilocytic astrocytoma (PA). Strikingly, we identify genetic alterations
leading to changes in histone 3 lysine 36 (H3K36) methylation specifically in HGGs of
the cerebral hemispheres, including mutations in the only H3K36 trimethyltransferase
encoded in humans, SETD2. Conversely, when analyzing pediatric high-grade tumors of
the neuroanatomical midline, we uncover a large majority with H3 K27M mutations and
associated with specific growth factor receptor mutations in defined brain regions, such

as recurrent ACVR I mutations in tumors of the pontine area. In PA, we explore molecular
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mechanisms leading to and maintaining aneuploidy seen with increasing age in this
tumor. Taken together, we describe the molecular profile of pediatric astrocytomas and

lay a foundation for targeted therapeutic development in future studies.
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RESUME

Les tumeurs cérébrales sont la premiére cause de mortalité et morbidité reliées au
cancer chez l'enfant. Les traitements des tumeurs cérébrales pédiatriques sont dérivés des
¢tudes ¢élaborées chez les adultes, et dans le cas spécifique des gliomes de haut grade ou
high-grade gliomas (HGGs), incluant le glioblastome (glioblastoma, GBM), un échec
universel des thérapies chez les patients de tout age est observé. Au cours de ces
dernieres années de nombreuses études sur l'aspect génomique des HGGs ont permis de
mettre en exergue une meilleure compréhension des mécanismes moléculaires qui sont
impliqués dans ces cancers connus pour étre parmi les plus agressifs en oncologie. De
récentes études ont démontré que l'altération de I'épigénome joue un rdle crucial dans les
gliomes de haut grade. Des mutations, au niveau de I'histone 3 notamment au niveau du
variant H3.3, ont été découverte par notre laboratoire et d'autres équipes. Celles-ci
résultent de la substitution d'un acide aminé, de la lysine 27 en methionine (p.Lys27Met,
K27M), de la glycine 34 en arginine ou en valine (p.Gly34Arg/Val, G34R/V). Cette
découverte a été la premiere a identifier des mutations récurrentes au niveau des genes
des histones impliqués dans des maladies humaines et normalement hautement conservés
entre les especes. Dans cette these, je vais discuter des aspects majeurs de mon travail de
doctorat qui ont été essentiellement centrés sur la caractérisation de 1'histone H3 et des
mutations qui lui sont reliées, et sur la meilleure compréhension des altérations de
I'épigénome retrouvées dans les tumeurs cérébrales de haut grade. L'investigation a
¢galement été menée sur les aspects génomiques des astrocytomes pilocytaires (pilocytic
astrocytoma, PA), un astrocytome de bas grade. De plus, nous avons identifiés des

altérations génétiques qui peuvent affecter la méthylation de la lysine 36 de I'histone 3
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(H3K36) dans plus de la moitié¢ des tumeurs cérébrales pédiatriques de haut grade. Ces
mutations ont été retrouvées dans le seul géne humain codant pour la méthyl- transférase
de I'H3K36 nommée SETD2. Lors de I'analyse des tumeurs pédiatriques de haut grade au
niveau de la ligne médiane (en neuro-anatomie), nous avons découvert qu'une grande
majorité¢ des mutations H3 K27M, et l'association a des mutations de récepteurs
spécifiques au facteur de croissance, de prolifération et développement des différentes
régions du cerveau, tel que des mutations récurrentes de ACVRI (activin A receptor, type
I) étaient localisées au niveau de la région du pons du tronc cérébral. Chez les tumeurs
PA, nous avons approfondi notre étude en explorant les mécanismes moléculaires qui
conduisent et entretiennent I'aneuploidie en corrélation avec un augmentation de 1'age de
diagnostique du patient portant un PA. Dans l'ensemble, nous avons décrit le profil
moléculaire des astrocytomes pédiatriques et poser les bases pour développer des

traitements plus efficaces chez les patients dans le futur.
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FORMAT OF THE THESIS

This thesis is organized as a manuscript-based document according to the
guidelines and specifications outlined by the Faculty of Graduate and Postdoctoral
Studies of McGill University. Herein, the reader will first encounter Chapter 1, which
provides an introduction to the clinical picture of pediatric brain tumors, major genomic
alterations as well as recent findings implicating the epigenome as a central aspect in
their pathogenesis. Background information on the basic biology of critical signaling and
histone regulation pathways will be provided to enable the reader to best critically
appraise the following 3 chapters. Chapters 2 through 4 are presented in manuscript
format, with Chapter 2 and Chapter 3 published in Acta Neuropathol. 2013
May;125(5):659-69. doi: 10.1007/s00401-013-1095-8 [72] and Nat Genet. 2014
May;46(5):462-6. doi: 10.1038/ng.2950 [71] respectively. To best allow the reader to
relate each section, connecting text sections are provided to demonstrate the inter-
relationship between each chapter. Chapter 5, the final section, is a discussion and global
summary of the main results of this dissertation. Included as well are future directions
and further experimentation of note in the near future to continue progress in this rapidly

evolving field.
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PREFACE AND CONTRIBUTIONS OF THE AUTHORS

The work presented in this thesis encompasses our investigation into the genomic
landscapes of pediatric astrocytoma and constitutes novel contributions to the field of
pediatric brain tumor biology. Throughout the course of my doctoral work, our lab and
others have been central to implicating the epigenome as a vital component required for
tumorigenesis within pediatric and young adult tumors specifically and have published to
that effect. Within Chapter 2, we identify for the first time in high-grade gliomas, loss-of-
function mutations in the histone H3 lysine 36 trimethyltransferase SETD2 with a
predilection for tumors occurring in the cerebral hemispheres, work that was published in
[72]. Within Chapter 3, we studied 40 high-grade tumors of the neuroanatomical midline,
namely the thalamus, brainstem, cerebellum and spinal cord and uncover a predominance
of H3 K27M mutations defining 93% of tumors. For the first time in human cancer and
published in [71], we identify somatic gain-of-function mutations in the activin A,
receptor type I encoded by ACVRI in high-grade tumors of the pons, termed diffuse
intrinsic pontine gliomas (DIPGs). In Chapter 4, we studied the whole chromosomal copy
number profiles of 222 adult and pediatric pilocytic astrocytoma (PA) tumors and
determined the prevalence and characteristics of aneuploidy, in the form of chromosomal
gains, in PAs. We show its differential association with common hits along the mitogen-
activated protein kinase (MAPK) pathway and notably with the expression of genes
promoting and tolerating aneuploidy. MDM?2 a gene seen upregulated in aneuploid
tumors, was shown to correlate strongly with specific expression programs, including the
unfolded protein response, which may underlie these aneuploid phenotypes and present

an ideal target for further investigation.
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ABBREVIATIONS

The following includes an alphabetical list of all the abbreviations used

throughout this thesis, defined at mention within text and summarized here for reference.

Italics within text signify an individual gene or transcript, whereas normal text refers to

the protein product of a gene according to standard nomenclature:
2-HG: 2-hydroxyglutarate

S5hmC: 5-hydroxymethylcytosine

5mC: 5-methylcytosine

ACVRI: activin A receptor, type I

aCGH: array-based comparative genomic hybdridization
ALK2: alternate name for ACVRI; activin A receptor, type [
AML: acute myeloid leukemia

ALL: acute lymphoblastic leukemia

ALT: alternative lengthening of telomeres

ATRX: alpha-thalassemia/mental retardation X-linked

BMP: bone morphogenetic protein

BRAF: v-raf murine sarcoma viral oncogene homolog B1
CDK: cyclin-dependent kinase

ChIP-seq: chromatin immunoprecipitation sequencing

CIN: chromosomal instability

CNS: central nervous system

CRAF: v-raf-leukemia viral oncogene 1

CRISPR: clustered regularly interspaced short palindromic repeats
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DAXX: death-domain associated protein
DMEM: Dulbecco’s modified Eagle’s medium
EGFR: epidermal growth factor receptor

EP: ependymoma

ERK: extracellular regulated kinase

EZH2: enhancer of zeste 2

FBS: fetal bovine serum

FDR: False discovery rate

FFPE: formalin-fixed, paraffin embedded
FGFR1/3: fibroblast growth factor receptor 1/3
GBM: glioblastoma

GCT: giant cell tumor of bone

G-CIMP: glioma-CpG island methylator phenotype
GFR: growth factor receptor

GO: Gene Ontology

G34R/V: glycine 34 to arginine or valine substitution in histone 3 variants
GTR: Gross-total resection

GWAS: Genome-wide association studies
H2A: histone 2A

H2B: histone 2B

H3: histone 3

H4: histone 4

H3.1: histone 3 variant 1



H3.3: histone 3 variant 3

H3F3A: H3 histone, family 3A

H3F3B: H3 histone, family 3B

HIST1H3B: histone cluster 1, H3b

HIST1H3C: histone cluster 1, H3c

H3K4: histone 3 lysine 4

H3K9: histone 3 lysine 9

H3K27: histone 3 lysine 27

H3K27me1/2/3: mono-, di- or tri-methylated histone 3 lysine 27

H3K27ac: acetylated histone 3 lysine 27

H3K36: histone 3 lysine 36

H3K36me1/2/3: mono-, di- or tri-methylated histone 3 lysine 27

HGA: high-grade astrocytoma

HGG: high-grade glioma

ICGC: International Cancer Genome Consortium

ID1/2/3: genes encoding inhibitor of DNA binding 1/2/3, dominant negative helix-loop-
helix protein

IDHI1: isocitrate dehydrogenase 1

KDM: histone lysine demethylase

KIAA1549: KIAA1549 gene of the UPF0606 family

K27M: lysine 27 to methionine amino acid substitution in histone 3 variants
K36M: lysine 36 to methionine amino acid substitution in histone 3 variants

LFS: Li-Fraumeni syndrome
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LGA: low-grade astrocytoma

MB: medulloblastoma

MDM2: proto-oncogene, E3 ubiquitin protein ligase

MET: MET proto-oncogene, receptor tyrosine kinase

MGMT: O°-methylguanine-DNA methyltransferase

mHGA: midline high-grade astrocytoma

NF1: neurofibromatosis type 1 (referring to syndrome), neurofibromin 1 (referring to
gene or gene product)

NGS: next-generation sequencing

NHA: normal human astrocytes

NHLBI: National Heart, Lung and Blood Institute

PA: pilocytic astrocytoma

PCR: polymerase chain reaction

PDGFRA: platelet-derived growth factor receptor alpha

PI3K: phosphoinositide-3-kinase

PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
PIK3R1: phosphoinositide-3-kinase, regulatory subunit 1 (alpha)

PRC2: Polycomb Repressor Complex 2

PTEN: phosphatase and tensin homolog

PTPNI11: protein tyrosine phosphatase, non-receptor type 11 (encodes SHP-2)
RAF]1: gene encoding CRAF, v-raf-leukemia viral oncogene 1

RB1: retinoblastoma 1
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RCAS/Tv-a: replication-competent avian leukosis virus with splice acceptor retroviral
gene delivery system

RT-PCR: reverse transcriptase-polymerase chain reaction

RTK: receptor tyrosine kinase

SHH: sonic hedghog

SNP: single nucleotide polymorphism

SMAD: SMAD family member, homologs of the Drosophila ‘Mothers against
decapentaplegic’ (Mad)

SNAII: snail family zinc finger 1

TACCI1/3: transforming, acidic, coiled-coil containing protein 1/3
TALEN: transcription activator-like effector nuclease

TCGA: The Cancer Genome Atlas

TERC/TR: telomerase RNA

TERT: telomerase reverse transcriptase

TMA: tissue microarray

TP53: gene encoding tumor protein p53

UPR: unfolded protein response

WES: whole-exome sequencing

WGS: whole-genome sequencing

WHO: World Health Organization

WT: wild-type

ZFN: zinc-finger nuclease
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CHAPTER 1: INTRODUCTION

1.1. Pediatric brain tumor epidemiology, pathology and treatment

According to recent statistics, one in every 285 children will be diagnosed with
cancer before the age of 20 years [273]. This translates into an approximate 15,780 new
cases and 1960 new deaths from pediatric cancer in 2014 in the United States alone
[273]. This same report by the American Cancer Society estimates that 1 in 530 young
adults aged 20-39 years is a childhood cancer survivor, implicating an essential need for
proper follow-up amongst clinicians who see and care for these patients longitudinally
[273]. As such, cancer is an extremely significant contributor to pediatric and young adult
morbidity and mortality. Although leukemias are the most frequently occurring
malignancy in the childhood years, brain tumors are a leading cause of cancer-related
death in children [206,90], and between the years of 2007-2010 accounted for the largest
proportion of cancer-related mortality (31%) in children less than 15 years old [242]. The
largest subgroup of brain tumor occurring across the lifespan are gliomas, which are
tumors arising from cells of the glial lineage and include astrocytomas,
oligodendrogliomas, mixed oligoastrocytomas and ependymomas (Figure 1.1) [138,167].
Astrocytomas are the most common subtype of glioma in adults and children and account
for over half of all primary brain tumors (Figure 1.2) [293,138]. Astrocytomas are
subdivided by the World Health Organization (WHO) into four histopathological grades
based on specific features including cellularity, proliferative index, nuclear atypia and
importantly necrosis and microvascular proliferation amongst other characteristics [167].
Grades I and II astrocytomas are termed low-grade astrocytomas (LGAs), and grades III-

IV are termed high-grade astrocytomas (HGAs) [167].
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The spectrum of tumor grade and brain location of astrocytoma subtypes differs
greatly between children and adults (Figure 1.3). Brain tumors in children often arise
below a structure called the tentorium cerebelli, which divides the forebrain from the
posterior fossa and hindbrain structures such as the brainstem, cerebellum and spinal cord
[206]. These tumors are most commonly low-grade tumors, notably the grade I
astrocytoma, pilocytic astrocytoma (PA), which represents the most common primary
brain tumor in children (Figure 1.3) [196,61,82]. Malignant tumors of neuronal origin can
also arise in the posterior fossa compartment in children, including embryonal tumors
such as medulloblastoma (MB) (Figure 1.3) [138]. In adults, the spectrum is quite
different, with high-grade gliomas (HGGs) including high-grade astrocytomas (HGAs)
being the most common tumors in older patients [138]. Glioblastoma (GBM), a highly
aggressive and lethal WHO grade IV astrocytoma, is the most common primary brain
tumor, and has the largest incidence in older patients (Figure 1.3) [138]. HGAs including
GBMs can also arise in pediatric patients, throughout the brain, but also distinctly in the
ventral brainstem, where they are invariably fatal and termed diffuse intrinsic pontine
gliomas (DIPGs) [177,76,15,136].

PAs are well-circumscribed and often considered “benign” tumors if amenable to
gross-total surgical resection. They harbor features of low cellularity, are slow-growing
and indolent in nature, and often have a loose appearance on histology with the presence
of long hair-like cellular projections termed Rosenthal fibers, hence the name “pilocytic”
[167]. Patients with PA have an excellent prognosis, with 10-year survival rates estimated
at 96% (Figure 1.4) [194]. Although they most commonly occur within the cerebellum,

where gross-total resection (GTR) and excellent patient outcome is often possible, they
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can occur throughout the brain and in surgically inaccessible locations such as the optic
pathway, thalamus, brainstem and spinal cord [117]. GBM tumors conversely are highly
infiltrative, most often occur within the cerebral cortex and harbor distinct features of
pseudopallisading necrosis and microvascular proliferation (angiogenesis) which are
diagnostic on histopathology [167]. Patients with GBM have very poor survival, even in
response to multimodal treatment strategies involving surgery, radiotherapy and
chemotherapy [194]. GBM 5-year survival rates have been reported at less than 3%
(Figure 1.4) [193], a feature which has not ameliorated much over the past few decades.
HGAs arising in the brainstem, termed DIPG, demonstrate the poorest survival amongst
brain tumors and arise exclusively in children [15]. This diagnosis is fatal with children
demonstrating a median survival time less than one year [76], and 90% of children dying
of their disease within 2 years [15]. As DIPGs arise in such sensitive neuroanatomical
locations near cardiovascular and respiratory centers within the brainstem, most research
on the molecular basis of these tumors has been conducted in autopsied tissues to date
[198,289].

Patients who are childhood cancer survivors necessitate follow-up to screen for
potential recurrences or secondary malignancies, as well as a variety of sequellae
associated with disease and treatment [201,77,217]. Brain cancer survivors can be
diagnosed with secondary CNS tumors, notably in cases that were previously treated with
both chemotherapy and radiation exceeding 25 Gy [44]. High-risk pediatric MB, which
can disseminate throughout the nervous system and seed, necessitates cranial-spinal
irradiation [111]. Studies of the impact of cranial-spinal irradiation in young children

have revealed a profound impact on physical growth impairment, problems at school and
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finding and maintaining work later in life [141]. Neurological deficits, psychosocial
dysfunction and endocrine complications were reported frequently overall in 45
medulloblastoma patients followed-up after cranial-spinal irradiation at a single
institution between 1980-2000 [74]. As brain tumors can occur throughout functionally
sensitive forebrain and hindbrain areas, subsequent sequellae may also be incurred due to
mass effect, tumor infiltration or surgical damage within these locations. Childhood CNS
tumor survivors can as a result of their primary tumor and treatment, demonstrate a
variety of morbidities including secondary neoplasms, physical, psychosocial and mental
disabilities, impaired endocrine function and an increased risk of cardiac and
cerebrovascular death [201].

Recent years have seen modest advances in the treatment of patients with GBM.
The most significant of which involved the concomitant and adjuvant use of the
alkylating agent temozolomide (TMZ) along with radiotherapy following surgical
resection and was shown to improve GBM median survival from 12.1 to 14.6 months in a
landmark randomized controlled trial [248]. Moreover this benefit was seen most
strikingly in patients demonstrating methylation of the promoter of MGMT, which
encodes the O°-methylguanine methyltransferase and enzymatically removes an alkyl
group from the O° position of guanine [104]. Patients with methylated MGMT promoters
and thus lacking MGMT expression, demonstrated significant improvement in survival of
21.7 months when receiving concomitant and adjuvant TMZ and radiotherapy compared
to 15.3 months for radiotherapy alone [104]. As pediatric and adult tumors appear
identical under the microscope, pediatric treatment strategies have largely been passed

down from adult studies. In summary, current treatment protocols, which are not tailored
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to the pediatric setting in the context of high-grade astrocytomas, offer a substantial
degree of risk for serious morbidity and mortality. As such there is a desperate need for
targeted approaches, safe to utilize in the developing child that will effectively treat
tumorigenesis in this age group. Within the next sections of this Chapter, I intend to
outline the major genomic and epigenomic studies and resultant identified alterations in
astrocytomas. As a result, I hope to demonstrate the important molecular distinctions
between tumors occurring across the lifespan and outline the need for a molecular re-

classification of approaches to the diagnosis and treatment of gliomas.

1.2 Genomic studies of high-grade gliomas

Recent years have seen an explosion of genomic data across many types of human
cancer, through the efforts of independent laboratories, as well as large consortia such as
The Cancer Genome Atlas (TCGA) and the International Cancer Genome Consortium
(ICGC) [48,107]. Initial studies employing the use of high-density arrays for gene
expression profiling and copy number analysis revealed the existence of multiple
subgroups of high-grade gliomas (HGGs) including glioblastoma (GBM)
[204,68,98,199,262]. Profiling studies showed that molecular subgroups of HGGs
recapitulate stages of neurogenesis, with recurrent tumors clustering according to more
mesenchymal signatures [204]. Further to this, important work by our lab revealed that
pediatric and adult GBM tumors were molecularly distinct through gene expression
profiling [68], suggesting that although these tumors looked identical under the
pathologists’ microscope, they were vitally different in their genetic make-up. Candidate

genes and pathways such as the shuttling protein Y-box-protein-1 (YB-1) and Ras/Akt
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growth pathways were shown to be uniquely upregulated in pediatric GBM tumors,
identifying putative targets for therapeutic development in the context of pediatric disease
[68]. These findings could be reproduced on archival formalin-fixed paraffin-embedded
(FFPE) sections of pediatric GBM, demonstrating the critical utility of profiling on more
readily available pathological material [98]. These initial data pointed to critical
molecular differences between adult and pediatric tumors.

Studies conducted by large consortia have fueled progress towards understanding
the molecular basis of adult GBM. The TCGA chose to study GBM as its pilot integrative
profiling project and identified recurrent mutations, copy number aberrations and
methylation defects in critical genes and pathways in 206 adult GBM tumors studied
[48]. In addition, they selected 601 candidate oncogenes and tumor suppressor genes to
sequence in 91 GBM tumors as a targeted approach [48]. In their initial comprehensive
report, the TCGA described a variety of hits along three important pathways
encompassing receptor tyrosine kinase (RTK)/RAS/phosphoinositide-3-kinase (PI3K)
signaling, p53 signaling and retinoblastoma protein (RB) signaling in 86%, 87% and 78%
of adult GBM tumors studied respectively (Figure 1.5) [48]. TP53 itself was altered via
hotspot mutations, or copy number loss in 35% of GBM tumors [48]. RTK genes
epidermal growth factor receptor (EGFR, 45%), platelet-derived growth factor receptor
alpha (PDGFRA, 13%), v-erb-b2 avian erythroblastic leukemia viral oncogene homolog
2 (ERBB?2, also abbreviated as HER?2, 8%) and MET proto-oncogene, receptor tyrosine
kinase (MET, 4%) were among the most frequently altered receptor genes by mutation or
focal copy number amplification [48]. Frequent somatic loss or missense/truncating

mutations were also identified in the neurofibromin 1 (NF'7) gene in 23% of GBM tumors
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[48]. Germline defects in NF' are responsible for the autosomal dominant glioma
predisposition syndrome neurofibromatosis type I (NF1), and prior data from mouse
models suggested a strong role for NF'/ defects and gliomagenesis [215,292]. Tumor
suppressor genes other than 7P53 or NFI were also affected at high frequency, including
homozygous deletions or inactivating mutations in CDKN2A, which encodes ARF or
pl6/INK4A in 49%-52% of GBM tumors studied [48]. This gene is a critical inhibitor of
cyclin-dependent kinases (CDKs) and MDM?2, an E3-ubiquitin ligase, amplified in 14%
of GBM tumors studied, and a central regulator of p53 protein levels and p53 pathway
activity [48]. In addition novel mutations involving the regulatory subunit of the PI3K
complex p85a, encoded by PIK3R1, were identified in 10% (9/91) sequenced GBMs
[48]. Gain-of-function mutations in the catalytic p110a subunit of PI3K (PIK3CA) have
been previously shown to be involved in a variety of cancers including GBM and other
gliomas, and in 7% (6/91) of GBM tumors in the TCGA cohort [223,26,186,189,100].
Phosphatase and tensin homolog (PTEN), a well-characterized tumor suppressor gene
and inhibitor of PI3K activity, was altered at a very high frequency of 36% through
homozygous deletion or loss-of-function mutations, demonstrating multiple hits
converging on PI3K regulated activity in GBM tumors [48].

Further investigations conducted by TCGA utilizing integrative gene expression
profiling and copy number analysis continued earlier work by Phillips and colleagues in
the subgrouping of HGGs including GBM [262,204]. Seminal work by Verhaak and
colleagues within the context of the TCGA identified four molecular subgroups of adult
GBM through molecular profiling that were delineated by alterations described above in

PDGFRA, NF1, EGFR and hotspot mutations in the metabolic gene isocitrate
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dehydrogenase 1 (IDH1) (discussed in section 1.3) [262]. These molecular subgroups
were described as ‘neural,” ‘proneural,’, ‘mesenchymal,” and ‘classical’ based on active
molecular programs and correlated with differential survival of patients with these
expression signatures [262]. Pediatric cohorts of HGG tumors studied by integrative
profiling have revealed critical differences with adult disease [199], illustrating that while
TCGA consortium projects have shaped the biology of adult disease, further genome-

wide investigations of pediatric and young adult tumors is warranted.

1.3 Epigenetic driver mutations in pediatric and young adult high-grade gliomas

In addition to TCGA, other independent projects have contributed to the
understanding of HGG and GBM occurring across the lifespan. The advent of next-
generation sequencing (NGS) technology, including whole-exome sequencing (WES),
has fueled an incredible expansion in our knowledge database of genomic alterations in
cancer, complex and Mendelian disease (reviewed in [172]). Initial applications of NGS
to the study of GBM greatly expanded the repertoire of protein-coding gene mutations in
this disease. In their landmark study, Parsons and colleagues utilized NGS to sequence
20,661 protein-coding genes and identified recurrent hotspot mutations in /DH1 at
arginine 132 resulting most often in histidine substitutions (R132H) in 12% of GBM
tumors [197]. IDH1 is one of 5 encoded isocitrate dehydrogenase proteins in humans
[197], and demonstrates localization to the cytosol and peroxisomal subcellular
compartments [81]. IDH1 normally catalyzes the oxidative decarboxylation of its
substrate, isocitrate, to a-keto-glutarate, producing nicotinamde adenine dinucleotide

phosphate (NADPH), with R132 amino acid substitutions initially suspected to abrogate
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its enzymatic activity due to their presence within its substrate binding site [197]. IDH1
mutations were harbored by 83% of secondary GBM tumors whose clinical presentation
involves progression from evidence of a lower-grade lesion, and in younger patients with
a mean age of 33 years old, substantially lower than /DHI wild-type GBM tumors (53
years old) [197]. Patients with GBM harboring /DH mutations demonstrated a
significantly improved overall survival of 3.8 years compared to 1.1 years for IDHI wild-
type GBM patients [197]. Expanded sequencing analyses involving 939 CNS and non-
CNS tumors revealed an incredible prevalence of /DH1 and more rarely IDH2
(R172G/M/K substitutions) with a striking specificity to grades II-IV gliomas including
oligodendrogliomas, astrocytomas, mixed oligoastrocytomas and secondary GBM
occurring in younger adult patients ranging in mean age 20-45 years [287]. Enzymatic
assays of oligodendroglial cell line lysates transfected with IDHI and IDH2 mutant genes
indicated a dramatic reduction of NADPH production associated with the mutant
enzymes [287]. Studies in acute myeloid leukemia (AML) also revealed recurrent
mutations in /DHI/IDH2 demonstrating them as oncogenes in a variety of brain and
hematological cancers [176]. These seminal data point to /DH mutations as highly
frequent alterations in gliomas and other cancers and outline their use as a diagnostic and
prognostic marker in these groups of diseases.

Initial studies described above pointed to abrogated NADPH production
associated with IDH mutant enzymes. Strikingly, /DH mutation was shown soon after to
yield neomorphic enzyme activity, enabling the NADPH-dependent conversion of the
product a-keto-glutarate to the R-enantiomer of 2-hydroxyglutarate (2-HG) [56,274]. 2-

HG production is also elevated in the genetic syndrome D-2-hydroxyglutaric aciduria due
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to a mutation in the enzyme D-2-hydroxyglutarate dehydrogenase which catalyzes a-
keto-glutarate to 2-HG conversion [247]. Strikingly, patients with D-2-hydroxyglutaric
aciduria have been associated with increased glioma risk and other neuropathologies such
as leukoencephalopathy [149,3]. 2-HG can be detected in brain tissue and cerebrospinal
fluid in D-2-hydroxyglutaric aciduria patients [149], and is elevated in human malignant
glioma samples harboring /DH mutations [56]. This data strongly supports the theory
that oncogenesis associated with /DHI mutation may be mediated through production
and accumulation of the oncometabolite 2-HG.

A variety of hypotheses were initially proposed with regard to the mechanism of
action of 2-HG and its impact on various enzymatic functions. Seminal work elucidated
that 2-HG blocks the activity of a-keto-glutarate-dependent dioxygenases including
histone lysine demethylases and TET family 5-methylcytosine (5SmC) hydroxylases
through its action as a competitive inhibitor of these enzymes [286,45]. In glioma tumors,
IDH mutation was associated with increased levels of histone methylation and reduced
5-hydroxymethylcytosine (ShmC) levels, illustrating the global impact of /DHI R132-
mutation on the epigenome [286].

Numerous studies have since emerged focusing on the genome-wide epigenomic
effects of /IDHI mutations. As discussed above, TCGA molecular profiling studies
conducted in GBM demonstrated that /DH mutant tumors formed a distinct clinical and
biological subgroup of GBM, with largely proneural expression signatures [262]. Further
work conducted by TCGA utilizing DNA methylation arrays demonstrated distinct
clustering of /DHI mutant HGGs, which exhibited global DNA hypermethylation,

associating the glioma-CpG island methylator phenotype (G-CIMP) with these tumors
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[192]. IDHI mutation was shown to be sufficient to create G-CIMP in cells
demonstrating the immense impact of this mutation on global DNA methylation [255].
Concurrent studies demonstrated increases in methylation at numerous histone 3 (H3)
lysines (K) such as H3K27, H3K36, H3K4 and H3K9 and inhibition of cellular
differentiation by ectopic expression of /DHI mutation [168]. Increased levels of histone
methylation were also seen in human tissue samples harboring /DH1 mutations [168].
Increased histone methylation at these critical lysines was shown in recent knock-in
mouse models of /DH I mutation, accurately recapitulating the epigenomic impact of the
disease [226]. Recent reports studying a targeted inhibitor highly selective for mutant
IDH1 R132H (AGI-5198) have emerged showing that it is capable of reversing histone
methylation and blocking glioma cell growth, without changes in global levels of DNA
methylation [219]. Taken together, although the effects of IDHI mutant expression on the
epigenome are profound, other epigenome-independent mechanisms of oncogenesis
remain a mystery.

Histones are assembled as octamers involving two copies each of H3, H4, H2A
and H2B, and are critical components of the nucleosome. They function to properly
package our DNA into chromatin and regulate the expression of our genes (reviewed in
[59,58]). As discussed above, histone marks, notably methylation at critical lysines, can
be altered in cancer. Young adult tumors with a secondary GBM clinical presentation
were shown to harbor /DH mutations leading to increased histone methylation and
establishing widespread epigenomic defects as a novel mechanism of tumorigenesis in
GBM [197,168]. In pediatric and adolescent GBM patients, the mutational picture also

points to epigenomic dysregulation, however in a manner at the time, unseen in any other
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human disease to date. Our group, and simultaneously reported by another independent
group, identified recurrent somatic mutations in the histone variant H3.3 encoded by
H3F34 at two perfectly conserved residues across species in 31% of pediatric GBM
(Figure 1.6) [231,281]. Recurrent mutations in histone genes had never before been
identified in association with any other human disease. These mutations resulted in lysine
27 to methionine (p.Lys27Met, K27M) and glycine 34 to arginine or valine
(p.Gly34Arg/Val, G34R/V) amino acid substitutions at these positions and were only
present in tumor genomes and not matched constitutional DNA from patients [231,281].
A large expanded cohort of 784 gliomas of all ages and histopathological grades (WHO
I-IV) confirmed the specificity of H3F3A4 mutations to pediatric GBM and not adult
GBM or low-grade gliomas [231]. K27M mutations in H3.3 and histone variant H3.1
(encoded by HIST1H3B) were also shown to be present in 71-78% of diffuse intrinsic
pontine gliomas (DIPGs) [281,136]. H3F34 K27M mutations characterized pediatric
tumors arising in the thalamus, a deep diencephalic structure difficult to access for
complete surgical resection [231]. K27M mutant thalamic high-grade tumors arising in
young adult patients with an age range of 17-46 years have also been reported [4],
demonstrating a strong association of thalamic and other midline structures such as the
brainstem, and a propensity for K27M mutations. The frequency and specificity of these
mutations in histones strongly supports their use in diagnosis and as biomarkers for these
HGG tumors in children and younger patients.

Although initial data convincingly established the prevalence and specificity of
H3F34 mutations to HGG tumors arising in the pediatric years, additional sequencing

studies have emerged across a variety of human cancers. H3F34 G34R mutations have
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also been identified in 11% of another subtype of CNS tumor, termed primitive
neuroectodermal tumor (PNET) [84]. In non-CNS cancers, H3F34 mutations have
remained absent or extremely scarce other than a few exceptions. In a large dataset of
1004 human leukemia and lymphoma samples, only a single H3F34 mutation was
identified in a case of childhood B-cell acute lymphoblastic leukemia (B-cell ALL) [112].
This mutation was not present at hotspot residues identified in GBM, but rather in an
intron and as yet has unknown significance [112]. Although very rare, a recent study
identified K27-mutations in T-cell ALL in 3 out of 102 cases (3%) [9]. In a study of solid
tumors comprising osteosarcoma (13 cases), myxoid liposarcoma (8 cases) and synovial
sarcoma (7 cases), H3F34 mutation was identified in a single osteosarcoma tumor,
encoding a novel glycine to tryptophan amino acid substitution at position 34 (G34W)
[123]. A large study of solid tumors encompassing gastric, colorectal, breast, prostate,
ovarian carcinomas and many other cancer types totaling 1351 cases identified only a
single isolated case of H3F3A4 mutation, yielding another novel substitution of glycine to
glutamate (G34E) at position 34 in a colorectal carcinoma sample [113]. However, a
seminal study of chondroblastoma and giant cell tumors of bone (GCT) revealed a
striking frequency of H3.3 mutations in these tumors of 95% and 92% respectively [16].
H3.3 mutations in chondroblastoma tumors were largely present in H3F3B, the other one
of two genes which encodes H3.3, in 68/77 cases, but also in H3F3A4 in 5/77 cases, both
encoding amino acid substitutions of lysine to methionine at position 36 (K36M) [16].
GCT cases involved coding mutations in H3F3A at position 34 with the vast majority
encoding the G34W substitution, and an isolated case of glycine to leucine (G34L)

substitution [16]. This group sequenced additional bone and cartilagenous tumors and
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identified two G34R mutant osteosarcomas in each H3F3A4 or H3F3B (2%, 2/100 cases),
a single mutant clear-cell chondrosarcoma with K36M mutation in H3F3B and a
conventional chondrosarcoma with K36M mutation in H3F34 (1%, 1/75 cases) with no
mutations identified in chondromyxoid fibroma (0/43), chordoma (0/25) or chondroma
(0/7) [16]. Most strikingly, mutant allele fraction in chondroblastoma and GCTs analyzed
by cell sorting revealed presence of the H3.3 mutation exclusively in cells of the stromal
compartment, and not osteoclasts, implicating the stroma as the source of neoplastic cells
in these tumors [16]. Taken together, these data point to the exquisite cell type specificity
of H3.3 mutations and amino acid substitutions at hotspot residues.

H3F34 mutations were found to occur in association with mutations in cell cycle
regulatory genes and chromatin remodelers in pediatric GBM. H3F34 G34R/V mutations
co-occurred with 7P53 and ATRX mutations in 100% of cases initially identified, and a
large subset of H3F34 K27M mutant tumors also harbored these defects (Figure 1.6)
[231]. ATRX or its co-factor DAXX, are H3.3 chaperones operating at pericentromeric or
telomeric chromatin and were found to be mutated in 31% of tumors, yielding 44% of
pediatric GBM tumors with at least one defect in the H3.3-ATRX-DAXX pathway
(Figure 1.6) [231]. Tumors that had mutations in H3F34A/ATRX/TP53 genes demonstrated
significantly increased copy number alterations (CNAs), demonstrating that these
mutations were associated with genome instability and structural variation [231]. In
addition, K27M and G34R/V mutant tumors demonstrated distinct gene expression
profiles demonstrating that they correlated with different molecular programs [231].
Tumors harboring A TRX/DAXX mutations correlated with alternative lengthening of

telomeres (ALT) in a large cohort analyzed by fluorescence in situ hybridization (FISH)
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on tissue microarray (TMA) [231]. Taken together, initial data identifying and
characterizing H3F3A4 mutations pointed to newly defined subgroups of pediatric GBM
with distinct features.

Mutations in H3.3 in early reports appeared to delineate novel subgroups of
pediatric GBM with distinct features. The TCGA had utilized DNA methylation profiling
to subgroup /DH1 tumors and assigned them the designation G-CIMP due to their levels
of global hypermethylation as one of three initial epigenetic subgroups of HGG [192].
Encompassing 210 GBM tumors across the lifespan including a substantial pediatric
GBM cohort, Sturm and colleagues in collaboration with our laboratory were able to
define six clinical and epigenetic subgroups of GBM (Figure 1.7) [250]. Three of these
subgroups were importantly delineated by epigenetic driver mutations identified above,
namely H3.3 K27M, G34R/V or IDH1 hotspot mutations, and characterized GBM tumors
arising in the childhood, adolescent and young adult years [250]. In addition,
incorporation of clinical data from GBM tumors revealed distinct associations of K27M
mutations with midline regions encompassing the thalamus, brainstem including pons,
spinal cord and cerebellum and G34R/V mutations to areas of cerebral cortex (Figure 1.8)
[250]. Gene expression profiling of K27M and G34R/V mutant tumors demonstrated
similarity to mid- to late-stages or early- to mid- fetal stages of fetal development of
striatum and thalamus or striatum and neocortex development respectively [250]. This
comparison, with a large published dataset of 1340 transcriptomes involving a
comprehensive array of developing and adult brain regions [129], demonstrates a
potential unique cell of origin or developmental window of tumorigenesis of H3.3 K27M

or G34R/V tumor development. Consistent with this, Sturm and colleagues utilized
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expression profiling in conjunction with immunohistochemical staining to identify
differential lack of FOXG1 or OLIG2 expression as diagnostic surrogate markers for
K27M and G34R/V tumors respectively [250]. Distinct survival profiles were seen for
H3.3 and /DH1 mutant tumors, with better overall survival seen for /DHI mutant and
G34R/V mutant GBM, and poor survival seen for K27M mutant tumors (Figure 1.8)
[250]. This association is also seen in DIPG tumors, with poor overall survival seen for
K27M mutant DIPG patients [136]. These data illustrate the importance of tumor
subgrouping in GBM as tumors occurring in different brain regions with distinct
mutations can undergo unique disease course.

H3.3 K27M and G34R/V mutations were shown above to correlate with distinct
global epigenomic profiles, distinct clinical variables and gene expression signatures. The
mechanism of action of the effects of K27M and G34R/V mutant histones are still largely
unknown, however a number of notable results have allowed us to gain insight into their
oncogenic functions. Work by Lewis and colleagues and other independent groups, has
elucidated novel avenues of epigenomic dysregulation associated with H3.3 mutations
(Figure 1.9) [161,39,261]. Human GBM and DIPG harboring H3.3 and H3.1 mutations
were shown to have reduced overall levels of trimethylated H3K27 (H3K27me3) [161],
without any corresponding decrease in the H3K27 trimethyltransferase EZH?2 expression
[261]. Murine DIPGs elicited in a PDGF brainstem glioma model which expressed H3.3
K27M transgenes recapitulated reduced H3K27me3 levels [161]. In addition, human and
murine tumors, and cells ectopically expressing H3K27M transgenes showed elevated
levels of acetylated H3K27 (H3K27ac) [161]. Additional reports of decreased

dimethylated H3K27 (H3K27me2) have been shown in H3.3 K27M mutant primary
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tumor cells [39]. Moreover, this effect was dependent on precise amino acid identity of
substitutions with only long hydrophobic side-chain containing methionine (M) and
isoleucine (I) at lysine 27 (K27M and K27I) capable of decreasing H3K27me3 when
expressed ectopically [161]. Utilizing in vitro assays, Lewis and colleagues were able to
demonstrate that this effect could be mediated in cis and trans through inhibition of the
EZH2-containing Polycomb Repressor Complex 2 (PRC2) and was dependent
specifically on interactions with EZH2 (Figure 1.9) [161]. Further to this, exploration of
the inhibition of EZH2 and SET-domain containing enzymatic activity demonstrated K-
to-M amino acid substitutions at H3K9 and H3K36 to inhibit H3K9me2/3 and
H3K36me?2/3, establishing these mutations as novel mechanisms to block enzymes which
methylate these residues [161]. Although global levels of H3K27me3 are diminished in
H3.3 K27M mutant cells, residual H3K27me3 genomic binding is observed at
H3K4me3-containing loci, termed bivalent genes [39]. Through Gene Ontology (GO)
pathway analysis of chromatin immunoprecipitation-sequencing (ChIP-seq) data
identifying genes targeted by bivalent marks, cancer pathways, embryonic
morphogenesis and pattern specification pathways amongst others emerged [39]. Further
work studying large cohorts of pediatric HGGs demonstrated that inhibited PRC2 H3K27
methyltransferase activity and overall levels of DNA hypomethylation contribute to gene
expression associated with K27M mutation [17]. However, although H3.3 K27M
lentivirally-transduced cell lines recapitulated reduced H3K27me3 binding similar to
human tumors, no consistent changes in DNA methylation or gene expression
accompanied this [17]. This finding is similar to lack of DNA methylation changes seen

in /DH]-mutant glioma cells treated with an IDH1 R132H inhibitor discussed above

45



[219]. Although DNA methylation patterns have been shown to be strongly associated
with H3K27me3 marks [25,244], these data argue for caution in isogenic cell models of
epigenetic driver mutations discussed herein. In summary, H3.3 K27M mutations exert
robust genome-wide influences on the levels and distribution of H3K27me3 histone
marks. They are also associated with dramatic changes in DNA methylation and future
modeling of this mutation will require involvement of both of these characteristics.

To date, most efforts have focused on K27M mutations, with much less known
about the impact of G34R/V mutations. Sturm and colleagues identified a global CpG
hypomethylator phenotype (CHOP) in G34-mutant tumors and proposed the striking
hypomethylation notably at subtelomeric regions near chromosome ends to potentially
underlie ALT seen in these tumors [250]. Initial reports of H3.3 G34R/V mutations
proposed potential effects of this mutation on adjacent residue H3K36 histone marks and
demonstrated very preliminary data to this effect [231]. Further more comprehensive
histone profiling studies revealed no changes in global levels of H3K27me2/3 or
H3K36me3 in association with H3.3 G34R/V mutations (Figure 1.9) [39,161]. However,
purified epitope-tagged H3.2/H3.3 G34R/V mono- and oligo-nucleosomes (more than
95% involving 4-5 nucleosomes) revealed decreases in K36me2 and K36me3 of
approximately 2.7 and 18.5 fold respectively compared to wild-type [161]. In addition, in
vitro assays revealed an impaired ability of the human recombinant H3K36
methyltransferase SETD2 (also known as SET2) to methylate K36 in the presence of
H3.3 G34R/V heterotypic mononucleosomes [161]. ChIP-seq data studying H3K36me3
marks demonstrated differential binding in a cell line, KNS42 harboring G34V mutation

and demonstrated that this may drive expression of programs of forebrain development
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and self-renewal, including genes such as MYCN [20]. In summary, these data
demonstrate a potent cis-regulated effect of G34R/V mutations on K36 methylation
within mono- and oligo-nucleosomes that may drive novel programs linked specifically

to forebrain/cortical tumorigenesis.

1.4 Telomerase-dependent and independent telomere dysregulation in adult and pediatric
gliomas

Telomeres cap the ends of our DNA and are critical mediators of cellular
longevity as well as maintaining the integrity of our genomes [99,6]. Human telomeres
are structured stretches of the repetitive 6-nucleotide sequence 5’-TTAGGG-3’ located at
the ends of chromosomes and function to safeguard elements in our genome by absorbing
the inevitable shortening which comes with lagging strand synthesis in DNA replication
as dividing cells age [159,188,99,6]. Telomeric DNA is maintained in cells by the
ribonucleoprotein complex telomerase, comprised of telomerase reverse transcriptase,
TERT, and an RNA molecule termed TERC or TR (telomerase RNA) utilized as a
template for telomere repeat synthesis ([89] and reviewed in [7]). Telomerase activity has
been found to be elevated in cancer and germ cells [142], and taken together with studies
demonstrating telomere shortening with cellular ageing [99,6], is thought to mediate the
immortal nature of proliferating cancer cells.

Elevated TERT mRNA levels and activity has been identified in gliomas [21].
Furthermore, Genome-Wide Association Studies (GWAS) have identified a subset of
polymorphisms associated with increased risk of glioma susceptibility, two of which map
to telomere regulatory genes: TERT (5p15.33, rs2736100) which discussed above, codes

for the enzymatic component of telomerase, and RTELI (20q13.33, rs6010620)
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[236,210,280], or regulator of telomerase elongation helicase 1, a gene involved in
maintaining genome stability through suppression of homologous recombination [13]. A
recent meta-analysis of GWAS data identified another SNP associated with glioma risk
near the key telomere component 7TERC (or TR, rs1920116), strongly demonstrating that
polymorphic variants affecting telomere length at a subset of loci can influence glioma
susceptibility [269]. Coding mutations affecting telomere regulation have recently been
identified recurrently in gliomas through telomerase-dependent and independent
pathways [102,231,166,131,114,19,140,264,139]. Core promoter mutations occurring at
-124bp and -146bp (positions hgl9: 1,295,228 G>A and hg19:1,295,250 G>A
respectively) upstream of the TERT ATG start site have recently been uncovered in a
large proportion of sporadic melanomas and have been shown to correlate with increased
TERT expression levels due to formation of a consensus binding site for Ets/TCF
transcription factors [105,106]. Studies examining large cohorts of tumors of the central
nervous system (CNS) including gliomas, have uncovered TERT promoter mutations
most frequently in adult primary GBM, with a prevalence reported as high as 83%
[140,264,148]. In addition, these studies have demonstrated an association of the
occurrence of TERT promoter mutations with higher mean patient age at diagnosis, more
often characterizing adult over pediatric disease [140,264,148], a phenomenon also
recapitulated in medulloblastoma, with adult sonic hedgehog (SHH) subtype tumors
demonstrating the highest incidence amongst subgroups [216].

Pediatric GBM tumors do not demonstrate as high a rate of TERT promoter
mutations (11% of 19 tumors analyzed in [140]), although they do demonstrate a

telomere dysregulation phenotype known as alternative lengthening of telomeres (ALT)
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in 44% of cases [102]. ALT was first described in tumors and cell lines that had long
telomeres, without evidence for increased telomerase activity [30,29,28]. The ALT
mechanism was later shown to occur through homologous recombination and copy
switching in immortalized human cell lines [62]. Overall in GBM, ALT was shown to be
present in 25% of cases and correlated strongly with better median overall survival of 542
days compared to 247 days for GBM patients with normal telomeres, a substantial
difference that was independent of age [94]. More recently, ALT was shown in strong
association with ATRX or DAXX mutations in gliomas including pediatric GBM [102].
ATRX, termed a-thalassemia/mental retardation syndrome X-linked, is an
ATPase/helicase of the SWI/SNF family that has functions as a chromatin remodeler and
histone H3.3 chaperone at telomeres [160]. ATRX along with its co-factor, DAXX, death
domain associated protein, functions importantly to suppress transcription of telomeric
RNA through incorporation of H3.3 at telomeres [85]. These mechanisms operate
independently of H3.3 deposition at active and repressed genes, mediated by another
histone chaperone HIRA [85]. Pediatric GBM and DIPG tumors are characterized by
recurrent mutations in histone H3.3 at critical residues, K27M and G34R/V that occur in
conjunction with mutations in ATRX/DAXX [231,136]. ATRX mutation or loss of
expression correlates strongly with ALT in pediatric GBM [231], but not in an ATRX-
mutant adult grade II-IV gliomas [166]. Killela and colleagues showed strikingly that
ATRX and TERT mutations are mutually exclusive and govern independent mechanisms
for telomere dysregulation in gliomas [140]. These and other cohorts [231,148]
demonstrate that 4 TRX mutations (associated strongly with ALT) occur more frequently

in pediatric GBM, whereas TERT promoter mutations mediating increased telomerase
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expression dominate adult primary GBM tumors. Mechanisms leading to ALT in adult
grade II and III appear to be unclear due to lack of correlations seen with ATRX
mutations, suggesting other putative mechanisms for ALT observed in these tumors
[166]. Within pediatric DIPG and GBM cohorts, 4TRX mutations tended to occur in
older children in the adolescent years [136,231,250]. These results primarily point to
critical defects in telomere maintenance pathways, both telomerase-dependent and
independent, in pediatric and adult gliomas. GBM or DIPG tumors arising in adolescents
harbor mutations in 47RX that correlate strongly with ALT (telomerase-independent) in
these tumors. GBM tumors occurring in adults frequently harbor mutations in the core
promoter of TERT leading to elevated telomerase activity and longer telomeres.
Monogenic telomere disorders in various genes have been shown to manifest at differing
ages and with a variety of phenotypes ranging from idiopathic pulmonary fibrosis to
hematologic cancer (reviewed in [7]), with genetic anticipation worsening with
generations observed [8,266]. Taken together, somatic mutations affecting the telomere
machinery that are found in GBM tumors can arise via telomerase-dependent and

independent pathways and may hijack the normal regulation of telomeres with cellular

aging.

1.5 Mitogen-activated Protein Kinase (MAPK) Pathway Activation in Gliomas
Pilocytic astrocytomas (PAs) comprise the most common primary brain tumor

subtype in children (Figure 1.3) [138]. Unlike the dramatic inter-patient heterogeneity

seen above for adult and pediatric HGGs, work over the past few years has implicated

MAPK cascade hyper-activity through BRAF activation as being critical in the
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pathogenesis of virtually all PA tumors (Figure 1.10)
[202,121,122,73,12,109,240,46,118,291]. BRAF gene duplication at chromosomal region
7q34 was first shown using array-based comparative genomic hybridization (aCGH)
methods to be a dominant mechanism of MAPK activation through increased copy
number and subsequent expression of BRAF [202,12]. Landmark studies soon after
demonstrated that tandem duplication of 7q34 created a novel BRAF in-frame fusion with
the uncharacterized gene, KIA41549, eliminating the N-terminal auto-regulatory region
of BRAF, allowing for constitutive activity of the kinase domain in the fusion protein
[121]. In vitro kinase assays comparing KIAA1549-BRAF transfected cells demonstrated
similar levels of increased kinase activity as other well-characterized BRAF V600E
constitutive mutants [121]. In addition, KI4A41549-BRAF-infected NIH 3T3 cells
demonstrated increases in anchorage-independent growth in soft agar assays, further
supporting the role of this fusion in oncogenesis and transformation of cells [121].
KIAA1549-BRAF fusion was shown to define the majority of PA tumors analyzed
amounting to 66% of 44 tumors, with a striking specificity of 98.5% to PA in an
expanded tumor set including 406 gliomas encompassing diffuse (grade II) and anaplastic
(grade III) astrocytomas, GBM, oligodendroglial and mixed oligoastrocytic tumors [121].
These fusion genes had a variety of genomic breakpoints: the majority were represented
by KIAA1549 exons 1-16 fused to BRAF exons 9-18 (69%, 20/29 fused cases), with the
remainder of initial cases being KI4A41549 exons 1-16 fused to BRAF exons 11-18 (24%,
7/29) and KIAA1549 exons 1-15 to BRAF exons 9-18 (7%, 2/29), all of which could be

detected by RT-PCR [121]. Taken together, KI4A41549-BRAF fusion identification
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suggests an important new avenue for diagnostic and potentially therapeutic development
in PA tumors.

Many additional reports confirm the role of BRAF and notably the MAPK
pathway as a central mediator of gliomagenesis in PA tumors. Novel fusions, gain-of-
function point mutations, loss-of-function mutations and copy number aberrations all
leading to MAPK cascade hyper-activation have been reported in many genes (Figure
1.10 and Figure 1.11). Increasingly rare KIAA1549-BRAF fusion variants have been
reported in isolated cases, encompassing fusion between exons 1-18 and exons 10-18 or
exons 1-19 and exons 9-18 of KIA41549 and BRAF genes respectively [73,157], with an
additional single case report of the most recent variant of K/441549 exons 1-16 fused to
BRAF exons 10-18 [54]. In silico reconstructions and functional assays in a subset of
cases confirm constitutive activity of fused BRAF kinase domains and MAPK activation
in these rare fusion-positive PA samples [73,54].

A diversity of BRAF and RAF-family fusion genes exclusive to KIA41549-BRAF
fusions have been identified in PA tumors. Jones and colleagues followed up additional
work in identifying KIAA1549-BRAF fusion and pinpointed an additional fusion gene,
albeit a much more rare event occurring in 1 out of their initial 44 sample cohort [122].
This fusion was present in a copy number gain at chromosomal region 3p25 first seen by
aCGH array [119], and involved tandem duplication of the MAPK RAF'I fused in-frame
to SRGAP3 (SLIT-ROBO Rho GTPase activating protein 3) [122]. Reminiscent of
KIAA1549-BRAF fusion, SRGAP3-RAF 1 fusion was found to retain the kinase domain of
RAF1, demonstrated increased kinase activity in in vitro assays and promoted anchorage-

independent growth of NIH 3T3 fibroblasts, confirming it as a novel form of MAPK
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activation in PA tumors [122]. Alternative fusion partners have been identified for BRAF
as well, suggesting in much the same way as for other kinase fusion genes in human
cancer, dysregulation of the target kinase domain is the driving force for these
rearrangements. These mechanisms are not limited to areas of copy number gain, but can
also arise in areas of genomic deletion [46]. Fusion of the BRAF kinase domain with
another uncharacterized gene at 7q34, FAM131B, through an interstitial deletion of
approximately 2.5 Mb, was identified in 2.4% of PA, 3 of 125 cases screened [46]. This
mechanism similarly eliminated the BRAF N-terminal auto-regulatory sequence, and
achieved constitutive MAPK activation and loss of contact inhibition in NIH 3T3 cells
[46]. Recent large-scale whole-genome sequencing (WGS) and RNA sequencing efforts
have identified a plethora of additional BRAF and RAF'I fusion genes in supratentorial
diffuse low-grade astrocytomas including FXRI-BRAF, BRAF-MACF 1, QKI-RAFI
[291], as well as RNF130-BRAF, CLCN6-BRAF, MKRN1-BRAF and GNAII-BRAF
fusions in rare cases of PA tumors [118]. Taken together, promiscuous fusion of RAF-
family kinase domains through a striking diversity of mechanisms constitutes a dominant
means of acquiring transforming ability in pediatric PA tumors.

BRAF has emerged as an important oncogene in human cancer. Initial discovery
of activating mutations in BRAF in 8% (71 of 923 cases screened) of human cancer
encompassing primary tumors or cell lines of glioma, melanoma, colorectal cancer and
many other types [57], has fueled further investigation into its use as a therapeutic target
in oncology. In their seminal study, Davies and colleagues reported BRAF V600E
(previously V599E in the initial study) in 11% of glioma cell lines studied, with mutation

at the hotspot valine 600 residue to a glutamate (V600E) in exon 15 accounting for 80%
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of all cases across cancer types [57]. Importantly, cancer cell lines harboring BRAF
V600E continued to proliferate when treated with a RAS-neutralizing monoclonal
antibody, demonstrating that this mutation permitted RAS-independent growth of these
cells [57]. Within gliomas, BRAF V600OE mutation is unevenly harbored amongst
histological subtypes, with large-scale sequencing studies demonstrating higher
frequencies in WHO grade I gangliogliomas (18%), WHO grade II pleiomorphic
xanthoastrocytomas (66%) and PA tumors (9%), most commonly in tumors arising
outside of the cerebellum [228]. Rare 3bp insertions at codon 598 of BRAF have also
been reported and have been shown to act similarly to V60OE-mutated BRAF
[122,65,228].

PA tumors can also arise in a variety of genetic syndromes, the most well-
characterized of which is known as neurofibromatosis type I (NF1) (reviewed in [42]).
NF1 is one of the most frequently encountered autosomal dominant disorders in humans
and the locus for NF1, formerly known as von Recklinghausen neurofibromatosis, was
first localized to chromosome 17 through several linkage analysis efforts
[14,232,233,245,200,256,278,279,86]. Physical mapping studies and eventual positional
cloning led to the identification of the entire NF'/ sequence [268,265,36,175]. Homology
and functional biochemical assays demonstrated that the gene product of the NF'/ locus
was a protein harboring GTPase-activating protein (GAP) activity capable of RAS-GTP
hydrolysis and inactivation [285,284,11,179,93]. NF1-associated PA develops uniquely
in the optic pathway or brainstem, in contrast to K/4A41549-BRAF fused sporadic PA,
which occurs overwhelmingly in the cerebellum, demonstrating a neuroanatomical

specificity of these alterations along the MAPK pathway (Figure 1.10) (reviewed in

54



[117,42]). Children developing PA tumors in the context of NF1 tumor predisposition
syndrome account for approximately 15-20% of cases (reviewed in [42]). Similarly to
BRAF fusions and mutations discussed above, NF I defects lead to hyper-activation along
the RassMAPK pathway, although in a loss-of-function manner. Recent reports
demonstrate that in the context of NF1 syndrome, somatic inactivating alterations
including frameshift mutations, loss of heterozygosity and DNA methylation of the
remaining NF'/ allele are sufficient for PA tumorigenesis in NF1 patients [92]. Other
inherited genetic syndromes, termed ‘RASopathies,” arising from mutations along the
MAPK axis have also been associated with PA and low-grade glioma tumor development
in rare cases [78,224,230,152]. A large analysis of 1941 cases of RASopathies reported in
the literature between 1937 and 2010 encompassing Noonan syndrome, Costello
syndrome, cardiofaciocutaneous syndrome and LEOPARD syndrome (also termed
Noonan syndrome with multiple lentigines, NSML), identified 88 cases of cancer,
including 6 cases (0.31% of RASopathy patients) of low-grade glioma [152]. In
summary, this demonstrates that inherited genetic syndromes such as NF1 and other
RASopathies arising from mutations along the MAPK pathway are associated with low-
grade gliomas including PA.

Inherited low-grade glioma predisposition syndromes such as NF1 and Noonan
syndrome discussed above provide candidate genes that may be affected by somatic
alterations in sporadic cases of PA. Whole-genome sequencing of a large cohort of 96 PA
tumors revealed missense mutations in the gene PTPNI 1, which encodes the phosphatase
SHP-2, resulting in amino acid substitutions p.E69K and p.E76A located in one of two

Src homology 2 (SH2) domains of the protein [118]. These mutations were present in
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2.1% (2/96) tumors screened [118]. Gene expression profiling analysis revealed increased
PTPNII mRNA levels in 118 PA tumors compared to other low- and high-grade
gliomas, and normal fetal and adult brain and non-brain tissues [118]. Germline SHP-2
mutations in Noonan syndrome and somatic mutations in sporadic PA form another
MAPK cascade defect contributing to PA tumorigenesis.

SHP-2 mutations did not occur independently in PA tumors, unlike other mutually
exclusive alterations in MAPK genes such as KI4A41549-BRAF fusion, BRAF mutations
or NF1 alterations. Hotspot mutations in the receptor tyrosine kinase gene FGFRI,
encoding fibroblast growth factor receptor 1, were identified in 6% (6/96) cases of PA
(Figure 1.11) [118]. These mutations encoded amino acid substitutions p.N546K and
p.K656E/D/N/M within tyrosine kinase 1 and 2 (TK1 and TK2) domains respectively of
FGFR1, and resulted in autophosphorylation of the receptor and activation of
downstream MAPK genes [118,291]. A small subset of cases occurred in association
with PTPN11 mutation, however FGFRI mutations occurred independently of other
MAPK defects, suggesting that they form an additional sufficient hit along the MAPK
axis for tumor development [118]. Indeed, additional rare mechanisms of FGFRI
activation were identified in PA and other diffuse low-grade gliomas, including internal
tandem duplication (ITD) of the tyrosine kinase domains (TKD), termed FGFRI ITD or
Dual-TKD FGFRI, also leading to constitutive activation of the receptor and MAPK and
phosphoinositide-3-kinase (PI3K) signaling [118,291]. Originally identified in adult
GBM tumors [241], FGFRI1-TACCI fusions were also identified in rare cases of low-

grade gliomas [291]. These comprehensive large-scale sequencing projects have
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importantly shown that pediatric PA tumors are affected by MAPK alterations in all

cases, and have classified it as a ‘single-pathway’ disease.

1.6 Aneuploidy and chromothripsis phenotypes in adult and pediatric brain tumors

As Hanahan and Weinberg have proposed in their seminal reviews, cancer is a
disease encompassing many dysregulated hallmarks including genomic instability
[95,96]. Thus far we have described major mutations, gene fusions and epigenomic
alterations at play in adult and pediatric high- and low-grade gliomas. A largely
mysterious phenotype present in virtually all cancers including brain tumors is one
involving numerical chromosomal abnormalities termed aneuploidy [40,88]. The role that
individual aneuploid chromosomes play in diverse cell types is largely unknown,
however the undeniable presence of non-random aneuploidy and its frequency in many
hematological and solid tumors is striking (reviewed in [88]). Chromosomal instability
(CIN), which reflects the rate of genomic change, has been associated with aberrant
function of proteins involved in proper chromosomal segregation including those
involved in microtubule dynamics, centrosome number and the spindle assembly
checkpoint (Figure 1.12) [88]. Improper chromosomal segregation can result in cell
death, or in certain cases cell survival in a limited number of cases including germline
genetic syndromes and cancer [88]. Defects in proteins such as p53 and p21 may then
permit the growth of aneuploid cells [253]. Genetic syndromes involving aneuploidy such
as Down’s syndrome (constitutional trisomy 21) and rare mosaic variegated aneuploidy
(MVA) demonstrate an increased incidence of and are associated with various forms of

cancer [88]. MV A in humans is caused by loss-of-function mutations in the spindle
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checkpoint gene BUBIB (which encodes BUBR1) and is associated with chromosomal
gains and losses (aneuploidy) and a variety of other phenotypes including childhood
cancer [97]. MV A has been associated with embryonal rhabdomyosarcoma, leukemia,
Wilms tumor, medulloblastoma, an uncategorized intraorbital tumor in an isolated case as
well as adult-onset gastrointestinal neoplasia [97,5,143,124,225], demonstrating a strong
association between aberrant spindle checkpoint gene function, aneuploidy and adult and
pediatric cancer. Patients with MV A show defects in cerebellar vermis development and
have an enlarged posterior fossa; with knockdown studies in the medaka fish strongly
implicating BUBRI in cerebellar development and left-right asymmetry [184]. Taken
together, genetic syndromes such as MVA involving aneuploidy are associated with
abnormal development, CNS abnormalities and a variety of cancers.

Changes in ploidy including aneuploidy have been reported in brain tumors
including gliomas. In the childhood cancer medulloblastoma, Group 3 and 4 classified
tumors have been reported with tetraploidy (4n) as a frequent early initiating event in
tumorigenesis [120]. In GBM tumors, mutations and copy number losses leading to loss-
of-function of a critical member of the cohesin complex, encoded by STAG?2, are
associated with aneuploidy [243]. In addition in hypertriploid and hypertetraploid GBM
cell lines, somatic cell gene targeting approaches to correct mutant STAG?2 resulted in
amelioration of chromosome numbers [243]. Converse experiments introducing mutant
STAG?2 in wild-type HCT-116 cells resulted in chromosomal defects [243]. Other
alterations present in rare cases of GBM tumors have been associated with aneuploidy.
Recurrent fusions involving FGFR and TACC genes have been reported in GBM, low-

grade gliomas and a variety of human cancers [241,291,283]. FGFR-TACC fusion genes
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demonstrated constitutive FGFR1/3 kinase activity and transforming ability when
expressed ectopically [241]. Of note, FGFR1-TACC1 or FGFR3-TACC3 demonstrated
subcellular localization to mitotic spindle poles and a capacity to induce chromosomal
segregation defects and aneuploidy, with inhibition of FGFR capable of correcting
aneuploid defects [241]. Strikingly, numerical defects were seen in a non-random fashion
in cells analyzed by spectral karyotyping (SKY) favoring gains in chromosomes 7, 18,
19, 20 amongst others [241]. Specific non-random whole chromosomal aneuploidies have
been detected with unknown significance in PA tumors utilizing aCGH technology [119].
Notable chromosomal gains reported included chromosomes 5, 7, 11, 15 and 20, with the
most common affecting chromosomes 5 and 7 [119]. In addition, older patients with PA
demonstrated an increased frequency of aneuploid genomes, illustrating a relationship
with age [119]. Mechanisms leading to the formation or maintenance of aneuploidy in PA
are largely unknown, notably given the paucity of reported mutations or losses of 7P53 in
this tumor [118], which would otherwise permit the growth of aneuploid cells [253].
Other p53 pathway regulators have also been reported in association with age-related
aneuploidy in tumor cells. MDM2, a central regulator of p53 protein levels, has been
shown to induce chromosomal instability in B-lymphocytes [271], and in addition, this
effect has proven to be p53-independent [23]. Mdm?2 transgenic mice strikingly
demonstrated increased chromosomal instability associated with aging [171].
Interestingly, Mdm2 expression correlated with an increase in the rate of whole
chromosomal gains, but not losses in aging mice [171], illustrating a specific mechanism
that can lead to an aneuploid state harboring greater than diploid number of

chromosomes. Taken together, these data demonstrate that human cancers including
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high- and low-grade gliomas demonstrate aneuploidy that can be promoted in a subset of
cases by specific genetic alterations affecting the mitotic spindle apparatus or the cell
cycle.

Thus far we have discussed mechanisms leading to the development of numerical
chromosomal abnormalities in cancer. The impact of aneuploid chromosomes themselves
and their direct role in tumorigenesis is controversial and largely unknown [88]. Recent
landmark studies have shed light on a novel mechanism with which cancer cells acquire
genomic alterations, termed chromothripsis [246,150]. Stephens and colleagues describe
chromothripsis in their initial report as the massive localized shattering and subsequent
repair of a chromosomal region in a single event, rather than the traditional step-wise
evolution of genomic alterations in cancer [246]. This mechanism was initially reported
in 2-3% of 746 cancer cell lines and 2792 cancer samples studied and was especially
frequent amongst bone tumors (25%) [246]. Further studies revealed chromothripsis in
association with 7P53 mutation in medulloblastoma [212]. Analysis of medulloblastoma
tumors from patients with Li-Fraumeni syndrome (LFS), a genetic syndrome caused by
germline mutations in 7P53, revealed a striking number of complex rearrangements
consistent with chromothripsis [212]. An association of somatic 7P53 mutation and
chromothripsis was also seen specifically in sonic hedgehog (SHH) subtype
medulloblastoma tumors, as well as Ptch +/-; Trp53 -/- mutant mice allograft
medulloblastoma tumors, strongly implicating chromothripsis in this tumor subtype
[212]. Oncogenes previously identified in medulloblastoma are often amplified and
altered due to chromothriptic events, illustrating an important link between this

mechanism and tumorigenesis [212,191]. To investigate associations of germline 7P53
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mutation and LFS-associated tumors and chromothripsis, Rausch and colleagues
analyzed additional LFS tumors including GBM and identified evidence for
chromothripsis [212]. A mechanism linking whole chromosomal gain and chromothripsis
has also been proposed. Massive DNA breakage resembling chromothripsis is seen in
small structures termed micronuclei, which contain lagging chromosomes from mitotic
errors [50]. Crasta and colleagues identify defective DNA replication in micronuclei and
subsequent “pulverization” of chromosomes within these structures [50]. As errors in
mitosis occur, micronuclei containing chromosomes can undergo massive DNA damage,
establishing a potential mechanism for the localized shattering of chromosomes observed
in chromothripsis [50]. In summary, although the roles of aneuploidy and chromothripsis
in tumorigenesis are largely unknown, they represent mechanisms that can lead to the

accumulation of genomic defects, a hallmark of cancer.

1.7 Rationale and hypotheses of the study

Throughout the introductory chapter of this dissertation we have discussed
pediatric brain tumor epidemiology, treatment and patient outcome. We have accented
the significant morbidities associated with tumors requiring intensive multimodal
treatment strategies during the developmental pediatric years. Based on the significant
mortality observed in patients with HGGs, specifically GBM, and the sequellae
associated with current treatments, novel approaches are required to improve outcome.

Our lab and others have elucidated important molecular differences of pediatric
and adult HGG and GBM tumors (reviewed in [249]). Of note, next-generation
sequencing studies have led to the identification of mutations in histone variant H3.3

(H3F3A4) at K27M or G34R/V in a large proportion of pediatric GBM and DIPG
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[231,281]. Moreover, studies involving GBM tumors across the lifespan revealed distinct
epigenetic subgrouping of tumors into six groups, three of which were delineated by H3.3
K27M, G34R/V or IDH1 mutations and younger patients [250]. Clinical correlates of
these epigenetic subgroups revealed a striking specificity for G34R/V and /DHI mutant
tumors to occur in cortical areas, whereas midline tumors tended to harbor K27M
mutations [250]. Furthermore, distinct H3.3 alterations were associated with additional
defects in chromatin remodeling genes, such as ATRX/DAXX and critical cell regulatory
genes such as 7P53, illustrating that further genome-wide dissection may reveal
mutational subgroups and needed partner hits [231]. Further investigation of pediatric
brain tumors in specific areas may allow us to gain better insight into the roles of
epigenome dysregulation and associated alterations in their formation.

In the context of PA tumors, these generally tend to occur in the cerebellum with
recent studies showing that approximately 80% of cerebellar PA harbor KIAA1549-BRAF
fusion (reviewed in [117]). Non-cerebellar PA can occur with a diverse set of MAPK-
related alterations and in surgically challenging areas, leading to significant patient
morbidity [117]. We have seen that comprehensive sequencing studies of PA have
revealed that virtually 100% of tumors harbor defects along the MAPK axis, classifying it
as a ‘single-pathway’ disease [118,291]. We have also discussed reports of decreased
frequencies of KI4AA41549-BRAF fusion and increased prevalence of an ominous
phenotype of aneuploidy in rare adult PA tumors [101,119]. Indeed, individual MAPK
alterations may harbor alternate functions independent of MAPK pathway activation.
This is supported by data describing BRAF fusion and mutation specificity to different

pediatric brain tumor types [228]. In addition, as we have seen for HGGs, adult tumors
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may harbor distinct genetic alterations, which may promote aneuploid phenotypes.
Further investigation of PA tumors across the lifespan will enable better characterization
of the intersection between and role of MAPK alterations and numerical chromosomal
anomalies.
With the literature base outlined throughout this chapter, and the aforementioned
rationale above, the primary working hypotheses of this thesis are:
1. Pediatric high-grade gliomas harbor epigenetic alterations that are brain region
specific and independent of described H3.3 mutations.
2. Pediatric high-grade gliomas harbor alterations in association with epigenetic
driver mutations that may be required for tumorigenesis.
3. Age-related phenotypes such as aneuploidy may be promoted or maintained by

distinct mechanisms in pilocytic astrocytoma.

1.8 Objectives of the thesis

Given the emergence of reports detailing a highly distinct genomic landscape of
pediatric brain tumors, the objectives of this thesis were to further characterize molecular
alterations and mechanisms and associate them to specific clinical variables. As such, our
general aim was to paint a better molecular picture and describe the need for molecular
subgrouping and eventual diagnosis in this heterogeneous and multifaceted group of
diseases. The specific objectives of this thesis were as follows:

1. To best investigate additional driver mechanisms at play within a cohort of
pediatric HGGs, we aimed to utilize a case-control approach analyzing whole-

exome sequencing data to compare these tumors with non-cancer controls. In
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doing so, we enabled an unbiased assessment of the enrichment of particular
mutations within the pediatric HGG dataset. Given recent data pointing to
dysregulation of the epigenome, we focused our attention on candidates with a
chromatin-associated and regulatory role.

To further characterize the partner mutations associated with those in the
epigenetic machinery, we aimed to utilize an expanded whole-exome sequencing
dataset and focused our attention on tumors of the neuroanatomical midline
encompassing regions of the thalamus, brainstem, spinal cord and cerebellum
where H3 K27M mutations predominate. In addition, to best investigate the
actionability of identified targets, we selected a dataset comprised of treatment-
naive tumors including small-needle biopsies.

To elucidate putative mechanisms leading to aneuploidy in PA tumors, we
recruited a total of 222 tumors with available whole-chromosomal copy number
data and characterized associations with major MAPK alterations and clinical
variables in these patients. We additionally performed gene expression profiling,
integrating aneuploid data, to investigate mechanisms enriched within aneuploid

tumors.
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1.9 Figures

Figure 1.1
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Figure 1.1: Central nervous system cellular development and tumorigenesis.

Cellular development of the central nervous system (CNS) illustrating neural stem cell

(NSC), neuronal and glial differentiation pathways and restricted progenitor populations

as putative cellular origins for neuronal and glial tumors. AT/RT = atypical

teratoid/rhabdoid tumor, PNET = primitive neuroectodermal tumor, ETMR = embryonal

tumor with multilayered rosettes, ETANTR = embryonal tumor with abundant neuropil

and true rosettes. Adapted with permission from [70].
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Figure 1.2
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Figure 1.2: Gliomas, including astrocytomas, are the largest subgroup of brain
tumor across the lifespan.

Bar representation of incidence per 100,000 distributed based on age demonstrating that
in all age groups considered, gliomas and notably astrocytoma subtypes are the most

common subgroup of brain tumor. Adapted with permission from [138].
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Figure 1.3
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Figure 1.3: Astrocytoma subtype distribution across the age spectrum.

Graphical representation of histopathological grades of astrocytoma, designated ‘Astro 1’
(pilocytic astrocytoma, PA) through ‘Astro 4° (glioblastoma, GBM) and other brain
tumors demonstrating that PA tumors are the most common subtype within the pediatric

years and GBM tumors are more frequent in adults. Adapted with permission from [138].
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Figure 1.4
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Figure 1.4: Survival of patients with different histological grades of astrocytoma.

Kaplan-Meier analysis of survival data from histological grades of astrocytoma
demonstrating significantly different cumulative survival for individual tumor grades.

Pilocytic astrocytoma (PA) patients demonstrate the best survival profile, with 96%

survival rate at 10-years post-diagnosis. Glioblastoma (GBM) patients demonstrate the

worst cumulative survival with only 1.2% surviving at 5-years post-diagnosis and a

median survival time (MST) 0.4 years. Adapted with permission from [194].
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Figure 1.5
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Figure 1.5: Molecular pathways altered in adult glioblastoma.

Integrative genomic analysis from The Cancer Genome Atlas (TCGA) project performed

on GBM tumors and illustrating frequencies of mutations/genetic alterations in receptor

tyrosine kinase (RTK)/RAS/Phosphoinositide-3-kinase (PI3K) signaling pathways in

88% of tumors and p53 signaling in 87% of tumors. Adapted with permission from [48].
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Figure 1.6
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Figure 1.6: Mutations in histone H3.3 and chromatin remodeling genes identified in

pediatric glioblastoma.

a, Mutations in histone variant H3.3, encoded by H3F3A4, and chromatin remodeling

genes ATRX/DAXX and other driver mutations identified by whole-exome sequencing

(WES) in a group of 48 pediatric glioblastoma (PGBM) tumors. b, Histone H3.3 N-

terminal tail demonstrating residues targeted by post-translational modifications (PTMs)

and locations of mutations encoding amino acid substitutions lysine 27 to methionine

(K27M) or glycine 34 to arginine or valine (G34R/V). ¢, Mapping of missense/truncating

mutations identified in ATRX. d, Venn diagram illustrating strong overlap of H3F34,

TP53 and ATRX mutations in PGBM tumors. Adapted with permission from [231].
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Figure 1.7
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Figure 1.7: Six epigenetic subgroups of glioblastoma.

DNA methylation profiling heatmap illustrating the top 8,000 most variable CpG probe
Beta-values amongst 210 adult and pediatric GBM samples, patient age and integrated
genetic alterations including H3F3A4 and IDHI mutation status. Adapted with permission

from [250].
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Figure 1.8
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Figure 1.8: Clinical correlates of epigenetic subgroups of glioblastoma.

a, [llustration of the human brain and mapping of GBM tumors from the six epigenetic
subgroups identified via DNA methylation profiling. Tumors harboring mutations of
H3.3 K27M were prominent in midline brain locations including the
thalamus/diencephalon, pontine area of the brainstem, cerebellum and spinal cord (left
panel a). Tumors harboring /DH1 or H3.3 G34R/V mutations were more prominent in
fronto-temporal or parieto-temporal cortical areas respectively (right panel a). b, ¢,
Kaplan-Meier analyses of patient survival data utilizing groupings from DNA
methylation profiling (b) or H3F3A and IDH1 sequencing data (¢). Adapted with

permission from [250].
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Figure 1.9
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Figure 1.9: Functional impact of major genetic and epigenetic driver alterations
identified in pediatric and adult glioblastoma.

[lustration of functional implications of receptor gene mutations, alterations and fusions
occurring in pediatric and adult GBM, including growth factor receptors encoded by
EGFR, PDGFRA, FGFR1/3 (top panel). Bottom (intracellular) panel illustrating
alterations leading to epigenomic dysregulation observed in GBM including IDH
mutations, H3.3/H3.1 K27M mutation and inhibition of Polycomb Repressor Complex 2
(PRC2) activity, H3.3 G34R/V related loss of mononucleosomal/oligonucleosomal
H3K36me?2/3, SETD2 missense/truncating mutations leading to diminished H3K36me3

levels and defects in other chromatin modifiers. Adapted with permission from [249].
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Figure 1.10
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Figure 1.10: Frequency and brain region specificity of MAPK pathway alterations
in pilocytic astrocytoma.

a, Mitogen-activated protein kinase (MAPK) pathway signaling demonstrating frequency
of alterations in cerebellar and non-cerebellar tumors. A distinct specificity for
KIAA1549-BRAF fusion and the cerebellum is noted. b, Schematic of the human brain
demonstrating the relative frequency of MAPK alterations in different brain regions.

Adapted with permission from [117].
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Figure 1.11
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Figure 1.11: Major MAPK genetic alterations identified in pilocytic astrocytoma.
Comprehensive sequencing studies and identified MAPK alterations in 100% of 96
pilocytic astrocytoma tumors sequenced including newly identified FGFRI hotspot
mutations, PTPNI [ mutations, novel BRAF fusions and other MAPK hits. Adapted with

permission from [118].
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Figure 1.12
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Figure 1.12: Mechanisms leading to the generation of aneuploid cells.

a, Defects in merotelic attachments can lead to daughter nuclei with gains or losses from
the diploid number of chromosomes. b, More than two centrosomes can lead to aberrant
spatial organization of the division process and clustering of centrosomes, leading to
defects in merotelic attachments and aneuploidy. ¢, Lack of kinetochore attachment and
spindle assembly checkpoint (SAC) mechanisms can lead to chromosomal
missegregation and aneuploidy. d, Early release from cohesion of chromatids can lead to
numerical chromosome abnormalities and aneuploid daughter cells. Adapted with

permission from [88].
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2.1 Abstract

Recurrent mutations affecting the histone H3.3 residues Lys27 or indirectly Lys36 are
frequent drivers of pediatric high-grade gliomas (over 30 % of HGGs). To

identify additional driver mutations in HGGs, we investigated a cohort of 60 pediatric
HGGs using whole-exome sequencing (WES) and compared them to 543 exomes from
non-cancer control samples. We identified mutations in SETD2, a H3K36
trimethyltransferase, in 15 % of pediatric HGGs, a result that was genome-wide
significant (FDR = 0.029). Most SETD? alterations were truncating mutations.
Sequencing the gene in this cohort and another validation cohort (123 gliomas from all
ages and grades) showed SETD2 mutations to be specific to high-grade tumors affecting
15 % of pediatric HGGs (11/73) and 8 % of adult HGGs (5/65) while no SETD2
mutations were identified in low-grade diffuse gliomas (0/45). Furthermore, SETD?2
mutations were mutually exclusive with H3F34 mutations in HGGs (P = 0.0492) while
they partly overlapped with /DHI mutations (4/14), and SETD2-mutant tumors were
found exclusively in the cerebral hemispheres (P = 0.0055). SETD?2 is the only H3K36
trimethyltransferase in humans, and SE7D2-mutant tumors showed a substantial decrease
in H3K36me3 levels (P < 0.001), indicating that the mutations are loss-of-function.
These data suggest that loss-of-function SETD2 mutations occur in older children and
young adults and are specific to HGG of the cerebral cortex, similar to the H3.3 G34R/V
and IDH mutations. Taken together, our results suggest that mutations disrupting the
histone code at H3K36, including H3.3 G34R/V, IDH1 and/or SETD2 mutations, are

central to the genesis of hemispheric HGGs in older children and young adults.
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2.2 Introduction
Malignant primary brain and central nervous system (CNS) tumors occur at an age-
adjusted incidence rate of 7.3 out of 100,000 people across all ages and are the leading
cause of cancer-related death in children [61]. High-grade gliomas [HGG; grade III and
grade IV astrocytomas/glioblastoma (GBM)] are highly aggressive and deadly brain
tumors [61,231] and are more commonly diagnosed in adults [47]. GBM remains
essentially incurable despite decades of concerted therapeutic efforts. One impediment to
treatment is that GBM is diagnosed as a single pathological entity, which cannot
discriminate potential genetic drivers and molecular subtypes. This impacts the design
and outcome of clinical trials and likely contributes to the apparent inherent resistance of
GBM to adjuvant therapies. Because of the similar histology, current treatments for GBM
in children are driven by adult studies and show, as in adults, little therapeutic success.
We and others recently identified two recurrent mutations in H3F34, which
encodes the replication-independent histone 3 variant H3.3, in over 30 % of pediatric and
young adult GBM [231,281]. The mutations, K27M and G34R/G34V, occur at positions
in the histone tail that are critical for post-translational modifications involved in the
histone code, which determines chromatin structure and gene expression. H3.3 K27M
mutations were also identified in over 70 % of pediatric diffuse intrinsic pontine glioma
(DIPG), a fatal HGG of the brainstem [136,281] as well as K27M mutations in the
canonical H3.1 in 18 % of samples [281]. H3.3 mutations significantly overlapped with
mutations in 7P53 and in ATRX (o-thalassemia/mental-retardation syndrome-X-linked)
[108,263] and less frequently with the ATRX hetero-dimer DAXX, which encode

subunits of a chromatin remodeling complex required for H3.3 incorporation at
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pericentric heterochromatin and telomeres [60,108]. H3.3 mutations represent the
pediatric counterpart of the recurrent hotspot mutations in isocitrate dehydrogenase 1 or 2
(IDH1/2) [197,287]. IDHI R132 mutations are gain-of-function, causing the enzyme to
produce 2-hydroxyglutarate (2-HG) [56,197] and IDH [-mutant tumors display distinct
DNA methylation profiles with global hypermethylation, termed a glioma-CpG island
methylator phenotype (G-CIMP) [192,250,255]. Interestingly, similar to pediatric GBM,
IDH mutations were shown to occur in association with 7P53 [197] and ATRX
mutations in adult diffuse astrocytic tumors [114,131,166], illustrating an important
constellation of mutations in the development of pediatric and secondary GBM. In the
present study, we sought to identify drivers of HGG in pediatric samples that did not
carry H3.3 or IDH mutations. We investigated a cohort of 60 pediatric HGGs utilizing
statistical analysis of whole-exome sequencing (WES) on a genome-wide ranking scale
and validated results in an independent validation cohort of 123 gliomas from all ages
and grades. Herein, we present data showing the importance and functional impact of
mutations in the H3K36 trimethyltransferase SE7D2 in HGGs of the cerebral

hemispheres.

2.3 Materials and Methods

Sample characteristics and pathological review

Samples were obtained with informed consent following approval of the Institutional
Review Board of individual hospitals. Samples were reviewed by senior
neuropathologists (S.A., A.K.) according to WHO guidelines. Fifty-one pediatric grade

IV astrocytomas (glioblastoma, GBM) patients and nine pediatric grade III astrocytomas
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from patients aged 1-20 years were analyzed by whole-exome sequencing (44 previously
published in [231]). An additional 123 adult and pediatric gliomas of diverse histology
and grade were also included for targeted sequencing of SETD2, IDHI and H3F3A.
Available clinical and relevant mutational characteristics are detailed in Supplementary
Table 2.1. Tissues were obtained from the London/Ontario Tumor Bank, the Pediatric
Cooperative Health Tissue Network, the Children’s Oncology Group, The Montreal

Children’s Hospital and from collaborators in Poland, Hungary and Germany.

DNA extraction
Genomic DNA was extracted from frozen tumor tissue utilizing the Qiagen DNeasy

Blood and Tissue kit according to instructions from the manufacturer (Qiagen).

Alignment and variant calling for whole-exome sequencing

Standard instructions from the manufacturer were used for target capture with the
[llumina TruSeq exome enrichment kit and 100 bp paired-end sequencing reads on the
[lumina HiSeq platform with bioinformatic processing and variant annotation as
previously described [231]. For the selected genes of interest shown in Supplementary
Table 2.1, variants in these genesthat were private to tumor samples are shown, i.e. those

variants not seen within the 1000 genomes (http://www.1000genomes.org/) or NHLBI

exome (http://evs.gs.washington.edu/EVS/) databases, or in any of our 543 control

exomes. Missense mutations were highlighted if they occurred within highly conserved
residues in vertebrates, assessed utilizing the UCSC Genome Browser

(http://genome.ucsc.edu/) conservation track tool [135]. To assess significance of
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mutations in our tumor dataset, we used a case—control approach to compare the
frequency of private mutations in each gene in the 60 tumor exomes to 543 control
exomes, which were from constitutional DNA of patients with Mendelian diseases also
sequenced at the McGill University and Genome Quebec Innovation Centre
(Supplementary Table 2.2). We controlled for false discovery rate using the Benjamini—
Hochberg procedure. All variants in these genes are detailed in Supplementary Table 2.2,
whereas only private variants, likely to be somatic, and in highly conserved residues
(likely to impact function), are highlighted in Supplementary Table 2.1 and discussed in

this study.

Targeted next-generation sequencing of SETD2
Coding regions of SETD2 were amplified using the Fluidigm. Access Array system

(http://www.fluidigm.com/access-array-system.html) and sequenced on a half run of

the GS FLX Titanium system from Roche 454. Forty pairs of primers were designed to

cover all coding regions of the 21 exons of SETD2. Primers were designed using Primer3

(http://frodo.wi.mit.edu/primer3/) [221]. The parameters were set to achieve melting
temperatures ranging from 57 to 59°C. Lengths of PCR products are between 197 and

394 bp. The UCSC Genome Browser (http://genome.ucsc.edu/) was used to download

target genomic regions prior to design and identify variants (based on dbSNP135:

http://www.ncbi.nlm.nih.gov/projects/SNP/) [135]. PCRs were performed on 48 x 48 IFC

(Integrated Fluidic Circuit) chips. On each chip, 40 regions were amplified in 48 samples.
Amplification of target regions and addition of 454 sequencing adapters and individual

bar codes occur in the same PCR performed on the Fluidigm FC1 cycler. All samples
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were individually bar coded and sequenced in one half-region of a GS FLX Titanium run.
Validation of variants was done with Sanger sequencing. Following this, statistical
analyses of Fisher’s exact test for contingency comparisons were performed utilizing

GraphPad Prism 5 software.

Immunoblotting analysis of H3K36me3 levels in patient tumors

Fresh-frozen tumor tissues with adequate material and known SETD2, H3F3A4 and IDH1
mutational status were lysed using the EpiQuik Total Histone Extraction Kit

(Epigentek, USA). Lysates were quantified utilizing standard BioRad protein assay
(BioRad) and loaded onto 15 % acrylamide gels and run for 2 h at 100 V. Proteins were
transferred to polyvinylidene difluoride (PVDF) membranes at room temperature for 5
min, using the Trans-Blot Turbo transfer system (BioRad) at LOW MW setting, blocked
and immunoblotted with the following conditions overnight at 4°C: rabbit polyclonal
anti-H3K36me3 (Abcam #9050) at 1:1,000 in 5 % skim milk and rabbit polyclonal anti-
H3 (Abcam #1791) at 1:1,000 in 5 % skim milk. Membranes were subsequently washed
thrice with tris-buffered saline-Tween 20 (TBS-T) and incubated with horseradish
peroxidase (HRP)-conjugated donkey anti-rabbit IgG secondary antibody (GE Healthcare
#NA934V) at 1:5,000 with Precision Protein StrepTactin-HRP conjugate at 1:10,000
(BioRad #161-0380) in 5 % skim milk for 1 h at room temperature and revealed utilizing
Amersham ECL detection (Amersham Biosciences). H3K36me3 bands from four
independent blots were quantified utilizing ImageQuant TL v2003.02 (Amersham
Biosciences), normalized to total H3, and normalized ratios were compared statistically

using two-tailed 7 test for significance.
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Methylation array profiling

DNA extracted from a subset of pediatric HGGs demonstrating defects in SETD2, IDH1,
or H3F3A4 at G34 and wild-type tumors (n = 36) was analyzed for genome-wide DNA
methylation patterns utilizing the HumanMethylation450 BeadChip according to the
manufacturer’s instructions (Illumina, San Diego, USA) at the McGill University and
Genome Quebec Innovation Centre. Of the >480,000 probes on the methylation chip, we
discarded probes with >90 % sequence similarity to multiple genomic locations, with
sequence variants in the probe binding region (1000 Genomes Project, SNPs with a minor
allele frequency >2/120), and probes located on sex chromosomes, leaving 392,904
autosomal probes for further analysis. Subset-quantile within array normalization was
performed on beta values using the SWAN method [173]. For unsupervised hierarchical
clustering, the top 8,000 most variable probes (by standard deviation) were utilized with
average linkage and Pearson correlation algorithms across the dataset. Consensus
clustering was performed utilizing the k-means algorithm with 1,000 iterations on the top
8,000 most variable probes in the dataset. Methylation analysis was performed utilizing R

(R version 2.14.2, http://cran.r-project.org/) with Minfi and ConsensusClusterPlus loaded

packages.

2.4 Results and discussion
SETD?2 mutations affect a significant proportion of pediatric HGGs
To identify genetic drivers in samples not carrying mutations in /DH1 and H3F3A4, we

analyzed 60 pediatric HGG tumors [grades III (n = 9) and IV (n = 51)] using WES (44
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previously reported; Supplementary Table 2.1) [231]. As matched normal DNA was
unavailable for the majority of tumors, we identified private mutations that were present
in tumors but were absent from public databases (1000 genomes project [1], NHLBI
exomes) and from our set of 543 control exomes, and considered these as candidate
somatic mutations. We compared the frequency of private mutations in each gene
between the 60 tumors and 543 controls using Fisher’s exact test and used a false
discovery rate threshold (FDR) of 0.05 to correct for multiple tests. Our case—control
approach effectively corrects for the background rate of mutations in each gene (which
implicitly includes the length of the gene and the mutability). We filtered out variants that
were predicted to be tolerated/benign/unknown by both SIFT and PolyPhen-2 [2], and
identified private mutations that we considered as candidate somatic mutations. The top
genes by mutation frequency are shown in Supplementary Table 2.2. As expected, four
genes previously associated with pediatric HGG showed a highly significantly number of
mutations (7P53, H3F3A, ATRX, NF1) [231] (Supplementary Table 2.2). In addition, two
genes not previously reported in HGG, SETD2 and CSMD3, achieved genome-wide
significance (FDR = 0.029 and 0.031, respectively). For SETD?2, this significance was
more striking when only truncating mutations were considered (FDR = 0.0017), as no
truncating mutations were seen in 543 controls, but tumor samples had frameshift (3),
nonsense (1), and splicing (1) variants. In addition, the three missense variants in tumor
samples occurred at highly conserved residues and were computationally predicted as
damaging by both SIFT and Polyphen scores (Figure. 2.1a, b). In contrast, of the seven
private variants in the control samples (all missense), only one is predicted damaging by

both SIFT and Polyphen. H3.3 mutations occur at two positions within the histone tail
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involved in key regulatory post-translational modifications, K27 (directly) and K36
(indirectly). Driver loss-of-function SE7D2 mutations have recently been identified in
two high-grade cancers, renal cell carcinoma [55,83] and early T-cell

precursor acute lymphoblastic leukemia [290]. The other candidate gene, CSMD3 is
expressed in adult and fetal brains; however, its functions are yet unclear [237]. Hence,

we focused our next efforts on SETD? as the top candidate gene.

SETD?2 mutations affect pediatric and adult HGGs of the cerebral hemispheres

We expanded our sequencing analysis and next sequenced SETD?2 in 123 additional
gliomas of various ages and grades (Table 2.1; Supplementary Table 2.1). Combining the
discovery and the validation datasets, SETD2 mutations were identified in a total of 15 %
of pediatric HGG (11/73) and 8 % of adult HGG (5/65), and were not seen in low-grade
diffuse gliomas (0/45) (P =0.0133; Table 2.1; Supplementary Table 2.1). Except for one
sample, all mutations occurred in children above the age of 12, in adolescents and in
younger adults, mirroring the age range of H3.3 G34R/V and IDH mutations in HGG
(Figure 2.1a; Supplementary Figure 2.1) [136,137,155,166,231,250]. Notably, all tumors
carrying SETDZ2 mutations were localized in the cerebral hemispheres (P = 0.0055).
SETD?2 mutations were mutually exclusive with H3F34 mutations (P = 0.049) in HGGs
(0/70), but showed partial overlap with IDHI R132 mutations (4/14), TP53 (4/8) and

ATRX (3/9) mutations (Supplementary Table 2.1).

Missense/truncating mutations in SETDZ2 impair trimethyltransferase activity of the

enzyme and confer distinct global DNA methylation signatures
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SETD?2 encodes the only H3K36 trimethyltransferase in humans [64,267]. To support
computational predictions of the damaging nature of SETD2 mutations, we assessed
H3K36 trimethyltransferase activity in histone acidic extractions of patient tissue samples
through Western blotting for H3K36me3 levels, an indicator of SETD2 activity [64].
Immunoblot analysis revealed a significant decrease in total H3K36me3 levels in SETD2-
mutant gliomas (Figure 2.2a), as well as a significantly decreased normalized ratio of
H3K36me3 to total H3 levels in SETD2-mutant tumors (P < 0.001; Figure 2.2b) showing
loss-of-function as a result of SE7D2 missense/truncating mutations.

GBMs with epigenetic driver mutations such as H3.3 K27M or G34R/V, as well
as those with IDH1 mutations, display distinct DNA methylation profiles and clinical
characteristics. They also arise in distinct anatomic compartments, with /DH1- and H3.3
G34R/V-mutant tumors being restricted to areas of the cerebral hemispheres . We and
others have previously described the distinct heterogeneity of epigenetic profiles
underlying HGGs including GBM [192,250]. We thus sought to characterize the DNA
methylation profiles of 36 pediatric HGG tumors with mutations likely to affect K36
methylation status, using the Illumina 450K array platform as previously described [250].
SETD?2 mutations yielded global DNA methylation patterns distinct from tumors with
H3.3 G34R/V mutations, but which partly overlapped with /DH-mutant methylation
patterns (Figure 2.3a—f). Notably, promoters at OLIG1/2 loci, characteristically
hypermethylated in G34R/V-mutated samples, were not hypermethylated in SE7D2

mutants (Supplementary Figure 2.2) [250].
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Mutations identified in candidate oncogenic drivers and other genes involved in histone
post-translational modifications in HGGs
We further investigated our dataset for mutations in other genes affecting PTM of H3K27
or H3K36 but which did not reach the statistically significant mutation levels. Eight
distinct mammalian enzymes methylate H3K36 and share the catalytic SET domain, but
have varying preferences for K36 residues in different methylation states (reviewed in
[267]). SETD?2 is the only enzyme in humans to catalyze H3K36 tri-methylation [64],
while its mono- and/or di-methylation is catalyzed by NSD1, NSD2, NSD3, SETMAR,
ASHIL, SMYD2 or SETD3 (reviewed in [267]). We identified one missense and one
nonsense mutation in ASH1L (concurrently with SETD2 mutation) and SETD3 (1
missense mutation concurrently with SE7D2 mutation). One PGBM mutant for SETD?2
also had a missense mutation in UTX/KDM6A (H3K27 demethylase). This same PGBM
had a missense mutation in PBRM1, a gene frequently mutated in renal cell carcinoma in
association with SETD?2 [258]. We also identified two mutations in KDM5C (H3K4
demethylase) (Supplementary Table 2.1). Interestingly, no mutations in the cancer-
implicated histone methyltransferase EZH?2 were identified. Mutations in these genes
were not prevalent enough to be statistically associated with HGGs in our sample set;
however, it remains possible that they contribute to pathogenesis in a small fraction of
HGG cases.

Further investigation of the exome dataset revealed previously described
mutations in BRAF (V600E [227,228] 5/60 pediatric HGG), which did not overlap with
the epigenetic driver mutations we identify (Supplementary Table 2.1; Figure 2.2c¢).

Other alterations also previously described in GBM, which may provide pathways
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alternative or complementary to epigenomic dysregulation, included PTEN mutations
(two samples) which overlapped with H3.3 K27M while EGFR mutation or amplification
(three samples) and CDKN2A mutation/loss (five samples) partially overlapped with
SETD?2 mutations (Supplementary Table 2.1). Truncating mutations in the mismatch
repair genes [63] MSH6 (three samples) and MSH?2 (one sample) were identified and
were concurrent with IDH1 (two samples) and SETD?2 (three samples) mutations. Of
note, SETD2 mutations were absent in a large cohort of 125 cases of medulloblastoma

[120] another major group of pediatric brain tumors.

Alteration of H3K36 post-translational modifications characterize hemispheric
adolescent and younger adult HGG

Post-translational modification of resident histones modulates the properties of
chromatin, impacting cell state and differentiation and determining the outcome of
virtually all DNA processes in eukaryotes. Methylation of H3K36 is a key histone mark
and has been widely associated with active chromatin but also with transcriptional
repression, alternative splicing, DNA replication and repair, DNA methylation and the
transmission of memory of gene expression from parents to offspring during
development (reviewed in [267]). We identify loss-of-function mutations in SETD2, in
15 % of pediatric and 8 % of adult high-grade gliomas in a cohort of 183 samples from
all ages and grades II-IV of glioma (Figure 2.1 a; Supplementary Table 2.1). We further
show SETD2 mutations to be specific to high-grade tumors (P = 0.013), to HGGs located
within the cerebral hemispheres (P = 0.005), and to be mutually exclusive with H3.3

mutations we [136,231] and others [281] previously identified in pediatric high-grade
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astrocytomas (P = 0.049). SETD?2 alterations overlapped with /DH mutations in 4 of 14
tumors (Supplementary Table 2.1). Strikingly, the oncometabolite produced by /DH!
mutations inhibits a plethora of histone demethylases (KDMs) causing aberrant histone
methylation at defined residues including K27 and K36 and a block to cell differentiation
[45,168,226,286]. We [166] and others [114] have previously shown the association of
ATRX and TP53 mutations in /DH[-mutant diffuse astrocytic gliomas, and others have
pointed to mutations in C/C and 1p19q loss in /DH[-mutant oligodendroglial tumors.
Thus, IDHI mutations may require other key genetic events in a specific context for full-
blown tumorigenesis, which may include SE7D2 mutations as suggested by our cohort.
H3.3K36 methylation can be thus disrupted by H3.3 G34R/V mutation, /DH mutations
and the SETD2 mutations we report herein (Figure 2.2 a, b). Furthermore, our current
analysis suggests that this histone mark is specifically altered in hemispheric adolescent
and younger adult HGG (Figure 2.2 c, d) [136,137,231,250] and that the functional effect
differs between SETD2 and H3.3 mutations (Figure 2.3; Supplementary Figure 2.2).
Future studies directed towards elucidating the importance of H3K36 methylation in
cortical astrocytes and neural progenitor cells, and its dysregulation in tumorigenesis may
lend insight into the regional specificity of these defects, while improved understanding
of the consequences of altered chromatin remodeling induced by these mutations will

help guide alternative therapeutic avenues for these deadly cancers.
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2.7 Figures

Figure 2.1

a . . .
Age Grade SETD2 Mutation Brain Region
1 v p.R1686Q Frontal lobe
12 v p.P1470S Temporal lobe
12 v p.(S1002Ffs*4) Parietal lobe
12 I\ p.1385_1385del, p.R2490Q Frontal lobe
12 1] p.G1621R Cortex
14 \% p.R2109X Temporal lobe
14 v p.V2272A Cortex
15 v NM_014159.6:c.6293+1G>A Frontal lobe
17 v p-(T305Qfs*35) Temporal lobe
17 1] p.(K583Sfs*17) Temporo-parietal lobe
18 v p.E498X Temporal lobe
43 1 p.(S342Qfs*17) Temporal lobe
48 v p.(K853Rfs*37) Occipital lobe
50 v p.S1660X Parietal lobe
53 v p.D8B6BG Parietal lobe
58 1l p.R1625C Insular cortex

b
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Figure 2.1: Missense/truncating mutations of the H3K36

trimethyltransferase SETD2 identified in pediatric and adult high-grade

gliomas. a Patient age, tumor grade, and affected brain region of tumors

with SETD2 mutation. b Schematic mapping type and distribution of missense/truncating

mutations in SETD2 in 183 gliomas included in the study.
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Figure 2.2

Figure 2.2: Missense/truncating mutations in SE7D2 impair H3K36
trimethyltransferase activity of the enzyme. a Western blot analysis of histone acidic
extracts of SETD2-mutant tumor samples demonstrating a significant decrease in
H3K36me3 levels, indicating impaired H3K36 trimethyltransferase activity of the
enzyme. b Densitometric quantification of H3K36me3 levels assessed in four
independent blots demonstrating a significant decrease in H3K36me3/Total H3
normalized ratios in SE7D2-mutant tumors. WT* = WT for

SETD2, IDHI and H3F3A. ¢ Pie representation of mutations directly or indirectly
affecting H3K36 methylation (H3K36me) in pediatric HGGs of the cerebral hemispheres
(n = 35) indicating that approximately half of these tumors display defects, pointing to
H3K36 dysregulation as a critical mechanism of hemispheric high-grade
gliomagenesis. d Schematic representation of major genetic and epigenetic defects

leading to altered H3K36 methylation in hemispheric HGGs.
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Figure 2.3
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Figure 2.3: Mutations affecting H3K36 methylation confer distinct global DNA
methylation signatures. a Unsupervised hierarchical clustering of methylation Beta-
values representing the top 8,000 most variable probes between samples mutated

for SETD2, IDH1 or H3.3 G34R/V and high-grade gliomas wild-type (WT) for these
genes (n = 36). b k-means consensus matrices for k=3 (b), k=4 (¢) or k=5 (d) for the
top 8,000 most variable probes. e Empirical cumulative distribution function (CDF) plot

and delta area differences (f) for indicated numbers of clusters (k=2 to k= 10).
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2.8 Tables

Table 2.1: Frequencies of SETD2 mutations in 183 pediatric and adult gliomas

Glioma Mutated  Wild type  Total  Frequency (%)
Grade IV 12 85 97 12.37
Pediatric 9 51 60 15

Adult 3 34 37 8.11

Grade III 4 37 41 9.76
Pediatric 2 11 13 15.38

Adult 2 26 28 7.14

Grade II 0 45 45 0

Pediatric 0 23 23 0

Adult 0 22 22 0

p—
@)}

Overall gliomas 167 183 8.7




2.9 Supplementary Material

Supplementary Figure 2.1
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Supplementary Figure 2.1: Age distribution of driver mutations identified in
pediatric and adult high-grade gliomas. Graphical representation of mutations
identified in SETD2, IDHI1, H3F3A4 (K27M, G34R/V) and BRAF in all pediatric and

adult high-grade gliomas included in the study.
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Supplementary Figure 2.2
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Supplementary Figure 2.2: SETD2 mutations do not show similar patterns of
promoter methylation at OLIG1 and OLIG2 loci as H3.3K36 affected G34R/V
tumors. a, Graphical representation of mean promoter methylation probe Beta-values
within promoter region of OLIG! (a) and OLIG2 (b). To best represent this region,
probes were chosen that were within -1500bp upstream and +200bp downstream of the

transcription start site (TSS).
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Supplementary Table 2.1: Clinical and molecular characteristics of 183 pediatric

and adult gliomas included in the study (continued on next page)
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2.10 Connecting text Chapter 2 and Chapter 3
CHAPTER 2: Mutations in SETD2 and genes affecting histone H3K36 methylation
target hemispheric high-grade gliomas
To
CHAPTER 3: Recurrent mutations in ACVRI in pediatric midline high-grade
astrocytomas

Embryogenesis requires the careful orchestration of the expression of genes, and
in tissues, correct positioning of this expression across cells. In Chapter 2, with the
discovery of SETD2 mutations in 15% of pHGGs, which, taken together with /DHI and
H3.3 G34R/V mutations, contribute to defects in histone 3 lysine 36 (H3K36)
methylation in about half of pediatric hemispheric HGGs [72], we can hypothesize that
H3K36 methylation may be a critical process in cerebral cortex development. Along
these same lines, previous work by our lab and others has given a glimpse into the
prevalence for H3.3 and H3.1 K27M mutations in midline structures of the brain such as
the thalamus, spinal cord, cerebellum and notably the pontine area of the brainstem,
where high-grade tumors are referred to as diffuse intrinsic pontine gliomas (DIPGs)
[231,281,136]. In Chapter 3 of this thesis and published in [71], we focused on the
mutational alterations in 40 midline high-grade astrocytomas (mHGAs) including DIPGs.
We report in Chapter 3 a mutational analysis of 40 mHGAs, 39 with whole-exome
sequencing data, and demonstrate that while H3K36 defects predominate in cortical
tumors, K27M mutations, shown to affect H3K27me3 levels in several independent
studies, define the vast majority of midline tumors. These K27M mutations, across three

genes coding for H3.3 and H3.1 did not occur in isolation but in association with distinct

101



brain region-specific partner mutations that may underlie distinct cellular origins or step-

wise tumorigenesis in these regions.
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3.1 Abstract

Pediatric midline high-grade astrocytomas (mHGAs) are incurable with few treatment
targets identified. Most tumors harbor mutations encoding p.Lys27Met in histone H3
variants. In 40 treatment-naive mHGAs, 39 analyzed by whole-exome sequencing, we
find additional somatic mutations specific to tumor location. Gain-of-function mutations
in ACVRI occur in tumors of the pons in conjunction with histone H3.1 p.Lys27Met
substitution, whereas FGFR 1 mutations or fusions occur in thalamic tumors associated
with histone H3.3 p.Lys27Met substitution. Hyperactivation of the bone morphogenetic
protein (BMP)-ACVRI developmental pathway in mHGAs harboring ACVRI mutations
led to increased levels of phosphorylated SMAD1, SMADS and SMADS and
upregulation of BMP downstream early-response genes in tumor cells. Global DNA
methylation profiles were significantly associated with the p.Lys27Met alteration,
regardless of the mutant histone H3 variant and irrespective of tumor location, supporting
the role of this substitution in driving the epigenetic phenotype. This work considerably
expands the number of potential treatment targets and further justifies pretreatment

biopsy in pediatric mnHGA as a means to orient therapeutic efforts in this disease.

104



3.2 Introduction

We and others recently identified recurrent mutations in H3F3A4, encoding histone
3 variant 3 (H3.3), in 38% of pediatric supratentorial HGAs and mutations affecting
histone H3.3 or H3.1 in ~80% of brainstem HGAs (diffuse intrinsic pontine gliomas,
DIPGs) [136,231,281]. Mutations affecting the histone H3 tail that change the glycine at
position 34 to either arginine or valine (p.Gly34Arg or p.Gly34Val), as well as mutations
in genes affecting histone H3 post-translational modifications at lysine 36, predominate
in cortical tumors, whereas lysine-to-methionine substitutions at residue 27 (p.Lys27Met)
occur in midline tumors [136,231,250,72].

Herein we focus on the genomic (mutational spectrum and copy number
alterations) and epigenetic (DNA methylation) landscape of treatment-naive pediatric
midline (thalamus, cerebellum, spine and pons; non-cortical regions) high-grade
astrocytomas (Figs. 1-3). These tumors are often surgically challenging or inoperable,
and published studies have mainly used material collected after therapy and have
provided limited genomic data other than structural alterations and mutational analysis of

histone H3 variant genes and 7P53 [136,281,198,289].

3.3 Materials and Methods
Patient samples and consent

All samples were obtained with informed consent after approval of the
institutional review boards (IRBs) of the respective hospitals they were treated in and
were independently reviewed by senior pediatric neuropathologists (S.A. and K.L.L.)

according to World Health Organization (WHO) guidelines. Samples were obtained from
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the Montreal Children's Hospital (Montreal, McGill University Health Centre), Boston
Children's Hospital (Boston, Harvard University), the Brain Tumor Toronto Bank
(BTTB; Toronto, University Health Network) and from collaborators in Hungary, in
addition to previously published mHGA samples [231,72] with sequencing data (n = 11)
and with previously published DNA methylation data (n = 89) for a total of 98 tumors
included herein for DNA methylation and copy number variant (CNV) analysis [250,72].
DIPG biopsy samples obtained before therapy were from Dana-Farber Cancer Institute
protocol 10-321 (n = 12), a prospective phase II biopsy study of newly diagnosed DIPG.
The protocol is IRB approved through the Dana-Farber Harvard Cancer Center IRB,
FDA IND 111,882, http://ClinicalTrials.gov/ identifier NCT01182350, and has local
institutional approval at all participating sites; informed consent was obtained from all
parents. Additional pediatric midline HGA samples were from needle biopsies or partial
resections before treatment (n = 28). Sequencing and clinical data for this cohort are
presented in Supplementary Table 3.1, and methylation-derived CNVs in genes of

interest are presented in Supplementary Tables 3.4 and 3.5.

Whole-exome DNA sequencing

Standard genomic DNA extraction methods were performed according to
described company protocols (Qiagen). Paired-end library preparations were carried out
using the Nextera Rapid Capture Exome kit according to instructions from the
manufacturer (Illumina) from 50 ng of total starting genomic DNA. Sequencing was
performed in rapid-run mode with 100-bp paired-end reads on an Illumina HiSeq 2000.

We removed adaptor sequences, quality trimmed reads using the FASTX-Toolkit and
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then used a custom script to ensure that only read pairs with both mates present were
subsequently used. Reads were aligned to hg19 with Burrows-Wheeler Aligner (BWA)
0.5.9 [163], and indel realignment was performed using the Genome Analysis Toolkit
(GATK) [180]. Duplicate reads were then marked using Picard and excluded from
downstream analyses. We assessed coverage of consensus coding sequence (CCDS)
bases using GATK, which showed that the majority of samples had >92% of CCDS bases
covered by at least 10 reads and >88% of CCDS bases covered by at least 20 reads.

For each sample, SN'Vs and short indels were called using SAMtools mpileup
[164] with the extended base alignment quality (BAQ) adjustment (—E) and were then
quality filtered to require at least 20% of reads supporting each variant call. Variants
were annotated using both ANNOVAR [270] and custom scripts to identify whether they
affected protein-coding sequence and whether they had previously been seen in the 1000
Genomes Project data set (November 2011), the National Heart, Lung, and Blood
Institute (NHLBI) Grand Opportunity (GO) exomes or in approximately 1,000 exomes
previously sequenced at our center. Variants in candidate genes of interest described

herein in the midline HGA cohort (n = 39) are detailed in Supplementary Table 3.6.

MiSeq targeted high-depth DNA sequencing of H3F3A, HISTIH3B and HISTIH3C
Genomic DNA from midline HGA samples was used for high-depth sequencing
of the H3F3A4, HISTIH3B and HISTIH3C genes to investigate the frequency of reads
encoding p.Lys27Met in samples, notably those wild type by whole-exome sequencing
and high-resolution melting assays. Midline HGAs (n = 24) were sequenced using the

MiSeq sequencing platform (Illumina) with an average coverage of >20,000x of the
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analogous p.Lys27Met base change across the three histone variants (more specifically,
for the H3F3A4 gene, the average coverage was >12,000x, for the HISTIH3B gene, the
coverage was >12,000x, and, for the HISTIH3C gene, the coverage was >35,000x%).
Reads were mapped to the reference genome (human hg19) using the BWA genome
aligner [163]. Alignment files were fed to the mpileup tool from the SAMtools package
[164] to find all the variations without any filter applied by the conventional variant
callers. An in-house parser program was developed to extract different variations at the
desired positions (in this case, affecting Lys27) in the mapped paired reads covering the
histone genes H3F3A4, HISTIH3B and HISTIH3C. The results are provided in

Supplementary Table 3.3.

RNA sequencing

RNA was extracted from case tumor mHGA37 using the Qiagen RNeasy Lipid
Tissue Mini kit according to instructions from the manufacturer. Library preparation was
performed with rRNA depletion methods according to instruction from the manufacturer
(Epicentre) to achieve greater coverage of mRNA and other long noncoding transcripts.

Paired-end sequencing was performed on the Illumina HiSeq 2000 platform.

RNA sequencing fusion analysis

RNA sequencing FASTQ files were used for fusion analysis with the deFuse
software algorithm [181] according to indicated settings. Algorithmic output was then
analyzed for high-confidence fusion transcripts, which were then reconstructed in silico

using online bioinformatics tools and databases, including BLAST, Ensembl, UniProt
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and the UCSC Genome Browser, to assess impact on putative fusion proteins and

compare them with existing, previously described fusions [118,241].

TERT promoter mutation sequencing

Characterized mutations in the TERT promoter, C228T, and C250T variants with
G>A nucleotide substitutions at genomic positions 1,295,228 and 1,295,250 (hgl9),
respectively [105], were sequenced using the Sanger method in midline samples (n = 14)
and cortical samples (n = 10) using the following cycling conditions: 96 °C for 1 min, 96
°C for 10 s, 60 °C for 5 s, 72 °C for 1 s and 72 °C for 30 s, repeated for 33 cycles. Primer

sequences are detailed in Supplementary Table 3.8.

DNA methylation analysis

Extracted tumor DNA was analyzed for genome-wide DNA methylation patterns
using the HumanMethylation450 BeadChip platform according to instructions from the
manufacturer (Illumina) and analyzed as described in [250,72]. From the selection of
probes on the array, we removed probes from sex chromosomes (chromosomes X and Y)
as well as those located at sites with documented SNPs (according to dbSNP).
Methylation values were normalized using the Subset-quantile Within Array
Normalization (SWAN) procedure provided in the R package minfi [173]. We performed
hierarchical clustering using the 10,000 most variable sites. Distance was assessed using
d =1 —r, where r is the Pearson product-moment coefficient. Clustering was performed

using average linkage (UPGMA) and was validated for the robustness of the procedure
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via multiscale resampling (1,000 iterations) using the R package pvclust [251]

(Supplementary Figure 3.5).

Copy number variant detection

To assay CNVs in our samples, we used a methylation-based method and controls
implemented in the R/Bioconductor packages CopyNumber450k and
CopyNumber450kData, respectively. CNV analysis for copy number gains and losses in
previously described genes of interest is presented in Supplementary Tables 3.4 and 3.5,
respectively. Gross genomic aberrations were assessed using UCSC Genome Browser
banding and our in-house algorithm described above. Bands covered with >90%
significantly amplified or deleted segments were counted as 'abnormal' and summed for
each sample. Samples were grouped together by mutation type, and a 7 test was
performed to assess statistically significant differences in aberration count between
mutation subgroups. CNV analysis for broad areas of genomic instability is included in

Supplementary Table 3.7.

Cell lines and protein blotting

hTert-immortalized NHAs were obtained from A. Guha (Labatt Brain Tumour
Centre) and were grown in DMEM supplemented with 10% FBS as previously described.
The DIPGIV primary cell line (a kind gift from M. Monje, Stanford University) and
KNS42 cells (purchased from the Japanese Collection of Research Bioresources (JCRB)
Cell Bank) were grown as previously described [187]. Mycoplasma-tested cell lines were

starved of serum and growth factors for 1 h before protein extraction. Proteins were
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extracted in Tris-NaCl-EDTA lysis buffer as previously described [239], and blotting was
performed for phosphorylated SMAD1/5/8 (Cell Signaling Technology, 9511; 1:500
dilution in 5% BSA solution) on total lysates from NHA cells and from DIPGIV cells as
previously described [79]. B-actin (13ES, Cell Signaling Technology, 4970; 1:1,000

dilution in 5% BSA solution) was used as a loading control.

Quantitative PCR for BMP target genes

qPCR was performed to assess the levels of activity downstream of the ACVRI1 (ALK?2)
receptor in total RNA extracted from DIPGIV (H3.1 Lys27Met, ACVR1 Gly328Val),
KNS42 (H3.3 Gly34Val, ACVRI wild type) and NHA cells grown in DMEM
supplemented with 10% FBS using /D1, ID2, ID3 and SNAII with the primer sequences
detailed in Supplementary Table 3.8. Briefly, total RNA was extracted using the
miRNeasy mini kit (Qiagen) according to the manufacturer's instructions, with purity and
integrity assessed using Nanodrop (Thermo Fisher) and Experion (Bio-Rad)
methodologies. RNA (100 ng) was used for reverse transcription with iScript RT
Supermix (Bio-Rad) following the manufacturer's instructions. RT-PCR was run on a
LightCycler 96 (Roche) with the SsoFast Evagreen SuperMix kit (Bio-Rad). Cycling
conditions were 95 °C for 30 s followed by 40 cycles of 95 °C for 5 s and 60 °C for 20 s.

—AACt
2 C

Fold change values were calculated using the method with ACTB expression and

NHA cells used as the calibrator.

Immunohistochemistry
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Immunohistochemistry was performed on formalin-fixed, paraffin-embedded slides from
case with (n = 4) or without (n = 3) ACVRI mutation and control normal brain (n = 1) to
assess phosphorylation of SMAD1/5/8 downstream of the ACVR1 (ALK2) receptor
(reviewed in [229]). Immunohistochemistry was carried out as previously described [147]
using antibodies to phosphorylated SMAD1/5/8 (Cell Signaling Technology, 9511; 1:50
dilution) and SMADI (Invitrogen, 38-5400; 1:100 dilution). Immunohistochemistry
processing and imaging were performed blinded to ACVR I mutation status with

representative images presented in Figure 3.2.

FISH for PDGFRA amplification

FISH was performed as previously described in [211,69]. Briefly, FISH was performed
using 4-um tissue sections from a subset of midline HGAs, with a BAC probe directed
against the PDGFRA genomic locus in chromosomal region 4q12 (RP11-231¢18; green)
and a probe directed against 4p11.2-4q11.1 (CEN4; red) as a control to visualize
chromosome 4. Scoring is included in Supplementary Table 3.1, and representative

images are shown in Supplementary Figure 3.2.

URLs

FASTX-Toolkit, http://hannonlab.cshl.edu/fastx_toolkit/; Genome Analysis Toolkit
(GATK), http://www.broadinstitute.org/gsa/wiki/; Picard, http://picard.sourceforge.net/;
SAMtools, http://samtools.sourceforge.net/; BLAST,

http://blast.ncbi.nlm.nih.gov/Blast.cgi; Ensembl, http://useast.ensembl.org/index.html;

112



UniProt, http://www.uniprot.org/; UCSC Genome Browser, http://genome.ucsc.edu/;

dbSNP, http://www.ncbi.nlm.nih.gov/SNP/.

Accession codes
Whole-exome sequencing data can be accessed through the European Genome-phenome
Archive (EGA) under accession EGAS00001000720. DNA methylation data can be

accessed through the Gene Expression Omnibus (GEO) under accession GSE55712.

3.4 Results

We analyzed 40 mHGAs, with whole-exome sequencing data for 39 tumors,
including 25 biopsies from DIPG cases (11 previously reported [231,118], Materials and
Methods and Supplementary Table 3.1). The recurrent histone H3 gene mutation
encoding p.Lys27Met was found in 37 of 40 cases (93%) and was distributed among
three histone variant genes, including H3F3A4 (32/40 samples), HIST1H3B (4/39 samples)
and HISTIH3C (1/39 samples). HISTIH3C also encodes the canonical histone H3.1 (as
does HIST1H3B) and has not previously been reported to be mutated (Figure 3.1). All
five histone H3.1 alterations occurred in the pons of younger cases (Supplementary
Figure 3.1). Histone H3.3 p.Lys27Met alterations occurred in multiple midline locations,
including the brainstem (19/25), thalamus (9/11) and rare locations for HGAs—the
cerebellum, fourth ventricle and spinal cord (4/4). In contrast, only 1 histone H3.3
p.Lys27Met mutant was identified in 42 pediatric high-grade tumors located in cerebral
hemispheres in a previously reported data set [231,72] (Figure 3.1 and Supplementary

Table 3.1).
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The pattern of somatic mutations in specific genes or gene pathways showed
striking features (Figure 3.1 and Supplementary Figure 3.1). Recurrent somatic mutations
in the activin A receptor, type I gene (ACVR1) occurred in 5 of 39 mHGAs and
overlapped with p.Lys27Met alterations (5/5), mainly in histone H3.1 (4/5) rather than
histone H3.3 or wild-type histone H3 (P = 0.0003, Fisher's exact test; Supplementary
Figure 3.1). These specific amino acid residues in ACVRI1 have previously been reported
to be affected by germline mutations causing fibrodysplasia ossificans progressiva (FOP),
an inherited musculoskeletal disease [238,80,37,79,183,144]. The p.Arg206H:is,
p-Gly328Glu and p.Gly356Asp substitutions result in ligand-independent activation of
the kinase, leading to an increase in BMP signaling and increased phosphorylation of
SMADI1, SMADS5 and SMADS (SMAD1/5/8) in tissues [80], whereas the newly
identified p.Gly328Val and p.Arg258Gly substitutions are predicted to exert gain-of-
function effects similar to those for the previously described p.Arg258Ser, p.Gly328Glu,
p.Gly328Trp and p.Gly328Arg alterations, on the basis of the physicochemical properties
of the mutant residues and predicted protein structure (Figure 3.4 and Supplementary
Table 3.2)[37,79]. ACVRI, also known as ALK2, is a type I receptor of the mammalian
transforming growth factor (TGF)- signaling family with critical developmental roles in
the mouse embryo [183] and in early left-right patterning [144]. Investigation of ACVR1
pathway activation using immunohistochemical staining for phosphorylated SMAD1/5/8
in DIPG samples showed positive staining only in tumors with mutant ACVRI (4/4),
including in DIPGs with the newly identified p.Gly328Val and p.Arg258Gly alterations
(Figure 3.2). In addition, in the primary cell line DIPGIV, which carries histone H3.1

p.Lys27Met and the new ACVRI1 substitution p.Gly328Val, we demonstrated increased
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levels of phosphorylated SMAD1/5/8 compared to normal human astrocytes (NHA cells)
and significantly increased expression of genes containing BMP response elements—
ID1, ID2 and ID3—and SNAII compared to KNS42, a cell line with the histone H3.3
p-Gly34Val alteration and wild-type ACVRI1 (Figure 3.4). These genes are early-
response genes induced following active BMP2 signaling and represent SMAD1/5/8
downstream effectors [185,151].
We identified mutations in FGFRI in association with histone H3.3 p.Lys27Met
alteration in 4 of 39 cases: 3 thalamic HGAs also having NF'I mutations (previously
reported in [118]) and 1 DIPG (Figure 3.1). These FGFRI mutations affected hotspot
residues in the tyrosine kinase domain of the FGFR1 receptor. They have been shown to
lead to its constitutive activation in a subset of thalamic pilocytic astrocytomas, a grade I
tumor that rarely progresses to higher-grade astrocytoma, and in NIH 3T3 cells [118].
Comparison with our data set of non-midline cortical HGA-HGG indicated that tumors
carrying ACVRI or FGFRI mutations were exclusive to midline HGAs (P = 0.0040,
Fisher's exact test; Figure 3.1 and Supplementary Figure 3.1b).

TP53 mutations occurred in 28 of 40 samples, largely in combination with histone
H3.3 p.Lys27Met alteration (25/28) as reported previously [136,231] and, to a much
lesser extent, with histone H3.1 p.Lys27Met alteration (1/5) (Figure 3.1 and
Supplementary Figure 3.1b). One DIPG sample (mHGA1) had histone H3.3 p.Lys27Met
alteration as well as a splicing mutation in CHEK?2, a gene associated with Li-Fraumeni
syndrome similar to 7P53 (Figure 3.1 and Supplementary Tables 3.1 and 3.6). Three
midline samples displayed no detectable mutation across H3F3A4, HISTIH3B and

HISTIH3C, even when sequenced at extremely high depth (average read depth across all
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tumors and genes of >20,000%; Supplementary Table 3.3). These samples carried
alterations described in adult HGA in the form of combined 7P53 mutation, PDGFRA
amplification and CDKN2A4 loss (mHGA35), PDGFRA and EGFR amplification and NF'/
loss (mHGAZ36), or the previously identified FGFRI-TACCI fusion [241,291]
(mHGA37) (Figure 3.1 and Supplementary Tables 3.1, 3.3 and 3.4).

We identified somatic PDGFRA mutations in a small subset of pediatric mHGAs
(5/39; Supplementary Table 3.1). Notably, PDGFRA amplification occurred in 3 of 12
treatment-naive DIPGs (Supplementary Figure 3.2 and Supplementary Table 3.1).
Interestingly, a cerebellar HGA sample with multiple biopsies taken from different
anatomical loci showed PDGFRA amplification in only one tumor site, whereas similar
somatic mutation and DNA methylation profiles were observed across all tumor sites
(Supplementary Figure 3.3). This finding supports the view that PDGFRA amplifications
precede therapy but can be further promoted by it, as described in radiation-induced
supratentorial HGA [199]. Mutations in other growth factor receptor and component
genes described to have focal gains or losses in DIPG [198,289] or HGA (MET, RBI and
PARPI) showed low incidence in our data set (Figure 3.1 and Supplementary Tables 3.1
and 3.4-3.6), whereas recurrent mutations in components of the phosphoinositide 3-
kinase (PI3K) pathway, predicted to activate AKT signaling, were present in 10 of 39
mHGAs. With respect to alterations affecting telomere length, 4TRX mutations were
identified in nine midline tumors, exclusively in samples with histone H3.3 p.Lys27Met
alteration and 7P53 mutation, and affected older children [136], whereas no TERT
promoter mutations, assessed using targeted sequencing, were identified in mHGAs

(Supplementary Table 3.1).
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Lysine-to-methionine substitutions in histone variants at residue Lys27 have
recently been shown to inhibit SET domain—containing histone methyltransferases [161],
possibly accounting for the specific DNA methylation pattern we observed in non-
brainstem tumors with the histone H3.3 p.Lys27Met alteration [250]. When clustering
our samples by global DNA methylation, all samples with a given histone H3 alteration
(absent or affecting Lys27 or Gly34) clustered together but did not group on the basis of
tumor location within the brain, the particular histone H3 gene mutated, and additional
partner mutations or structural alterations identified (Figure 3.3 and Supplementary
Figures 3.4 and 3.5). The global epigenetic profile is thus strongly associated with
alteration of the histone H3 variant mark. Interestingly, 7P53 alteration was associated
with increased broad copy number changes as we previously showed [231] (average of
32 events per sample), indicating a level of genomic instability. The number of copy
number changes was significantly higher in samples with the histone H3.3 p.Gly34Arg or
p.Gly34Val alteration than in other groups (P = 0.02997; Supplementary Table 3.7), in

keeping with global hypomethylation identified in these tumors [250].

3.5 Discussion

The gain-of-function alterations in three growth factor receptor genes—ACVRI,
FGFRI and PDGFRA—associate with histone H3 p.Lys27Met variants in midline HGA.
These mutations are not seen concurrently, and ACVRI and FGFR1 mutations are
mutually exclusive with 7P53 alterations and privilege specific locations within the
midline of the brain. ACVRI mutations do not seem to correlate with differential survival

in patients with HGA, although no definite conclusions can be drawn because of our
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limited sample size (Supplementary Figure 3.6). The lack of reported central nervous
system (CNS) tumor development in humans with FOP or Acvrl (4/k2) mouse models
suggests that aberrant activation of this pathway is not sufficient for tumorigenesis [80]
and that it may act in concert with histone H3 p.Lys27Met substitution and other
alterations we identified in the PI3K pathway to induce tumorigenesis (Figure 3.1).
Interestingly, ACVRI is mainly expressed at embryonic day (E) 14 in the cortex of mouse
embryos and at very low levels in the brainstem, and aberrantly active ACVR1 leads to
increased ventralization of zebrafish embryos [37,79,235]. Aberrant ACVRI1 signaling in
the brainstem, a midline structure, may specify a patterning defect in DIPG, as this gene
is involved in left-right patterning development. FGFR signaling regulates neural
progenitor maintenance and the development of the ventral midbrain [154]. Similar to
ACVRI mutations, the FGFR1 gain-of-function mutations we identify only lead to grade
I astrocytomas if present on their own in a tumor [118] and are commonly found in
association with NF'/ and histone H3.3 p.Lys27Met alterations in midline HGA.
Mutations affecting histone H3 variants in pediatric HGAs mirror /DH gene mutations in
their requirement for additional alterations to potentially induce HGA. Mutations
encoding p.Gly34Arg and p.Gly34Val have been found in H3F3A4 and not in other
histone genes thus far and invariably associate with 7P53 and ATRX mutations in the
cortex. In mHGA, mutations encoding p.Lys27Met arise in different histone H3 variants
depending on age and tumor location. They associate with 7P53 mutations or with
activated neurodevelopmental growth factor receptor pathways through distinct hits in
ACVRI, FGFRI or PDGFRA to achieve tumorigenesis. These alterations in growth factor

receptors and in members of the PI3K pathway offer previously unforeseen therapeutic
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possibilities in a deadly cancer, while the observed level of genomic instability calls for
caution in the choice of adjuvant therapy whenever possible. Notably, we show that
small-needle pretherapy biopsies can reliably identify the mutational landscape in HGA.
This technique will allow for the tailoring of available therapies to the results obtained
from stereotactic biopsy in children affected by this fatal brain tumor while effort

continues to be made to target p.Lys27Met histone alterations.
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3.8 Figures

Figure 3.1
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Figure 3.1: Genomic landscape of pediatric midline HGAs.

Distribution of mutations and alterations in 40 pediatric midline high-grade astrocytomas
(midline HGA) and 42 cortical high-grade astrocytomas and high-grade gliomas (cortical
HGA-HGG) described in the study. Mutations (mut) were identified with whole-exome
sequencing (WES) where available and are indicated by colored boxes. Amplifications
(amp) and losses were identified using DNA methylation profile—derived copy number
variant (methyl-CNV) analysis and are indicated where available by colored boxes. SC,
spinal cord. Boxes in light gray indicate samples for which data are not available.
Detailed information on tumor samples included herein can be found in Supplementary
Table 3.1, with specific variants and transcript accessions presented in Supplementary

Table 3.6.
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Figure 3.2
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Figure 3.2: Increased levels of phosphorylated SMAD1/5/8 in ACVRI-mutant
mHGA:s.

Immunohistochemical analysis of mHGAs harboring ACVRI mutations identified in this
study (n = 4; left) demonstrate increased nuclear positivity of phosphorylated
SMAD1/5/8 compared to mHGAs with wild-type ACVRI (n = 3) and a control brain
sample (right), with total-SMADI1 staining shown in each case as a positive control. Scale
bars, 20 um (20x magnification). Clinicopathological and molecular characteristics of

tumor samples are presented in Supplementary Table 3.1.
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Figure 3.3
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Figure 3.3: Clustering analysis of global DNA methylation profiles for 98 high-grade
astrocytomas. Global DNA methylation clustering analysis of high-grade astrocytomas
distributed across the brain demonstrates similar impact on epigenomic dysregulation
caused by p.Lys27Met alteration regardless of age, brain location, associated mutations
or the particular histone H3 variant affected. The top 10,000 most variable normalized
methylation B values were used for UPGMA clustering with alterations of interest
indicated. Robustness was assessed using multiscale bootstrapping (Supplementary
Figure 3.5). Detailed information regarding sample clinicopathological characteristics is
included in Supplementary Table 3.1, with methylation-derived CNVs presented in

Supplementary Tables 3.4 and 3.5.

123



Figure 3.4
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Figure 3.4: Mutations identified in ACVRI are associated with activation of
downstream SMAD signaling pathways.

(a) Distribution of alterations identified in ACVRI1 (n = 5) demonstrating the impact of
amino acid substitutions on the kinase domain of the protein. ECD, extracellular domain;
TM, transmembrane domain; GS, glycine-serine-rich domain. (b) Immunoblotting
analysis of phosphorylated SMAD1/5/8 levels in NHA cells with wild-type ACVRI
grown in 10% FBS or in NHA and DIPGIV cells (ACVRI mutation encoding
p.Gly328Val) starved for 1 h in medium free of serum and growth factors (0%). (c)
Quantitative PCR (qPCR) analysis of the expression of the downstream BMP effectors
ID1,1D2, ID3 and SNAII in ACVRI-mutant DIPGIV cells and in the glioblastoma
(GBM) cell line KNS42 with wild-type ACVRI. Values represented are fold changes

2744 method, normalized to ACTB expression in calibrator NHA

calculated using the
cells. P values were calculated using two-tailed  tests for significance, with error bars

representing s.d. from two technical replicates.
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3.9 Supplementary Material

Supplementary Figure 3.1
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Supplementary Figure 3.1: Patterns of K27M-associated mutations among midline
pediatric high-grade astrocytomas.

A, Neuroanatomical distribution of mutations and alterations of interest in pediatric
midline high-grade astrocytomas. B, The age of patients harbouring H3.3 and H3.1
mutations is significantly different (P = 0.0280; two-tailed ¢ test). ¢, Mutual exclusivity
and associative statistical analyses (represented as P values) of mutations in H3F34,
HISTIH3B/HISTIH3C, TP53, FGFRI, ACVRI, PDGFRA and PI3K pathway genes
PIK3CA/PIK3RI/PTEN demonstrates predilection for co-occurrence of and exclusion of
particular mutations as unique mutational groups within 39 midline high-grade
astrocytomas profiled by whole-exome sequencing. P values were calculated utilizing
Fisher’s exact test (two-sided) with highlighted values indicating statistically significant

(P <0.05) preferences for co-occurrence or mutual exclusivity.
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Supplementary Figure 3.2
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Supplementary Figure 3.2: PDGFRA amplification is present in a minority of cells
in DIPG.

Representative images from FISH assay for PDGFRA amplification reveal substantial
increase in the number of PDFRA-positive nuclei following treatment compared with

samples from pretreatment biopsies. Green, PDGFRA; red, Chr4/CEN4.
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Supplementary Figure 3.3
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Supplementary Figure 3.3: Copy number variant analysis using biopsy material

from five different anatomical loci in a single tumor.

a, Tumor biopsies (n = 5) show highly similar CNV patterns across the genome. b, Plots

depicting 20-Mb zoom-in of chromosome 4, showing significant PDGFRA, KIT and

KDR amplification in only the deep tissue biopsy and not others.
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Supplementary Figure 3.4
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Supplementary Figure 3.4: H3.1 and H3.3 K27M variants demonstrate similar
patterns of global DNA methylation.

Heat map of hierarchical clustering analysis of DNA methylation array data from the top
10,000 most variable B values from 27 K27M-mutant high-grade gliomas demonstrates
that H3.3 and H3.1 K27M mutant tumors show similar patterns of global epigenomic

dysregulation.
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Supplementary Figure 3.5
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Supplementary Figure 3.5: Multiscale bootstrapping of the high-grade astrocytoma
methylation cluster.

Dendrogram of multiscale bootstrapping of DNA methylation profiles of patient high-
grade tumors. P values, represented as the red values at the internal nodes, are the

approximately unbiased (AU) P value computed by the R package pvclust.
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Supplementary Figure 3.6
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Supplementary Figure 3.6: Mutation subgroup-specific overall survival of midline
high-grade astrocytomas (mHGAs) and diffuse intrinsic pontine gliomas (DIPGs).
Kaplan-Meier analysis of overall survival (months) of mHGAs with available outcome
data, with indicated P values from Mantel-Cox (log-rank) and Gehan-Breslow-Wilcoxon
testing for comparison based on a, ACVRI mutation status (n =27), b, H3.3/H3.1 K27M
mutation status (n = 27) and overall survival restricted to tumors of the pontine area
based on ¢, ACVRI mutation status (n = 23), d, H3.3/H3.1 K27M mutation status (n =

22).
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Supplementary Table 3.1 Clinical characteristics of midline and cortical high-grade

astrocytomas included in the study
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Supplementary Table 3.2 Functional assessment of ACVRI1 growth factor receptor

mutations reported herein

Supplementary Table 2: Functional assessment of ACVR1 growth factor receptor mutations reported herein

p.R206H

Increased ligand dependent (BMP4/6) and independent
responses in a BRE luciferase reporter system
Promotion of ventralization of zebrafish embryos

Critical hydrogen bends are formed by Arginine 206
mediating stable GS domain interactions with the kinase
loop. Shore and colleagues (Nat Genet 2008) predict
H206 cannot interact with alpha-helix backbone. Most
common mutation seen in FOP.

Shore et al, Nat Genet 2006, Fukuda et al, JBC 2009;
Chaikuad et al, JBC 2012; Shen et al, J Clin Invest 2009

p.R258G

Increased phospho-SMAD1/5/8 staining on
immunohistochemistry of patient tumors harboring
ACVR1 R258G,

Chaikuad and colleagues (JBC 2012) predict that
Arginine 258 forms critical hydrogen bonds with the GS
loop and lack of these bonds allows the GS domain to
separate and no lenger regulate the kinase domain, We
hypothesize that Glycine 258 identified herein would not

recapitulate this critical hydrogen bonding as it is

Chaikuad et al, JBC 2012; this study

p.Gazev

Increase in endogenous phosphe-SMAD1/5/8 signal in
DIPG cells harboring ACVR1 G328V, Increased phosphos
SMAD1/5/8 staining on immunchistochemistry of patient
tumors harboring ACVR1 G328V, Increased endogenous

expression of downstream effectors ID1, /D2, ID3 and

SNAIT in ACVR1 G328V DIPG cultured cells.

Glycine 328 is located inside the E6 loop. Chaikuad et al
report that no other side chain can be accomodated here.|
Homology modeling predicts bulky side chains would
produce change in electrostatic potential (in the case of
acidic E (Glu) and basic R (Arg) subsilutions). Chaikuad
etal (JBC 2012) predict that mutations in the mutation
cluster at sites L1986, R258 and G328would promote:
active kinase conformations. We hypothesize that the
steric bulk of Valine 328 would produce a change in local
protein structure based on the change in

physicochemical properties for this residue.

Chaikuad et al, JBC 2012, G328E: Petrie et al, PLoS
One 2009; this study

p.G328E

Increased ligand dependent (BMP4/6) and independent
responses in a BRE |uciferase reporter system.
Increased phospho-SMAD1/5/8 staining on
immunahistochemistry of patient tumors harboring
ACVR1 G328E.

Glycine 328 is located inside the EG loop. Chaikuad et al
report that no other side chain can be accomodated here.|
Homology modeling predicts bulky side chains would
produce change in electrostatic potential (in the case of
acidic £ (Glu) and basic R (Arg) subsiitutions). Chaikuad
etal (JBC 2012) predict that mutations in the mutation
cluster at sites L196, R258 and G328would promote

active kinase

Chaikuad et al, JBC 2012; G328E: Petrie et al, PLoS
One 2009; this study

p.G356D

Increased ligand dependent (BMP4/6) and independent
responses in a BRE luciferase reporter system. Increase
in phospho-SMAD1/5/8. Increased phospho-SMAD1/5/8
staining on immunohistochemistry of patient tumors
harboring ACVR1 G356D.

Destabilizes inhibitory A loop resulting in ALK2 kinase
activation

Chaikuad et al, JBC 2012; Fukuda et al, BBRC 2008; this|
study

Increased phospho-FGFR and phospho-ERK1/2
positivity on immunohistochemical staining of FGFR1
IN546K mutated PA FFPE sections. Increased phospho-
ERK1/2 signal in NIH 3T3 cells overexpressing FGFR1

Rand and colleagues (Proc Natl Acad Sci 2005) predict
that adjacent sequence region involing N546K predicted

Jones et al, Nat Genet 2013; Rand et al, Proc Natl Acad

midbrain in chick embryos expressing Fgfr1 xsssE
Analogous mutation in FGFR3 (K656E) results in partiall

active kinase in absence of ligand,

FGFR1) may
of the kinase domain.

p.N546K NS46K. Liu and colleagues (Development. 2003) report | ' DECOME more basic wilh amino acid subsitution, in |~ Sci 2005; Liu et al, Development 2003; Lew et al, Sci
hyperproliferation of midbrain in cmck'embryos addition to disruption of hydrogen bonding to H541 of the| Signaling 2009
expressing Foir! N546K. Autophosphorylation sequence main chain
is disupted FGFR1 N546K,
We hypothesize that this non-frameshift deletion may
lead to de-stabilization of the kinase domain and possibly|
P-655_655del NA increased autophosphorylation in adjacent critical Jones el al, Nat Genel 2013
tyrosine residues (Y654 and Y653).
Increased phospho-FGFR and phospho-ERK1/2
Nﬁwmgérﬂﬂoﬁ:ﬁ;ﬁi:-':-?ansig’p:g:;\:} Rand and colleagues (Proc Natl Acad Sci 2005) predict
ERK1/2 signal in NIH 3T3 cels overexpressing FGFR1 | (1Al adiacent sequence region involing NS46K predicted | Jones et al, Nat Genet 2013; Rand et al, Proc Nall Acad
Pp-N546K N546K. Liu and colleagues (Development, 2003) report 1o become more basic with amine acid substitution, in Sci 2005; Liu et al, Development 2003; Lew et al, Sci
hyperproliferation of midbrain in Cmck'embwﬁ addition to disruption of hydrogen bonding to H541 of the| Signaling 2009
expressing Fgfr1 N546K. Autophosphorylation sequence main chain,
is disupted FGFR1 N546K.
Increased phospho-ERK1/2 signal in NIH 3T3 cells
overexpressmg FGFR1 KB56E. Liu and (Cell 1996) that|
p.KBS6E 2003) report hy sso (in FGFR3, and homologously E656in | - Jones et al, Nat Genet 2013; Liu et al, Development
b mlﬂbraln in chick embryos expressing Fgfr1 xssﬁs FGFR1) may stabilize active 2003; Mohammadi et al, Cell 1996
Analogous mutation in FGFR3 (KG6SGE) results in partiall of the kinase domain.
aclive kinase in absence of ligand.
Increased phospho-ERK1/2 signal in NIH 3T3 cells
overexpressing FGFR1 KE56E. Liu and and (Cell 1996) that]
p.KES6E (Do 2003) report 650 (in FGFRS and homologously E656 in Jones et al, Nat Genet 2013; Liu et al, Development
b stabilize active

2003; Mohammadi et al, Cell 1996
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Supplementary Table 3.3 Deep sequencing statistics for H3F3A4, HISTIH3B,
HISTIH3C of midline high-grade astrocytomas included in the study (continued on

next page)
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Supplementary Table 3.6: SNVs and insertion/deletion variants in candidate genes

of interest (continued on next 3 pages)

Sample ID Gene Transcript accessic Nucleotide variant Amino acid change Mutation type

mHGA1 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA2 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA3 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA4 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGAS H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGAGB H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA7 H3F3A NM_002107 4 c.83A>T p.(Lys28Met) Missense
mHGA8 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA9 H3F3A NM_002107 4 c.83A>T p.(Lys28Met) Missense
mHGA10 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA11 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA12 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA13 H3F3A NM_002107 4 c.83A>T p.(Lys28Met) Missense
mHGA14 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA15 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA16 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA17 H3F3A NM_002107 4 c.83A>T p.(Lys28Met) Missense
mHGA18 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA19 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA20 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA21 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA22 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA23 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA24 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA25 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA26 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA27 H3F3A NM_002107 .4 c.83A>T p.(Lys28Met) Missense
mHGA28 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA29 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
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mHGA38 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense

mHGA39 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA40 H3F3A NM_002107.4 c.83A>T p.(Lys28Met) Missense
mHGA33 HIST1H3B NM_003537.3 c.83A>T p.(Lys28Met) Missense

mHGA31 HIST1H3B NM_003537.3 c.83A>T p.(Lys28Met) Missense
mHGA30 HIST1H3B NM_003537.3 c.83A>T p.(Lys28Met) Missense

mHGA32 HIST1H3B NM_003537.3 c.83A>T p.(Lys28Met) Missense

mHGA34 HIST1H3C NM_003531.2 c.83A>T p.(Lys28Met) Missense

mHGA17 SETD2 NM_014159.6 ¢.3103C>G p.(His1035Asp) Missense

mHGA2 ACVR1 NM_001105.4 c.617G>A p.(Arg206His) Missense
mHGA31 ACVR1 NM_001105.4 c.772A>G p.(Arg258Gly) Missense

mHGA33 ACVR1 NM_001105.4 c.983G>T p.(Gly328Val) Missense

mHGA32 ACVR1 NM_001105.4 c.983G>A p.(Gly328Glu) Missense

mHGA34 ACVR1 NM_001105.4 c.1067G>A p.(Gly356Asp) Missense

mHGA27 FGFR1 NM_001174067.1* |c.1731C>A p.(Asn577Lys) Missense
mHGA26 FGFRA1 NM_001174067.1* |c.1731C>A p.(Asn577Lys) Missense

mHGA26 FGFR1 NM_001174067.1# |c.2058_2060del p.(Lys687del) Nonframeshift indel
mHGA29 FGFR1 NM_001174067.1* |c.2059A>G p.(Lys687Glu) Missense

mHGA28 FGFRA1 NM_001174067.1* |c.2059A>G p.(Lys687Glu) Missense
mHGA17 PDGFRA NM_006206.4 c.983A>G p.(Asn328Ser) Missense

mHGA18 PDGFRA NM_006206.4 c.1021G>A p.(Ala341Thr) Missense

mHGA14 PDGFRA NM_006206.4 ¢.1630_1631insCAQp.(lle543_Val544insANonframeshift indel
mHGA32 PIK3CA NM_006218.2 c.1258T>C p.(Cys420Arg) Missense

mHGA2 PIK3CA NM_006218.2 ¢.1633G>A p.(Glu545Lys) Missense

mHGA33 PIK3CA NM_006218.2 ¢.3113A>T p.(Tyr1038Phe) Missense

mHGA25 PIK3CA NM_006218.2 c.3140A>G p.(His1047Arg) Missense

mHGA9 PTEN NM_000314.4 ¢.395G>C p.(Gly132Ala) Missense

mHGA28 PTEN NM_000314.4 c.635-2A>C Splicing

mHGA11 PIK3R1 NM_181523.2 c.1126G>A p.(Gly376Arg) Missense

mHGA24 PIK3R1 NM_181523.2 c.1338 1355del p.(Lys447 Tyrd452de|Nonframeshift indel
mHGA31 PIK3R1 NM_181523.2 c.1346_1348del p.(Leud49 His450degNonframeshift indel
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mHGA9 TP53 NM_000546.5 ¢.390_392del p.(Asn131del) Nonframeshift indel
mHGA12 TP53 NM_000546.5 c.404G>A p.(Cys135Tyr) Missense
mHGA24 TP53 NM_000546.5 c.452_456del p.(Pro152Argfs*27) |Frameshift indel
mHGA18 TP53 NM_000546.5 c.469G>T p.(Val157Phe) Missense
mHGA17 TP53 NM_000546.5 c.464_465insCCCG(p.(Arg156Profs*17) |Frameshift indel
mHGA19 TP53 NM_000546.5 c.474delC p.(Ala159Profs*11) [Frameshift indel
mHGA20 TP53 NM_000546.5 c.517G>T p.(Val173Leu) Missense
mHGA35 TP53 NM_000546.5 c.517G>T p.(Val173Leu) Missense
mHGA21 TP53 NM_000546.5 c.524G>A p.(Arg175His) Missense
mHGA22 TP53 NM_000546.5 c.721T>C p.(Ser241Pro) Missense
mHGA16 TP53 NM_000546.5 c.742C>T p.(Arg248Trp) Missense
mHGA18 TP53 NM_000546.5 c.742C>T p.(Arg248Trp) Missense
mHGAS TP53 NM_000546.5 c.742C>T p.(Arg248Trp) Missense
mHGA11 TP53 NM_000546.5 €.742C>T p.(Arg248Trp) Missense
mHGA30 TP53 NM_000546.5 c.773A>G p.(Glu258Gly) Missense
mHGA10 TP53 NM_000546.5 c.784delG p.(Gly262Valfs*83) [Frameshift indel
mHGA13 TP53 NM_000546.5 c.817C>T p.(Arg273Cys) Missense
mHGA11 TP53 NM_000546.5 c.817C>T p.(Arg273Cys) Missense
mHGA3 TP53 NM_000546.5 c.818G>A p.(Arg273His) Missense
mHGA15 TP53 NM_000546.5 c.818G>C p.(Arg273Pro) Missense
mHGA14 TP53 NM_000546.5 c.844C>T p.(Arg282Trp) Missense
mHGA38 TP53 NM_000546.5 c.472C>G p.(Arg158Gly) Missense
mHGA39 TP53 NM_000546.5 c.722C>T p.(Ser241Phe) Missense
mHGA40 TP53 NM_000546.5 ¢.659A>G p.(Tyr220Cys) Missense
mHGA25 TP53 NM_000546.5 c.916C>T p.(Arg306*) Nonsense
mHGA12 NF1 NM_000267.3 c.569T>G p.(Leu190*) Nonsense
mHGA28 NF1 NM_000267.3 ¢.3738_3747del p.(Phe1247Glyfs*16]|Frameshift indel
mHGA28 NF1 NM_000267.3 c.6687_6689del p.(Val2230del) Nonframeshift indel
mHGA27 NF1 NM_000267.3 ¢.6789_6792del p.(Tyr2264Thrfs*5) |Frameshift indel
mHGA18 ATRX NM_000489.4 ¢.3100delC p.(GIn1034Lysfs*16)|Frameshift indel
mHGA10 ATRX NM_000489.4 c.3168delG p.(Lys1057Argfs*61)|Frameshift indel
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mHGA24 ATRX NM_000489 .4 ¢.3363delT p.(Cys1122Valfs*8) |Frameshift indel
mHGA25 ATRX NM_000489 .4 c.4552A>T p.(Arg1518*) Nonsense
mHGA28 ATRX NM_000489.4 €.5399T>C p.(Met1800Thr) Missense
mHGA26 ATRX NM_000489.4 c.6719T>G p.(Leu2240Arg) Missense
mHGA1 CHEK2 NM_145862.2 c.444+1G>A Splicing
*FGFR1 mutations have been previously reported in Jones et al, Nat Genet 2013 annotated as:

mHGA27 FGFR1 NM_023110 c.1638C>A p.Asnb546Lys Missense
mHGA26 FGFR1 NM_023110 c.1638C>A p.Asn546Lys Missense
mHGA29 FGFR1 NM_023110 c.1966A>G p.Lys656Glu Missense
mHGA28 FGFR1 NM_023110 ¢.1966A>G p.Lys656GIu Missense

#Novel FGFR1 mutation identified in this study with Jones et al, Nat Genet 2013 annotation:

|mHGA26

FGFR1

NM_023110

€.1963_1965del

p.655_655del

Nonframeshift indel
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Supplementary Table 3.7: Gross structural alterations in high-grade astrocytomas

according to H3F3A or IDHI mutation show increased genomic instability in

H3F34 G34R/V mutants

n average

H3F3A.G34R.V 15 52.13

ALL-K27M + IDH1 45 23.33

pvalue 0.02997
average

H3F3A.G34R.V 15 52.13

ALL-K27M 28 24.03

pvalue 0.042
average

H3F3A.G34R.V 15 52.13

IDH1 17 22.18

pvalue 0.029
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Supplementary Table 3.8: Primer sequences utilized for targeted sequencing and

quantitative PCR analyses in the study.

Gene Methodology Direction Primer Sequence (5'-3")
TERT Sanger sequencing [Forward AGCACCTCGCGGTAGTGG
TERT Sanger sequencing |Reverse CACAGCCTAGGCCGATTC
ACTB gPCR Forward CCAGTGGTACGGCCAGA
ACTB gPCR Reverse GCGAGAAGATGACCCAGAT
D1 gPCR Forward AAACGTGCTGCTCTACGACA
D1 gPCR Reverse GAATCTCCACCTTGCTCACC
D2 gPCR Forward GACCACCCTCAACACGGATA
D2 gPCR Reverse CACACAGTGCTTTGCTGTCA
D3 gPCR Forward GCGCGTCATCGACTACATT
D3 qPCR Reverse CTGTCTGGATGGGAAGGTG
SNAI1 gPCR Forward GCACTGGTACTTCTTGACATCT
SNAI1 gPCR Reverse GGCTGCTACAAGGCCAT
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3.10 Connecting text from Chapter 3 to Chapter 4
CHAPTER 3: Recurrent mutations in ACVRI in pediatric midline high-grade
astrocytoma
To
CHAPTER 4: Characterization of age-associated aneuploidy in pilocytic

astrocytoma

Thus far in this dissertation, we have explored the mutational landscape of high-
grade gliomas originating from distinct areas of the CNS and have shown that indeed
these tumors appear to arise harboring diverse epigenomic alterations. We have largely
employed the use of next-generation sequencing (NGS) methodology, as well as DNA
methylation analysis to investigate this and have validated the functional impact of these
mutations. Chapters 2 and 3 implicate H3K36 or H3K27 defects in cortical or midline
tumorigenesis respectively. Mutations affecting the epigenome were prominent in both
neuroanatomical compartments and associated with distinct partner mutations in specific
areas. Neuroanatomical specificity of genetic alterations is also observed in the low-grade
astrocytoma, pilocytic astrocytoma (PA). PAs do not naturally progress to higher-grade
gliomas and when amenable to gross-total surgical resection, treatment can be curative.
Strikingly, very rare cases of PA have demonstrated a similar constellation of mutations
as those detailed for GBM in Chapters 2 and 3, harboring mutations in H3F34 K27M,
FGFRI and NF'1 with all tumors with this profile, PA and GBM, being localized to the
thalamus [118]. The most common genetic alteration observed overall in PA is

KIAA1549-BRAF fusion resulting from tandem duplication at chromosome 7q34 that

143



overwhelmingly characterizes the majority of PA occurring in the cerebellum [117].
Recent reports have demonstrated decreased frequencies of this fusion in adults [101],
and an increasing prevalence of numerical whole chromosomal copy number defects,

termed aneuploidy, with age in PA [119]. Although its role in cancer is the subject of

controversy, aneuploidy has been associated with the vast majority of human cancers to

date [88]. In Chapter 4, we examine the whole chromosomal copy number landscapes
a large combined cohort of 222 adult and pediatric PA tumors to better characterize th
aneuploid phenotype seen largely in older patients. We describe the association of
aneuploidy with clinical and molecular parameters including major alterations such as
BRAF fusions and mutations in PA. In addition, through an integrative approach, we
perform robust differential gene expression and correlation analysis to elucidate novel
molecular pathways associated with aneuploid tumors. We identify candidate genes
associated with aneuploid PA that may underlie active promotion of or tolerance to

numerical chromosome defects seen specifically in these tumors.

of

€
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CHAPTER 4: Characterization of age-associated aneuploidy in

pilocytic astrocytoma
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4.1 Abstract

Pilocytic astrocytoma (PA) is the most common primary brain tumor in the pediatric
years. PAs can also occur in adulthood, however are extremely rare which has
contributed to our lack of molecular insight into their pathogenesis in this age group.
Recent studies have uncovered an increased propensity toward specific whole
chromosomal copy number defects in older patients with PA as well as a decreasing
frequency of KIAA1549-BRAF fusion transcripts; the most common genetic alteration
occurring overall in PA tumors. In this study, we investigated whole chromosomal copy
number alterations and global differences in gene expression throughout adult and
pediatric populations with a specific focus on elucidating mechanisms associated with
increased aneuploidy commonly observed in PA. Herein, we demonstrate across a large
dataset of 222 tumors profiled for whole chromosomal copy number gains, that
aneuploidy is a common feature of PA tumors, with 22.5% (50/222) of tumors overall
showing at least one whole chromosomal gain. In addition, we confirm that the aneuploid
phenotype is non-random and significantly favors gains in chromosomes 5, 6, 7 and 11
with statistical under-representation of chromosomes 1, 2, 3, 13, 14 16, 17, 19 and 22
also observed. Adult PA more frequently demonstrated whole-chromosomal copy
number gain than pediatric tumors, with the mean age of aneuploid PA tumors being
significantly higher, aged approximately 10 years more at diagnosis. Interestingly, across
the dataset, aneuploidy and BRAF fusion appeared to be largely independent. Moreover,
we analyzed genes and pathways aberrantly regulated in aneuploid tumors and identified
significance of pathways including CNS development, genes involved in the unfolded

protein response as well as the cell cycle. Although no overt differences were seen in
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immunohistochemical markers of mutant p53, or senescence marker p16
immunoreactivity between aneuploid and euploid PA tumors that would account for the
continued growth of aneuploid cells, we demonstrate that an MDM2-correlated 742-gene
signature exists robustly in a large dataset of PA tumors, but not other pediatric gliomas.
MDM?2-correlated programs were largely enriched in loci located on euploid
chromosomes and included genes involved in the unfolded protein response, cell cycle,
chromosome segregation and others, suggesting a driver and/or reinforcing role in

association with aneuploidy in PA.
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4.2 Introduction

Pilocytic astrocytoma (PA) is a World Health Organization (WHO) grade I
astrocytoma and is the most common tumor of the childhood years [167,138]. PA tumors,
if amenable to gross total surgical resection, generally harbor an excellent prognosis
[138,61]. PAs of the pediatric years most commonly occur in the cerebellum, however
these tumors can be found throughout supratentorial regions such as the cerebral
hemispheres as well as surgically challenging areas such as the thalamus, optic pathway,
brainstem and spinal cord in a subset of cases [61]. PA tumors show a dramatic reduction
in incidence with age [61], which has contributed to the lack of identification of
molecular drivers specific to older patients with PA.

Recent genomic studies have elucidated numerous novel targets in pediatric low-
grade gliomas (pLGGs) including PA. To date, the most common genetic alteration
occurring in PA tumors is represented by tandem duplication at 7q34 creating an in-frame
fusion gene between the MAP kinase BRAF and KIAA1549, leading to constitutive
activation of the MAPK pathway [121,122,117]. MAPK pathway activation has
repeatedly established itself as a critical theme in PA biology, as these tumors have
mainly been classified as a “single-pathway” disease [118]. With the identification of
novel RAF-family fusions [122], BRAF V600E mutation [228], germline NF'/ mutation
or deletion in neurofibromatosis type I associated PAs (reviewed in [117]) and recently
identified fibroblast growth factor receptor 1 (FGFRI) hotspot mutations, tyrosine kinase
domain duplications or fusions [118,291], virtually all PAs can be categorized as
harboring an alteration leading to hyper-activation along the MAPK axis. Although in

children, BRAF fusion frequencies occur in the vast majority of samples, lower
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frequencies of fusion transcripts in adult PA tumors have been reported [101]. This
suggests that other putative driver alterations or programs may also govern the molecular
landscape of adult PA.

Aneuploidy in the form of whole-chromosomal copy number gains has previously
been reported in PA tumors [119]. Of note, a non-random pattern of gains favoring
chromosomes 5 and 7 most frequently, followed by 6, 11, 15 and 20 has been shown in
PA tumors analyzed by array-based comparative genomic hybridization (aCGH) [119].
Interestingly chromosomal gains were identified at greater frequency in older patients
with PA [119]. Further characterization of the significance of this phenotype, its relation
to BRAF and MAPK alterations and the possible mechanisms underlying its development
has however, remained largely unknown.

As such, we sought to investigate the genomic landscape of adult PAs utilizing a
large combined dataset of 222 adult and pediatric PAs with whole-chromosomal copy
number data, including tumors from previously published aCGH and SNP array studies
[109,119,121,122,156]. Herein, we focus on the characterization of the aneuploid
phenotype present in a large subset of PA tumors and describe its association with major

alterations and molecular pathways in PA.

4.3 Materials and Methods
Sample Characteristics and Pathological Review

All samples were obtained with informed consent after approval of the
Institutional Review Board of the respective hospitals they were treated in, and

independently reviewed by senior pediatric neuropathologists (S.A., A.K., V.P.C., M.H.,
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W.P.) according to the WHO guidelines [167,146]. Patients and tumor samples are
described in Supplementary Table 4.1. A total of 280 patient tumors were included in our
cohort, with copy number data available for 222 tumors, and KIAA41549-BRAF
fusion/BRAF duplication data available for the majority of cases (n=268). BRAF
mutations were as assessed by sequencing in 174 tumors. A large cohort of PA tumors
(n=191) and normal brain samples (n=18) was utilized for gene expression profiling,
assembling data from newly processed samples and previously published studies
[234,218,118], utilizing the Affymetrix HG-U133 plus 2.0 microarray (Affymetrix), 139
of these tumors had available copy number information. Gene expression data was
compared with other published datasets of glioblastoma (n=84) [190], pediatric high-
grade glioma (n=53) [199], diffuse-intrinsic pontine glioma (DIPG) (n=37) [198],
ependymoma (n=83) [116], normal brain [18], and normal cerebellum [220] as controls.
A subset of 201 PA tumors were available for MDM2 SNP 309 sequencing. The cut-off
age used between adult and pediatric age groups was 18 years. Both adult and pediatric
tumors were obtained from the London/Ontario Tumor Bank, and from collaborators in

Canada, Hungary, the United Kingdom and Germany.

RNA and DNA extraction

RNA and DNA were isolated from tumor samples using the Qiagen RNeasy Lipid Tissue
Mini kit, Qiagen QIAmp/DNeasy DNA Mini kits respectively according to instructions
of the manufacturer. RNA samples were stored at -80°C and DNA samples were stored at

-20°C for further analysis.
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KIAA1549-BRAF Fusion Screening
RT-PCR to detect the three most common KIAA1549-BRAF fusion transcripts was

performed as previously described [121].

DNA hybridization and SNP analysis

For SNP analysis, DNA (250 ng) from PA samples was assayed with the HumanOmnil-
Quad & Human Omni2.5 genotyping beadchip platforms according to the
recommendations of the manufacturer (Illumina, San Diego, CA, USA). For a subset of
formalin-fixed-paraffin-embedded (FFPE) derived DNA samples (n=13, Supplementary
Table 4.1), DNA was first rescued utilizing the Illumina FFPE restore assay kit (Illumina,
Inc) and subsequently hybridized to the Illumina Omni2.5-8 v1.0 chip. These BeadChip
platforms enable whole-genome genotyping of respectively over 1,140,419 (Omnil-
Quad) and 2,379,855 (Omni2.5) tagSNP markers derived from the 1,000 Genomes
project, all three HapMap phases, and recently published studies. Image intensities were
extracted using Illumina’s BeadScan software. Data for each BeadChip were self-
normalized using information contained within the array. Copy number data was also
included from previously published datasets utilizing SNP arrays and array-based
comparative genomic hybridization (aCGH) [119,46,109,121,122] with new analyses
incorporating whole chromosome copy number profiling from 450K methylation arrays
(Illumina) utilizing a previously described method involving a custom algorithm [250]
applied to extract copy number information from [46,156]. In total, whole chromosomal
copy number data was combined to yield a dataset of 222 tumors with numerical

chromosome information to assess aneuploid status.
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Gene expression profiling and analysis
Investigation of the role of MDM? in a large PA dataset (n=191) [234,218,118]
was performed utilizing the online R2: microarray analysis and visualization platform

(http://r2.amc.nl). Tumors with available aneuploidy status information (n=139) were

compared through differential expression analysis using ANOVA at a false discovery rate
(FDR) cut-off of <0.001 and these results are displayed in Figure 3. We investigated
genes correlating (absolute correlation) with the expression of MDM? at a stringent false
discovery rate (FDR) corrected criterion of <1x10™"°, which resulted in 742 robust
combinations used for further Gene Ontology (GO) analysis in the full dataset of 191 PA
tumors and presented in Supplementary Table 4.2. In control glioma and normal brain
datasets detailed above, absolute correlation with less stringent FDR<0.001 was
calculated for genes correlating with MDM?2. Representative heatmaps using transformed
z-scores illustrating correlated signatures are displayed in Supplementary Figure 4.2a-c

and were generated utilizing the R2 database tool.

MDM?2 SNP 309 Sanger sequencing

Sanger sequencing of the MDM?2 promoter SNP 309 was performed on 201
tumors using HotStart FastTaq KIT (Kapa) using forward primer: 5°-
TGGTGAGGAGCAGGTACTGG-3’ and reverse primer: 5°-
CGGAACGTGTCTGAACTTGA-3’ with the following PCR cycling conditions: 1 cycle
of 1 minute at 96°C, 33 cycles of 10 seconds at 96°C, 5 seconds at 58°C and 1 second at

72°C followed by 1 cycle at 72°C for 30 seconds.
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Quantitative RT-PCR determination of MDM?2 expression levels

Quantitative determination of MDM?2 expression levels was performed utilizing the
Ssofast Evagreen kit (BioRad) with standard conditions indicated by the manufacturer at
an annealing temperature of 58°C on the Roche LightCycler 480 (Roche) in a subset of
22 PA samples. Cycle threshold (C;) values were normalized to -actin (AC7B) and a
calibrator normal brain sample with wild-type (TT) MDM2 SNP 309 genotype using the
2"22% method. The following primers were used:
5’-TCTCAAGCTCCGTGTTTGGTCAGT-3’, MDM?2 forward
5’-ACCTTGCAACAGCTGCAGATGAAC-3’, MDM?2 reverse
5’-GGCACCCAGCACAATGAAGATCAA-3’, B-actin forward

5S’TAGAAGCATTTGCGGTGGACGATGGA-3’. B-actin reverse

Immunohistochemistry
Immunohistochemistry for p53, p16 and Ki67 was performed as previously described on

euploid (n=1) and aneuploid PA (n=3) tumor slides [109].

Statistical analyses

Contingency (Fisher’s Exact Test), unpaired, two-tailed t-test comparisons and one-way
ANOVA were performed utilizing GraphPad Prism to determine P-values. ANOVA,
absolute correlation and multiple test correction using false discovery rate (FDR) and
Gene Ontology (GO) calculations were performed within the R2 online database module

for gene expression analysis.
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4.4 Results
Aneuploidy is independent of BRAF fusion in pilocytic astrocytoma and is associated
with adult disease and a pattern of specific chromosomes

We combined previously published datasets of whole-chromosomal copy number
analyses of PA tumors [119,121,122,109] with newly derived copy number analysis of
DNA methylation data [46] and assembled copy number data for 222 adult and pediatric
PA tumors. In our dataset, whole chromosomal gain in at least one chromosome was
common and occurred in 22.5% of PA tumors (50/222 tumors) (Figure 4.1a-d;
Supplementary Table 4.1). Aneuploidy was represented in PA tumors occurring
throughout the central nervous system, with a notable fraction occurring in surgically
challenging areas such as the thalamus, hypothalamus, optic pathway, brainstem, 4™
ventricle and spinal cord (Figure 4.1b). Aneuploidy was more common in the adult PA
subset (45%; 20/44; P = 0.0002; Fisher’s Exact Test) and in tumors wild-type for BRAF
fusion (36%; 23/64; P = 0.0076; Fisher’s Exact Test) (Figure 4.1c, d). Aneuploid tumors
demonstrated an increased frequency (53%, 8/15) of BRAF mutations including V600E
and insertional mutants (Supplementary Figure 4.1b; P =0.0074; Fisher’s exact test). The
average age at diagnosis of patients with aneuploid PA tumors was 19.5 +/- 2.1 years,
compared to 9.9 +/- 0.8 years for euploid PA tumors, a difference of approximately 10
years (P<0.0001; unpaired, two-tailed t-test) (Supplementary Figure 4.1a). The frequency
of individual chromosomes affected demonstrated a specific pattern across the 50
aneuploid PA tumors with the most commonly altered chromosomes in order of
frequency being chromosomes 5, 7, 6 and 11 as reported previously [119]. Chromosomes

5,6,7and 11 (P <0.0001 respectively) were statistically over-represented in overall
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events among the 50 aneuploid tumors. In addition, chromosomes 1, 2, 3, 13, 14 16, 17,
19 and 22 (P < 0.05) were significantly under-represented across the background of

events in the 50 aneuploid tumors (Figure 4.1a).

Aneuploid PA tumors do not show differences in immunohistochemical markers of
proliferation or senescence

TP53 mutations have not been recurrently reported as playing a critical role in PA
tumorigenesis [43], with recent large-scale genome sequencing studies confirming their
absence in these tumors [118,291]. p53 prevents the growth of aneuploid cells [253].
Given that cell cycle arrest and oncogene-induced senescence (OIS) pathways have been
shown to be active in PA [110,209], we sought to investigate whether this was also true
for a subset (n=3) of highly aneuploid tumors with at least 4 and up to 18 chromosomes
affected. Immunohistochemical staining was performed for p53, p16 and Ki67 and was
compared to a control euploid PA sample (Figure 4.2). No significant differences were

observed for immunopositivity across these markers.

Comparative gene expression analysis identifies specific pathways aberrantly regulated
in aneuploid tumors

The continued growth and maintenance of aneuploid cells has been associated
with aberrant activity of a subset of molecular pathways. To best assess gene expression
programs active or inhibited in aneuploid PA tumors, we utilized a large dataset of 139
tumors with available aneuploidy status (aneuploid PA n=30, euploid PA n=109). We

performed supervised analysis within the R2: microarray analysis and visualization
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platform (http://r2.amc.nl) between these two tumor subgroups and identified differential

expression of 503 genes (FDR<0.001, ANOVA). Gene Ontology (GO) analysis of this
list of 503 genes revealed significance of molecular pathways including GO terms such
as central nervous system development (GO: 7417), cell cycle arrest (GO: 7050), G1/S
transition of the mitotic cell cycle (GO: 82) and unfolded protein binding (GO: 51082)
(Figure 4.3a). Mapping of these 503 genes to their respective chromosomal locations
revealed enrichment of whole chromosomes 5, 6, 7, 8, 10 and 19 and specific
chromosome arms (Figure 4.3b). Candidate genes also significantly de-regulated between
aneuploidy and euploid PA tumors included MDM?2 (Figure 4.3c) encoding the E3
ubiquitin ligase MDM2, and polo-like kinase 2 (PLK?2) (Figure 4.3d) which were strongly

correlated with each other overall in PA tumors (P=1.0x 107, Figure 4.3¢).

MDM?2 overexpression is associated with aneuploid PA, age and SNP 309 GG-
genotypes

Utilizing the R2 database tool, we wanted to investigate MDM?2 expression
comparatively across overall PA, as well as other gliomas including high-grade tumors
and control brain samples. Across multiple gene expression datasets including PA
tumors, glioblastoma (GBM), pediatric high-grade glioma (pHGG), diffuse intrinsic
pontine glioma (DIPG), ependymoma (EP) and normal brain (NB) and cerebellum (CB)
samples, aneuploid PA tumors and PA tumors in general, demonstrated the highest
overall levels of MDM?2 expression (Figure 4.4a). In a set of 22 PA tumors, along with
one control normal brain sample, we examined MDM?2 expression via quantitative PCR

(qPCR) between adult and pediatric tumors (Figure 4.4b). MDM?2 expression was
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approximately 2-fold higher in adult PA tumors than control normal brain and
significantly elevated compared to pediatric PA (P =0.0296; unpaired, two-tailed t-test).
Although a modest increase, even slight elevations in MDM?2 expression have been
reported to accelerate tumorigenesis in association with the MDM?2 promoter SNP 309
[22,207]. We subsequently sequenced SNP 309 in 201 PA tumor samples to determine
any association of genotype with expression of MDM?2 and aneuploidy (Figure 4.4c, d
and Supplementary Table 4.1). We first correlated MDM?2 expression determined by
qPCR in the 22 PA samples described above and confirm that MDM?2 expression in PA
tumors indeed correlated strongly with genotype, with tumors homozygous for the SNP
309 G-allele (MDM?2 GG) demonstrating approximately 3-fold elevated expression of
MDM?2 compared to a normal brain sample harboring the MDM?2 TT-genotype and
significantly increased compared to PA tumors with TG- and TT-genotypes (P = 0.0069;
one-way ANOVA; Figure 4.4c). MDM?2 SNP 309 genotypes were associated with
differential frequencies of aneuploid tumors, with 36.7% of MDM?2 GG tumors
demonstrating aneuploidy compared to 27.0% and 17.7% for TT and TG genotypes
respectively. Aneuploid PA tumors demonstrated an MDM2 G-allele frequency of 43%,

compared to 40% for euploid tumors (Supplementary Table 4.1).

MDM2-correlated gene signatures are robust in pilocytic astrocytoma

Utilizing the online R2 database tool (http://r2.amc.nl) we analyzed genome-wide

gene expression correlations with MDM?2 (absolute correlation, FDR<0.001) in PA and
other gliomas to determine candidate programs that may lead to aneuploidy in these

tumors. Several thousand genes correlated very strongly with the expression of MDM?2
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within the PA dataset (8930 genes at FDR<0.001). Interestingly in other publicly
available glioma datasets including pediatric high-grade gliomas [199], DIPGs [198] and
ependymomas [116] such correlations with MDM?2 expression do not exist, with very few
genes passing FDR criteria (FDR<0.001) (Supplementary Figure 4.2a-c). To best
elucidate the molecular pathways most significantly in association with MDM?2
expression in PA, we increased the stringency of our absolute correlation statistics by
several orders of magnitude (FDR<1x10"") and performed Gene Ontology (GO) analysis
(Supplementary Table 4.2). Strikingly, this analysis revealed 742 combinations
significantly correlated with MDM?2 expression in PA and significant GO terms
corresponding to unfolded protein response (GO: 30968), unfolded protein response,
activation of signaling protein activity (GO: 6987), cell cycle (GO: 7049), cell cycle
arrest (GO: 7050), cell cycle process (GO: 22402) chromosome segregation (GO: 7059)
and others (Supplementary Table 4.2). Utilizing the R2 chromosome mapping tool we
mapped the 742-gene signature to respective chromosomal positions to determine any
specific enrichment across the genome (Figure 4.5a, b). Correlated genes appeared to be
over-represented across the g-arm of chromosome 5 (P = 0.0076) as well as overall on
chromosomes 12 (over-represented) and 20 (under-represented, P = 0.0068 and 0.0032

respectively for chromosomes 12 and 20).

4.5 Discussion
Pilocytic astrocytoma (PA) is the most common primary brain tumor of
childhood, and if arising in surgically accessible regions, is amenable to gross total

resection and excellent patient survival. In adults, the molecular mechanisms leading to
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PA tumorigenesis have been largely uncharacterized due to the rarity of the disease in
this patient population. Studies over the past few years have placed alterations along the
MAPK pathway at the core of PA tumorigenesis through a variety of hits [117]. The most
frequent of these, and the most common genetic alteration occurring overall in PA is
tandem duplication at chromosomal region 7q34 resulting in formation of a fusion gene
involving KIAA1549-BRAF that has been shown to occur in lesser frequency with
increasing patient age [101]. Phenomena outside of MAPK axis studies have gone largely
under-investigated in PA tumors. Aneuploidy was first reported in association with
higher patient age in PA tumors in 2006 [119], prior to the first reports of BRAF fusion,
and has remained an uncharacterized phenotype in PA. Herein, we report the whole
chromosomal copy number of 222 adult and pediatric tumors and confirm in a large
dataset, that aneuploidy is associated more frequently with adult PA and tumors with
patients aged, on average, 10 years older than those with euploid genomes (Figure 4.1a-d
and Supplementary Figure 4.1). The association of aneuploidy with increasing age has
been identified in cancer, including brain tumors, and other neuropathologies such as
Alzheimer’s disease but mechanisms leading to its formation and its role in etiology of
disease have remained unclear [66]. Aneuploidy can be identified in normal developing
and adult mammalian brain, albeit at different frequencies (reviewed in [66]). Work in
the developing mouse brain (E11-E15) utilizing Spectral Karyotyping (SKY) has
identified a high combined frequency across all chromosomes demonstrating aneuploidy
in 33% of embryonic cortical neuroblasts [213]. This frequency (33%) was also identified
in a proportion of mitotic cells of the P5-P10 subventricular zone (SVZ) demonstrating

that in developing mouse brain, mosaic aneuploidy exists in a variety of brain regions
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[134]. Additional work in neuronal progenitor cells (NPCs) derived from PO and P7
mouse cerebellum revealed 15-20% aneuploid cells [277]. Studies in different adult brain
regions including the frontal cortex demonstrate substantially lower aneuploid
frequencies overall in mature cells (3-5%), nevertheless illustrating aneuploidy as a
common feature of even the developed CNS [214]. Strikingly, further study of aging
mouse brain revealed a differential chromosome-specific sensitivity of different brain
regions to aneuploidy [67]. Faggioli and colleagues utilized two-color FISH to determine
that within a random selection of murine chromosomes 1, 7, 14, 15, 16, 18, 19 and Y,
chromosomes 7, 18 and Y were most involved in aneuploidy [67]. Comparing young (4-
month) and old (28-month) mice, they identified a 2-fold increase in aneuploidy (2.3%
overall per chromosome tested) in older mice [67]. Moreover, individual analysis
revealed that neuronal nuclei antigen (NeuN) negative cells (non-neuronal cells i.e. glia)
and not neuronal cells demonstrated a significant age-related increase in aneuploidy [67].
The studies described above were performed in cells derived from cerebral cortex, with
further comparisons in mouse cerebellum revealing lack of age-related increases in
accumulation of aneuploidy [67]. Our study involved a comprehensive dataset of PA
tumors located throughout the CNS and identified aneuploidy within tumors originating
in diverse brain regions, including surgically problematic and functionally sensitive
structures such as the optic pathway, thalamus, hypothalamus, brainstem and spinal cord
(Figure 4.1b). In addition, a substantial enrichment of human chromosomes 5, 6, 7 and 11
were seen (Figure 4.1a). Although difficult to assess, murine chromosome 7 seen as
preferentially gained by Faggioli and colleagues [67], features elements homologous to

human chromosome 11 (amongst many others), gained frequently in PA tumors (NCBI
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Homology Maps URL:

http://www.ncbi.nlm.nih.gov/projects/homology/maps/mouse/chr7/). Although

speculative, it is tempting to hypothesize that the specific chromosomes seen in age-
related aneuploidy may feature genes actively promoting, or allowing tolerance to
carrying an extra complement of chromosomes. The lack of age-related increases in
aneuploidy in cerebellar cells is supportive of our observation in PA tumors. PA tumors
overwhelmingly occur in the cerebellum and are often associated with BRAF fusion in
this region (reviewed in [117]). Although we do identify 42% of aneuploid tumors as
occurring in the cerebellum, the proportion of aneuploidy observed in non-cerebellar PA
is substantial (>50%) which are otherwise rare locations for PA in general (Figure 4.1b).
BRAF expression and signaling is required for normal development of the cerebellum
and hindbrain structures, and cellular and murine studies of KI4A41549-BRAF fusion
show preferential growth selectivity of fusion expression in cerebellar neural stem cells
[132,133]. Interestingly, an inverse relationship between BRAF and aneuploidy has been
described, with studies demonstrating inactivation of BRAF driving aneuploidy through
expression of the related CRAF (encoded by RAF'1) [125]. Within our dataset, aneuploid
tumors demonstrated a statistically significant decreased frequency of BRAF fusion than
euploid tumors (Figure 4.1d). No statistically significant differences are seen in RAF']
expression between aneuploid and euploid tumors in our dataset however (data not
shown), illustrating that future studies are necessary to elucidate the molecular
implications of BRAF fusion in PA and a relationship with aneuploidy. Strikingly,
aneuploid PA tumors were associated with higher frequencies of BRAF mutations

including V60OE and insertional mutants (Supplementary Figure 4.1b; P =0.0074;
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Fisher’s exact test). BRAF V600E has been shown to induce aneuploidy through spindle
anomalies and supernumerary centrosomes in melanocytic and melanoma cells
[52,51,165]. Whether this inverse association of BRAF fusion or activating mutation with
aneuploidy is driven by subcellular expression patterns of these oncogenic drivers, brain-
location specific gene expression programs or MAPK independent functions in PA
tumors will necessitate future mechanistic studies.

Faithful chromosomal segregation is critical to avoiding aneuploid defects in cells
during cell division. Aneuploidy in the form of chromosomal gain is accompanied by
substantial cellular stress of increased gene and protein expression, and is supported by
studies that it can act as both oncogenic and tumor suppressor in nature [275].
Aneuploidy can be hypothesized to exist within cells that demonstrate mechanisms that
actively promote chromosomal mis-segregation, spindle assembly defects or aberrant cell
cycle mechanisms. In addition, cells that harbor up-regulated means of handling the
increased gene and protein dosage with the presence of extra chromosomes are in
position to tolerate and even drive genetic diversity with aneuploidy. Herein, we utilized
microarray gene expression analysis comparing aneuploid and euploid PA tumors and
demonstrate 503 genes differentially regulated between these subgroups (Figure 4.3a-e).
Significant molecular pathways aberrantly regulated between these groups through Gene
Ontology (GO) analysis included CNS developmental pathways, cell cycle and the
unfolded protein binding (Figure 4.3a). As discussed above, aneuploid PA tumors were
commonly located in non-cerebellar regions that are more rare and difficult to treat
surgically (Figure 4.1b). Aberrant regulation of developmental pathways between these

tumor subgroups suggests potential involvement of developmental genes in driving or

162



tolerating aneuploidy. Interestingly, and detailed above, differential sensitivity of
different brain regions to chromosome-specific aneuploidy related to aging has been
shown [67]. Whether this points to unique cellular origins of aneuploid PA tumor cells, or
these developmental genes are programs re-activated from inherent early mammalian
developmental stages which demonstrate aneuploidy and proposed to underlie cellular
diversity of the CNS (reviewed in [66]), remains to be further studied. Significance of
pathways involved in unfolded protein binding illustrates that aneuploid PA tumors
harbor mechanisms to tolerate stress accompanying extra chromosomal content. Studies
in yeast strains demonstrate that aneuploidy causes proteotoxic stress including
accumulation of proteins more challenging to fold [195]. The ability to tolerate this
feature through modulation of pathways that may alleviate proteotoxic stress may permit
unadulterated growth of aneuploid cells. With studies demonstrating that aneuploidy may
represent a large-scale “stress-inducible mutation” [41], significance of unfolded protein
binding pathways illustrates that aneuploid PA tumors are in a better position for
phenotypic evolution and adaptation. Hyper-active components of the cell cycle can
undoubtedly contribute to mitotic checkpoint dysregulation, continued cell growth and
ultimately aneuploid defects [88]. Polo-like kinases, including PLK1 and PLK2 are
critical regulators of cell division [130,153,24]. PLK2 is required for proper centriole and
centrosome duplication [153,24]. PLK2 was shown to be over-expressed in aneuploid PA
tumors (Figure 4.3c) and presents an interesting candidate for promotion and
reinforcement of aneuploidy notably based on its chromosomal 5q location. Not
surprisingly, many genes differentially regulated between aneuploid and euploid tumors

mapped to common trisomic chromosomes 5, 6, and 7, with striking enrichment seen on
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the q-arm of chromosome 5 (P = 7.9 x 10™®) (Figure 4.3b), the most frequent
chromosome gained across PA tumors. With such striking frequency, it is clear that
chromosome 5 gains are not only well-tolerated in PA tumors, but may actively reinforce
aneuploidy phenotypes based on candidate mapping of genes including PLK2. Although
a preliminary hypothesis, this is supported by chromosome 5 gain being found in samples
with a single isolated gain as well as in those with multiple gains, showing it as an early
aneuploid defect (Figure 4.1a).

Expression of MDM?2 was found to be significantly elevated in aneuploid PA
tumors (Figure 4.3c and 4.4a). Furthermore, expression of PLK?2 correlated strongly with
MDM?2 (Figure 4.3d). p53 and its regulatory pathways play a critical role in limiting the
progression of aneuploidy and preserving the nature of diploid human cells [253]. Three
major genes and their gene products comprise the central control of the p53 regulatory
pathway these include MDM2, MDM4, USP (also known as HAUSP) [27,128]. MDM2
is upregulated by p53 as an increase in p53 levels leads to increased transcription of
MDM?2, for which the product degrades p53 by ubiquitylation, decreasing its levels
resulting in a negative feedback loop [178,208]. Given the lack of reported 7P53
mutations in PA tumors even in large genome-sequencing studies [118,291] and lack of
differential immunopositivity seen by IHC in aneuploid tumors (Figure 4.2), increased
MDM?2 expression in aneuploid PA tumors may underlie inhibition of p53 function and
subsequent continued growth of aneuploid cells. Moreover, MDM?2 expression is highest
in PA tumors compared to other gliomas and control brain samples (Figure 4a). Increased
MDM? expression has been associated with a single nucleotide polymorphism (SNP) in

its promoter leading to enhanced Sp1 transcription factor binding and subsequent
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expression [22]. We sequenced this promoter SNP, termed SNP 309 and identified a
slightly elevated allele frequency within aneuploid PA tumors of approximately 43%
compared to the general population (Minor allele frequency (MAF): 36.9% from the

1000 Genomes project, dbSNP, URL: http://www.ncbi.nlm.nih.gov/snp), correlating with

an increased prevalence of patients with homozygous GG genotypes (26%) within the
aneuploid dataset (Figure 4.4d). Expression correlated well with SNP 309 genotype
through qRT-PCR, with MDM?2 GG tumors demonstrating the highest expression (Figure
4.4c). Herein we have shown that a statistically robust 742-gene signature (FDR<I x 10
%) of genes correlated with MDM2 expression exists in a large dataset of 191 PA tumors,
but not other gliomas including adult glioblastoma, pediatric high-grade gliomas, diffuse
intrinsic pontine gliomas and ependymomas (Figure 4.5a, b, Supplementary Table 4.2
and Supplementary Figure 4.2a-c). These mapped genes point to over-representation of
genes on the g-arm of chromosome 5 (P = 0.0076), whole chromosome 12 and under-
representation on chromosomes 20. MDM?2 correlated genes mapping to chromosome 5q
(including PLK?2) supports a role for MDM? in early initiating aneuploid defects, notably
given lack of correlated genes on other chromosomes commonly amplified in PA which
would otherwise indicate their over-expression secondary to chromosomal gain.

GO analysis of the 742 MDM? correlated genes demonstrates significance of GO
terms involving unfolded protein response, unfolded protein response activation of
signaling protein activity, cell cycle, cell cycle arrest, cell cycle process, chromosome
segregation and others (Supplementary Table 4.2). These data, notably based on the
distinct specificity of MDM?2 correlations to aneuploid PA tumors and high stringency of

gene expression analysis, suggests a central role for MDM?2 mediated programs and

165



aneuploidy in PA. As above, pathways involved in actively promoting cell cycle
aberrations and chromosomal mis-segregation can cause aneuploidy, and those involved
in tolerating its detrimental stresses, such as unfolded protein responses and subsequent
signalling, can aid in harboring aneuploid phenotypes (reviewed in [88]). In our dataset,
MDM?2 expression was higher in adult PA (Figure 4.4b). Mdm2 has been shown to
increase age-related aneuploid defects in Mdm?2 transgenic mice [171,271]. Interestingly,
the effect of Mdm2 over-expression was shown to affect the rate of chromosome gain,
but not loss, illustrating its effects in specific forms of aneuploid defects that we observe
in our PA dataset. Moreover, earlier work demonstrated that the effect of Mdm2 on
genome instability was p53-independent [23]. This supports other MDM2-correlated
programs and downstream effecters as putative mediators or contributors to age-related
aneuploidy in cancer cells and amongst brain tumors, specifically in PA.

In summary, herein we report the integrated genomic analysis of a large dataset of
PA and characterize aneuploidy observed in a substantial proportion of tumors. These
aneuploid tumors were frequently located in non-traditional PA brain regions and were
differentially associated with BRAF fusions and activating mutations. Aneuploid tumors
demonstrated distinct enrichment of expression of gene pathways mapping to
chromosomes commonly amplified in PA and involved in CNS development and the
unfolded protein response. This included higher expression of candidates such as MDM?2
and PLK2 in aneuploid tumors. Aneuploid PA tumors demonstrated higher expression of
MDM?2. PA tumors in general distinctly harbored strong correlations of gene expression
programs related to MDM?2 compared to other gliomas. Moreover, these programs

mapped to chromosomes largely uninvolved in aneuploid defects illustrating a potential
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mode of aneuploidy development. This is supported by their nature as genes involved in
the cell cycle, faithful chromosomal segregation and the unfolded protein response
potentially supporting proteotoxic stress associated with extra chromosomes. Taken
together, our large dataset and integrated analysis has identified potentially intriguing

targets for future mechanistic study of aneuploidy and its role in PA tumorigenesis.
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4.9 Figures
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Figure 1

Figure 4.1: Characterization of aneuploidy observed in pilocytic astrocytoma. a,

Grid representation of aneuploid defects observed across 22 autosomes and chromosome

X in 50 aneuploid PA samples identified in the study (upper panel), with corresponding

frequency of specific gains, and their comparative significance represented as P-values

(Fisher’s Exact Test; lower panel). b, Donut representation of neuroanatomical

distribution of aneuploid PA tumors demonstrating that a significant proportion occur in

surgically inaccessible areas. ¢, Graphical representation of the increased aneuploidy

observed amongst adult PA tumors (P = 0.0002; Fisher’s Exact Test). d, Graphical

representation of the largely independent occurrence of aneuploidy and BRAF fusion in

PA tumors (P = 0.0076; Fisher’s Exact Test).
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Figure 4.2

Figure 4.2: Aneuploid PA tumors do not show differential immunohistochemical
markers of proliferation or senescence. Representative Ki67, p53 and pl6
immunohistochemical stainings for euploid (n=1, indicated in blue) and aneuploid (n=3,

indicated in red) PA tumor samples.
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Figure 4.3
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Figure 4.3: Comparative gene expression analysis identifies specific pathways

aberrantly regulated in aneuploid tumors. a, Gene Ontology (GO) analysis of 742

gene combinations significantly correlated at FDR<1x10-15 with MDM2 expression

amongst 191 PA tumors. b, Chromosomal mapping of the 742 MDM? correlated gene

combinations. ¢, d, Log2 transformed expression of candidates MDM? (c¢) and PLK?2 (d)

demonstrating significantly increased expression within the aneuploid PA subgroup

(=30, P=3.2x 10" and 2.4 x 10" respectively, ANOVA). e, Correlation of MDM2 and

PLK? expression in 191 PA tumor samples and 18 normal brain samples.
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Figure 4.4
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Figure 4.4: Elevated MDM?2 expression is associated with aneuploidy, age and SNP
309 genotypes in pilocytic astrocytoma. a, Gene expression analysis of control brain
samples and a diverse set of gliomas demonstrates that MDM?2 expression is highest in
aneuploid PA tumors (P = 2.4 x 10""*, ANOVA). NB=normal brain, CB=normal
cerebellum, = GBM=glioblastoma, = DIPG=diffuse  intrinsic =~ pontine  glioma,
pHGG=pediatric high-grade glioma, EP=ependymoma, PA=pilocytic astrocytoma. b, ¢,
qRT-PCR analyses of MDM?2 expression in 22 samples compared by age (b) and MDM?2

2724 method and

SNP 309 genotype (c). Fold changes values were calculated using the
P-values calculated using unpaired, two-tailed t-test (b) or one-way ANOVA (c¢). d,
Frequency of MDM?2 SNP 309 genotypes amongst aneuploid and euploid PA tumors

shows an increased frequency of the SNP 309 GG-genotype in aneuploid tumors.
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Figure 4.5
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Figure 4.5: Robust MDM?2 correlated signatures exist

in pilocytic astrocytoma

tumors. a, Schematic depicting chromosomal mapping of the MDM?2-correlated 742

genes (absolute correlation at FDR<1 x 10™°) in 191 PA tumors. b, Statistical

representation of chromosomal mapping of MDM?2 correlated genes and respective P-

values for whole chromosomes and individual p- and g-arms calculated using the R2

online database tool.
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Supplementary Figure 4.1
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Supplementary Figure 4.1: Aneuploidy is associated with increased age and BRAF
mutations in PA tumors. a, Higher mean age of diagnosis is observed in aneuploid
tumors, with a mean age of 19.5 +/-2.1 years and 9.9 +/- 0.8 years seen for aneuploidy
and euploid tumors respectively (P < 0.0001; unpaired, two-tailed t-test). b, Increased
frequency of BRAF mutations observed in aneuploid tumors (P = 0.0074; Fisher’s exact

test).
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Supplementary Figure 4.2
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Supplementary Figure 4.2

gliomas. Heatmaps of transformed z-scores of genes significantly correlated with MDM?2

expression in ependymomas (a), pediatric high-grade gliomas (b) and DIPGs (c) at

FDR<0.001.
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4.10 Supplementary Material
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pilocytic astrocytomas included in the study (continued on next 3 pages)
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f MDM?2 correlated genes

1S O

Gene Ontology (GO) analysi

at FDR < 1e-15 (continued on next 3 pages)

Supplementary Table 4.2
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CHAPTER 5: Discussion

5.1 General summary and significance of findings

Pediatric brain tumors are devastating diseases that are associated with significant
morbidity and mortality due to intrinsically aggressive tumor biology, and sequellae of
current standard-of-care treatments. Research into the molecular basis of these tumors is
essential to the development of novel therapeutics with limited toxicity and ultimately a
better prognosis for these diseases. High-grade gliomas such as glioblastomas (GBMs)
and diffuse intrinsic pontine gliomas (DIPGs) are associated with dismal survival rates
even with multimodal treatments. These diagnoses are death sentences, and considering
the age groups they affect, are particularly tragic for patients and their loved ones. In this
dissertation, we have illustrated novel molecular findings in pediatric high-grade and
low-grade brain tumors and highlighted the epigenome as a new dimension for further
investigation. In pediatric high-grade gliomas (pHGGs) including GBM, we identified
recurrent mutations in the H3K36 trimethyltransferase SETD2 in 15% of cases. We
provide evidence that tumors specifically of the cerebral cortex preferentially
demonstrate defects involving loss-of-function SE7D2 mutations and others that can
affect H3K36me3 levels, including isocitrate dehydrogenase 1 (/DH 1) mutations and
novel histone H3.3 G34R/V mutations (Chapter 2). In Chapter 3, we describe the
mutational landscape of pediatric midline high-grade tumors and demonstrate that H3.3
and H3.1 K27M mutations predominate in these tumors. Moreover, these histone
mutations occurred with novel partner mutations distinctly associated with different brain
regions, which included for the first time in human cancer, mutations in the activin A

receptor type I gene ACVRI distinctly located in tumors of the pons. ACVRI mutant
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tumors and primary cell lines demonstrated hyper-activity of bone morphogenetic protein
(BMP)-SMAD family member 1/5/8 (SMAD1/5/8) pathways and may represent a novel
target for the treatment of DIPG. In Chapter 4, we describe the whole chromosomal copy
number landscapes of 222 PA tumors across the lifespan and characterize the phenotype
of aneuploidy in these tumors. We illustrate that aneuploidy is frequent in adult non-
cerebellar PA which are more challenging to treat surgically, presents with a non-random
pattern of chromosomal gain and is differentially associated with major PA genetic
alterations such as BRAF fusions and mutations. Expression programs mediated by the
E3 ubiquitin ligase MDM2 may underlie the active promotion of or tolerance to
aneuploidy in these tumors.

In the next sections we will discuss these molecular findings, their potential roles
in gliomagenesis and their implications to the field of pediatric neuro-oncology.
Moreover, we will discuss avenues for future investigation needed to best translate these

molecular discoveries into better patient care.

5.2 Histone mutations and epigenetic driver mutations as central regulators of
tumorigenesis in pediatric brain tumors: possible “epigenetic addiction”?

In 2012, our lab and others discovered recurrent mutations in histone genes for the
first time in association with human disease [231,281]. These mutations characterized
approximately one-third of pediatric GBM tumors and 78% of DIPGs [231,281].
Mutations in the replication-independent histone variant H3.3 encoded by H3F34 were
located at or adjacent to critical residues involved in histone post-translational

modifications; K27M and G34R/V [231]. Analogous mutations in the replication-

185



dependent canonical histone variant H3.1, encoded by HIST1H3B, were also identified
resulting in identical K27M amino acid substitutions [281]. Further work focusing on the
characterization of the mechanistic effect of K27M mutation elucidated a profound trans
mediated inhibitory function on the enzymatic EZH2 component of the Polycomb
Repressor Complex 2 (PRC2) [161]. Independent studies have demonstrated decreased
global H3K27me?2/3 levels and increased total H3K27ac in tissues or overexpressing cell
lines without corresponding changes in EZH?2 expression, confirming that the potent
effect of K27M mutation is indeed through inhibition of EZH2 H3K27 methyltransferase
activity [161,39,261,17]. G34R/V mutations were found to inhibit SET2 mediated
trimethylation of heterotypic nucleosomes, with mono- and oligo-nucleosomes
containing G34R/V mutations demonstrating decreased levels of H3K36me2/3 [161].
Based on the age groups of H3.3/H3.1 K27M and H3.3 G34R/V mutated patients, they
constitute the pediatric counterpart to /DHI mutations occurring in young adult disease.
IDH mutations have potent effects on histone demethylases and result in changes to
histone marks including H3K4, H3K9, H3K27 and H3K36 [168]. Further sequencing
studies of CNS tumor heterogeneity has revealed the presence of /DHI mutation
throughout primary tumors and recurrences in gliomas [115]. This is in contrast to other
notable oncogenic drivers such as BRAF V600E which appear in only a minority of
geographically distinct samples [115]. This is in striking similarity to our report discussed
herein in Chapter 3 characterizing PDGFRA amplification in only 1 of 5 biopsies from a
case of cerebellar GBM, which had virtually identical mutational and epigenetic profiles
including K27M mutation [71]. In Chapter 2 we report that about half of hemispheric

pHGGs harbor defects leading to aberrant H3K36 methylation, including novel mutations
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in SETD?2 [72]. In Chapter 3 we describe an additional histone variant, HISTI/H3C, with
mutation in K27M in midline tumors [71]. Together, this demonstrated that 93% of cases
of high-grade tumors, including GBM and DIPG, of the neuroanatomical midline are
mutated at residue K27M in H3.3 or H3.1 genes. In addition, we demonstrated that
distinct global DNA methylation profiles are associated with K27M mutation, regardless
of the individual variant affected, precise brain location or associated mutations [71].
With data demonstrating the prominence of epigenetic driver mutations within large
tumor datasets, their presence in geographically distinct regions and longitudinally in
disease, CNS high-grade gliomas of the pediatric and young adult years appear to be
“addicted” to epigenetic dysregulation (reviewed in [70]). Although further mechanistic
studies are necessary to associate “epigenetic addiction” to this tumor type, this provides
a specific avenue for further investigation and therapeutic development.

In Chapter 2 we utilize statistical comparisons of WES data to demonstrate
genome-wide enrichment of SETD2 mutations in a dataset of 60 pHGGs compared to 543
non-cancer controls. Within an expanded dataset of 183 gliomas, we identify SETD2
missense/truncating mutations in 15% of pHGGs and 8% of adult HGGs, and uniquely
occurring in tumors arising in the cerebral hemispheres. Functional characterization of
SETD?2 mutant tumors demonstrated a loss-of-function phenotype, leading to decreased
levels of H3K36me3. DNA methylation analysis revealed that their effect on the global
methylation landscape may be independent of G34R/V and more promiscuous. SETD2
has been reported as the only enzyme in humans to mediate H3K36 trimethylation [64].
H3K36me3 is a mark correlating with transcriptionally active chromatin [259]. Notably,

roles for H3K36me3 have been elucidated for critical cellular processes such as
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alternative mRNA splicing [170,169], suppression of spurious or cryptic transcription
[260], DNA mismatch repair [162] and homologous recombination [10,35,203]. Recent
studies of H3.3K36me3 demonstrate the importance of histone “reader” proteins such as
ZMYNDI11, which recognizes this mark specifically on H3.3 variants and co-localizes in
gene bodies [276]. As it was also found to link H3.3K36me3 with transcriptional
elongation and tumor suppression programs, the authors show a preliminary
demonstration that G34R/V mutations abrogate the binding of ZMYND11 to
H3.3K36me3 peptides [276]. With such a diversity of critical functions, further
exploration into the role of the SETD2-H3K36 pathway in cortical tumorigenesis
specifically is warranted and may allow further insight into the potential

neurodevelopmental roles of this histone mark.

5.3 ACVRI mutations: New targets and further evidence for pediatric brain tumors as
neurodevelopmental diseases

Mutations in histone genes described throughout this dissertation have changed
the way we view pediatric brain tumors. These mutations are novel and had not been
identified with any other human disease to date. Due to their frequency, specificity and
influence on the epigenome in HGGs, it is clear that modeling and targeting these histone
mutations will be the subject of intense effort worldwide as the next critical step in
translating their discovery into actionable targets. Mouse modeling and other pre-clinical
studies, drug discovery and development will necessitate years of research. How can we
target these tumors, which continue to have a dismal survival rate, in the near future? Re-

purposing existing drugs or compounds to re-orient therapeutic efforts may be a more
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rapid solution. The targets of which may be genetic alterations that are distinctly
associated with histone mutations.

In Chapter 3 of this thesis and published in [71], we describe the identification of
ACVRI mutations and other growth factor receptor mutations associated with pediatric
mHGAs. These mutations are strongly associated with histone mutations identified in
these tumors, shed some needed light on the nature of their origins and offer therapeutic
opportunity. ACVRI encodes the activin A, receptor type I, ACVR1/ALK2 which is a
receptor for BMPs, activator of downstream SMAD signaling and is involved in the
development of the nervous system [103]. Germline ACVRI mutations have been shown
to cause the autosomal dominant debilitating musculoskeletal disease fibrodysplasia
ossificans progressiva (FOP), characterized by heterotopic bone formation [238]. As
described in Chapter 3, we identify ACVRI mutations in 5/39 mHGAs (13%), and 5/24
(21%) DIPGs sequenced by WES. All of these mutant tumors were distinctly located in
the pontine region and harbored K27M mutations in H3.1 (the majority, 4/5) or H3.3
(1/5). DIPGs are among the most deadly of tumors occurring in the pediatric years [15].
Survival for children diagnosed with DIPG is 1-2 years with 90% of patients dying of
their disease within 2 years [15]. Although our report adds to the recent knowledge-base
demonstrating that K27M mutations predominate overwhelmingly in these tumors, lack
of current avenues for specific targeted therapy for this mutation hinders progress for
translation at the moment. Inhibitors exist for ACVR1/ALK2 that are highly specific for
the receptor [288,235,53]. Concurrently with our report, adapted here as Chapter 3, three
additional reports were simultaneously published in the same issue of the journal

[31,252,282]. All four reports including that of our group, describe the identification of
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hotspot ACVRI mutations, which strongly associate with histone H3.1 K27M mutations
in the pons described above, demonstrating extraordinary reproducibility on large
independent cohorts. Moreover, the complementary nature of these studies gives insight
into required partner mutations in the specific gliomagenesis of these tumors. Taylor and
colleagues utilize the selective ACVR1/ALK2 inhibitor LDN-193189 to treat primary
cultures of GBM and DIPG mutant for H3.3 or H3.1 at K27M and associated ACVRI1
mutations including novel G328V variants [252]. In these primary cultures they
demonstrate significant inhibition of cell viability in all cell lines, which trended towards
increased selectivity to ACVR1 mutant cell lines [252]. In their report, they identify the
concentrations required to inhibit cell growth by half (defined as Glsp) in the range of
0.86-2.1 uM [252]. Parallel to this, and strongly supporting a neurodevelopmental origin
of DIPG tumors, Wu and colleagues utilize a previously characterized zebrafish model
[235] to functionally characterize ACVR1 mutants [282]. They demonstrate that
individual variants harbor the capacity to ventralize zebrafish and lead to aberrant
development of zebrafish without head and dorsal structures [282]. In order of increasing
severity of the phenotype, ACVRI1 R258G, G328E, G328W, R206H, G356D and G328V
variants demonstrate differential ventralization ability correlating with levels of
activation and downstream SMAD1/5 phosphorylation [282]. Moreover, the selective
ACVRI/ALK?2 inhibitor LDN-193189 at a concentration of 2.5 uM was capable of
partially rescuing dorsal structures and blocked SMAD1/5 phosphorylation [282]. These
data demonstrate that selective targeting of ACVRI1 through small molecule inhibition
may form a novel means of correcting aberrant neurodevelopmental signaling and

inhibiting DIPG tumor growth.
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The neuroanatomical specificity of ACVRI mutations and their strong association
with younger patient age suggests a neurodevelopmental origin for DIPG tumorigenesis.
Data illustrating increased ventralization of zebrafish in response to ACVRI variant
expression described above, powerfully implicates such variants in these processes [235].
Gliomas however have not been recurrently reported in patients with germline ACVR1
mutations and FOP. Heterotopic ossification usually starts to present around age 2-6
years and patients usually die of their disease before the age of 40 due to thoracic muscle
ossification and subsequent cardiopulmonary defects [254]. This suggests that additional
hits are required for tumorigenesis in the CNS. However, reports of recurrent
neurological symptoms such as headache and neuropathic pain amongst other symptoms
define the clinical spectrum of FOP patients [145], as well as CNS structural
abnormalities such as demyelinated lesions identifiable by MRI [127]. Strikingly, Kan
and colleagues report distinct CNS demyelination observed in two mouse models of FOP
and four FOP patients. Mouse models, including a transgenic BMP4 overexpression
model, under control of the neuron-specific enolase promoter (Nse-BMP4) [126], and a
classic FOP ACVR1 R206H knock-in model [38], demonstrated hyper-intense brain and
spinal cord lesions on small animal MRI [127]. Younger FOP patients aged 27 and 33
months respectively, examined by MRI demonstrated pontine and cerebellar type 11
lesions, more characteristic of developmental demyelination [127]. When mouse hyper-
intense regions were examined by IHC for myelin directly (utilizing luxol fast blue) or
myelin basic protein (MBP), notable demyelination was observed in these areas,
confirming a correlation with MRI hyper-intensities [127]. Interestingly, ACVR1 R206H

knock-in mutant cells that harbor a neomycin resistance marker (neo+), did not co-
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localize with CNPase, a marker of oligodendrocytes [127]. Further to this, mutant cells
were strongly glial fibrillary acidic protein positive (GFAP+) and also expressed neuronal
marker B-III tubulin [127]. BMP signaling has been shown to inhibit oligodendroglial
lineage commitment and promote astrocyte cell fates [222,87]. Furthermore, BMPs were
shown to regulate GBM tumorigenicity in tumor initiating cells (TICs) in a negative
manner [205], later shown to occur through epigenetic control of the BMPR1B promoter
by EZH2 which, when activated, was able to restore astroglial differentiation [158].
Interestingly, constitutively active ALK2 mutations, when expressed in endothelial cells,
promoted stem-like cell fates through endothelial-to-mesenchymal transition [182]. In the
context of DIPG discussed herein, concurrent reports demonstrate ACVR I mutations
localized exclusively to the pons in H3 K27M mutant tumors (mostly H3.1 K27M),
associated with substantial activation of downstream SMAD signaling and transcriptional
target expression. Reconciling data illustrating the negative modulation of active BMP
signaling on tumorigenicity in GBM TICs, promotion of mesenchymal stem-like cell
fates in endothelial cells with the presence of gain-of-function ACVR1 mutations in
DIPG cells and loss of viability with ACVRI1 inhibition is of great interest and
necessitates future study. One can surmise that based on its developmental functions
notably favoring formation of ventral structures, ACVR1 hyper-active mutants would
favor growth of DIPG cells rather than cells derived from supratentorial regions. ACVR1
and BMP pathways are critical for embryogenesis and left-right pattern symmetry [144].
In addition, pro-astrocytic differentiation which can be enabled via increased BMP-
SMAD signaling in ACVRI mutants preferentially in the ventral brainstem, may be

aberrantly modulated by concurrent epigenomic dysregulation associated with H3 K27M.
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Presence of regionally-specific activating mutations in defined neuroanatomical regions
may suggest importance of the microenvironment to tumor growth. Future studies
examining the interaction between CNS cellular programming and differentiation and
epigenomic dysregulation will be crucial to elucidating specific pathways for

gliomagenesis.

5.4 Aneuploidy, aging and pilocytic astrocytoma: Inner workings of a tumor beyond the
MAPK pathway

Many independent studies have confirmed a central role for MAPK hyper-activity
and PA tumorigenesis. Mouse models created utilizing the avian retoviral RCAS/Tv-a
system and mutant BRAF have been shown to develop tumors which recapitulated PA
histopathology [91]. Recent characterization of PA tumors across the CNS have shed
light on the distribution of molecular alterations in these tumors (reviewed in [117]).
Seminal work by Jones and colleagues further characterized common 7q34 duplication
found to arise in PA tumors as tandem in nature and creating a novel in-frame fusion of
KIAA1549-BRAF [121]. This fusion was shown to be transforming and allow for
constitutive activity of the BRAF kinase domain and characterized the vast majority of
PA tumors specifically located in cerebellar areas [121].

PA tumors arising in non-cerebellar areas pose a considerable burden for gross-
total surgical resection and are more challenging to treat. PA tumors, much like HGGs,
demonstrate neuroanatomical specificity of genetic alterations [117]. Whereas
KIAA1549-BRAF fusions predominate in cerebellar PA, areas such as the optic pathway,
thalamus/diencephalon, cerebral cortex and spinal cord have been shown to harbor lower

frequencies [117]. BRAF V600E and insertional mutants are more common in non-
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cerebellar regions; 16/20 BRAF mutant tumors described in Chapter 4 arise outside of the
cerebellum. Moreover, PA tumors arising in the context of NF1 syndrome, tend to occur
within optic pathways [117]. Novel FGFRI mutations in addition have been shown to
occur in thalamic regions, notably in association with NF1 and H3F34 K27M mutations
in thalamic GBM and very rare cases of PA tumors arising here [118]. Taken together,
this demonstrates that PA tumors arising in diverse neuroanatomical regions may not
only pose considerable burden due to surgical inaccessibility, but are molecular distinct
in their means of activation of the MAPK pathway.

In Chapter 4, we describe the genome-wide whole chromosomal copy number
analysis of 222 adult and pediatric PA tumors to better characterize the phenotype of
aneuploidy first seen in 2006 in association with age [119]. We demonstrate that
aneuploidy is common overall in PA, with 22.5% (50/222) of PA genomes demonstrating
at least one chromosomal gain. Whole chromosomal losses were not observed in our
dataset, but rather a non-random pattern of chromosomal gains favoring specific
chromosomes. Gains of chromosomes 5, 7, 6 and 11 in order of frequency were over-
represented across the background level of gains in 50 aneuploid PA tumors, whereas
chromosomes 1, 2, 3, 13, 14, 16, 17, 19, 22 were under-represented. Aneuploid tumors
occurred across the CNS, and notably more than half of these tumors were localized in
non-cerebellar areas. Aneuploid tumors were largely KI4A41549-BRAF fusion wild-type.
Strikingly, 8/15 tumors harboring BRAF V600E or an insertional mutant were aneuploid,
illustrating a strong association of gain-of-function BRAF point mutants and this
phenotype. Aneuploidy was associated strongly with age in PA, and patients with

aneuploid tumors were on average approximately 10 years older than those with euploid
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tumors. When gene expression profiles of aneuploid tumors were compared to euploid
tumors, differential expression revealed correlation with an increased representation of
genes on chromosomes involved in gains, including 5, 6 and 7 with a highly significant
representation of chromosomes on the g-arm of chromosome 5. These 503 genes
included pathways with roles in the cell cycle, CNS development and the unfolded
protein response (UPR). Increased expression of the polo-like kinase, PLK2, and the E3
ubiquitin ligase MDM?2 was seen in aneuploid tumors. Further analysis revealed that
MDM?2 expression was highest amongst aneuploid PA tumors in a comparison with other
gliomas and normal brain tissues and correlated with age and MDM?2 SNP 309 genotype
in PA. Interestingly, a vast number of genes correlated strongly with MDM?2 expression
uniquely in PA tumors and not other gliomas. Application of highly stringent statistical
criteria (FDR<1x107"%) and subsequent Gene Ontology (GO) analysis revealed
enrichment of pathways involved in cell cycle, chromosomal segregation and the UPR.
Notably, mapping of this 742-gene signature revealed representation on chromosome 5q,
but not other amplified chromosomes, suggesting a potential driver effect of MDM?2-
correlated programs and aneuploidy in PA.

As described in Chapter 4, Mdm?2 transgenic mice show exacerbated levels of
chromosomal gains with age [171]. Importantly, Mdm2 expression in these mouse
models was shown to modulate the frequency of gains, but not loss [171], which is
analogous to phenotypes observed in PA tumors. Moreover, we provide strong evidence
for robust correlations of genes with MDM?2 expression across PA samples including
pathways that could actively promote or provide tolerance to aneuploidy. A variety of

mechanisms can lead to aneuploidy in cells, which may include aberrant cell division,
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abnormal numbers of centrosomes, dysfunctional mitotic spindle assembly amongst
others (reviewed in [88]). Harboring an additional complement of one or more
chromosomes is accompanied by a certain degree of genotoxic and proteotoxic stress
[88], illustrated by the limited number of germline aneuploid syndromes observed in
humans. Accumulation of misfolded proteins as a result necessitates activation of
mechanisms which can handle the proteotoxic environment [88]. Ubiquitin-mediated
proteosomal degradation may prove an interesting target pathway for investigation in

these contexts.

5.5 Future prospects and experimentation

Throughout this thesis we have discussed the literature base and described three
studies identifying genetic and epigenetic mechanisms at play within patient gliomas.
Investigation utilizing array technology and next-generation sequencing have
revolutionized the study of patient samples. In the chapters above, the use of these
technologies resulted in the identification of SETD2 mutations [72], ACVRI mutations
[71] and characterization of aneuploidy in pediatric brain tumors. Prospective studies will
necessitate further characterization of the mechanistic implications of these mutations and
the manner in which we can target them to selectively kill tumor cells. As discussed
above, recent reports have emerged describing a role for epigenetic modifications,
specifically H3K36me3, in mRNA splicing [170,169]. In addition, intricacy of
SETD2/H3K36me3 and transcriptional regulation has been well-established
[260,10,276]. Future studies focusing on the transcriptomic implications of SETD2 loss-

of-function mutations within cortical gliomas will be of interest for investigation. Given
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the recent reports of RNA sequencing analysis within GBM tumors [241,75], and
increasing feasibility of RNA sequencing data analysis (reviewed in [272]), focused
studies of H3K36-altered tumors will allow for an exploration of transcriptional
aberrations. Moreover, integrating epigenomic information enabled by ChIP-seq of
histone marks [39,20,17], will enable global characterization of the genomic/epigenomic
interface within these tumors.

The identification of distinct growth factor receptor mutations associated with
histone H3.3 or H3.1 K27M mutations in different brain regions implicates novel
therapeutic avenues [71]. Creating accurate cell culture and mouse models of H3.3 and
H3.1 K27M or H3.3 G34R/V mutation will undoubtedly be critical tools for compound
screening and the next step for mechanistic investigation. Co-expression of ACVRI,
FGFRI1, PDGFRA or TP53 mutations, documented concurrent mutations in association
with histone mutations in patient samples, may be a required step prior to accurate
recapitulation of tumorigenesis in these models. Indeed, as discussed above, gliomas have
not been reported in patients with germline ACVR] variants, or mouse models of
activated BMP or ACVRI. Novel genome engineering strategies enabled by zinc finger
nuclease (ZFN) [34], transcription activator-like effector nuclease (TALEN) [257] and
notably clustered regularly interspaced short palindromic repeats (CRISPR) [49,174]
technologies will undoubtedly be of use for creation of such models. Engineered creation
and correction of histone and partner mutations such as ACVRI will enable investigation
into the sufficiency of these mutation clusters in driving these subgroups of tumors.

Patient-derived xenografts in immunocompromised mice through intracranial injections
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in corresponding neuroanatomical regions may permit investigation of the
microenvironment in contextual growth of tumor cells harboring specific mutations.

In much the same fashion as ACVRI mutations form a novel avenue for
accelerated therapeutic targeting of DIPGs, the UPR may prove to be a mechanism that
has potential for exploitation in aneuploid PA. As we have discussed above aneuploid-
specific and MDM2-correlated programs include elements related to UPR and
mechanisms dealing with dosage compensation in aneuploid PA tumors. Future studies
focusing on genetic or pharmacological inhibition of MDM?2 or the UPR in aneuploid PA
models will be of interest in assessing this phenotype. Targeting the ubiquitin-proteasome
and protein folding pathways as a means to counter mechanisms of dosage compensation
has been suggested for selectively killing aneuploid cells [88]. Chromosome transfer
strategies coupled with MDM2/UPR inhibition may be of interest for future mechanistic
studies in this regard. Furthermore, additional studies in PA tumor cells may be of
interest to elucidate whether aneuploid defects arise as a result of pre-mitotic DNA
replication stress as recently shown by seminal work in colorectal cancer cells

[32](reviewed in [33]).

5.6 Conclusion

Brain tumors are among the most feared diagnoses in oncology. Even with
modern gold standard treatments, survival for high-grade brain tumors remains dismal.
Moreover, the emergence of reports demonstrating distinct molecular mechanisms in
pediatric tumors, combined with currently adopted strategies from adult trials,

necessitates change for better outcomes. Herein we have explored the genomic
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landscapes of pediatric high-grade gliomas including GBM and DIPG, and low-grade PA
tumors across the lifespan. We characterize the frequent presence of epigenetic driver
mutations, including histone genes and companion chromatin-associated machinery
affecting H3K36 methylation, in pediatric tumors of the cerebral hemispheres. We also
investigated tumor biopsies of midline regions and determine predominance of H3 K27M
mutations and partner growth factor receptor mutations including ACVR1 in distinct brain
regions. Additionally we performed profiling studies and characterized the phenotype of
aneuploidy more frequent in adult tumors that may be enabled by specific mechanisms.
These data demonstrate that gliomas diagnosed in different age groups and brain
locations harbor exquisitely specific molecular profiles, although they appear identical in
routine histopathology. As such, moving forward will necessitate the adoption of
genomic and epigenomic strategies to complement neuropathology and focus on a
molecular re-classification of brain tumors as a critical step to improving the lives of

affected patients and their families.
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