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Summary

Paediatric brain tumours are the second most frequent malignancy in children, and the most
common cause of cancer-related deaths in both the 0-14-year and the 15-24-year age
group. In this thesis we focused our studies in paediatric malignant brain tumours of glial
origin (grade Ill and 1V): astrocytomas, oligodendrogliomas and glioblastomas. Although,
paediatric high grade glioma (pHGG) is a histologically similar tumour to that arising in
adults, these are distinct biological diseases, differing in copy number profiles and driver
genetic alterations. Recent sequencing initiatives have conclusively shown the existence of
subgroups of HGG marked by distinct driver mutations, which are significantly enriched in
young children (H3F3A K27M), teenagers and young adults (H3F3A G34R/V), and middle-
aged adults (IDH1/2). Structural rearrangements resulting in novel fusion genes are strongly
associated with cancer, and numerous examples exist in both adult and childhood
malignancies. Although, only few have been described in pHGG. Structural variants (SV)
frequently result in chimeric proteins targetable by novel therapeutic approaches, an
outcome desperately needed in pHGG. The work summarized in this thesis aims to explore
novel structural rearrangements in childhood malignant gliomas, contributing to uncover the
molecular mechanisms underpinning pHGG, to further contribute to distinguish the adult and

childhood disease.

PDGFRA is a receptor tyrosine kinase (RTK) that triggers essential cellular responses such
as proliferation, migration, and survival. This gene is commonly amplified and overexpressed
in paediatric malignant gliomas, playing an important role in this disease. To determine
whether PDGFRA was also targeted by more subtle mutations missed by copy number
analysis, we screened a large series of cases for single base changes and small indels, as
well as the PDGFRAAS8,9 deletion and KDR:PDGFRA (KP) fusion gene, previously reported
in adult high grade glioma (aHGG). Somatic-activating mutations were identified in
nonbrainstem pHGG and Diffuse Intrinsic Pontine Gliomas (DIPG), including missense
mutations and in-frame deletions and insertions not previously described. In our studies
PDGFRA alterations were more common in pHGG arising outside the brainstem (14% vs
6%), and 8/18 (44%) cases had concomitant amplification and mutation of PDGFRA. The
adult rearrangements (KP and PDGFRAA8,9) were only found in adult cases and one case

of pHGG. Thus, a distinct spectrum of PDGFRA alterations is present in pHGG.

As functionally important intragenic copy number aberrations (iCNA) and fusion genes begin
to be identified in aHGG, the same has not yet been done in the childhood setting. We

applied an iCNA algorithm to our previously published dataset of DNA copy number profiling
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in pHGG with a view to identify novel intragenic breakpoints. We reported a series of 288
iCNA events in pHGG, with the presence of intragenic breakpoints itself a negative
prognostic factor. We identified an increased number of iCNA in older children compared to
infants, and increased iCNA in H3F3A K27M mutant tumours compared to G34R/V and wild-
type. We observed numerous gene disruptions by iCNA due to both deletions and
amplifications, targeting known HGG-associated genes such as RB71 and NF1, putative
tumour suppressors such as FAF1 and KIDINS220, and novel candidates such as PTPRE
and KCND2. We further identified two novel fusion genes in pHGG — CSGALNACT2:RET
and the complex fusion DHX57:TMEM178: MAP4K3.

To further examine whether SVs that lead to the production of oncogenic fusion proteins
were present in pHGG, we used whole genome and transcriptome paired end sequencing to
detect novel gene fusions in pHGG model cell lines — KNS42, SF188 and UW479. Our study
showed for the first time that glioma cell lines are highly rearranged and that they are
characterized by several fusion genes. We discovered three extra-chromosomal structural
rearrangement structures in SF188, which involve chromosomes 4q12 (SCFD2, FIP1L1),
8q24 (MYC), 11p11, 11913 (CCNDT), 11p14, 11923 (MLL) and 12q14 (CDK4). The
amplified loci represented three very complex structures, which were present in the form of
three double minutes (DM). We characterized a fusion gene in each cell line:
GORASP2:CDADC1 in KNS42, NUBPL:AKAP6 in UW479 and RPTOR:TULP4 in SF188.
The RPTOR:TULP4 fusion gene described in SF188 involved RPTOR, an important
component of mTOR signalling. This fusion leads to the expression of a truncated form of
RPTOR in SF188. We discovered that RPTOR was disrupted 2.2% of pHGG cases and that
patient samples harboured similar truncations to the SF188 cell line. As the roles of these
fusion genes are still unclear, further studies need to be performed in order to better

understand their role in pHGG.

In summary these data expand upon our understanding of the genomic events driving these
tumours and represent novel targets for therapeutic intervention in these poor prognosis

cancers of childhood.
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Resumo

Os tumores cerebrais pediatricos sdo a segundo tumor maligno mais comum em criangas.
Estes tumores séo a principal causa de morte por cancro nos grupos dos 0-14 e dos 15-24
anos. Nesta tese, centramos os nossos estudos em tumores pediatricos malignos de origem
glial (grau lll e IV): astrocitomas, oligodendrogliomas, e glioblastomas (GBM). Apesar dos
gliomas pediatricos de alto grau serem histologicamente semelhantes aos gliomas adultos
malignos, estes sdo doencas biologicamente diferentes, possuindo perfis de numero de
copias de ADN e alteragdes genéticas diferentes. As recentes iniciativas de sequenciagéo
de ultima geragdo demonstraram a existéncia de sub-grupos de gliomas de alto grau que
sdo caracterizados por mutagdes distintas: nas criangas (H3F3A K27M), nos adolescentes e
jovens adultos (H3F3A G34R/V) e nos adultos de meia-idade (/IDH1/2). As aberragdes
estruturais dos cromossomas dao origem a formagdo de genes de fusdo que estdo
normalmente associados com cancro, existindo varios casos descritos em cancros de
criangas e adultos. No entanto, nos gliomas pediatricos de alto grau apenas alguns genes
de fusao foram descritos. Estes rearranjos estruturais normalmente dao origem a proteinas
quiméricas que potencialmente podem ser importantes na resposta tumoral a terapia
dirigida, algo extremamente necessario para o tratamento desta doenca. O trabalho
resumido nesta tese pretende explorar os mecanismos moleculares que estdo por detras
dos gliomas pediatricos de alto grau, contribuindo desta forma para a distingdo entre os

gliomas malignos pediatricos e adultos.

O PDGFRA é um receptor de tirosina cinase (RTK) que activa varias respostas celulares,
tais como a proliferagdo, a migracdo e a sobrevivéncia das células. Este gene esta
normalmente amplificado e & sobre-expresso em gliomas malignos pediatricos,
desempenhando um papel muito importante nesta doenca. De forma a determinar se o
PDGFRA é alvo de mutacbdes que nao sido detectadas através da analise do numero de
copias de ADN, decidimos estudar a presenca de alteragdes moleculares do PDGFRA
(mutagdes pontuais e pequenas insercdes/delegdes), assim como a delegdo A8,9 no
PDGFRA e o gene de fusdo KDR:PDGFRA (KP), anteriormente descritos em gliomas
malignos em adultos. Os nossos resultados demonstraram a presenca de mutagdes
somaticas de ganho de fungao, incluindo mutagdes missense e delegbes/insercdes in-frame
gue ndo tinham sido descritas anteriormente na literatura. Estas alteragdes estdo presentes
em ambos gliomas pediatricos supratentoriais de alto grau e em gliomas pontinos difusos
(DIPG). Os nossos estudos demonstraram que as alteracées no PDGFRA s&o mais comuns
em gliomas supratentoriais malignos do que em DIPG, e 8/18 (44%) dos casos possuem

simultaneamente amplificagdo e mutacdo no PDGFRA. Os rearranjos estruturais
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normalmente presentes em adultos (KP e PDGFRAAS8,9) foram apenas encontrados num
caso de glioma pediatrico de alto grau. Estes resultados indicam que as alteragbes

presentes no PDGFRA em criangas sao diferentes daquelas presentes em adultos.

Enquanto que as alteragdes do numero de cépias intragénicas (iCNA) e de genes de fuséo
funcionalmente importantes comegcam a ser identificados em gliomas de alto grau em
adultos, o mesmo ainda ndo ocorreu nos gliomas pediatricos. Ao aplicar o algoritmo iCNA a
um conjunto de dados de perfis do nimero de cdpias de ADN em casos de gliomas
pediatricos malignos, previamente publicado pelo nosso grupo, identificamos novas
alteragbes intragénicas. Neste estudo, identificamos 288 eventos ICNA em gliomas
pediatricos de alto grau, sendo que a presenca destes breakpoints intragénicos €& por si so
um factor de prognéstico negativo. Quando comparadas com criangas mais jovens, 0s
adolescentes possuem maior numero de iCNA. Os tumores que tém a mutagdo H3F3A
K27M também apresentam maior nimero de iCNA quando comparados com os tumores
que tem a mutagcao H3F3A G34R/V ou com os casos normais. No nosso estudo também
observamos inumeras disrupgdes de genes por iCNA devido a dele¢cbes e amplificacbes. Os
genes alvo destas disrupgdes estdo associados a gliomas malignos, tais como RB71 e NF1,
a supressores tumorais putativos, como por exemplo o FAF1 e o KIDINS220, e também a
novos candidatos tumorais, como o PTPRE e KCND2. ldentificamos também dois novos
genes de fusdo, CSGALNACT2:RET e DHX57:TMEM178:MAP4K3.

De forma a explorar a ocorréncia de alteragdes cromossdmicas estruturais que dao origem
a proteinas de fusdo oncogénicas, utilizamos a sequenciagédo de ultima geragdo do ADN e
ARN de linhas celulares de gliomas pediatricos de alto grau — KNS42, SF188 e UW479. O
nosso estudo mostrou pela primeira vez que estas linhas celulares sdo caracterizadas por
varios genes de fusdo. Descobrimos ainda a presenga de trés estruturas extra-
cromossomais presentes na linha celular SF188. Estas estruturas envolvem os
cromossomas 4912 (SCFD2, FIP1L1), 8g24 (MYC), 11p11, 11913 (CCND1), 11p14, 11923
(MLL) e o 12914 (CDK4). Estas regides estdao amplificadas e estdo presentes em trés
estruturas muito complexas sob a forma de double minutes (DM). Caracterizamos ainda um
gene de fusdo por cada linha celular: o0 GORASP2:CDADC1 na KNS42, o NUBPL:AKAP6
na UW479 e o RPTOR:TULP4 na SF188. O gene de fusdo RPTOR:TULP4 descrito na
SF188 envolve o gene RPTOR, um importante componente da via de sinalizagcdo do mTOR,
e leva a expressdo de uma forma truncada do RPTOR. Esta quimera foi encontrada em

2.2% dos gliomas pediatricos de alto grau
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Concluindo, o trabalho resumido nesta tese amplia o nosso conhecimento sobre os eventos
gendmicos caracteristicos destes tumores, e representa novos e potenciais targets para a

terapia dirigida, numa doenga que ainda nao tem cura.
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Chapter 1 is a general introduction to paediatric high grade gliomas (pHGG), the disease
explored during my PhD, and the occurrence of structural variants (SVs) in cancer and

pHGG, describing the most up-to-date relevant literature for both topics.
Chapter 2 describes the general aims of this thesis.

Chapter 3 presents two studies which report the characterization of PDGFRA in a series of
pHGG, looking at PDGFRA mutation status and structural rearrangements in the context of

paediatric glioblastoma.

Chapter 4 comprises a study which identified numerous potentially functional gene
disruptions and a novel validated complex fusion, DHX57:TMEM178:MAP4K3 in a pHGG

cohort, using an algorithm designed to identify intragenic copy number breakpoints.

Chapter 5 describes the genomic characterization of the few pHGG models commonly used
for the study of this disease. The structural rearrangements present in KNS42, SF188 and

UW479 are described and validated using different techniques.

Chapter 6 reports a rearrangement found in SF188, RPTOR:TULP4. This fusion gene is

described, validated and further screened in a series of paediatric and adult HGG.

Chapter 7, the final chapter, discusses the major findings reported in this thesis, supported

by the most up-to-date literature in pHGG and structural rearrangements.
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1. INTRODUCTION

1.1. Incidence and general overview

Cancer is the third leading cause of death in the world and the first in economically
developed countries [1, 2]. Worldwide, based on GLOBOCAN 2012, approximately 14.1
million new cases of cancer and nearly 8.2 million cancer-related deaths are estimated to
have occurred within the space of 12 months (excluding non-melanoma skin cancer) [2-4].
Regarding the paediatric population, cancer is the leading cause of death by disease in the
United States [5]. Approximately 14,276 new cases of paediatric cancers were diagnosed in
children between 0-19 years in 2010, with nearly 2000 deaths estimated to occur [6]. In the
UK, between 2006-2008, approximately 850 children and young adults (0-24 years) were
newly diagnosed with cancer [7]. Despite an overall improvement in survival of both

paediatric and adult tumours, some cancers have had no changes in decades.

1.1.1. Histological classification and clinical features of central nervous system

tumours

Brain tumours are classified according to The World Health Organization (WHO) criteria,
according to the morphological resemblance to the differentiated cells in the brain,
cytoarchitecture and immunohistological marker profile [8, 9]. In addition to a morphological
grouping, the WHO classification system also clusters tumours according to its grade — 1, Il,
Il and IV, in ascending order of malignancy. Higher grade tumours (grade Ill and IV) have a
worst clinical outcome and are histologically characterized by the presence of nuclear atypia,
increased proliferation, microvascular proliferation and necrosis. Lower grade tumours
(grade | and II) have low proliferative potential and the possibility of cure after surgical
resection [8, 9]. This thesis will focus on high grade tumours of glial origin, astrocytomas
(grade III), oligodendroglioma (grade Il and 1V) and glioblastoma (GBM) (grade IV) in the
paediatric setting (Figure 1.1).

High grade gliomas (HGG) are histologically characterized by microvascular proliferation,
cellular atypia, elevated mitotic activity and high cell density (Figure 1.2). The grade IV
glioma, also known as GBM (previously multiforme, GBM), is the most aggressive variant of
diffuse glioma with a very poor prognosis of approximately 1 year, which may be extended
by a few months using surgery and radiochemotherapy [10, 11]. These lesions show
increased vascular endothelial proliferation, necrosis as well as a very high cell density and
morphological atypia (Figure 1.2C). Mostly it occurs de novo — primary GBM — but it can also

evolve from a preceding low-grade lesion, described as secondary GBM.
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Figure 1.1. Overview of histological subtypes of glial brain tumours and WHO grading based on the

2007 WHO classification [8, 9]. Highlighted in grey are the tumours studied in this thesis.



Despite their distinct clinical histories, they are morphologically and clinically
indistinguishable [12, 13]. Secondary GBMs occur less frequently (~5% of GBMs) and
predominantly in younger patients (median age ~45 years vs ~60 years for primary GBMSs).
Despite the many differences between the adult and paediatric population, the WHO

classification does not make a distinction for a specific diagnosis based on the patient’s age.
A B C

Anaplastic Astrocytoma Anapastic Oligodendroglioma Glioblastoma Multiforme
WHO Grade Ill WHO Grade Ill WHO Grade IV

Figure 1.2. Schematic showing the classification of diffuse gliomas of astrocytic and oligodendroglial
lineages. Representative micrographs for each tumour (anaplastic astrocytoma (A), anaplastic
oligondendroglioma (B) and glioblastoma (C)) class studied in this thesis are given.

In the central nervous system (CNS) it is a common idea that a sequential differentiation
takes place, starting with stem cells that give rise to progenitor cells that finally progress to
fully differentiated cells. In the normal brain the CNS stem cell gives rise to neuronal and
glial progenitors, which subsequently give rise to the mature cell types found in the brain,
including neurons, oligodendrocytes and astrocytes [14]. Brain tumours may have its origin
from either these CNS stem cells or their immediate downstream more proliferative
progenitors (glial or neuronal), but the precise cell of origin remains largely unknown [15, 16].
It is generally believed that astrocytomas arise from astrocytic precursors, whereas
oligodendrogliomas arise from oligodendrocytic, and that mixed gliomas arise from both
progenitors (Figure 1.3). Interestingly, all of these cell types can give rise to glioma if
genetically modified and even mature neurons and astrocytes can also generate malignant

gliomas [17].
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Figure 1.3. The neuroglial lineage tree. Committed glial progenitors, previously produced by self-
renewing, common progenitors eventually differentiate into mature astrocytes and oligodendrocytes.

Dashed arrows indicate a selection of likely candidates as cell of origin for each glioma variant [15].

1.1.2. Malighant glioma epidemiology

The annual age-adjusted worldwide incidence of primary brain and CNS tumours is 3.4 per
100,000 people with a mortality rate of more than two-thirds (2.5 per 100,000 people per
year) [3, 4]. The incidence and mortality rates are different between men and women, with
both rates being higher in men (3.9 vs 3.0 per 100,000 people and 3.0 vs 2.1 per 100,000
people, respectively) [3, 4]. In the paediatric population, there is a slight incidence difference
between male and female, with a higher rate in male (1.2 vs 1.0 per 100 000 people per
year). The mortality rate for both males and females is approximately 0.5-0.6 per 100 0000
per year [3, 4] .

In the paediatric population the world annual incidence of brain and CNS neoplasia is lower
than in adults with a rate of 1.1 per 100,000 people per year [3, 4]. Nevertheless brain and
CNS tumours are the second most frequent malignancy in children, just after leukaemia.
These tumours account for 24.5% of all tumours in those 0-14 years of age and 8.9% in
those 15-24 years of age [18]. More importantly, CNS tumours are the most common cause

of cancer-related deaths in both the 0-14 year and the 15-24 year age group.

The majority of CNS tumours in all age groups are gliomas. There is an increased incidence
of malignant glioma with increasing age (Table 1.1), with low grade glioma (LGG) being
more common in children, whereas HGG is more common in adults [19]. Tumour location is
one of the key differences between adult HGG (aHGG) and paediatric HGG (pHGG). While



Table 1.1. Rate (95%Cl) of malignant glioma per 100.000 person/years.

Age range Glioma Malignhant,
Jens) AA AO GBM NOS

0-4 0.05 (0.04-0.07) NR 0.09 (0.07-0.11) 0.86 (0.81-0.92)
5-9 0.08 (0.07-0.10) NR 0.14 (0.12-0.17) 0.8 (0.75-0.87)
10-14 0.09 (0.07-0.11) NR 0.16 (0.14-0.19) 0.43 (0.39-0.47)
15-19 0.09 (0.08-0.11)  0.02 (0.02-0.04)  0.17 (0.14-0.19) 0.24 (0.22-0.28)
0-14 0.08 (0.07-0.09)  0.01 (0.01-0.01)  0.13 (0.12-0.15) 0.70 (0.67-0.73)
0-19 0.08 (0.07-0.09)  0.01 (0.01-0.01)  0.14 (0.13-0.15) 0.58 (0.56-0.61)
20-34 0.26 (0.24-0.28)  0.09 (0.08-0.10)  0.39 (0.37-0.41) 0.23 (0.22-0.25)
35-44 0.35(0.33-0.38)  0.17 (0.15-0.19)  1.21 (1.16-1.25) 0.24 (0.22-0.26)
45-54 0.43 (0.41-0.46) 0.18 (0.17-0.20)  3.66 (3.58-3.74) 0.28 (0.25-0.30)
55-64 0.67 (0.63-0.71) 0.22(0.20-0.25)  8.16 (8.02-8.30) 0.39 (0.36-0.42)
65-74 0.92 (0.86-0.98)  0.19 (0.17-0.22)  13.21(12.98-13.45)  0.68 (0.63-0.73)
75-84 0.96 (0.88-1.04)  0.14 (0.11-0.17)  14.64 (14.34-14.94)  1.22 (1.14-1.31)
85+ 0.40 (0.33-0.48) NR 8.96 (8.59-9.33) 1.55 (1.40-1.71)

Data from Therese A. Dolecek et al, Neuro-Oncology, 2012 CBRTU, age-adjusted to the 2000 US.
standard population. Abbreviations: NOS, not otherwise specified; NR, not reported; AA: Anaplastic

Astrocytoma; AO: Anaplastic Oligodendroglioma; GBM: Glioblastoma

in adults tumours occur mainly in the supratentorial regions of the brain (cerebral
hemispheres and midline structures above the tentorium), in children the infratentorial region
(brainstem and cerebellum) is more commonly affected (Figure 1.4) [20, 21]. Infratentorial
malignant gliomas of the brainstem represent 10% of pHGG and 80% of these are
characterized as diffuse intrinsic pontine gliomas (DIPG) [22]. Supratentorial HGG occur
more frequently in young children than in adolescents or adults. The malignant gliomas that
arise in the thalamus represent 12% of pHGG and are more common in children than adults
[23, 24]. Less commonly, malignant glioma arises in the spine with an incidence of 3% in
both adults and children [25].

The majority of HGG symptoms are common to the paediatric and adult populations. The
patients normally present focal neurological deficits, cognitive decline, seizures, and
symptoms of increased intracranial pressure, such as headaches, drowsiness, confusion,

nausea and vomiting [26]. These symptoms can occur at any stage of the disease and they
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Figure 1.4. Representation of different anatomical regions of the brain. The cerebrum corresponds to
the supratentorial region (above the tentorium cerebelli) of the brain and comprises the cerebral
cortex (the left and right cerebral hemispheres), as well as several subcortical structures, including the
hippocampus, basal ganglia, and olfactory bulb. The brainstem is part of the infratentorial region

(below the tentorium cerebelli) of the brain and it includes the medulla oblongata, pons, and midbrain.

depend on the location and growth rate of the tumour. A rapidly growing and/or more
aggressive tumour normally present symptoms that arise suddenly. On the other hand, a
more prolonged clinical history possibly represents a slow growing, low grade tumour.
Moreover, infants (>3 years) may also present with head enlargement, due to an incomplete
fused skull [26, 27].

pHGG has always been a biologically understudied cancer when compared with aHGG,
despite being one of the leading causes of cancer-related deaths in children, representing
15-20% of all childhood tumours of the CNS. Like in adults, even with aggressive multimodal
therapy, children with GBM have a poor clinical outcome, with a current two-year survival
rate of 10-15% [28].

1.1.3. Current therapy for paediatric high grade glioma

The initial treatment for a child with a newly diagnosed HGG is to attempt a maximal safe
surgical resection [29, 30]. The ultimate goal of surgery is to obtain a complete resection

without postoperative complications, however, even when a complete clear radiographic



scan is achieved, it is understood that microscopic tumour cells are still present due to the
infiltrative nature of these lesions [30]. Sometimes a complete resection is not feasible due to
tumour location (eg. brainstem HGG), in which case a biopsy might be performed. Additional
treatments are normally required, including chemotherapy, radiation therapy or a

combination of both in order to minimise the high likelihood of local recurrence [29, 30].

Radiotherapy was the first adjuvant therapy that improved survival in aHGG, and it also
become the mainstay of therapy for children, especially for children older than 3 years old
with newly diagnosed HGG [30]. Normally, the conventional dosing for a child is 50-60 Gy
delivered in daily fractions of approximately 180-200 cGy over a 6 week period [31]. Based
on strong research evidence [32], it has been shown that a combination of chemotherapy
and radiotherapy brings benefits to children with newly diagnosed HGG. Since the CCG-943
trial, the addition of chemotherapy to radiotherapy has been adopted by many as the
accepted standard of care for these patients. In this trial, patients were randomized to
receive either radiotherapy alone versus radiotherapy followed by prednisone, lomustine and
vincristine (PCV) chemotherapy. Five-year event free survival was 46% in the chemotherapy
treated group versus 18% in the radiation alone group, showing a significant survival
advantage [33]. The immediate successor to CCG-943 was the CCC-945 trial, in which an
additional chemotherapy arm was added to PCV (PCV in combination with eight agents:
prednisone, lomustine, vincristine, hydroxyurea, cisplatin, cytarabine, dacarbazine, and
procarbazine). There was no statistical difference between the two arms and the outcomes
were worse as compared to the previous CCG-943 study [34], although a subsequent
central pathology review revealed that many patients enrolled in the CCG-943 and CCG-945
included LGG [35].

In 1995, Stupp and colleagues demonstrated that the addition of temozolomide (TMZ), an
oral alkylating agent, to GBM treatment in adult patients gave meaningful significant survival
benefit with minimal additional toxicity as compared to radiation alone [36]. The TMZ clinical
trial in children with HGG by contrast showed no survival benefits when compared with
control [37]. The Stupp protocol is nevertheless, due to TMZ tolerability and ease of
administration, still used by many clinicians to treat newly diagnosed patients who are not

enrolled on a clinical trial [30].

The increased understanding of signalling pathways involved in the initiation of malignant
gliomas led to the development of novel targeted therapies, such as compounds directed
against a variety of receptor tyrosine kinases (RTKs) (eg. erlotinib, gefinitnib, cetuximab) and

anti-angiogenic drugs (bevacizumab and cediranib).



Table 1.2. A summary of targeted therapies in adult and paediatric malignant glioma, including pontine

glioma. Adapted from [38].

Median PFS 6-month

Agent Tumour OR (%) Comments
(months) PFS (%)
EGFR
Erlotinib aHGG  0-25 1.8-5.2 0-19 Recurrent or relapsed
pHGG O 15 34 Recurrent or relapsed
DIPG 17 8 90 Neyvly diagnosed with
radiotherapy
Gefitinib aHGG 0-18 2.0-6.8 9-62 Recurrent or relapsed
pHGG O NR 15* Recurrent or relapsed
DIPG 14 74 88 Ne\{vly diagnosed with
radiotherapy
Nimotuzumab aHGG NS NS NS NS
pHGG 4 1.8 NR Recurrent or relapsed
DIPG 10 55 NR Neyvly diagnosed with
radiotherapy
PDGFR
Imatinib aHGG 0-18 1.8-9.5 3-52 Recurrent or relapsed
pHGG O NR 18 Recurrent or relapsed
DIPG 3 NR 70 Neyvly diagnosed with
radiotherapy
VEGFR/EGFR
Vandetanib aHGG 16 NR NR Recurrent or relapsed
pHGG NS NS NS NS
DIPG NR NR 88 Ne\{vly diagnosed with
radiotherapy
VEGF
Bevacizumab aHGG  20-26 4-4.2 20-36 Recurrent or relapsed
PHGG 0 45 42 _R_ecurrent or relapsed with
irinotecan
DIPG 0 o5 10 Recurrent or relapsed with
irinotecan
mTOR
Temsirolimus aHGG  0-7 2.3 2-8 Recurrent or relapsed
pHGG O 1.9 NR Recurrent or relapsed
DIPG 0 2.5 NR Recurrent or relapsed
Farnesyltransferase
Tipifarnib aHGG 6 2 11 Recurrent or relapsed
pHGG NS NS NS NS

Newly diagnosed with

DIPG NR NR 44 .
radiotherapy

*1-year PFS. Abbreviations: aHGG, adult high-grade glioma; DIPG, diffuse intrinsic pontine glioma;
pHGG, paediatric high-grade glioma; NR, not reported; NS, not studied; OR, objective response; PFS,

progression-free survival.
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Unfortunately to date, these have not been shown to provide significant survival benefit
when used alone or in combination with other therapies (Table 1.2) [39]. Despite combined
surgery, chemotherapy, and radiation treatments, a significant proportion of children will still

have progressive or recurrent disease.
1.2. Molecular biology of high grade glioma

The biology of HGG in children and young adolescents was for a long time woefully
understudied, in part due to limited number of paediatric samples and the belief that this
disease was likely identical to aHGG. In the last few years large scale genomic profiling
studies have helped to elucidate a clearer biological picture of pHGG and provided a deeper
insight into gliomagenesis across all age groups. With the help of exome and whole genome

sequencing (WGS) the genetic alterations underpinning pHGG are starting to be revealed.
1.2.1. Molecular profile of pHGG

Gene expression

In terms of gene expression signatures, in 2006 Philips and colleagues proposed for the first
time the clustering of adult GBMs into three groups, designhated Proneural, Mesenchymal
and Proliferative. Both Mesenchymal and Proliferative types showed the most pronounced
expression of stem-cell-related genes, similar chromosomal losses on chromosome 10 and

gains on chromosome 7, with worse survival compared with the Proneural subtype.

Later, Verhaak and colleagues studying The Cancer Genome Atlas (TCGA) dataset
proposed the existence of four subtypes instead of three [40, 41], described as Proneural,
Neural, Classical and Mesenchymal. In the Classical subtype the vast majority of GBMs
present chromosome 7 amplification paired with chromosome 10 loss, along with high rates
of EGFR (epidermal growth factor receptor) alterations (amplification and mutation) and Rb
(retinoblastoma protein) pathway disruption, mediated in part by CDKN2A (cyclin-dependent
kinase inhibitor 2A) homozygous deletion and other alterations on RB1, CDK4 (cyclin-
dependent kinase 4) and CCND2 (cyclin D2) genes, but no TP53 (tumour protein p53)
mutations were found [41, 42]. The Neural subclass included tumours that contain mutations
and deoxyribonucleic acid (DNA) copy number aberrations (CNA) but surprisingly their
expression patterns are the most similar to normal brain tumours. These tumours express
neuronal markers, such as NEFL (neurofilament light polypeptide), GABRA1 (gamma-
aminobutyric acid A receptor, alpha 1) and SLC12A5 (solute carrier family 12 member 5)
[41]. In the Mesenchymal subtype focal NF1 (neurofibromin 1) hemizygous deletions were

the most common event. CNAs were described for EGFR and MET (mesenchymal epithelial
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transition factor receptor), together with a high expression of CH13L1 (chitinase-3-like-1) and
MET. The Proneural subset is associated with a younger age and expression of genes
typical of an oligodendrocytic lineage, including PDGFRA (platelet-derived growth factor
receptor), NKX2-2 (NK2 homeobox 2) and OLIG2 (oligodendrocyte lineage transcription
factor 2), and also presented point mutations in IDH1 (isocitrate dehydrogenase 1) gene,
which have been previously associated with secondary GBM [43-45]. The Proneural group
was further subdivided into glioma-CpG island methylator phenotype (G-CIMP)-positive and
G-CIMP negative [46], with a subset of samples showing robust hyperrmethylation at a large
number of loci, which correlated strongly with the presence of IDH1 mutations. When
comparing the Philips versus the Noushmer classification schemes, it appears that the
Proneural and the Mesenchymal signatures are the most robustly defined. Putative drivers of
mesenchymal transformation have been recently identified, including CTNND2 (encoding
catenin-8) as a negative driver and RHPN2 (Rho GTPase binding protein 2) as a positive
driver [47, 48]. Moreover, three transcription factors, STAT3 (signal transducer and activator
of transcription 3), C/EBPB (CCTA/enhancer-binding protein-B) and TAZ (transcriptional co-
activator with PDZ-binding motif), have recently emerged as epigenetic master regulators of
the mesenchymal subgroup and can be used to predict poor clinical outcome [49, 50]. In
addition, a study by Brennan and colleagues [51] measured the relative protein levels of
signalling molecules within pathways crucial to glioma biology [42], a targeted proteomic
analysis which showed some overlap with the genomic GBM subclasses previously
described. Three distinct patterns were each associated with EGFR activation, PDGF
activation or NF1 silencing, which correspond to the Classical-Neural, Proneural and
Mesenchymal groups. The EGFR group has elevated expression of Notch ligands, leading
to Notch pathway activation. The high levels of PDGFB ligand and PDGFRB phosphorylation
characterize the PDGF subclass. The NF1 group is associated with low levels of NF1 and
suppressed levels of PI3K (phosphatidylinositol-4, 5-bisphosphate 3-kinase) and MAPK

(mitogen-activated protein kinase) pathways proteins [51].

Physiologic miRNA activity has been shown to also play an important role in gliomagenesis,
through the regulation of genes involved in proliferation, apoptosis, migration, angiogenesis
and aspects of stem cell biology. A recent study by Sumazin and colleagues showed that
drivers of tumour initiation and different GBM subtypes, like PTEN (phosphatase and tensin
homolog), PDGFRA, RB1 and VEGFA (vascular endothelial growth factor A), are regulated
by a distinct set of miRNAs [52].

The first gene expression profiling studies of pHGG underlined both the similarities and

differences of these tumours when compared with aHGG. A study by Paugh et al used gene
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expression profiles to distinguish different subgroups of pHGG, identifying three main groups
— HC1, HC2 and HC3 [53]. The HC1 subgroup showed overexpression of genes associated
with cell cycle regulation; overexpression of neuronal differentiation genes was seen in HC2
group and finally the HC3 group overexpressed genes related to cellular matrix-receptor
interactions and cell adhesion. Using a gene set enrichment analysis, they showed that
these three paediatric subgroups seem to overlap with the subgroups previously identified in
aHGG - Proliferative, Proneural and Mesenchymal [54]. Significantly, 88% of PDGFR
(platelet-derived growth factor receptor) driven tumours clustered into the Proliferative/HC1
subclass, showing that this pathway is a strong driver of proliferation in pHGG, and distinct
to the strong PDGFRA/IDH1/Proneural associations observed in aHGG. Gain of 1q was
found at high frequency both in Proliferative/HC1 and Proneural/HC2 subgroup, but highly
underrepresented in the Mesenchymal/HC3 subclass. In addition, the Verhaak et al [41]
Proneural subgroup, as well as being associated with PDGFRA, is closely correlated with
IDH1 mutations, a genotype largely absent from the Paugh et al data . Furthermore, the
PDGFRA-driven gene expression signature in pHGG is different from that seen in aHGG,
which is associated with cell-cycle regulators and genes associated with proliferation .
Hence, pHGG are preferentially and differentially driven by PDGFRA amplification, in
contrast to EGFR in adult tumours.

Copy Number aberrations

Some of the most common chromosomal aberrations found in aHGG are also described in
pHGG but at significantly lower frequency. Chromosome 7 gain (74-83%) together with 10q
loss (80-86%) is by far the most commonly described abnormality in adult GBM [55, 56]. In
the paediatric setting these are far less common (13-19%, 16-38%, respectively) (Table 1.3)
[55, 56]. Tumours with 7+/10- are highly enriched in the Classic adult subclass but are less
common in the Proneural subtype, and completely absent in the IDH-mutant G-CIMP
positive tumours [41, 46, 54, 57]. In addition, aHGG have also consistently, though at lower
frequency, revealed gains of chromosomes 19 and 20, and losses of 9p, 22q, 13q, 14q and
69 [55, 56] (Table 1.3). Paediatric tumours normally display gain of 1q (19-20%) and, to a
lesser extent, losses of 16q (7-18%) and 4q (2-15%) [38]. On average, childhood HGG
harbour considerably fewer DNA copy number alterations than their adult counterparts, with
~15% of these tumours lacking any detectable CNAs [38, 57-59]
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Table 1.3. Location-specific and age specific genetic differences in malignant glioma. Adapted from
[38, 60].

Genetic Abnormality DIPG* HGG#
Infant Child Adolescent  Young adults Adults
<3ys 3-14ys 14-21ys 21-44ys >45ys

Gainof1q ++ ++ +4 ++ + j
Loss of 16q + ++ ++ ++ i .
Stable Genome - ++ ++ ++ i .
Gain of 7 + - - - ++ Tt
Loss of 10q ++ + + + ++ +++
EGFR Amp + - + + ++ +++
PDGFRA Amp +++ - ++ ++ ++ +
CDKN2A/2B Del - + ++ ++ +++ +++
p53 pathway Alt +++ +++ ++ ++ ++ ++
PI3K pathway Alt ++ + ++ ++ ++ o+
Rb pathway Alt ++ + + + ++ T+
BRAF V600E - - + +4+ + )
IDH1 R132X - - - + +4++ +
H3F3A K27M +++ NR 4+ F+ + .
H3F3A G34R/V - NR + +4+ " )
HIST1H3B K27M ++ NR - - - -
ACVR1 mutation ++ - - - - -
NTRK SV + ++ + NR NR NR

*Peak age 4-9years. Grade not specified; infratentorially located. #Supratentorially located.
Abbreviations: - low; + moderate; ++ high; +++ very high; DIPG, diffuse intrinsic pontine glioma;
HGG, high grade glioma; NR, not reported; ys, years; Amp, amplification; Del, deletion; Alt,

alterations

A study by Bax et al distinguished four different subclasses based on the pattern of different
genomic profiles of paediatric GBM, described as Stable, Aneuploid, Rearranged or
Amplifier genomes [59]. The Stable genome group has few, low level, focal changes, it
occurs in 20.6% of cases and it is independent of histological grade or type, but seems to
convey an improved survival in patients with HGG. This group appears to be unique to the
paediatric setting. In contrast, the Aneuploid group comprises tumours with large, single
copy alterations involving whole chromosomes or chromosomal arms, occurring in 34.9% of
cases. The Rearranged group includes tumours with numerous, low level, intra-
chromosomal breaks resulting in multiple gains and losses. Finally, tumours with single or
multiple high level amplification were part of the Amplifier group, that had a significantly

worse clinical outcome.
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In 2008, high-throughput molecular profiling studies of aHGG lead to the identification of
three major intracellular signalling pathways which are commonly targeted by genetic
alterations. Later in 2013, TCGA initiative expanded the scope and depth of molecular data
on GBM, incorporating next generation datasets available [56]. These studies showed that
GBM has deregulation of growth factor signalling via amplifications and mutations of the
RTK genes and the activation of the PI3K pathway; inactivation of the p53 pathway, often via
direct mutation; and dysregulation of Rb tumour suppressor pathways via
activation/inactivation of enhancers/repressors (Figure 1.5) [42, 44, 61]. Combining copy
number and sequencing data, 79%, 86% and 90% of 251 samples harboured somatic
alterations in core components of the RB, TP53 and RTK pathways [42, 56]. Contrary to
adult GBM, alterations of the three core signalling pathways of HGG is seen in significantly
lower frequency in children GBM: 25% RTK/PI3K, 19% p53 and 22% RB [59], at least at the
copy number level. Genomic amplification of the EGFR gene is the most frequent genetic
alteration in aHGG (>40%) but it is rarely seen in children HGG (0-11%) [38, 44, 55]. On the
other hand, focal amplification at 4q12 encompassing the PDGFRA gene is the one focal
alteration which is more commonly observed in children with HGG [58, 59]. PDGFRA is the
most common event in paediatric setting and it leads to PDGFR signalling activation which is
augmented by rare findings of PDGFA, PDGFB, and PDGFRB gain or amplification [38, 58,
59, 62]. Several studies have also suggested that PDGFRA is the key oncogenic event in
DIPG and that this alteration is more commonly observed in radiation-induced gliomas [58].
Additionally, aHGG also harbour CDKN2A and CDKN2B deletions in 53% of cases, yet
these events are rarely seen in pHGG [56]. The G1 checkpoint regulators CCND1, CCND2,
CCND3, CDK4 and CDK6 are predominantly amplified in DIPGs, whereas CDKN2A
homozygous deletions are restricted to supratentorial pHGG [63]. Other genes that are less
frequently targeted by homozygous deletion in adult GBM (1-10%) include PTEN, RB1,
CDKN2C, FAF1 (FAS-associated factor 1), QKI (QKI KH domain containing), NF1, NPAS3
(neuronal PAS domain protein 3) and TP53 [60]. Focal amplification of PDGFRA, MDM2
(mouse double minute 2 homolog), MDM4, MET often co-occur in various combinations in
aHGG (1.5-13%) [56]. Nevertheless, amplification of genes such as MYC (v-myc
myelocytomatosis viral oncogene homolog), MYCN (v-myc myelocytomatosis viral oncogene
homolog, neuroblastoma derived) and KRAS (vi-Ki-ras Kirsten rat sarcoma viral oncogene
homolog) and deletion of CDKN2C occur at low frequencies in pHGG [38, 58, 59, 64].
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Figure 1.5. Landscape of core signalling pathway alterations in glioblastoma. Adapted from [56]

Gene Mutations

The most recent studies in both paediatric and aHGG aimed at full genome-wide
characterization have led to the identification of novel recurrent mutations in both diseases.
The availability of increasing number of samples for genome sequencing has now facilitated
the detection of lower frequency events in well-known cancer genes and genes that were
previously not associated with cancer. The number of coding mutations per tumour sample
is highly variable in the adult population (3-179) and considerably lower in the paediatric

setting (15 per tumour sample) [56, 60, 65].

pHGG present similar frequencies of TP53 mutations as aHGG (34-37% vs 20-29%,
respectively) [60]. However, HGGs arising in infants (<3 years) have a better prognosis and
a lower frequency (9%) of TP53 alterations [66], and in contrast, DIPGs present a higher
frequency of these mutations (42-50%) [63, 67, 68]. Frequent somatic mutations are also
found in NF1 (25%), similar to that of aHGG, and both PDGFRA (8%) and EGFR (4%) are
also mutated in pHGG [63]. The frequent mutations observed in IDH1 and IDH2 in
secondary adult GBM, can only be found in 8.6% of pHGG cases, and are restricted to

patients >13 years of age [38].

The single most important mutations found in pHGG which clearly distinguish these tumours

from their adult counterparts are the recently discovered histone H3 mutations [65, 69].
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These mutations occur on the histone tail, at or near important modification sites, are
restricted to ~38% of childhood and young adults (<30 years) HGGs [60] and are mutually
exclusive with recurrent point mutations in IDH1 [69]. Heterozygous mutations in H3F3A (H3
histone, family 3A) result in amino acid substitutions at positions K27 and G34. Additionally,
K27 is also found to be mutated in the H3.1 histone genes HIST1H3B (histone cluster 1,
H3b) and HIST1H3C [65, 70]. The H3F3A p.27 lysine-to-methionine substitution occurs in
midline GBM and DIPG cases in younger children (70-88% cases [65, 67]), though the same
substitution in HIST1H3B is specific to DIPG and it occurs at lower frequency (11-31%).
Moreover, recurrent activating mutations in the ACVRL1 (activin A receptor, type |) gene were
exclusively found in DIPG, and were strongly associated with younger age, longer survival
time and the presence of HIST1H3B p.Lys27Met as well as wild-type TP53 [63, 67]. The
K27M mutation confers a reduction of the global trimethylation at this site (downregulation of
the repressive mark), which dramatically alters gene expression leading to overexpression of
PRC2 (polycomb repressive complex 2) target genes [71]. H3F3A p.Glycine-to-
Arginine/Valine at residue 34 occurs in adolescents which present supratentorial HGG. This
mutation interferes with the regulation of H3K36me3 active mark, but contrary to H3K27M
does not lead to a global downregulation of the trimethylation at this residue [72]. A study by
Bjerke et al [72] showed that in a G34V mutant paediatric GBM cell line (KNS42) MYCN is
the gene that is most strongly enriched for H3K36me3 marks, and is also associated with
transcriptional upregulation of this locus. Furthermore, the H3K36 trimethyltransferase
SETD2 (SET domain containing 2) is also mutated in children and young adults, and these
mutations are mutually exclusive with H3F3A G34 mutations [73], which may be an
alternative mechanism to deregulate the active mark. Moreover, it has been shown by Li and
colleagues that SETD2 downregulation, followed by depletion of H3K36me3 leads to an
increased spontaneous mutation frequency and chromosomal depletion [74]. In addition, the
G34 tumours also harbour mutations in H3.3 chaperone complex ATRX/DAXX (alpha
thalassemia/mental retardation syndrome X-linked / death-domain associated protein), which
is responsible for depositing the histone H3 at telomeres, pericentric heterochromatin and
actively transcribed regions. The mutations in ATRX and DAXX contribute to the ALT
(alternative lengthening telomeres) phenotype commonly seen in pGBM, which maintains or
increases telomere length [69] in the absence of TERT promoter mutations. In addition,

these tumours normally present a pattern of hypomethylation [57, 69].

In addition to recurrent histone H3, ATRX/DAXX and SETD2 mutations, frequent mutations
in other histone writers and erasers and in chromatin-remodelling genes have also been
recently described (eg. MLL, KDM5C, KDM3A, JMJD1C) [63]. These mutations are often
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concurrent with the mutations in H3 genes, with 91% of DIPG and 48% of hemispheric HGG

containing mutations in histone genes and/or this group of epigenetic regulators [63].
1.3. Somatic structural variation in cancer

Cancer is a genetic disease that occurs at the cellular level with two dominating types of
initiating events: the inactivation of genes by deletion, mutation or epigenetic mechanisms,
and the activation or deregulation of genes as a consequence of point mutation,
amplification or cytogenetic abnormality [75]. These events occur gradually and cumulatively
in a cell, enhancing a cell's evolutionary fitness, promoting outgrowth and progression
towards cancer [76, 77]. One of the most difficult forms of genetic variation to interpret with
respect to functional consequences are structural variants (SV). These may involve equal
exchange of material between two chromosomal regions — balanced rearrangements — or
lead to loss or gain of portions of the genome — unbalanced rearrangements (leading to copy
number variation). Balanced rearrangements include inversions and reciprocal
translocations; unbalanced rearrangements include deletions, duplications, insertions,
amplifications and non-reciprocal translocations [78] (Figure 1.6). SVs are commonly
classified as sequence variants of at least 50 base pairs (bp) in size, therefore discriminating
them from smaller variants, such as single-nucleotide variants (SNV) and short insertions
and deletions (indels) [79, 80]. Furthermore, it has been hypothesized that the primary
pathogenic changes in cancer result from balanced rearrangements, while the secondary
changes that occur during cancer progression are from unbalanced changes [81]. The early
chromosomal alterations give the cell a proliferative advantage, and alter the normal cellular
environment by disrupting proto-oncogenes and tumour suppressor genes, leading to
additional changes in the genome. The importance of chromosomal aberrations in tumour
development varies substantially between and within tumour types; some undergo marked
genome rearrangement, whereas others may evolve by alternative mechanisms [54, 59, 82].
The number of aberrations is normally small in pre-malignant, hyperproliferative lesions and
substantially greater in more advanced tumours. Among these rearrangements, balanced
chromosomal translocations are considered as the primary cause for many cancers like

lymphoma, leukaemia and some solid tumours [75, 83, 84].
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Figure 1.6. Structural variants: classes and formation mechanisms. A) Structural variants comprise
unbalanced copy-number variation (a), insertions (b) and duplications (c), as well as balanced
variants such as inversions (d) and translocations (e). B) Molecular mechanisms leading to structural
variant formation a. Recurrent structural variants often result from non-allelic homologous
recombination (NAHR) which involves recombination between long highly similar low-copy-number
repeats (blue and orange segments). b. Novel genomic insertions can involve mobile element
insertion of transposable elements by retrotransposition. c. DNA-replication-associated template-
switching events, involving the fork-stalling and template switching (FoSTeS) and microhomology-
mediated break-induced replication (MMBIR) mechanisms. d. Many structural variants in humans
are attributed to non-homologous end joining (NHEJ) which is often accompanied by the addition or
deletion of several nucleotides in the form of a 'repair-scar’ (small red bar). e. Chromothripsis —a
phenomenon that involves chromosome shattering leading to numerous breakpoints, followed by

error-prone DNA repair. Adapted from [79]
1.3.1. Mechanisms of structural variation

For a rearrangement to occur, several criteria need to be fulfilled. First, the sequences
undergoing rearrangement need to be in close spatial proximity. Secondly, there needs to be
a DNA break or a switch in the template strand used during DNA replication. Finally, some
sequences are more prone to rearrangements owing to their structure and epigenetic
modifications [85]. Double-strand DNA breaks (DSB) are known to play the essential role in
the occurrence of SVs, irrespective of the origin and cell type, and are thought to be the pre-
requisite for any chromosomal aberration to occur, though the exact mechanism is mostly
unclear. Mutagens of both internal and external origins continuously damage normal DNA
causing these DSBs. Direct exposure to harmful exogenous agents, like ionizing radiation or
drugs may cause DSBs, but they can also occur as a product of a normal aerobic
metabolism which creates oxygen free radicals that damage DNA. There are also several
cellular processes that generate and repair DSBs as part of normal programmed genomic
rearrangements: V(D)J recombination and class switch recombination, both related to
antibody generation [83, 86].

Changes in the structure of chromosomes are repaired by two general mechanisms:
homologous recombination and non-homologous recombination (Figure 1.6) [87]. A highly
conserved non-homologous DNA repair pathway, Non-Homologous End Joining (NHEJ),
repairs DSBs in the absence of extensive sequence homology and is often accompanied by
the addition or deletion of several nucleotides in the form of a “repair scar” [79]. NHEJ events
sometimes have some degree of microhomology (2-25 bp of similarity) at their breakpoints

[88]. On the other hand, non-allelic homologous recombination (NAHR) involves
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recombination of homologous sequences at regions of repetitive sequences on the genome,
known as low-copy-repeats (LCRs) [87, 88]. Other mechanisms, such as fork stalling and
template switching (FoSTeS) and microhomology-mediated break-induce replication
(MMBIR) have also been proposed as mechanisms that lead to simple or complex SVs,
frequently involving duplicative events [87, 88]. Moreover, Stephens and colleagues reported
that there is another mechanism that leads to genetic instability, mutated, amplified and
rearranged genes, a one-off cataclysmic event in which chromosomes are shattered and
then stitched back together, a phenomenon termed chromothripsis [76]. Chromothripsis
seems to be a rare event, only seen in 2-3% of all cancers and also in some congenital
diseases [76, 89, 90] but it is significantly higher in adult GBM (>30%) and in pHGG (31%)
[63, 91]. The DSBs caused by chromothripsis are repaired by NHEJ mechanism, and when

these repair systems fail chromosomal aberrations occur [83, 92].
1.3.2. Biological impact of structural variants

The molecular consequences of SVs are relatively easy to predict when the variant involves
entire genes — the expression of which is assumed to vary accordingly — or when the
breakpoints of the rearrangements intersect with coding regions, hence leading to gene
fusions or truncations. It is considerably more problematic when SVs occur kilobases (kb)
upstream of genes and yet may still result in gene expression changes [87].

1.3.3. Technologies for measurement of structural variation

SVs have been thoroughly studied using a variety of methods. The first technique used to
reliably discriminate between chromosomes and identify translocations, inversions and
CNVs larger than 5Mb was the Giemsa staining of condensed chromosomes (G-banding)
[93]. The discovery of the Philadelphia chromosome in chronic myeloid leukaemia (CML) in
1960 [94] was the first consistent chromosomal change to be seen in human cancer and it
was discovered using G-banding [75]. Complementary to this low-resolution method, a
targeted and more sensitive method was developed, FISH (fluorescent in situ hybridization).
FISH allows the precise detection of abnormalities of a few hundred kb based on
hybridization of fluorescently labelled probes to specific complementary sequences in the
chromosome. When visualising FISH under the microscope, detection of deletions (missing
signals), amplifications (extra signals) or translocations (relocated signals) is possible [93].
The approach of identifying novel candidate fusions by 1) detecting a consistent
chromosomal aberration using molecular cytogenetic techniques, 2) examining the SV at
higher levels of resolution using appropriate molecular techniques until the gene fusion in

guestion is finally identified, and finally 3) the sequence being determined and the case-to-
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case variability in terms of precise breakpoint sites being established has been used for
several years [95, 96]. Though important, this approach is limited and these cytogenetic
techniques do not allow the detection of small SVs. Nevertheless, the recent improvement in
genome-wide techniques allowed us to identify the extent of CNVs and also to have a more

complete measurement of SVs of all types [97].

Microarray-based techniques — aCGH (array comparative genomic hybridization) and SNP
array (single nucleotide polymorphism array) — were the first genome-wide survey of SVs in
the human genome. The discovery of the BRAF (v-raf murine sarcoma viral oncogene
homolog B) tandem duplication at chromosome 7g34 present in 66% pilocytic astrocytomas
was first discovered using these microarray based techniques [98, 99]. In addition, due to its
affordability, microarrays permitted a comprehensive picture of all CNVs across several
types of tumours. However, the information that arrays can reveal about SVs is limited. They
can only detect sequences that match the oligonucleotide probes used to make them, which
lie in non-repetitive regions, making it difficult to detect SVs with breakpoints in repetitive
regions, such as NAHR events or indels of repetitive sequences [88, 97, 100]. Furthermore,
microarrays can only detect differences in number of copies, being blind to copy-neutral, or

balanced variants, such as inversions or reciprocal translocations [88].

DNA sequencing technology has advanced dramatically and has allowed researchers to
simultaneously infer information of both structural and single nucleotide variants. One
strategy for genome-wide high-resolution identification of fusion genes and other large scale
SVs is paired-end sequencing of genomic DNA or RNA from tumour samples or tumour-
derived cell lines [101]. First, the genome is precisely divided into fragments of known size
(~500bp) and instead of sequencing the entire piece of DNA, reads are taken only from
either end. The resulting paired reads are mapped back to the reference human genome
sequence and if they do not match, then a genomic rearrangement is inferred [102].
Algorithms for detection of SVs from next generation sequence data normally rely on
discordant paired-end reads or depth of coverage. Read-depth indicates how many copies
are present of each gene and if a region is amplified it will show higher read depth, and if
deleted, low read depth (less reads). Many algorithms, including Breakdancer and TopHat
[103, 104] used to detect SVs rely on the presence of discordant paired reads. In the case of
inter-chromosomal translocation, one member of the pair will map to one chromosome and
its mate to another. When inversions or intra-chromosomal translocations occur, the two
ends map to the same chromosome but in the wrong orientation or the wrong distance apart.
These methods can normally detect the breakpoints but with low resolution and normally

have low specificity, when one of the paired ends maps to a repetitive region or a high
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homology region [105]. In addition, paired-end analysis methods rely on cut-offs to filter out
false positives which are normally based on the number of supporting reads. In order to
avoid the high-false positive rates inherent to most paired-end approaches, and to better
localize the breakpoints, PCR-based validation followed by first generation sequencing

(Sanger sequencing) is important.

Current paired-end sequencing can obtain an extremely high probability of breakpoint
detection with a very low number of reads. Array CGH can be used by itself to identify the
breakpoints involved in deletions and amplifications, using algorithms to analyse CNAs, but
when combined with next-generation end sequencing data, breakpoint resolution can
improve even more. As the cost of next-generation end sequencing declines and its
technology is improved, paired-end sequencing of cancer genomes (both tumour samples

and cell lines) will provide reliable and precise detection of fusion genes [101, 106].
1.3.4. General overview of fusion genes in cancer

Translocations are generally classified as reciprocal and non-reciprocal. Reciprocal
translocations occur when segments between two chromosomes are exchanged. This can
happen between any two chromosomes and at various sites along the length of the
chromosome. Non-reciprocal translocations occur when a chromosomal segment is
transferred to a non-homologous chromosome (one-way transfer). The juxtaposition of the
coding region of a gene near the transcriptionally active promoter/enhancer region of
another gene, leading to over-expression of the former gene, is a functionally important
outcome of translocations. They can also result in the formation of a unique fusion or

chimeric gene, which can be used as a marker for the malignant cells [83].

At present, more than 300 different fusion genes have been identified [75]. Fusion genes
can be used as diagnostic markers and most importantly as specific therapeutic targets,
leading to the development of successful cancer drugs [107]. Although gene fusions are
typically associated with haematological malignancies, rare bone and soft-tissue tumours,
they have been also described in solid tumours, namely in prostate, ovarian, brain and lung
cancers [108-112]. The development of cutting edge technology for DNA sequencing that
has been developed in the past few years has led to an enormous number of publications

where novel and recurrent rearrangements are described in numerous different cancers.

Up to 2007 (the latest review documenting fusion genes in cancer) 264 gene fusions,
involving 238 different genes, had been identified in haematological disorders and these

represented 75% of all fusion genes known in human neoplasia at the time [75]. The first
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consistent chromosome change to be seen in human cancer was observed in CML in 1960
[94]. The Philadelphia chromosome is the result of a reciprocal translocation,
t(9;22)(g34.1;911.23), in which a portion of the BCR (breakpoint cluster region) gene is
joined to the cytoplasmic ABL1 (c-abl oncogene 1, non-receptor tyrosine kinase) tyrosine
kinase, generating a constitutively active enzyme. The resulting chimeric protein contains the
catalytic domain of ABL fused to a domain of BCR that mediates constitutive oligomerization
of the fusion protein in the absence of physiologic activating signals, thereby promoting
aberrant tyrosine kinase activity [113]. This discovery lead to the development of the first
small molecule inhibitor imatinib, which inhibits the fusion kinase activity [107, 114-116].
Other well-known specific changes seen in practically 100% of a particular leukaemia or
lymphoma type are the immunoglobulin heavy locus (IGH):CCND1 that occurs in mantle cell
lymphoma, the MYC deregulation in Burkitt lymphoma and PML:RARA (promyelocytic

leukaemia / retinoic acid receptor, alpha) in acute promyelocytic leukaemia.

Only more recently have fusion genes in other solid tumours started to be described as
novel techniques have made such discoveries possible. Some of the first and most important
of these have been identified in prostate cancer. Tomlins and colleagues described a fusion
between the 5’ untranslated region of a prostate-specific and androgen-inducible gene,
TMPRSS2 (transmembrane protease, serine 2) and the 3’ end region of different genes in
the ETS (erythroblastosis virus E26 transformation-specific) family of transcription factors
(eg. ERG, ETV1) [108]. The TMPRSS2:ERG fusion can occur either through inter-
chromosomal insertion or through deletion of the intervening region on chromosome 21
(reviewed in [117]). This alteration has been observed in 50-60% of prostate tumours [118],
and leads to increased cell migration [119] and proliferation [120], although the prognostic
implications of TMPRSS2:ERG have not yet been fully elucidated. Currently, there is
evidence that this fusion can be used as potential biomarker for prostate cancer, using non-

invasive screening techniques [117].

Bone and soft tissue sarcomas, as in haematological malignancies, have gene fusions that
occur more often in some subtypes than in others. There are 41 known gene fusions in 17
different sarcoma types [75]. Close to 100% of Ewing sarcomas, myxoid liposarcomas and
synovial sarcomas harbour chimeric genes EWSR1, DDIT3 and SSX1 (2 and 4),
respectively [75].

In 2007, a study to isolate novel transforming genes in non-small-cell lung cancer (NSCLC)
reported the presence of a fusion gene that contains the N-terminal portion of the protein
encoded by the echinoderm microtubule-associated protein-like 4 (EML4) gene and the

intracellular signaling portion of the TK encoded by anaplastic lymphoma kinase (ALK) gene,
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giving rise to a novel kinase that confers a proliferative advantage to cancer cells. Five out of
75 (~7%) of patients with NSCLC were positive for this fusion, and were distinct from those
harbouring EGFR mutations, another hallmark of this type of cancer [112]. In just 4 years
since the discovery of this novel kinase, a new drug — Crizotinib — has been approved by the
US Food and Drug Administration (FDA) [121]. Treatment of 82 patients with advanced ALK
rearrangement-positive NSCLC resulted in tumour shrinkage in 57% of patients and
stabilized disease in a further 33% [122].

These results show that fusion genes are potential druggable alterations and they can help

to distinguish different subtypes within the same disease.
1.3.5. Gene fusions in brain tumours

As recently as 2008, Jones and colleagues reported the first recurrent rearrangement in
brain tumours [98, 99]. This involves a gene fusion involving the BRAF gene, a key
component of the MAPK pathway, a commonly deregulated pathway in paediatric low grade
astrocytomas. A KIAA1549-BRAF fusion was found in 80% of sporadic pilocytic
astrocytomas [98, 99, 123], with the KIAA1549 gene replacing the auto-inhibitory domain of
the RAF molecule, leading to constitutive activation of the kinase activity [98]. Recently,
other fusion partners for BRAF have been described, including interstitial deletion of a ~2.5
megabase (Mb) segment that leads to the fusion of BRAF gene with an uncharacterized
gene located on 734, FAM131B. This deletion removes the BRAF N-terminal inhibitory
domains, giving a constitutively active BRAF kinase [124]. BRAF and other family members
(eg. RAF1) fusions have also been described in a small percentage of prostate and gastric
cancer, and melanoma [125]. Furthermore, in 2013, Jinghui Zhang and colleagues
sequenced 39 paediatric LGGs and reported the present of intragenic duplications of the
portion of the FGFR1 (Fibroblast growth factor receptor 1) encoding the tyrosine kinase
domain, as well as rearrangements of MYB (v-myb avian myeloblastosis viral oncogene

homolog) which lead to activation of the same pathway as BRAF fusions [126].

In HGG, to date only few fusions have been described in the literature. In 2003, Charest and
colleagues described the first fusion gene found in an adult GBM cell line, an intra-
chromosomal homozygous deletion on chr6g21 that leads to the formation of FIG (Fused in
GBM):ROS (c-ros oncogene 1, receptor tyrosine kinase) fusion, which displays a constitutive
TK activity in the GBM cell line U118MG [127]. ROS is a proto-oncogene highly expressed in
a variety of tumour cell lines, and belongs to a subfamily of T insulin receptor genes. The
second fusion to be described in GBM involves genes LEO1 (Leol, Pafl/RNA polymerase |

complex component) and SLC12A1 (solute carrier family 12, member 1), but no further
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studies have been done to explore the oncogenic characteristics of this fusion [128]. In
addition, a study by Ozawa T. and colleagues described a fusion involving PDGFRA and the
gene encoding for the vascular endothelial growth factor receptor — 2 (VEGFR-2) [129]. The
resulting fusion protein has constitutive PDGFRA kinase activity and oncogenic transforming
potential and occurs in HGG with amplified PDGFRA.

Moreover, in 2012, Singh and colleagues identified a tandem duplication on chromosome
4p16.3 which creates a fusion transcript, FGFR3:TACC3 (transforming, acidic coiled-coil
containing protein 3) [130]. This structural variant leads to loss of the 3'-UTR of FGFR3,
blocking gene regulation of miR99a and enhancing expression of the fusion gene [131]. The
chimaera occurs in 3% of adult GBM, displays oncogenic activity and is associated with
amplification of both genes [130]. EGFR was also found to be fused with SEPT14 (septin 14)
in 7% of adult GBM, and almost always occurred within amplified regions of the fusion
partner genes [47]. This fusion gene gives the ability to glioma cells to self-renew and

constitutively activate STAT3 signalling, also conferring sensitivity to EGFR inhibition [47].

The recent sequencing initiatives of pHGG tumours led to the discovery of the first fusion
gene in this type of tumour [63]. Gene fusion involving the kinase domain of each of the
three NTRK (neurotrophin receptor) genes and five different N-terminal fusion partners were
identified in 4% of DIPG and 10% of non-brainstem HGGs. Interestingly, 40% of non-
brainstem HGGs occur in infants (<3 years old). NTRK fusions drive glioma formation in vivo
and lead to activation of the PI3BK/MAPK signalling [63].

All fusion genes occurring in brain tumours until now seem to use the same strategy, the
replacement of the regulatory domain of a kinase gene by a constitutively active regulatory
domain of another gene. This mechanism leads to a constitutively active kinase, which gives
growth advantage to the cells that harbour the fusion. The low frequency of gene fusions in
malignant brain tumours can lead to the idea that they play a minor role in the disease
pathogenesis, nevertheless fusion genes that have not yet been identified, might
characterize the different subtypes of this broad disease and the eventual goal is that novel

drugs are developed acting specifically against the alteration.
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2. Aims







2. AIMS

The main goal of this thesis was to better understand the molecular mechanisms underlying
the most malignant form of paediatric brain tumours, high grade gliomas (HGG). | decided to
study the structural chromosome rearrangements that lead to the occurrence of gene fusions
in pHGG. This was an understudied topic in childhood brain tumours and its investigation

could lead to the discovery of novel targets for the treatment of this lethal disease.
This objective encompasses the following specific aims:

o Characterize the presence and frequency of PDGFRA molecular alterations —

mutations and structural rearrangements — in pHGG.

¢ Investigate novel structural rearrangements associated with copy number alterations
in pHGG.

e Utilise whole genome sequencing approaches to identify novel structural

rearrangements that lead to fusion genes in paediatric malignant gliomas.
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3. PDGFRA ALTERATIONS IN PAEDIATRIC HIGH GRADE GLIOMA

3.1. INTRODUCTION

RTKs are important mediators of signalling networks that transmit extracellular signals into
cells and activate various cascades of intracellular processes that control cell growth,
proliferation, differentiation, survival and metabolism [1]. Stimulation of these RTKs either by
autocrine/paracrine secretion and binding of growth factors or by genetic alterations in the
genes encoding the receptors themselves (amplifications, indels, fusions, mutations) are
commonly found in cancer. These alterations result in RTKs with a constitutive or strongly
enhanced signalling capacity, which provides rationale for the development of small

molecules that selectively inhibit RTK activity and downstream signalling [1, 2].

The PDGFR/PDGF system includes two receptors (PDGFRA and PDGFRB) and four
ligands (PDGFA, PDGFB, PDGFC, and PDGFD) which belong to the type Ill family of RTKs
[3]. Receptor dimerization is triggered by ligand binding, enabling autophosphorylation of
multiple tyrosine residues and subsequent recruitment of a variety of signalling transduction
molecules. Activated PDGFRs transduce signals via numerous downstream pathways
including PI3K/Akt, RAS/MAP kinase, Src kinase family and PLC/PKC pathways, which have
all been implicated in tumourigenesis [3-5]. PDGFR regulates normal cellular growth and

differentiation [6], and expression of activated PDGFR promotes oncogenic transformation.

PDGFRA is the predominant target of focal amplification in pHGG including DIPG (12% and
30%, respectively), in contrast to the disease in adults, where EGFR is the most common
target (43% - Classical Subgroup) [7-10]. However, the Proneuronal adult GBM subgroup is
also driven by PDGF signalling, with approximately one third of the Proneuronal/PDGF
tumours harbouring amplification of the PDGFRA locus, while the remainder shows
overexpression of the PDGF ligand [10-12]. Furthermore, the gene expression signature
associated with PDGFRA is significantly overexpressed in pHGG, even in tumours that do
not harbour the RTK amplification. Besides PDGFRA itself, PDGFB ligand is also commonly
amplified and/or overexpressed in paediatric GBM, indicating a potential for autocrine-

paracrine loops boosting oncogenic signalling pathway through the PDGF network [8, 13].

Abnormally activated PDGFRA signalling driven by viral expression of PDGFB ligand is
sufficient to induce glioma formation in vivo, indicating that activation of PDGFR pathways is
potentially an early event in tumourigenesis [14-16]. Furthermore, simultaneous
overexpression of PDGFB and loss of TP53 induced murine HGG with increased incidence

and shorter latency indicating cooperativity between these pathways [17, 18]. However,
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these studies focused on autocrine and paracrine activation of PDGFR signalling pathways

by PDGFB ligand overexpression.

Activating mutations in PDGFRA have been previously reported in gastrointestinal stromal
tumours (GIST) [2, 19, 20]. GIST mutations occur in 6-7% of cases and are mainly located in
the TK domain of PDGFRA (exons 12 and 18), leading to a constitutive phosphorylation of
PDGFRA and ligand-independent kinase activity when expressed in vitro [21, 22]. On the
other hand, TK domain PDGFRA mutations reported in GBM are only sporadic. Rand and
colleagues reported a 2-bp deletion in exon 23 (the final exon) within the C-terminus of
PDGFRA which results in an alternate, shorter C-terminus [19]; four GBM missense
mutations (11050T, W349C, C235Y, V536E) have been reported in the extracellular and TK
domain of PDGFRA [9, 23]. The functional consequences of these mutations were not
analysed. Interestingly, mutations in the extracellular domain of EGFR have been detected
in 13.6% of cases in a series of 132 adult GBM [24]. These mutations are associated with
EGFR copy number alterations and with an increased sensitivity to targeted inhibitors of

EGFR kinase domain and they are oncogenic in a fibroblast cell line [24].

Larger structural rearrangements involving PDGFRA are a more common event in adult
GBMs. Ozawa and colleagues reported an in-frame deletion of 81 amino acids (aa) in the
immunoglobulin-like (Ig-like) domains of PDGFRA (termed PDGFRA A8,9) to be present in
40% of adult GBM with PDGFRA amplification (Figure 3.1) [25-27].

The mutant PDGFRA has the deletion in the extracellular domain with retention of normal
transmembrane and intracellular domains. This produces a novel transcript fusing exons 7—
10 resulting in loss of coding regions for part of the fourth and fifth Ig-like domains due to a
complete loss of PDGFRA gene exons 8 and 9. Interestingly, this type of deletion is
reminiscent of the oncogenic deletion frequently observed in human GBMs, which generates
a constitutively active EGFRvIII protein [28-34]. Moreover, a gene fusion between the kinase
insert domain receptor (KDR) TK domain (VEGFRII) and PDGFRA extracellular domain was
identified the same study. The KDR:PDGFRA (KP) fusion protein consists of an extracellular
domain containing the first to sixth Ig-like domain of KDR and the disrupted fifth Ig-like
domain of PDGFRA, followed by the intact transmembrane domain and TK domain of
PDGFRA (Figure 3.1). Both PDGFRA rearrangements showed constitutively elevated TK
activity and transforming potential that is reversed by PDGFR blockade [27].

To explore the possibility that PDGFRA might be a preferential target of oncogenic mutations
in the paediatric setting, we screened a large series of cases for single base changes and

small indels, as well as the A8,9 and KP fusion, informing two studies in collaboration with
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colleagues at the Institut Gustav Roussy, Paris, and St Jude Childrens Research Hospital,

Memphis.
KDR
Ig-like 1
Ig-like domain
domain Ig-like
domain
PDGFRA
Ig-like
Y ——— R YA NN TR Al oS S R 91 domain__1,
TK TK PD%I(’RA ]
PDGFRA PDGFRA A(8,9) KDR-PDGFRA

Figure 3.1. Schematic of PDGFRA, PDGFRAA8,9 and KDR:PDGFRA. PDGFRA is constituted by
five immunoglobulin-like (Ig-like) domains and two tyrosine kinase (TK) domains. PDGFRAAS8,9
has an in-frame deletion of exons 8 and 9 resulting in the deletion of 81 amino acids. This deletion
results in loss of approximately half of Ig-like domain 4 and half of Ig-like domain 5. KDR:PDGFRA
results from the fusion of the extracellular domain of KDR (lg-like domains 1-6) with half the Ig-like
domain 5 and the TK domain of PDGFRA.

3.2. MATERIALS AND METHODS
3.2.1. Patient samples

A total of 306 tumour samples were included in this study. Both formalin-fixed, paraffin-
embedded (FFPE) and snap-frozen HGG specimens from children, young adult (<23 years)
and older adults were obtained from the following institutions: King’s College Hospital (UK),
St George’s Hospital (UK), Newcastle Royal Infirmary (UK), Nottingham University Hospital
(UK), St Jude Children’s Research Hospital (US) and Institut Gustave Roussy (France).
(Appendix I).

45



3.2.2. DNA and RNA extraction

DNA from both frozen and FFPE specimens was extracted using the DNeasy Tissue Kit
(Qiagen, Manchester, UK). RNA was extracted from the FFPE samples using the
RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE (Life Technologies, Paisley, UK) and
cDNA was synthetized using the SuperScript system (Life Technologies) according to the
manufacturer’s protocol. Nucleic acids were quantified using a ND-1000 Nanodrop (Thermo

Scientific, Loughborough, UK).

3.2.3. Screening of novel PDGFRA mutations

All coding exons of PDGFRA were PCR amplified from genomic DNA in the tumours listed in
Appendix I. Each reaction contained 20ng of genomic DNA and was carried out using Taq
DNA Polymerase (Life Technologies) in a final volume of 25 pl. The following program was
used: Initial denaturation at 94°C for 3min, followed by a 2-Step-Touchdown: 1. (94°C 30
sec, 68°C 45 sec, 72°C 1 min) 18 cycles, 2. (94°C 30 sec, 50°C 45 sec, 72°C 1 min) 30
cycles; followed by an additional cycle of 72°C 10 min. The primers used are listed in Table
3.1. DNA sequencing of the PCR products was performed by DNA Sequencing & Services
(MRCPPU, College of Life Sciences, University of Dundee, Scotland, www.dnaseq.co.uk)
using Applied Biosystems Big-Dye Ver 3.1 chemistry on an Applied Biosystems model 3730
automated capillary DNA sequencer. Sequences were analysed using Mutation Surveyor

(SoftGenetics, US) and Chromas Lite 2.1 (Technelysium, Australia).
3.2.4. Screening of PDGFRAAS,9 and KDR:PDGFRA fusion gene

83 paediatric plus 75 adult cases were screened by RT-PCR for the 243 bp deletion in exons
8 and 9, and 83 samples were screened for the KP fusion (Appendix I). The KDR-Exon9-F
(K9) / PDGFRA-Exon12-R (P12) primer pair was used for the detection of the KP fusion. The
screening of the PDGFRAAS8,9 was performed with PDGFRAdel8,9 Ex7_ Fwd1/ Ex10_ Rev1
and PDGFRAdel8,9 Ex9_Fwd1/ Ex10_Rev2 primer pairs for detection of both wild type and
mutant allele (Table 3.1). PCR was performed as described in the previous section using
20ng of cDNA.

3.2.5. Statistical analysis

Association between histological tumour type and the presence of PDGFRA mutation in

pHGG was assessed by exact chi-square test for independence
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Table 3.1. Primers sequences used in PDGFRA mutations screen.

Primer

Sequence

PDGFRA Ex2 Fwdb
PDGFRA Ex2 Revb
PDGFRA Ex3a Fwdb
PDGFRA Ex3a Revb
PDGFRA Ex3b Fwdb
PDGFRA Ex3b Revb
PDGFRA Ex4a Fwdb
PDGFRA Ex4a Revb
PDGFRA Ex4b Fwdb
PDGFRA Ex4b Revb
PDGFRA Ex5 Fwdb
PDGFRA Ex5 Revb
PDGFRA Ex6 Fwdb
PDGFRA Ex6 Revb
PDGFRA Ex7 Fwdb
PDGFRA Ex7 Revb
PDGFRA Ex8 Fwdb
PDGFRA Ex8 Revb
PDGFRA Ex9 Fwdb
PDGFRA Ex9 Revb
PDGFRA Ex10 Fwdb
PDGFRA Ex10 Revb
PDGFRA Ex11 Fwdb
PDGFRA Ex11 Revb
PDGFRA Ex12 Fwdb
PDGFRA Ex12 Revb
PDGFRA Ex18 Fwdb
PDGFRA Ex18 Revb
PDGFRA Ex23 Fwdb
PDGFRA Ex23 Revb

PDGFRAdel8,9 Ex7 Fwd1
PDGFRAdel8,9 Ex9 Fwd1
PDGFRAdel8,9 Ex10 Rev1
PDGFRAdel8,9_Ex10_Rev2

KDR-Exon9-F (K9)
PDGFRA-E12-R (P12)
KDR-Exon13-F (K13)

CTAGGCTCCAGGGTTGTTTCT
AGGAACTCAGAGAGGACTGGG
AGACTGTCCTTTCTGACTGCATC
CATTTCTGATTTCCACATCGG
CCGATGTGGAAATCAGAAATG
CAGGAAGAGGAGAAGAAGCTTGGT
CTGGATTTATGTGTAAAGGTGAAAT
TTGTGTAAGGTTACAGGAGTCTCG
ACTGATCCCGAGACTCCTGTAA
GCACCTTATGATTTTGCCTGTT
CCTGTGGATTTTTAGGCCCTT
AAGCCATTGCACGTTTTGA
TTCACTCCTAGGAGCGAGCT
GAGCAGCATGGACAACTGAC
CGGGATCCATATGTGGTAATC
TGGGCAGAGAGTTTCTTTACCT
GGAACTTACTTAGCTACTGCTTGTT
CCTTGGAAGACACTCATCTACAGA
CACGAGCTATTCCATTCTGACTT
ACCACGAAAGAAGAAGACACATC
GAATTGGCCCTATACTTAGGCC
GTTGTCCTGACTGTTGAGGAACT
TTTCATTGTGCCTCTCTCTCTTG
GCTATGCTTGTTCTCATTGGC
CTGGGACTTTGGTAATTCACCA
AGTCTTGGGAGGTTACCCCAT
GATGGCTTGATCCTGAGTCA
GCCTGACCAGTGAGGGAA
GCAGGAGTTGTAATATTTGCTCTTC
CAGTTACAGGAAGCTGTCTTCCA
TGAGATCACCACTGATGTGGA
CATCCATTCTGGACTTGGT
TGGCCAAAATAGTCCAGGAA
CTGTCTCGGGAGTGGATCTC
CCCTTGAGTCCAATCACACA
GGTATGAAATTCGCTGGAGG
AATCCATGTGGGAGAGTTGC
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3.3. RESULTS

Encouraged by the fact that PDGFRA plays an important role in pHGG and that oncogenic
alterations in PDGFRA have been previously reported in other cancers including adult GBM,
we decided to sequence all coding exons of PDGFRA in pHGG samples and screen for
previously reported structural rearrangements (Figure 3.1). Two different cohorts of samples
were used in this study. The first cohort (cohort 1) consisted of a series of 34 DIPGs
biopsies. The biopsy material was obtain at the Neurosurgery Department of Necker Sick
Children’s Hospital in Paris and after DNA and RNA extraction, was also used for aCGH and
gene expression profile at the Institut Gustave Roussy, France. The second cohort (cohort 2)
contained 133 (90 pHGGs outside the brainstem and 43 DIPGs) samples that were obtained
from St Jude Children’s Research Hospital, USA and the Royal Marsden Hospital, UK. Both
cohorts were sequenced for novel mutations in PDGFRA and a broad spectrum of
alterations was discovered in both: novel missense mutations, small structural
rearrangements (in-frame indels) and two previously reported large structural
rearrangements — KP and PDGFRAAS,9.

Overall, 18 cases as well as further two pHGG established as primary xenografts with
altered PDGFRA were identified. All alterations were confirmed by independent PCR
reactions and were validated as somatic, found only in the tumour and not matching
germline DNA where a matched normal sample was available. In cohort 1, novel missense
mutations were only observed in the PDGFRA extracellular domain in 3/34 (8.8%) cases,
and in 2 additional primary xenografts. 66% (2/3) of the mutations were heterozygous and
were also amplified. All mutations were found in DIPG cases. In cohort 2, 15/123 (12.2%)
cases carried PDGFRA alterations, of which 60% (9/15) were present as heterozygous
alleles, and 40% (6/15) occurred in cases with PDGFRA amplification. SNP array analyses
previously showed copy number imbalances for the majority of the samples, demonstrating
sufficient tumour purity to detect clonal alterations [8, 35]. Importantly, all mutations reported
were readily detected by Sanger sequencing, indicating clonal expansion of the population
containing the mutation, particularly in the cases in which PDGFRA was not amplified. In
cohort 2, there was no association between the presence of PDGFRA mutation and
histopathological features (p=0.26). Three mutations were found in anaplastic astrocytomas,
one in an anaplastic oligodendroglioma, and the remaining mutations in grade IV GBMs,

including two DIPGs.

The coding mutations (G79D, E229K, C235R, C235Y, T276P, Y288C, C290R, T345H,
W449C, R479Q, N659K, D842V) were located in the extracellular, transmembrane and TK
domains of PDGFRA (Figure 3.2). The mutations found in the kinase domain, N659K and
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D842V, were previously reported in GIST but not in gliomas [20, 36]. One of the mutations in
the IGR-G82 paediatric glioma xenograft has been previously described in adult GBM
(C235Y) [9]. In addition, 2 of the DIPG biopsy samples mutated in cohort 2 were included in
a gene expression profile study, as referred before. Both mutant-positive cases were part of
the group 1 DIPG which is characterized by a Proneural phenotype, oligodendroglial
features (Appendix Il Figure 4A) and is largely driven by PDGFRA, either by amplification
(Appendix Il Figure 5D) and/or these novel missense mutations (Figure 3.2, Appendix Il
Figure 5G).

Moreover, 6 small structural rearrangements were identified in the extracellular domain of
PDGFRA across 8 different patients. Three in-frame insertions (C450ins, A491ins and
V544ins) and 3 in-frame deletions (E7del, E10del and E10del2) (Figure 3.3) not found in
previous studies of a large collection of pHGGs and aHGGs [37, 38]. Three of the identified
rearrangements (E7del, E10del2 and N659K) were recurrent, each of them found in 2
different HGG cases. Analysis of cDNA showed that one of the somatic point mutations,

N468S, generated a new splice site that removed 13 amino acids (E10del2) (Figure 3.3).

We also evaluated whether activating PDGFRA alterations previously shown in aHGG occur
frequently in our series of pHGG. PDGFRAAS8,9, an in-frame deletion of 243 base pairs is a

known transforming oncogene due to ligand-independent receptor activation [26, 27].
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PDGFRA exon 5 p.C235R
RMH3498 T>C
PDGFRA exon 6 p.C290R
DIPG RMH6974 A>C
PDGFRA exon 6 p.T276P
DIPG RMH3957 G>T
PDGFRA exon9 p-W449C
DIPG RMH6987 G>A
PDGFRA exon10 p.R479Q

Figure 3.2. Missense mutations in PDGFRA. Cartoon showing missense mutations in PDGFRA
overlaid with functional protein domains and exon boundaries. Chromatograms of three non-
brainstem high grade glioma (HGG) cases - RMH3499 (E229K), RMH3500 (C235R) and RMH3496
(C290R) and three brainstem HGG cases — RMH 6974 (T276P), RMH3957 (W449C) and
RMHE987 (R479Q). Ig-like: Immunoglobulin-like.
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Figure 3.3. Structural rearrangements in PDGFRA. Cartoon showing small insertions and
deletions present in PDGFRA overlaid with functional protein domains and exon boundaries.
Sequencing chromatograms are shown for HGG028 for genomic DNA and cDNA. Sanger
sequencing of PDGFRA from tumour and normal reference sample identified a heterozygous
somatic missense mutation in genomic DNA from HGG028 and 2HGG171T (N468S).
Subsequent validation of expression of the mutated allele by sequencing cDNA amplified by RT-
PCR revealed deletion of 13 amino acids, indicating that this point mutation lead to generation of
an alternative splicing site and subsequent deletion of amino acids 456-468 within exon 10

(E10del2) rather than encoding an amino acid substitution.
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We used RT-PCR to screen for PDGFRAAS8,9 mutant in pHGG and in an extended series of
aHGGs (Appendix ). All adult cases harboured PDGFRA amplification. Two cases of
PDGFRAAS8,9 transcripts were identified in the adult group but none were found in the
paediatric samples (Figure 3.4). Both mutant tumours expressed wild-type and deletion
mutant transcripts. A gene fusion involving PDGFRA and KDR (Figure 3.1), which rendered
a fusion transcript receptor constitutively active and tumorigenic in vivo, that has been
reported in 1 out of 215 cases of adult GBMs [27]. Since PDGFRA is a common target in
pHGG, we sought to use RT-PCR to screen for the KP fusion in pHGG. We found 1 case of
KP in 83 non-brainstem pHGG analysed (Figure 3.5). In contrast to the case found in the T.
Ozawa study, PDGFRA was not amplified (Figure 3.5), thus the mechanism driving the
rearrangement was not associated with copy number alteration. However, the exact same
gene regions were involved in the fusion, creating the same KP transcript as reported before
(Figure 3.5).

PDGFRA A(8,9)

e o e | |

A(8,9)

A | “‘ . "\ A .
RMH 5685 0 I J‘,\ A N
[\

RMH 6674 | \ i A /,/‘\\ | .y
1 ’ v 1 1

' f I\ \ —
SN oA N NS A A SN ATA JNSAS VY SAVL, =

Exon 7 Exon 10

Figure 3.4. Identification of the PDGFRAAS8,9 fusion in two adult high grade glioma tumours.
Cartoon showing PDGFRAAS8,9 gene structure. Sequencing chromatograms are shown for
RMH5685 and RMH6674 illustrating the sequence fusion of exon 7 and exon 10 in PDGFRA.
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Figure 3.5. Identification of the KDR:PDGFRA (KP) fusion in one paediatric high grade glioma
tumour. Schematic diagram showing the formation of the KP fusion transcript, as well as the gene

structure of PDGFRA and KDR. Partial sequence of KP fusion transcript found in case HGG031.

3.4. DISCUSSION

The study described in this chapter contributed to two publications, Puget S et al PlosOne
2012 (Appendix Il) and Paugh S. et al Cancer Research 2013 (Appendix Ill). The former was
focussed on DIPG, and provided evidence that PDGFRA amplification/mutation was
associated with a specific subgroup of tumours, whilst the latter demonstrated that the novel

mutations identified in pHGG were constitutively activating and tumourigenic.

Aberrations of PDGFRA signalling via amplification and/or mutation and/or structural
rearrangement are a frequent event in pHGG. In adult GBMs, the frequency of PDGFRA
amplification and mutations is lower than in paediatric tumours and PDGFRA mutations
comprise a distinct set of alterations compared to childhood disease (PDGFRAA8,9). In this
study we identified novel somatic mutations and small indels in pHGG, as well as a case
with a previously reported fusion gene, KP. A recent study reported PDGFRA mutations in
pHGG, but none of the described mutations overlapped with our findings [37]. Interestingly,
the novel mutations were not represented by a single hotspot as observed in GIST, but
mainly spread across the extracellular domain of PDGFRA.
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The mutations found in Cohort 1 were reported in Puget S et al study and contributed to the
characterization of two molecularly distinct subgroups of DIPG (Appendix Il Figure 2B).
Group 1 DIPG was characterized by a Proneural phenotype, an oligodendroglial
differentiation, and PDGFRA amplification/mutation, whereas group 2 DIPG exhibited a
mesenchymal and pro-angiogenic phenotype. The gene expression profile of group 1 DIPG
was significantly enriched with genes describing the signature of PDGFRA amplified gliomas
[39, 40] supporting the hypothesis that PDGFRA amplification/mutation is associated with a
robust gene expression profile across tumour location and patient’s age (Appendix Il Figure
5A). It is now known that the different gene expression profile is driven by the recently
discovered mutations in the histone genes, H3.3 (H3F3A) and H3.1 (HIST1H3B), which are
unique to DIPG tumours [41, 42]. This PDGFRA gene expression signature has also been
previously described in adult tumours [11, 43-45], and includes the expression of genes
involved in neurogenesis and oligodendrocyte development, such as Olig transcription
factors, PDGFRA and SOX10 [46]. DIPG with oligodendroglial phenotype and Olig2
overexpression exhibited an even worse evolution and resistance to radiation than the other
DIPG in this series (Appendix Il, Figure 4F). This could be explained by the fact that the
CNS-restricted transcription factor Olig2 opposes p53 response to genotoxic damage in
neural progenitors and malignant glioma [47]. In addition, Group | is linked with the K27M
mutation in the H3.3 variant which is also associated with a worst outcome [48].
Interestingly, this is in contrast to the adult gliomas where oligodendroglial differentiation and
proneural phenotype are linked with a better prognosis [10]. Moreover, we did not observe
IDH1/2 mutations in 10 DIPG, while in adult Proneural gliomas IDH1 mutations are frequent.
Furthermore, a recent study by K. Taylor et al has also confirmed that IDH1 mutations are
absent in a large series of DIPG biopsies [49]. Integrative genomics showed that the gene
expression profiles of this group of DIPG were driven by copy number changes, in contrast
to the other group, suggesting that chromosomal instability plays an important role in the
phenotype of these tumours. We found 28% (9/32) of PDGFRA gains or amplifications, all
but one being included in the group 1 defined by unsupervised gene expression clustering.
In addition, the PDGFRA amplified cases are also associated with H3.3 K27M mutation, but
not H3.1 K27M (J. Grill unpublished observations). The PDGF autocrine/paracrine loop has
been frequently implicated in oligodendrogliomas [50] and has been used to create
preclinical models of glioma [16, 51], including brainstem tumours [52, 53]. PDGFRA
amplification has been shown to be more frequent in pHGG than in adult , and a recent
report found PDGFRA gain or amplification in four out of eleven post-mortem samples of
DIPG [39, 54].

54



Cohort 2 PDGFRA missense mutations and structural rearrangements were reported in the
Paugh S et al. study (Appendix Ill). Contrary to the previous study, several in-frame indels
were detected in this series and these were distributed among different regions of the
PDGFRA protein, including the kinase domain. On the other hand, only 1 case of pHGG
carried the KP fusion and none harboured the PDGFRAAS8,9, a recurrent alteration in adult
GBM [25, 27]. Thus alternate mechanisms are used to generate oncogenic mutations of
PDGFRA in childhood and adult HGGs. The role of six of the novel PDGFRA variants
described in this chapter was explored. The PDGFRA mutants analysed represented
alterations in different functional domains, and all were constitutively active and
tumourigenic. In a p53-null background the D842V, V544ins, C450ins, E10del, E10del2 and
E7del PDGFRA mutants showed ligand-independent phosphorylation while wild-type
receptor activation required ligand stimulation (Appendix Il Figure 3A), suggesting lack of
sufficient ligand, or different selective advantage conferred by wild-type PDGFRA alteration
versus mutation with or without amplification. Both wild-type and mutant PDGFRa conferred
a proliferative advantage to p53-null primary mouse astrocytes in vitro, with all 6 mutants
inducing HGG with an activated PDGFRA signalling (Appendix Il Figure 4D. In contrast to
the previous study, the tumours arising from PDGFRA mutants were not associated with a
specific gene expression signature, instead they displayed a range of gene expression
signatures similar to the spectrum seen in human HGG (Proneural, Proliferative and
Mesenchymal) (Appendix Il Figure 5). When mutant cells were treated with small molecule
inhibitors including dasatinib a potent multi-TK inhibitor, and crenolanib, a more specific
PDGFRA inhibitor, PDGFRA signalling was abrogated (Appendix Il Figure 3A) and
proliferation was inhibited (Appendix Il Figure 3B). In contrast to PDGFRA D842V, a
recurrent hotspot mutation in GIST that confers resistance to imatinib [20], the mutations
found in this study do not confer resistance to available small molecule PDGFR inhibitors,
although these compounds induced a cytostatic, but not cytotoxic response. The
resistance/sensitivity to certain inhibitors is mainly dependent on the specific mutation rather
than the therapeutic target, as illustrated by the different spectrum of EGFR mutations in
adult GBM that are not sensitive to the small molecule inhibitors that work well in lung cancer
[55]. This data suggests that clinical use of PDGFR inhibitors as a single agent may not be
sufficient to cause regression of pHGG, but could be a useful addition to other therapeutic

approaches.

In summary, this chapter demonstrated that PDGFRA alterations are a common event in
both non-brainstem and brainstem pHGG. These alterations range from missense mutations
to small indels and are important for tumour development. Moreover, they have helped

characterize two biologically and clinically different subgroups of DIPG.
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4. INTRAGENIC COPY NUMBER BREAKPOINT ANALYSIS IDENTIFIES A NOVEL
COMPLEX FUSION DHX57:TMEM178:MAP4K3 IN PAEDIATRIC HIGH GRADE

GLIOMA

4.1. INTRODUCTION

DNA copy number and gene expression studies have highlighted key distinctions between
HGG arising in childhood and far more commonly, much later in adult life [1-4]. Indeed,
recent exome-level sequencing initiatives have conclusively shown the existence of
subgroups of HGG marked by distinct driver mutations [5], which are significantly enriched in
young children (H3F3A K27M), teenagers and young adults (H3F3A G34R/V), and middle-
aged adults (IDH1/2) [6]. Specific driving events for infants and elderly patients remain to be
elucidated, however they too represent biological sub-entities, with infants having few
genomic alterations [2], and elderly patients harbouring frequent amplification of EGFR and

other genomic events [3, 4].

The identification of driving genetic alterations at the DNA copy level are necessarily most
commonly focussed on assessing the amplification/deletion of genes in their entirety, and
approaches to ascribe significance to genomic events make use of overlapping regions
across multiple samples to find genes consistently within regions of gain/loss [7]. This
approach has the result of ignoring genes for whom the breakpoint, i.e. the specific location
of copy number change, is found within the coding regions. Such events may be more than
mere bystanders of the “driving” aberration, and may themselves play significant roles in

tumour initiation and maintenance.

One key implication of copy number breakpoints occurring within genes is the possibility of
generating novel fusions. Gene fusions can occur through both intra- and inter-chromosomal
translocations, bringing together coding regions from two or more genes within a single
reading frame allowing expression of a novel protein. Such gene fusions are common in
cancer, but have historically been thought to be largely restricted to haematological
malignancies and selected solid tumours such as sarcomas. Recent evidence has
overturned this, with numerous novel gene fusions being discovered in a wide range of
cancer types, exemplified by the identification of common TMPRSS2:ERG fusions in
prostate cancer [8] and the EML4:ALK fusion in NSCLC [9].

The first fusion gene found in GBM was the rearrangement located at an amplified region at
chromosome 4q12, resulting in the fusing of the kinase domain of PDGFRA with the
regulatory domains of KDR (VEGFRZ2) [10]. This KDR:PDGFRA was found to be activating
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and tumourigenic, however to date only a single additional case has been found, in a pHGG
[11], and thus these fusions do not represent a common event. Another low frequency fusion
has more recently been identified in approximately 3% of adult HGG, involving FGFR1 or
FGFR3 partnering with TACC1 or TACC3 [12]. These FGFR:TACC fusions have been
shown to localize to mitotic spindle poles, have constitutive kinase activity and induce mitotic
and chromosomal segregation defects and aneuploidy [12]. The types of integrated analysis
that identified these mutations have also begun to identify more common rearrangements,
such as numerous fusions involving EGFR, the most frequently seen partner producing the
EGFR:SEPT14 fusion demonstrated to activate STAT3 signalling and confer mitogen
independence and sensitivity to EGFR inhibition [13].

Such analyses are clearly proving extremely valuable in furthering our understanding of
HGG biology and generating novel targets for therapeutic intervention. As similar
approaches are yet to be undertaken in the paediatric setting, we have applied an algorithm
designed to identify intragenic copy number breakpoints in our previously published study of
DNA copy number [2]. We identify numerous potentially functional gene disruptions and a
novel validated complex fusion, DHX57:TMEM178:MAP4K3.

4.2. MATERIALS and METHODS
4.2.1. Published DNA copy number data

Our lab previously carried out a DNA copy number profiling study of 100 pHGG cases on
Affymetrix 500K SNP arrays [2]. The data have been deposited at the Gene Expression
Omnibus (GEO, www.ncbi.nlm.nih.gov/geo/) with accession number GSE19578. Copy
number assignment was carried out as per the original publication, using Affymetrix
Genotyping Analysis Software (GTYPE version 4.s) improved using Bayesian Linear Model
with Mahalanobis distance classifier algorithm (BRLMM) and standard dChipSNP
normalization and model-based expression algorithms [2]. Log.-transformed data was used

for all subsequent analysis in the present study.
4.2.2. iCNA algorithm

We implemented the iCNA algorithm developed as part of the GTS package under R2.11.0
(cbio.mskcc.org/~brennan) [14]. Breakpoints are calculated according to user-defined ‘delta’
values representing shifts in log, ratios between two contiguous genomic regions after
segmenting the copy number data using circular binary segmentation (cbs) [15]. Using a
delta of 0.4, breakpoint boundaries are identified and errors estimated by permutation-based

calculations of neighbouring probe data. Confidence intervals are assigned and those falling
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within the 95% window considered ‘high confidence’. An estimate is calculated for the
expected rate of breaks for each gene based upon gene size and rate of breaks per sample,
with a p value obtained based upon (observed-expected)/standard error. A corrected p value
of < 0.05 is considered significant. Manual inspection of copy number plots was undertaken
to ensure sufficient probe coverage was present at identified loci in order to prioritize the
most convincing breakpoints. Those with substantial gaps at either side of the break were

excluded.
4.2.3. Custom oligonucleotide aCGH

We designed two fine-tiling oligonucleotide microarrays to cover the specific amplicons
observed at chromosomes 2p22.1 and 10q11.21 This was undertaken using the Agilent
custom array design tool e-Array (Agilent, Santa Clara, CA, USA;
https://earray.chem.agilent.com/), and comprised 700 probes covering 43.56—43.70Mb on
chromosome 10 and 5000 probes covering 39—-40Mb on chromosome 10 with a median
probe interval of 200bp on 2x105K microarray. Due to limited amount of material, DNA was
whole genome amplified (WGA) using the GenomePlex® Complete Whole Genome
Amplification Kit (Sigma, Gillingham, UK) starting with 10ng of sample and control DNA, and
following the manufacturer’s protocol. WGA DNA was labelled using the Agilent Genomic
DNA ULS labelling kit, hybridised as per manufacturer’s instructions, and scanned on the
Agilent 2505B Microarray Scanner System. Data has been submitted to ArrayExpress with
accession number E-MTAB-2340.

4.2.4. siRNA knockdown

siRNA was carried out using a Dharmacon SMARTpool™ (Dharmacon, Lafayette, CO, USA)
against MAP4K3 [#003588] with paediatric glioma cells SF188, KNS42, UW479, Res259
and Res186 [16] and a panel of breast carcinoma lines. Cells were plated and transfected
24 hours later with siRNA using Lipofectamine RNAIMax™ (Invitrogen, Paisley, UK) as per
manufacturer's instructions, alongside transfections of siControl. Twenty four hours following
transfection, cells were trypsinised and media replenished after 48 hours and 96 hours, with
cell viability assessed after seven days using CellTiter-Glo™ Luminescent Cell Viability

Assay (Promega, Madison, WI, USA) as per manufacturer's instructions.
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4.3. RESULTS

We have previously carried out DNA copy number profiling of a large series of pHGG
samples using Affymetrix 500K SNP arrays, and reported numerous genes encompassed
within areas of focal amplification and deletion [2]. We now applied an algorithm (iCNA [14])
designed to identify copy number breakpoints contained within the sequence of known

genes. A full schema of the analytical process is given in Figure 4.1.

This algorithm was applied to 100 pHGG and 26 matched normal DNA samples, resulting in
the identification of 1099 unique DNA copy number breaks contained within gene sequences
across all tumour samples (Appendix IV - Supplementary Table S1). Of these, 479 were
found to map to known regions of copy number variations found commonly in the germlines
of the general population by cross-referencing the breakpoints with The Centre for Applied

Genomics Database of Genomic Variants [17], leaving a total of 620 events.

These were filtered to 500 after excluding those with p values > 0.05, and further reduced to
388 with at least one sample harbouring a given aberration at ‘high confidence’. A further
100 of these were excluded as they were also found in at least one of the normal samples
profiled, representing either technical artefacts associated with the array platform used, or
low frequency normal copy number polymorphisms. A final list of 288 iICNA is provided in

Appendix IV - Supplementary Table S2.

Most pHGG samples harboured at least one iCNA (median=3), although seven cases were
found to contain none. Several cases were found to contain many more aberrations
(maximum=19), though these were in the minority (Figure 4.2a). The number of iCNA events
per sample was found to be prognostic in this multi-institutional series of cases, with pHGG
containing more than 10 iCNA (n=9) found to have a significantly poorer survival
(median=7.8 months), and those with no iCNA a better survival (median=24 months) than

the rest of the tumours (median=13.2 months) (p=0.026, log-rank test) (Figure 4.2b).

There were no differences in the number of iCNA between grade Ill (n=20, median=3, range
0-7) and grade IV tumours (n=58, median=3, range 0-19) (p=0.456, t-test), though the cases
with the highest number of iCNA were all grade IV GBM (Figure 4.2c). Similarly, there were
no differences between primary tumours (n=68, median=3, range 0-19) and those which
arose as secondary malignancies after cranio-spinal irradiation (n=10, median=2.5, range 0-
11) (p=0.698, t-test) (Figure 4.2d). Infants (less than 3 years at diagnosis) had significantly
fewer iCNA (n=10, median=2.5, range 0-6) than older children (n=68, median=4, range 0-19)
(p=0.050, t-test) (Figure 4.2e). Tumours with the K27M mutation in the gene encoding the
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histone variant H3.3, H3F3A, harboured significantly more iCNA (n=5, median=6, range 1-

16) than either G34R/V mutant tumours (n=4, median=4.5, range 3-7) or wild-type (n=14,
median=3, range 0-11) (p=0.043, ANOVA) (Figure 4.2f). This was independent of location of

tumour, with no differences in number of iCNA between supratentorial GBM (n=51) and

DIPG (n=7, p=0.684, t-test).

100 26
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N &
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iCNA algorithm
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Figure 4.1. Schema of iCNA algorithm applied to paediatric high grade glioma. 1099 intragenic

breakpoints were initially identified in a published series of 100 pHGG. From these, known copy

number polymorphisms were excluded, as were these seen in a series of 26 matched normal DNA

samples. After filtering for statistical significance and manual

inspection of copy number plots, a

series of 19 intragenic deletions, 18 amplicons, and 2 candidate fusions were identified.
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Figure 4.2. Clinicopathological correlates of intragenic copy number breaks in paediatric high
grade glioma. (a) Number of intragenic breaks per sample in a series of 100 pHGG. (b) Kaplan-
Meier plot of overall survival stratified by number of intragenic breaks per sample. Pink: no breaks;
Red: more than 10 breaks per sample; Grey: rest. (c-f) Boxplot of number of intragenic breaks per
sample separated by — (c) WHO grade. Orange: grade Ill; Brown: grade IV. (d) Previous radiation
treatment for an earlier malignancy. Grey: primary pHGG; Purple: post-irradiation; (e) Age at
diagnosis. Yellow: infant (<3 years old); Dark yellow: older children (>3 years old). (f) H3F3A
status. Blue: G34R/V; Green: K27M; Grey: wild-type

The 288 iCNA were further subjected to individual manual inspection of the data plots in
order to identify the most robust copy number shifts associated with intragenic breaks. This
resulted in a list of 39 unique events in 51 samples (Table 4.1). The recurrent changes
included copy number loss, resulting primarily in either the absence of the 3’ end of a gene
or small deletions wholly within the coding sequence. These intragenic deletions included
those targeting known tumour suppressors in GBM such as NF1 (17q11.2, n=2) (Figure
4.3a) and RB1 (13q14.2, n=1) (Appendix IV - Supplementary Figure S3), as well as putative
novel GBM-associated genes including FAF1 (1p33, n=2) and MTAP (9p21.3, n=2)
[Appendix IV - Supplementary Figure S3). In addition, there were novel deletions in the
protein phosphatase PTPRE (10926.2, n=2) (Figure 4.3b) and recurrent internal
microdeletions in the gene CSMD3 (CUB and Sushi multiple domains 3) (8923.3, n=3), all of

which overlapped to result in the loss of exon 4 (Appendix IV - Supplementary Figure S3).
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Table 4.1. Nominated intragenic copy number aberration candidates. 39 unique intragenic
breakpoints found within 51 cases of paediatric high grade glioma. Direction of copy number shift
(gain/loss) is reported, as well as candidate fusion events found within 51 cases of pHGG.

Direction of copy number shift (gain/loss) is reported, as well as candidate fusion events.

Cand.ID Gene Chromosome Sample Copy number change Comments
1 FAF1 1 HGG091 Deletion
FAF1 1 HGG140 Deletion
2 CcDh84 1 HGGO088 Amplification
3 LGAL 1 HGGO070 Deletion
4 KIDIN 2 HGGO077 Amplification
5 DHX5 2 HGGO063 Amplification Fusion
6 TME 2 HGGO063 Amplification Fusion
7 WDR 3 HGGO010 Amplification
8 PDC 3 HGG157 Deletion
9 CHIC 4 HGGO077 Amplification
10 ITGA 5 HGGO029 Deletion
11 EPHA 6 HGG139 Deletion
12 LANC 7 HGGO060 Amplification
13 ECO 7 HGGO060 Amplification
14 KCN 7 HGG152 Amplification
KCN 7 HGG162 Amplification
14 SND1 7 HGG090 Deletion
15 CSM 8 HGG054 Deletion
CSM 8 HGG140 Deletion
CSM 8 HGG153 Deletion
16 SLC2 9 HGG151 Deletion
SLC2 9 HGGO011 Deletion
17 MTA 9 HGGO022 Deletion
MTA 9 HGGO007 Deletion
18 ANK 10 HGG068 Deletion
19 RET 10 HGG139 Amplification Fusion
20 CSG 10 HGG139 Amplification Fusion
21 PTPR 10 HGGO086 Deletion
PTPR 10 HGG145 Deletion
22 RAB6 11 HGG092 Amplification
23 PSM 11 HGG092 Amplification
24 T™MT 12 HGGO010 Amplification
T™MT 12 HGG068 Amplification
25 LRRK 12 HGG068 Amplification
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26 MYO 12 HGGO029 Amplification

27 XRC 12 HGGO029 Amplification

28 OSB 12 HGGO065 Amplification
OSB 12 HGG162 Amplification

29 RB1 13 HGG154 Deletion

30 PCD 13 HGGO059 Deletion

31 CD27 15 HGGO006 Deletion

32 MEF2 15 HGGO011 Deletion

33 DNA 17 HGG143 Amplification

34 NF1 17 HGG154 Deletion
NF1 17 HGG140 Deletion

35 BRIP 17 HGGO077 Deletion

36 KCN 20 HGG139 Amplification

37 SYN3 22 HGGO017 Deletion
SYN3 22 HGG146 Deletion

38 TIMP 22 HGG146 Deletion

39 PHF2 22 HGGO072 Deletion

39 unique intragenic breakpoints found within 51 cases of paediatric high grade glioma. Direction of

copy number shift (gain/loss) is reported, as well as candidate fusion events.

Copy number gains within gene coding regions tended to be associated with regions
flanking known oncogenic amplicons. These included amplification of the MYCN locus at
chromosome 2p24.3, which in case HGGO077 breaks within the coding region of the kinase
D-interacting substrate KIDINS220 (Figure 4.4a); amplification of PDGFRA at 4q12,
harbouring an iCNA in CHIC2 in the same case (though only covered by two probes); and
recurrent breakpoints in the gene encoding the potassium voltage-gated channel KCND2 at
7931.31 in association with amplification of MET, though curiously this targeted either 5’ or
3’ ends in two different cases (Figure 4.4b). Similarly, common amplification events
encompassing EGFR (7p12) and CDK4 (12914) had intragenic breakpoints at both ends in
cases HGG060 (LANCL2 and ECOP) and HGG029 (MYO1A and XRCC6BP1), respectively
(Appendix IV - Supplementary Figure S4).
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For the most part, iCNA events resulted in an imbalance of certain regions of coding genes
in isolation, with the predicted consequence a disruption of full-length gene expression. For
certain events however, a 5° end of one gene was found amplified at a similar copy number
to a 3’ end of a second gene within the same case. We reasoned that such instances may

represent candidate fusion genes, and we identified two such examples in our cohort.
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Figure 4.3. Intragenic deletions in paediatric high grade glioma. (a) Recurrent copy number
breakpoint within NF7 on chromosome 17g11.2 in two cases of pHGG. (b) Recurrent copy number
breakpoint within PTPRE on chromosome 10926.2 in two cases of pHGG. Dark pink: confirmed
region of loss; Light pink: region within which breakpoint lies, as defined by the resolution of probes

on the array.
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The first was at chromosome 10q11.21 and reflected a single amplicon, breaking within the
genes RET and CSGALNACT2 such that we propose a hypothetical fusion gene
encompassing the 5’ regulatory regions of CSGALNACT?2 and the 3’ kinase domain of RET.
In order to determine the precise breakpoints to allow validation of this novel fusion, we
designed custom oligonucleotide arrays spanning the amplicon in order to carry out high-
resolution aCGH on the reference case HGG139, a relapse sample of GBM in which this
genomic event was not present in the primary tumour. Although the breakpoint for
CSGALNACT2 was identified within intron 2, leaving the catalytic domains intact, the
breakpoint within RET could not be accurately determined to closer than 10kb between

introns 1 and 2 (Appendix IV - Supplementary Figure S5)..
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Figure 4.4. Intragenic amplifications in paediatric high grade glioma. (a) Copy number breakpoint
within KIDINS200 on chromosome 2p25.1, flanking the MYCN amplicon in a case of pHGG. [b]
Recurrent copy number breakpoint within KCND2 on chromosome 7g31.31 in two cases of pHGG,
in both cases part of the MET amplicon, though targeting either the 5’ or 3’ end of the gene. Dark
green: confirmed region of gain; Light green: region within which breakpoint lies, as defined by the

resolution of probes on the array.
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As material was limited for this case, we were unable to confirm the precise nature of the
putative CSGALNACT2:RET fusion by PCR-based techniques

The second fusion candidate was located at an amplified region of chromosome 2p22.1 in
case HGGO063, an anaplastic astrocytoma. At Affymetrix 500K SNP resolution, this appeared
to be a single amplicon with breaks within the coding regions of the RNA helicase DHX57
and the transmembrane protein TMEM178 (Figure 4.5a). Applying the same approach as
above, using custom-designed oligonucleotide arrays for high-resolution aCGH revealed two
amplicons within this structure, with further intragenic breakpoints within the mitogen-
activated protein kinase MAP4K3 (Figure 4.5b). Designing PCR primers to amplify across
the highly specific breakpoints confirmed the presence of the fusion, which was further

validated by direct sequencing (Figure 4.6).

The resultant fusion gene, DHX57:TMEM178:MAP4K3, is a complex three gene fusion
formed from a series of intragenic breaks, amplifications and inversions to produce a
sequence comprising exons 1-12 of DHX57, exons 2-4 of TMEM178 and exons 13-34 of
MAP4K3, associated with regions of microhomology (Figure 4.6). This would produce a
protein with the zinger finger and DEAD-like helicase domains of DHX57, the claudin family
transmembrane domains of TMEM178 and the citron domain of MAP4K3. Selective
knockdown of MAP4K3 by siRNA leads to a significant reduction in cell viability in five
paediatric glioma cell lines as assayed by CellTiter Glo, an effect not seen in 18/20 breast
cancer cells (p=0.0017, pHGG vs breast cancer, t-test) (Appendix IV - Supplementary Figure
S6).
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Figure 4.5. Identification of a novel complex fusion DHX57:TMEM178:MAP4K3. (a) Affymetrix
500K SNP array of chromosome 2, highlighting two amplicons, the most telomeric encompassing
MYCN, the more centromeric as 2p22.1 involving intragenic breakpoints in DHX57 and TMEM178
(green). (b) Custom oligonucleotide array of the 2p22.1 amplicon, revealing two amplified
structures and three intragenic breakpoints, in DHX57, MAP4K3 and TMEM178 (green).
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Figure 4.6. Cartoon depicting the structure of the DHX57:TMEM178:MAP4K3 fusion. A complex
microhomology-mediated rearrangement of exons 1-12 of DHX57 (blue), exons 2-4 of TMEM178
(green) and exons 13-34 of MAP4K3 (orange) was confirmed by direct sequencing. Regions of

microhomology are highlighted in grey.

4.4. DISCUSSION

Comprehensive copy number profiling of adult and pHGGs was among the first data to
demonstrate the biological differences between these similar-looking histological
malignancies [18]. In this context, the focus has been on large-scale genomic copy number
changes. A more refined analysis of copy number and exon-level expression data has
identified new insights into genomic architecture and novel fusion proteins in adult GBM [12,
13]. Here we leverage a large dataset we have previously generated [2] in the paediatric
disease to carry out a scan of intragenic breakpoints, leading to the identification of novel

gene disruptions and candidate gene fusions.

The presence of intragenic copy number aberrations was confirmed in the vast majority of
pHGG cases, and was itself prognostic, with an absence of iCNAs conferring a longer

overall survival in paediatric patients. This was associated with the infant age group, known
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to have a better clinical outcome than older children [19], and further highlights the biological
distinctiveness of this age group. By contrast, the presence of large numbers of intragenic
breaks conferred a shorter survival time, but was not a result of the grade of the tumour, nor
associated with a second malignancy due to radiation treatment for an earlier cancer. We
had previously reported an association of post-irradiated HGG with PDGFRA amplification
and chromosome 1q gain [2], so it appears these are relatively selective radiation-induced
changes, rather than reflecting a generalised genomic instability in secondary tumours from
these patients. Importantly, we identified an increased number of iICNA in tumours
harbouring an H3F3A K27M mutation, regardless of anatomical location. This is a group of
thalamic and pontine HGG associated with a particularly dismal prognosis [18], for whom
understanding the mechanisms of genomic instability and the identification of novel gene

disruptions is of considerable interest.

The majority of intragenic breakpoints we identified were associated with gene disruption.
This includes deletions of known tumour suppressors such as RB71 and NF1, but also more
novel GBM associated genes. FAF1 and MTAP were both recurrently targeted by intragenic
deletion events in pHGG. These genes are localised close to known cyclin-dependent
kinase inhibitors and tumour suppressors CDKN1C and CDKNZ2A/B, respectively, but both
FAF1 and MTAP have recently been proposed to harbour tumour suppressor activity in their
own right. FAF1 is associated with a FAS-mediated apoptosis response and restoration of
the FAF1 protein in adult glioma cell lines significantly increases cell death [20], whilst in
MTAP-deficient cells, methylthioadenosine, generated during polyamine biosynthesis, is not
cleaved and the salvage pathway for adenine and methionine is absent. It seems that such

mechanisms are also likely in a subset of paediatric tumours.

Of note we identified novel deletions in the protein phosphatase epsilon, PTPRE. This has
not been reported previously, although there are several reports of the tumour suppressive
capacity of the related PTPRD [21, 22]. This gene also appears targeted by intragenic
deletions, and human astrocytes lacking PTPRD exhibited increased growth, as it is thought
the protein usually functions to dephosphorylate the oncoprotein STAT3 [21]. The wholly
intragenic microdeletions observed in CSMD3 in four cases may represent another novel
mechanism of gene disruption. CSMD3 encodes a gene with multiple CUB and Sushi
domains whose function is poorly understood. Recently, CSMD3 was identified as the
second most frequently mutated gene (next to TP53) in lung cancer, where it was
demonstrated that loss of CSMD3 results in increased proliferation of airway epithelial cells
[23].
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Gene disruption may also play a significant functional role when known gain-of-function
oncogenes are amplified. We report numerous intragenic breakpoints which may have been
overlooked in the context of identifying the ‘driver’ event within a common amplicon, but
which may themselves be tumourigenic. These include disruptions of KIDINS220, a
functional mediator of multiple receptor signalling pathways and essential for cortical
development [24, 25]; CHIC2, frequently deleted/rearranged in myeloid malignancies [26];
and KCND2, encoding a potassium voltage-gated channel, which is expressed in both
neuronal and glial cells and has been shown to regulate ERK signaling in ganglioglioma [27].
All of these gene disruptions represent novel avenues for understanding the underlying
biology of pHGG.

Of most interest was the use of the iCNA algorithm to identify potential novel fusion genes,
as was demonstrated in adult GBM with the identification of the KDR:PDGFRA fusion [10],
which we also found in a case of pHGG [11]. Our analysis nominated two potential
candidates — the first we were unable to conclusively validate, CSGALNACT2:RET. Such a
putative fusion would retain the kinase domain of the RET oncoprotein, but would lose the
autoregulatory portion of the protein, instead fusing it to the N terminal of chondroitin sulfate
N-acetyl-galactosaminyltransferase 2. Although a precise cancer-related function has not
been ascribed to the latter enzyme, it is thought to play an important role in morphogenesis
in zebrafish models [28, 29]. Whilst not validated, oncogenic RET rearrangements and
fusions are common in thyroid and lung cancer [30, 31], and the presence of infrequent

activating fusions in HGG do not seem unlikely.

We were able to validate a novel complex fusion involving three genes with intragenic
breakpoints and amplification/rearrangement on chromosome 2p22.1. The resulting fusion
gene, DHX57:TMEM178:MAP4K3 encompasses key regulatory domains from all three
proteins, though a specific function is hard to predict. The helicase properties of the DHX57
component may be a candidate for oncogenicity, with numerous other DEAD-box helicases
appearing to play a role in regulation of DNA repair, apoptosis and drug sensitivity [32].
MAP4K3 has been associated with several malignancies in both an oncogenic and tumour
suppressor capacity [33, 34]. In particular, one function that has been ascribed includes
activation of mTOR signalling via the TORC1 complex [35], a pathway commonly activated

by diverse mechanisms in pHGG [18].

In the context of pHGG, although the kinase domain is not retained in the fusion, MAP4K3
plays some functional role as selective knockdown by siRNA leads to a significant and

selective reduction in cell viability in paediatric glioma cell lines. Thus we hypothesise that
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the DHX57:TMEM178:MAP4K3 is activating as disruption of the protein would otherwise

seem incompatible with tumour cell growth and proliferation.

In summary these data represent a key addition to our understanding of the genomic

alterations driving pHGG and provide novel avenues for developing sorely-needed novel

therapeutic strategies for children with these otherwise incurable tumours.
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5. INTEGRATED WHOLE GENOME AND TRANSCRIPTOME SEQUENCING IDENTIFIES

NOVEL EXPRESSED FUSION TRANSCRIPTS IN PAEDIATRIC HIGH GRADE GLIOMA

5.1. INTRODUCTION

GBM is a highly aggressive brain tumour with a dismal clinical outcome, and though less
common in the paediatric setting than in adults, it remains one of the biggest reasons for
loss of life due to cancer in children. Recent genomic studies have profiled large numbers of
GBM samples, leading to characterization of core pathogenic pathways and enabling
molecular sub-classification [1-5]. Nevertheless, despite this exhaustive characterization,
only few fusion genes have been reported in adult GBM and one in paediatric GBM. Singh
and colleagues have recently identified tandem duplication on 4p16.3 which creates a fusion
transcript, FGFR3:TACC3 [6]. The fusion occurs in 3% of adult GBM, displays oncogenic
activity and is associated with amplification of both genes [6]. In addition, a less frequent
fusion involving PDGFRA, a gene commonly mutated in GBM, and KDR, the gene that
encodes for the VEGF receptor, was found 1 out of 215 cases [7]. The KP fusion renders a

receptor constitutively active and tumourigenic in vivo [7].

Over the past few decades, genomic rearrangements and the creation of fusion genes have
been reported to contribute to tumourigenesis in various malignancies, especially
leukaemias and sarcomas [8, 9]. More recently, several reports have demonstrated that
common epithelial cancers, such as carcinoma of the breast, prostate and lung, may also be
the target of fusion genes [8, 10]. Gene fusions can lead to the production of oncogenic
fusion proteins, such as the first to be discovered, the BCR:ABL1 kinase in chronic
myelogeneous leukaemia [11]. Alternatively, fusion genes can lead to an enhanced
expression of oncogenes via promoter switching, as seen in the TMPRSS2:ERG fusion in
prostate cancer [12]. In addition to creating fusion genes, genomic rearrangements in these
cancers break many other genes, affecting gene function and leading to gene inactivation
[13].

The recent development of high throughput sequencing technologies has enabled the
detection of structural alterations in cancer DNA in a systematic way [14]. Most solid
tumours fusion transcripts, like the recurrent VTILA:TCF7L2 fusion in colorectal
adenocarcinomas, were identified using paired-end whole genome or whole transcriptome
sequencing. Moreover, very complex rearrangements like chromothripsis [15] and
chromoanasynthesis [16] have been identified with these methods. The first is a cellular

crisis that leads to chromosome shattering and the second comprises local rearrangements
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with altered gene copy numbers produced by serial, microhomology-mediated template

switching during DNA replication.

Fusion transcripts found in patient samples have also been observed in several cell lines
such as prostate cancer [17, 18], breast cancer [19] and NSCLC [20]. KNS42, SF188 and
UW479 are pHGG cell lines extensively used as models to carry out preclinical and
functional work. KNS42 and SF188 were derived from WHO grade IV paediatric GBMs in
male patients aged 16 and 8 years old, respectively [21, 22]. UW479 was derived from a
grade lll anaplastic astrocytoma of a 13 year old female [23]. All three high grade lines have
highly complex genomic profiles and harbour amplifications and deletions at several known
cancer genes dysregulated in paediatric glioma, including CCND1, MYC, CDK4, PIK3CA,
CDKN2A/B, and RB1 [24]. SF188 harbours an amplifier phenotype, with coordinated
amplification of CCND1 and CDK4. By contrast, KNS42 cells achieves a similar end through
direct deletion of RB1 itself. Further disruption to the p53 pathway (through point mutations
of TP53 in both lines), and the RTK/PI3K/AKT pathway via NF1 deletion in SF188 and
PIK3CA copy number gain in KNS42. Interestingly, UW479 cells also harbour numerous
high level amplifications, including 3p11-p12, 6p21, 18pl1l1 and 1912 and an homozygous
deletion at the CDKN2A/B locus [24].

To examine whether SVs that lead to the production of oncogenic fusion proteins are
present in pHGG, we used whole genome and transcriptome paired end sequencing to
detect novel gene fusions in pHGG model cell lines — KNS42, SF188 and UW479.

5.2. MATERIAL AND METHODS
5.2.1. Cell lines

Paediatric GBM cell line KNS42 was obtained from the JCRB (Japan Cancer Research
Resources) cell bank. Paediatric SF188 cells were provided by Dr Daphne Haas-Kogan and
Uw479 were kindly provided by Dr Michael Bobola. These cell lines have been previously
characterised [24]. They were grown as monolayers in DMEM F12-HAM complete media
(Sigma-Aldrich) supplemented with 10% foetal bovine serum (FBS), incubated at 37°C with
5% CO2. DNA was extracted from all the cell lines, and samples screened for mycoplasma

at Surrey Diagnostics (Cranleigh, UK).
5.2.2. DNA and RNA extraction

Genomic DNA was extracted from pHGG cell lines using the DNeasy Blood & Tissue Kit

(Qiagen, Manchester, UK), and the quantity and quality of the DNA was assessed with
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Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies, Paisley, UK) and ND-1000
Nanodrop (Thermo Scientific, Loughborough, UK). Total RNA was extracted using the
Absolutely RNA Miniprep Kit (Agilent, Wokingham, UK), and the quantity and quality of the
RNA was assessed on the 2100 Bioanalyzer (Agilent, Wokingham, UK), using the Agilent
RNA 6000 Nano Kit (Agilent, Wokingham, UK), according to manufacturer instructions.
cDNA was synthetize using the SuperScript Il system (Life Technologies, Paisley, UK)

according to manufacturer’s protocol.
5.2.3. Whole genome sequencing

Sequencing was performed at the Tumour Profiling Unit, Institute of Cancer Research,
London, UK. KNS42, SF188 and UW479 were sequenced using the lllumina HiSeq2000
sequencer. Briefly, 2.5-5 micrograms of DNA from each cell line were used to prepare the
sequencing library through shearing of the DNA using Covaris S2 followed by ligation of
sequencing adaptors according to the lllumina protocol. Fragments sized 00-766bp were
extracted from the gel using the MinElute Gel Extraction Kit (Qiagen, Manchester, UK) to
prepare 500bp insert libraries. Each sample was sequenced on multiple Illlumina flow cells
using the TruSeq Paired-End Cluster Kit v3-cBot-HS (lllumina, Little Chesterford, UK) with
paired 100-bp reads to achieve ~30X coverage.

5.2.4. Transcriptome sequencing

RNA sequencing was performed at Source Bioscience, Nottingham, UK. 3 micrograms of
total RNA from each cell line were prepared for high-throughput sequencing using the
lllumina TruSeq RNA sample preparation Kit v2, according to manufacturer’'s protocol.
Sequencing produced roughly 74-92 million paired reads,

5.2.5. Copy number analysis

The copy number analysis uses the cell lines Affymetrix 500K SNP array data previously
published by our lab [24]. The copy number data was re-processed using the Aroma
Affymetrix package in R based upon the log ratio of each sample against a pool of 30
European Hap Map mothers and smoothed by standard circular binary segmentation in the
DNA copy package. Gains and losses were defined with a threshold of +0.1 and
amplifications and deletions with a threshold of +0.5. Only regions of 10 or more contiguous

probes were included in copy humber analysis.
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5.2.6. Bioinformatic analysis

Raw sequencing data was aligned to the human genome (version hgl9, Ensembl56) with
the BWA v0.5.10 using default parameters [25]. BAM files were analysed by the
BreakDancer v1.1.2 [26] with default parameters to characterize the structural
rearrangements present in each line — deletions (DEL), insertions (INS), inversions (INV)
and intra-chromosomal (ITX) and inter-chromosomal (CTX) translocations. The filtering
process was based on sequence depth and retained rearrangements supported by at least
ten paired reads. For ITX rearrangements, insert size should be greater than 1Kb, according
to the variability in the insert size produced by the technique. As no matched constitutional
DNA is available from the original patient from whom these cell lines were derived, we used
publicly available normal genomes, and manually checked all regions involved in order to
exclude those regions showing sufficient homology to represent a strong possibility of being

false positives due to misalignments.

Fusion gene detection was run on RNA Sequencing data using the Chimerascan pipeline
v0.4.5 [27]. This relies upon Bowtie alignments [28] of paired end reads and the identification
of mismatched pairs surrounding putative breaks encompassing reads containing the
breakpoint sequence. Filtering of the Chimerascan output included steps to annotate each
breakpoint for the longest Ensembl transcript covering the region and identifying candidate
fused exons either side, as well as the predicted phase of the two partner exons (in-house
script), intergenic fusions, readthroughs and those nominating SVs breakpoints smaller than
10kb apart. Junctions were filtered to remove highly promiscuous partner reads with
nominations to more than two distinct genomic loci and those representing multi-mapping

genomic regions.

Overlay of DNA and RNA sequencing levels fusions was based upon the intersection of

gene annotations and genomic loci of the two partner genes in each case.

Sequenced Variants were called using GATKv2.3-9 variant calling. Variants were filtered for
depth, allele fraction, and minor allele frequency (MAF) in 1000 genomes of less than 5%.
Genes which had more than 100 variants per Mb sequenced and which carry more than two

coding variants in each individual cell lines were removed
5.2.7. PCR validation

Four PCR primers (IDT Technologies, Coralville, US) were designed using Primer3 [29, 30]
for each pair of genes involved in the predicted SV (Table 5.1). These primers were

designed £200bp apart from the breakpoints to generate amplicons spanning the breakpoint-
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junction-sequences of predicted SVs. In addition to fusion gene amplification, we amplified
both partner genes involved. DNA from the cell line carrying the fusion and normal control
DNA (Promega, Southampton, UK) were used. PCR was carried out with Platinum® Taq
DNA Polymerase High Fidelity (Life Technologies, Paisley, UK) in a 25 pl volume and with
100 nanograms of genomic DNA or cDNA as template. The following program was used:
Initial denaturation at 94°C for 3min, followed by a 2-Step-Touchdown: 1. (94°C 30 sec,
68°C 45 sec, 72°C 1 min) 18 cycles, 2. (94°C 30 sec, 50°C 45 sec, 72°C 1 min) 30 cycles;
followed by an additional cycle of 72°C 10 min. Fusions PCR products were extracted by gel
purification (Qiagen, Manchester, UK) or cleaned up with the Illustra™ ExoStar™ 1-STEP kit
(VWR, Lutterworth, UK). Sanger DNA sequencing of the PCR products was performed by
DNA Sequencing & Services (MRCPPU, College of Life Sciences, University of Dundee,
Scotland, www.dnaseq.co.uk) using Applied Biosystems Big-Dye Ver 3.1 chemistry on an

Applied Biosystems model 3730 automated capillary DNA sequencer.
5.2.8. Metaphase slides

KNS42, SF188 and UW479 were grown to 70-80% confluency and incubated with colcemid
(Life Technologies, Paisley, UK) (1:100) for 1-3h. pHGG cells were harvested and treated
with an hypotonic solution of 0.075M KCI for 5-8min at 37°C. After this treatment, cells were
pre-fixed with an ice-cold 3:1 methanol:acetic acid solution. The cells were collected by
centrifugation, the supernatant was removed completely and the cell pellet was resuspended
in 1 ml of fresh fixative (3:1 methanol:acetic acid solution) and stored at -20C until use. The
nuclear suspensions were dropped onto clean slides and dried at room temperature prior to
use. Control metaphase slides were kindly provided by John Swansbury (Clinical
Cytogenetics, Royal Marsden Hospital, Sutton, UK).

5.2.9. Fluorescent in-situ Hybridization

Fusion genes were either detected using break-apart FISH probes for one of the genes
involved in the fusion or using fusion probes, where a probe for each gene involved was
selected and differentially labelled. Centromere probes were used as chromosome-specific
controls. BAC clones were obtained from 32K re-array BAC collection distributed by CHORI
and housed by the Breakthrough Microarray Facility (Institute of Cancer Research, London,
UK) and FISH-mapped onto control metaphase slides to ensure specificity. BAC clones used
are listed in Table 5.2. BAC DNA was amplified from 10 nanograms starting material using
the llustra™ GenomiPhi™ V2 DNA amplification kit (GE Healthcare, Little Chalfont, UK)
according to manufacturer’s instructions. Probes were labelled with biotin, dioxigenin (DIG)

or Aqua using the BioPrime® DNA Labeling System (Life Technologies, Paisley, UK).

87



Table 5.1. Sequence of primers used for the screen of structural variants involving genes at either side in KNS42, SF188 and UW479 cell lines. The first column corresponds to

the fusion ID which contains the cell line in which the fusion is present, followed by the chromosomal location of the partner gene 1 and partner gene 2.

Cell Line Fusion ID Gene 1 Gene 1 Primer Forward Gene 1 Primer Reverse Gene 2 Gene 2 Primer Forward Gene 2 Primer Reverse
KNS42_1 156051752_3 189542047  MEX3 CTTTGTAGAGAGCGCAGAGCTT  AGATCTGCTTTCTTGGTTTTGC TP63 CGGATAGAGGCAGCAGGTAT  TTGGAAAAGTCCAGGCTAGG
KNS42_2 171814878 13 49848076 GORASP2 TCTCATCCCAGCTCTTTAGTCC  CACAGCTACTTGGTTAGGCTGA CDADC1 CTTGCATTCTTTTTCCCTCAAG  GATTTCCCTTCTGCCCAAAT
KNS42_1 58802590 10 74176383 DAB1 AGCTGCAAGACTTCAATCCTTT  AACCACCACGTTACTCCAATTT MICU1 TTATGGCCACATTTCACACG TGGGAATGCAGTAGTGAGCA
KNS42 2 43437013 6 45891802 CTCCCATGATGGTTAGAACACC  CCAGCTGTCTCTGTCTCTCTCA CLIC5 CATCGGATCGTGAACTGATTT  AGGGTATCCAGGGAACTGCT
KNS42_6 14261299 8 8718282 CTGAAGCTGACAAACACAAAGC  AACCTCCCACTATGATTCTGGA MFHAS1 AGAACGCCCTCTGTTCCTTT TTACCTCAGCCCAAGAAACG
KNS42_6 15532273 8 8667072 DTNBP1 ATCTCAGCTCACTGCAACCTCT  ATTCCACCAGTTTTCCTAGCTG MFHAS1 GCTCCCACTGATTCCACATT GCCGTCTGCAGTAACCTCTC
KNS42 1 152387895 11 132713260 CACACATGTTTTTGTGGTGATG  GTGATGTTCATAAGGTGCCAAA OPCML  CATCAGCCTAAGATGCTTGC GCTCTGTTTCAGATGCCAAG
KNS42_12 96967216_X_100735303  cl2orf63 CGAGGAAGGATATGTCTCCAAA  CTAGAGCCTGCATACCAGTCCT TGCCCAAGGATATCCAAAAA AGACAGGGTTTCGCTGTGTC
KNS42_7 103159742 12 98598388  RELN GTGTTTCTTTGCTTTCCAGTCC  AGCCTAGGTGACAGAGCAAGAC CACAGACTGGCAAAATTGGAT  TTCAGGAGCAGGTTGTTCG
KNS42_3 164722685 5 57093054 Sl CTGCTGAATATGCATCCAAAAG  ATTGACTCACAGTTCTGCATGG CCCATCTTGTTTGCCATTGT TAACAGCAGGCTTCCCAAAA
KNS42_12 96977487_X_98569531 c12orf63 TGATCTTGACCTTGGAGACTGA  GTGAACTTCATTTCCCCTTCAC CAAGCCAGTCAAAGCAGACA TCTGATTCTTTGCCATTGGTC
KNS42 5 64964650 5 65433006 SGTB ACTTGAGGTCAGGAGTTCGAGA GGAGAAAAGGGGCATTAGGTAT TTCCACATTTTTGGGCATCT CCACCAGGATTGTGATAGGG
SF188 20 4895215 20 25459154 SLC23A2 ATCCCTGAGAGGCCTAAGGA CTGCCTCAGCCTCCTGAGTA GCCTCCCAAAGTGCTGATTA TCAAGTCTGGGGTTTCTTGC
SF188 6 158783682 17 78736108  TULP4 TGCGCTTGTTGTTTGTTCAT CAATCTTGGCTCACTGCAAA RPTOR  CAATCTTGGCTCACTGCAAA AGGGCGGTAGGACAAACTCT
SF188 1 144680231 1 144954567 CAGGATTCAAATGCCACAGA TCCCCTCTCACCTTAAGCAA PDE4DIP CGTGTTAGCCAGGATGGTTT GGGAAAATGGGCACTCTCAT
SF188_11 88909186_15 27561047 TCCGGCATCATCGAAATAGT TGAGGCCTCCACACATCATA GABRG3 GGCAAATTGGACCCTGAATA CTCAGCCTCCCAAGTAGCTG
SF188_20 278393 21 17652744 AAAAACCAAACCCACACAGC ATCTGGATGACCGCGTAGAT c2lorf34  TTGTGGAGAGGAATGGGGTA GATGTTGTTCTGGCCTCTCC
SF188_16_542305_16_542428 RAB1IFIP3 GGGTTTGTAAAGGTGGCAGA AAGTCTCTGCGTGGGAAGAA GGGTTTGTAAAGGTGGCAGA AAGTCTCTGCGTGGGAAGAA
SF188_11 57812425 20 3753964 OR9Q1 CGACATCTGTGCAGTCAGGT TCCCTTATCCGAATTGCTTG TTCAAAGACCACCAGGCAAT TTGCCTGTAACCCCAGCTAC
UW479 8 137751825 17 49361503 CTGCAACATGCAATTCATCA CTTTCCCCTGCAGAGACTTG UTP18 CACGCCCAGCTAATTTTTGT GATCCAGAACACGGGAATTT
UW479 8 117230013 17 49354767 AGCCATGTGGGACTGTGAGT TACCTTTCCCCTCACAATGG UTP18 GGTTGATGGGAAAACAAATCC  TGGGTATGGTAGAGGGCAGA
UW479 8 141832537 15 42650218 PTK2 CATGCAGATTGGACATGGAG ATGCTCCCTTATCACCAACG CAPN3 TTTGCGTCAGCGAGTAAATG GGGATGTCACACCTGGTTTC
UW479_3 47028066 22 19936322 NBEAL2 AGGGTGTGGTTCTAGGGACA GGAGCCCAAAATACCCAGAT AAAATTAGCTGGGCATGGTG TCTCACCACTGCACTCCATC
UWA479_3_ 55024288 19 47734383 CACNA2D3 GGATCAGAAGTCATGCACCA AGAATGGTCAGGGGAGAGGT CTGCACTCCTGTCACCTCCT GTCGGTCGGTCTGTGTACG
UWA479_9 32381210 9 33849115 GCGTATAGCAGGTGTGGTGA TGATGTGGGTGGTCAAAAGA UBE2R2 CATGCATGAGCTACCACACC ACAGGCGTCCATCCATACTC
UW479_1_113149456_20_ 3902968 ST7L TACAGTGGCACCCCACTTCT GCCCCATATCTAGGCCCTTA CGAAGTGCTGGGTTACCTGT AAGAGGTGTGGAGAGCAAGG
UWA479_14 32066014 14 33251221 NUBPL TCTGACGCTGAGATGACTGG GGACGGAGGAAGAACAGGAT AKAP6 GGCAAGCATTACCCAGATGT AGCTGTGGATCCCCATTATT
UW479 17 8745523 17 9557484 PIK3R6 AGTTGCTGTGCTGTTGCAGT TTGGGGAAACACTTGTGTGA GCTGGGTCCCTCCTTAGGTA CTCAGCCTCCCAAGTAGCTG
UW479 9 27945060 18 30711907 TTCAGATGCCACAGAATCCA TTCCACTCTGGTTTTGCTCA c180r34  CCCACCAACATTATGCCATT CATTTCAAAGAGGATATGCAGAGA
UW479 9 102146807 18 30736184 AACGAGCAGGAGACAATGCT ATGAGTCCCAGGGAAAATCC c180r35  ACTGGGGGTATTTCATGGTG CCCAGAAGTGTCATGCAGAA
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UWA479_9 86638539 18 30729821
UW479_1_82756062_14 67423798
UWA479_14_31036241_15_ 30984655
UWA479_12_1695918_12_9246077
UWA479_8_47159193_9_137280905
UWA479_12_3690145_20_62854780
UWA479_3_114154875 3 168102681
UWA479_20_15544438 22 35396912
UWA479_5_93556435_22_ 35366567
UWA479_1_47836334_14 53815391
UWA479_6_45229405_8_62847098
UWA479_8_62579337_8_62708134
UWA479_8_57896780_19_31716239
UWA479_7_71425213_7_99282578
UWA479_8_40433239_14 55716413
UWA479_9_28000942_9 86632969
UWA479_7_88827600_8_143781332

G2E3
A2M
RXRA
PRMTS8
ZBTB20
MACROD2
c5orf36
CMPK1
SUPT3H
ASPH
IMPAD1
CALN1
ZMAT4
LINGO2
ZNF804B

GGACCAGATGACCTCCAAGA
AGGACACGACATTGGGTTTC
TTGGTGCCAATTTTTCTTCA
TGAGCTCTGATCATGCCACT
CCATGCAGAGCAAAGAAACA
GAAGGCCATGCTACACTGGT
CAACCTGAAGTTTGGCTTGG
CCTGGTCCATGCCCTTAATA
ATGACTGGCAGCACACATTT
TAACCCACGTCCCTCTCATC
CAAAACCTGCCAGAGACACA
GCAATGCCACATTTAAGCAG
ATTTTGGGAAGAGGGGAAAA
AATTCCTGGGCAAACCAAAT
CCACCCCAAGAAGATACAGC
TCTCTGCATTCCTGACACCA
TCAATTGAGTAGCAAATTGGATG

AGACCAGTGGTTCCCAAGAA
TGAGCAGCTATTGCAGAGGA
GAAATGAAAGTGGGACACTGC
CTCCCAAAGTGCTGGGATTA
TCATGCCGCTTCTTCCTACT
GTCCTGGCATCTCCAGTCAT
GGTTTTCTTCTGGGTCACCA
GGCGACATGAGAAACCATCT
GCTCTACCCCTGAGACCACA
GGAGTACAATGGTGCGATCC
TCAGCTTGGGCATTATTGGT
GGGCTTGGCATATTGTTTGT
GGTGAGAGATGGTGGCCTAA
AACACGGATGGAAGTGGAAG
CATTGCCAAGATTTGTTTGG
CTTCTGTGGCATGTGGAAGA
CAGGTAACCTCAAGGTCACATTATT

c180r36
GPHN

MYT1

GAAGCCTTTCCGTATCCACA
TTCTCTGATGGCCAGTGATG
CACCACCACACTTGGCTAAT
TAGAAAGGTGGTTGGGGTTG
CTTCGATGTCCTTCCTCTGC
GCTGTCCTCCAAGGACTGAG
ATGGCATCTAAAGCCAGCAC
TGCAATCTCAGCCTACATCG
CCAGAACCTCAGAATGTGACC
CTGGGTGTCTTCTTCCCTTG
TTCAAGGTCACTCCAAAGCA

TGCAAGTTGAGAGGATTCTTTG

AAATCAGAAAAGGGGGCATT
GCAATGGGCAAAGTCACAGT
GGAGACAAAAGGCCATCAAA
CTTTTGCCCGGCTAATTTTT
GCATGGAAATCCTCCAGTTC

CTACATGTGGCCTCCCAGTT
GGGAGGCTGAGGTAGGAGAA
AGCCCCAGAAACAGAAGGAC
GCCTCTCCTGGCTTGTTAAG
ATACCCCCAAAGTCCAAAGC
GATCTTCAGGAGAGGCTGGA
GTTTCACGCAGACAGCAAAA
GCCACATGGTCTCTGTAGCA
CCTGGGGCTGCTATAACAAA
TGCAGGACACTTAAGGAGCA
TAGGTCATGGCTGCCAAACT
GGCAGAGATTGGAAGATTGAA
ATAAGGCAACAGCAGGAGGA
TTCAACCAGAAAAACCCATTG
CACATGTTTCCTGCATGTGG
GGGCAACAGAGTGAGACTCC
ATCTTCTCCGCTGAAGAGCA
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Briefly, the metaphase slides were incubated in 70% acetic acid for 10min and washed in
PBS 3x3min and 2XSSC 1x3min, prior to digestion for 5min at 37°C with 0.01M HCI /
0.02mg/ml Pepsin solution (Sigma, Gillingham, UK). The slides were washed in PBS 2x3min
and PBS / 0.05M MgCl, 1x3min followed by fixation in 1%formaldehyde / PBS / 0.05M MgCl,
for 5min. Dehydration was carried out with 3 min 70%, 90%, 100% ethanol and slides were
air dried for 10min at room temperature. The slides were denatured at 75°C and hybridised
with the appropriate biotin and/or DIG and/or Aqua labelled probe overnight at 37°C in a
humidified chamber. Removal of the coverslips was carried out by soaking the slides in
2xSSC / 0.1% Igepal for 2 mins at room temperature and immersing in 0.4xSSC / 0.3%
Igepal at 73°C for 2min. Slides were rinsed in 2xSSC / 0.1% Igepal for 1min and PBS for
3min. When dual FISH was performed, slides were first incubated in a humidified chamber
at 37°C with two layers of anti-DIG-fluorescein (Roche, Welwyn Garden City, UK) for 10min
each, washed with PBS 3x3min and incubated with two layers of Streptavidin-cy3 (Sigma,
Gillingham, UK) 10min each. Slides were soaked in PBS for 3min, dehydrated with 3min
70%, 90%, 100% ethanol and left to dry at room temperature for 10min. Slides were finally
mounted in Vectashield with DAPI (Vector Laboratories, Peterborough, UK), and captured
on the Leica Ariol microscope (Wetzlar, Germany) at x20 using filters for DAPI, Cy3, FITC
and Aqua.
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Table 5.2. List of BAC clones of the 32K re-array BAC collection used for FISH

Probe ID chrom  start end bac.id Gene/chr/cent
TP1708E04 17 78045988 78182971 RP11-334C17 RPTOR
TP1709F04 17 78559488 78720126 RP11-317F05 RPTOR
TP1707A07 17 78698182 78900648 RP11-812H19 RPTOR
TPO613A07 6 158899201 159089502 RP11-654E18 TULP4
TP0618H04 6 159060790 159272494 RP11-507C10 TULP4
TPO619A11 6 159308756 159421507 RP11-589H21  TULP4
TP0206C02 2 171595376 171751356 RP11-164H08 GORASP2
TPO206A10 2 88991806 89157237 RP11-157D12  cent 2(p)
TP0222G01 2 89159257 89307765 RP11-294120 cent 2(p)
TP0225B01 2 89264572 89459196 RP11-631H05  cent 2(p)
TP0218B05 2 89389635 89602031 RP11-685C07  cent 2(p)
TP0228B08 2 89526216 89623186 CTD-2063D22  cent 2(p)
TP1308G12 13 49942118 50119412 RP11-767008 CDADC1
TP1305D11 13 49572364 49735007 RP11-446P06  CDADC1
TP1306C04 13 19398031 19540646 RP11-518D18 cent13(q)
TP1306C02 13 19501986 19679218 RP11-521105 cent 13 (q)
TP1302H02 13 19697044 19857280 RP11-139J24 cent 13 (q)
TP1304B12 13 19845749 20046229 RP11-304L17 cent 13 (q)
TP1306C09 13 19909447 20076150 RP11-535A03 cent13(q)
TP1402H07 14 31636363 31795856 RP11-200102 NUBPL
TP1402F05 14 32290056 32435545 RP11-159D23  NUBPL
TP1103C02 11 55707995 55878656 RP11-129H09 cent1lq
TP1103D04 11 55875895 56040558 RP11-138A07 cent1lq
TP1202E10 12 33739612 33925027 RP11-102G23 cent12p
TP0806G06 8 47450712 47566922 RP11-445A15 cent8
TPO403E10 4 54072620 54226790 RP11-98L24 SCFD2 (492)
TPO416F09 4 54252656 54420846 RP11-809N18  LNX1, FIP1L1 (4q12)
TPO402E10 4 54576785 54759122 RP11-61P24 FIP1L1 (4912)
TPO411H12 4 55093276 55273379 RP11-626H04 PDGFRA (4912)
TPO813F05 8 128690817 128824097 RP11-237F24 MYC (8g24)
TP1112D12 11 48449190 48603500 RP11-657L09 11pll.2
TP1109F12 11 69409496 69572287 RP11-681H17 CCND1 (11913.2)
TP1108E01 11 118313325 118461726 RP11-606K01  MLL (11923.3)
TP1215E03 12 58002869 58210408 RP11-571M06  CDK4 (12q14)

Cent: centromere; chr: chromosome
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5.3. RESULTS

To identify potential novel structural variants in pHGG, we performed whole genome
sequencing of three cell line models - KNS42, SF188 and UW479, generating paired 100-
base reads with an average of 30X sequence coverage. The Breakdancer package was then
applied to detect SVs [26], as it is considered to provide accurate and comprehensive
predictions of SVs in genomes, and is routinely used to identify fusion genes [31]. It predicts
individual genomic breakpoints by searching from clusters of abnormally mapped paired end
reads [26]. We used a stringent filtering method that only identified rearrangements
supported by at least ten reads, with a Breakdancer score of 280, with an even balance
between positive and negative strands, and which was filtered against normal genomes.
This approach identified 2646 genomic junctions (INS, DEL, INV, ITX, CTX) of which 303
represented genic rearrangements: 76 in KNS42, 93 in SF188 and 134 in UW479 (Appendix
V). These events were divided into two groups: CTX (n=216) and ITX (n=87). The genomes
of the cell lines are represented as Circos plots in Figure 5.1, also annotated for known

cancer-associated single nucleotide variants.

As fusion genes are often associated with specific copy number breakpoints [32, 33], we
interpreted our SV analysis in the context of a previously published 500K SNP array study
carried out on the cell lines [24] (Appendix VI). 74/303 (24.4%) of the nominated SVs were
associated with an intragenic copy number difference in at least one of the two breakpoints.
SF188 showed the highest number of copy number-related breakpoints (n=34) due to the
occurrence of a complex rearrangement that involves regions of chromosomes 4, 8, 11 and
12 (see below). UW479 was also found to be highly rearranged (n=28), more so than KNS42
(12 breakpoints associated with copy nhumber).

The predicted SVs were validated by PCR using genomic DNA, with 17/74 (23%) confirmed
(though additional 27/74 (36.4%) correspond to the SF188 extra-chromosomal
rearrangements which were subsequently validated by FISH) (Table 5.3). Sanger
sequencing of the detected SVs revealed sequence microhomology at the rearrangement
breakpoints in 13/17 (76%) validated SVs (ranging from 1-7 nucleotides). Two SVs in
uw479 (PRMT8:MYT1, ASPH:chr8) were separated by small genomic shards, 1 and 6
nucleotides, respectively (Figure 5.2). A schematic representation of the predicted structures

of each fusion validated is presented in Figure 5.3.
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Figure 5.1. DNA structural rearrangements and copy number alterations detected in three paediatric high grade glioma cancer cell lines — KNS42, SF188 and
UW479 — displayed as Circos plots. Each Circos plot depicts whole genome sequencing data from each cell line. Outer ring contains chromosomal
ideograms, annotated for somatic single nucleotide variants in coding genes (black). Inner ring plots copy number derived from copy number data, dark

orange=amplification, orange=gain, dark blue=deletion, light blue=loss. Inside the circle are drawn structural variants, blue=validated fusion genes,

red=amplified breakpoints.
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Table 5.3. List of fusion genes validated at the genomic level in each cell line.

Cell line Fusion ID Gene 1 chrl Gene 2 chr 2
UW479 14 32066014 14 33251221 NUBPL 14912 AKAPG6 14912
UW479 17 8745523 17 9557484 PIK3R6 17p13.1 USP43 17p13.1
UW479 12 3690145 20 62854780 PRMTS8 12p13.32 MYT1 20g13.33
UW479 20 15544438 22 35396912 MACROD2 20pl2.1 22q12.3
UW479 1 47836334 14 53815391 CMPK1 1p33 14g22.1
UW479 8 62579337 _8 62708134 ASPH 8qg12.3 8qg12.3
UW479 9 86638539 18 30729821 9g21.32 CCDC178 18g12.1
UW479 8 47159193 9 137280905 8q11.1 RXRA 9qg34.2
KNS42 2 171814878 13 49848076 GORASP2 2¢g31.1 CDADC1 13g14.2
KNS42 1 58802590 10 74176383 DAB1 1p32.2 MICU1 10g22.1
KNS42 7 3023122 7 3359981 CARD11 7p22.2 SDK1 7p22.2
KNS42 6 15532273 8 8667072 DTNBP1 6p22.3 MFHAS1 8p23.1
KNS42 5 64964650 5 65433006 SGTB 5912.3 5912.3
KNS42 12 96977487 X_ 98569531 cl2orf63 12g23.1 Xg22.1
KNS42 3 164722685 5 57093054 Sl 3026.1 5q11.2
KNS42 2 43437013 6 45891802 2p21 CLIC5 6p21.1
SF188 6 158783682 17 78736108 TULP4 6025.3 RPTOR 17925.3

To determine whether the validated SVs resulted in expressed fusion transcripts at the
MRNA level, we additionally performed paired-end whole transcriptome sequencing of the
three cell lines and applied the Chimera Scan software package to identify chimeric gene
sequences [27]. The predicted list of fusion transcripts was based on the overlay of DNA and
RNA sequencing levels fusions through the intersection of gene annotations and genomic

loci of the two partner genes in each case and it is represented as circos plots (Figure 5.4).

Of the validated expressed fusions, we chose to focus on three for further study:
RPTOR:TULP4 (SF188, described in detail in Chapter 6), NUBPL:AKAP6 (UW479), and
GORASP2:CDADC1 (KNS42).

The NUBPL:AKAPG fusion transcript is derived from an intra-chromosomal rearrangement at
14q912. The sequences of the DNA junction exhibited microhomology of two nucleotides, a
characteristic of the non-homologous end joining (NHEJ) mechanism (Figure 5.2). Both
Nucleotide Binding Protein-Like (NUBPL) and A Kinase Anchor-Protein 6 (AKAPG6) are
transcribed in the same direction, with the DNA copy number profile demonstrating
amplification of regions preserving the 5’ end of AKAP6 and the 3’ end portion of NUBPL
(Figure 5.5A), similar to the mechanism driving KIAA1549:BRAF, a fusion that results from a
tandem duplication of 2Mb at 7934 in LGG [34].
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Figure 5.2. Sanger sequencing validation of novel fusion genes in the paediatric high grade glioma
cell lines — UW479, KNS42 and SF188. Sequence traces of eight novel fusion genes (two inter-

chromosomal and six intra-chromosomal) in UW479, eight inter-chromosomal fusions in KNS42 and

SF188

chr 17: RPTOR

chr 6: TULP4

one inter-chromosomal translocation in SF188.

In order to determine whether the NUBPL:AKAPG6 rearrangement was the result of a tandem
duplication, we designed a break-apart FISH probe for NUBPL (Figure 5.6A), however we
were unable to detect this using FISH, presumably due to the low resolution of this technique
for such a small region (1Mb) (Figure 5.6C). Regardless, the pair of signals of the split
NUBPL probe are separated at a relatively constant distance from each other Figure 5.6C

(yellow arrow). Sanger sequencing of the RT-PCR product showed fusion of AKAP6 exon 12

with exon 4 of NUBPL (Figure 5.5B).
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Figure 5.3. Schematic representation of each gene involved in fusion formation as well as the
formation of the predicted fusion transcript for each validated (DNA level) translocation in the

paediatric high grade glioma cell lines.
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The fusion gene identified in KNS42 involved the genes encoding the Golgi reassembly
stacking protein 2 (GORASP2) and the cytidine and dCMP deaminase domain containing 1
(CDADC1) (Figure 5.7C). This rearrangement resulted from an inter-chromosomal
translocation between 2931 and 13qgl4, with the genes involved being transcribed in the
same direction. Sequencing of the genomic breakpoint revealed a similar microhomology
region to that described above with NUBPL:AKAPG6 (Figure 5.2). We used two different FISH
strategies to detect this rearrangement: a fusion probe for the GORASP2 and CDADC1
regions involved in the fusion and a CDADCL1 break-apart probe to determine if the gene
was disrupted (Figure 5.8A). FISH confirmed that CDADC1 and GORASP2 are fused in
KNS42 (Figure 5.8B). The CDADCL1 split apart probe FISH indicated that part of this gene is
deleted (5’end), since we can only detect two copies of the normal gene and one red signal
for the 3’ end region of CDADC1, the part involved in the fusion (Figure 5.8C). Additional
sequencing of the cDNA revealed the fusion junction to involve exon 7 of GORASP2 and
exon 6 of CDADCL1 exon, joining the 5’ end region of GORASP2 with the 3’ end of CDADC1
(Figure 5.7B) Expression of the fusion gene was confirmed by assessment of exon coverage
from the RNA sequencing data, demonstrating the predicted exon-specific expression
pattern, restricted to KNS42 (Figure 5.7D).

Paired end reads from the whole genome sequencing analysis suggested a complex
rearrangement involving different chromosomes in the pHGG cell line SF188. Intra- and
inter-genic breakpoints associated with highly amplified regions in chromosomes 4q12,
8924, 11pll, 11913, 11pl4, 11923 and 12914 (Figure 5.9) were detected by the
Breakdancer package. The amplicon structures showed alternation of amplified and non-
amplified segments, some with similar copy number, suggesting a bridging mechanism that
connects the segments and enables co-amplification. Several oncogenes previously noted to
be altered in GBMs were located in these amplicons: MYC (8g24), CCND1 (119g13) and
CDK4 (12914). Gene amplification at 4q12 has been previously reported in GBM cases and
this region spans three neighbouring RTKs - PDGFRA, KIT and KDR. FISH on SF188
revealed that PDGFRA was not amplified in SF188 and it is not involved in this complex
structure (Figure 5.10A). Instead, the two focal amplifications at 4g12 are located at the
SDCD2 (Figure 5.10A) and FIP1L1 (Figure 5.10B). loci, upstream of the 4q12 RTKs, and it is
these genes which are found in the amplified structure (Figure 5.11). Additionally, the
amplicon at 11923 involves MLL, a histone 3 lysine 4 (H3K4) methylase frequently involved
in translocation in human acute leaukaemias of myeloid and lymphoid lineages [35]. The

amplified regions at 11p11 and 11p14 do not include any coding genes.
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Figure 5.4. RNA structural rearrangements detected in three paediatric high grade glioma cancer cell lines — KNS42, SF188 and UW479 — displayed as
Circos plots. Each Circos plot depicts an overlay of transcriptome sequencing with whole genome sequencing for each cell line. Green: expressed fusion
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Figure 5.5. Identification of NUBPL:AKAP6 gene fusion in UW479 paediatric high grade glioma cell
line. A) UW479 500K Affymetrix aCGH copy number profile of NUBPL and AKAP6. B) PCR and RT-
PCR detection of NUBPL:AKAP6 in UW479 genomic DNA and cDNA. Ctl: normal human genomic
DNA. Partial sequence of the NUBPL:AKAP6 fusion transcript identified in UW479. C) Schematic
representation of NUBPL and AKAP6 genes as well as the formation of the fusion transcript involving
exons 1-12 of NUBPL and exons 4-11 of AKAP6. D) Expression of NUBPL and AKAP6 exons in
UW479 vs KNS42 and SF188 cell lines. NUBPL: Nucleotide Binding Protein-Like; AKAP6: A Kinase
Anchor-Protein 6; NA: NUBPL:AKAP6; AAA: AAA ATPases domain used for ATP binding; ParA:
ParA/MinD ATPase like domain; SPECT: spectrin repeats; PKA RIl: ser/thr protein kinase A RII

interacting domain
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Figure 5.6. FISH of NUBPL:AKAPG6 rearrangement in UW479. A) Region specific BAC probes used
for break-apart FISH. Probes were selected according to hgl9 build of the human genome to
overlap with the region of NUBPL that is involved in the fusion (RP11-200102; green bar) with
AKAP6 and to the region of the same gene that it is not disrupted (RP11-159D23; red bar). B)
Diagram of the FISH signals expected when using control tissue, followed by interphase and
metaphase NUBPL FISH in control tissue. C) Representative cartoon of the expected signals in the
positive fusion cell line followed by FISH on interphase and metaphase UW479 cells. Original

magnification 1000X.
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Figure 5.7. Identification of GORASP2:CDADC1 gene fusion in KNS42 paediatric high grade glioma
cell line. A) KNS42 500K Affymetrix aCGH copy number profile of GORASP2 and CDADC1. B) PCR
and RT-PCR detection of GORASP2:CDADC1 in KNS42 genomic DNA and cDNA. Ctl: normal
human genomic DNA. Partial sequence of the GORASP2:CDADCL1 fusion transcript identified in
KNS42. C) Schematic representation of GORASP2 and CDADCL1 genes as well as the formation of
the fusion transcript involving exons 1-12 of GORASP2 and exons 4-11 of CDADCL1. D) Expression of
GORASP2 and CDADC1 exons in KNS42 vs UW479 and SF188 cell lines. GORASP2: golgi
reassembly stacking protein 2 cytidine; CDADC1: dCMP deaminase domain containing 1; GC:
GORASP2:CDADC1; GRASP55/65: GRASP55/65 PDZ like domain; CD-like dom: cytidine deaminase

like domain; Deoxy Dea: deoxycytidylate deaminase domain
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Figure 5.8. FISH of GORASP2-CDADC1 rearrangement in KNS42. A) Region specific BAC probes
used for FISH. Probes were selected according to hgl9 build of the human genome to overlap with
the region of CDADC1 that is involved in the fusion (RP11-767008; red bar) and to the region of the
same gene that is not disrupted (RP11-446P06; green bar). Another probe covering the region of
GORASP?2 involved in the fusion was also selected (RP11-164H08; green bar). B) Diagram of the
FISH signals expected when using fusion probes for GORASP2 and CDADC], followed by interphase
and metaphase FISH in control tissue and in the positive fusion cell line, KNS42. The yellow arrows
indicate the fusion in KNS42. C) Representative cartoon of the expected signals when using a
CDADC1 break-apart probe. FISH onto interphase and metaphase cells of control tissue and KNS42,
showing split of 1 CDADC1 signal (yellow arrow) which indicates the rearrangement of this gene.

Original magnification X1000.
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The phenomenon of gene amplification in cancer cells is often manifested either as extra-
chromosomal self-replicating double-minutes (DMs) or as uniformly staining, linearly
integrated chromosomal segments called homogenously staining regions (HSRs) [36]. DMs
have been previously reported in GBM and other cancer types as a mean of amplifying
oncogenes [37-40]. In order to determine if the amplicons in SF188 were present as DMs or
HSRs, we performed multi-coloured FISH in SF188 metaphase spreads. As shown in Figure
5.10, all amplicons were present as DMs and all regions in these amplicons showed similar
amplification levels as predicted by the aCGH data (Figure 5.9), apart from the 11p11 region
where levels of amplification were considerably lower (Figure 5.10, suggesting the presence
of different double minute structures. Interestingly, we found that some SF188 cells
contained a high number of DMs with CDK4 (12g14) whereas other cells just harboured few
DMs of the same amplicon, a result of an uneven cell division and heterogeneity within the

cell line. The same was true for the CCND1 (11913) amplicon (Figure 5.10).

In order to resolve the structure of these complex rearrangements and understand if these
DMs were present in more than one extra-chromosomal structure, we performed dual FISH,
combining probes for each amplicon listed by Breakdancer. We found that SCFD2 (4q12),
FIP1L1 (4912), MYC (8924), MLL (11g23) and CDK4 (12914) were present in the same DM
(Figure 5.11). Interestingly, we found that the DMs containing MYC (8g24) are sometimes
isolated (Figure 5.11B, 5.11D) (yellow arrows) or in the same structure as SCFD2 (4ql12)
(Figure 5.11B). or CDK4 (12q14) (Figure 5.11D). Combination of FISH probes for 11p11 and
11913 (CCND1) with 4912 (SCFD2) revealed that these exist in different DM structures
(Figure 5.12A, 5.12B). Moreover, distinct subpopulations of cells were observed when
combining CCND1 (11913) with CDK4 (12q14) (Figure 5.12E). A population of cells
harboured only CDK4 amplification (Figure 5.12E green arrow), a second population
contained only CCND1 amplification (Figure 5.12E red arrow), and some cells contained
both amplifications in the same DM (Figure 5.12E yellow arrow). To demonstrate which
amplicons were present in the second DM structure, we then combined 1113 (CCND1) with
either 11pl11 or 11p14 and observed that these are present in the same extra-chromosomal
structure, as shown by FISH in Figure 5.13. To further confirm that these DMs were
separated structures we combined FISH probes for 11p14 with either 4q12 (Figure 5.12C) or
CDK4 (12g14) (Figure 5.12D) or MYC (8g24) (Figure 5.12F). This FISH demonstrated once
more that the amplicons occur in different DMs. Though the rearrangements involving these
four different chromosomes were too complex for all the fragments to be resolved, a possible

structure for each DM based on the FISH and Breakdancer results is shown in Figure 5.14.
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Figure 5.10. FISH validation of the
amplification peaks in  SF188.
Specific BAC probes for 8924 (MYC)
(C), 11pl11 (D), 11913 (CCND1) (E),
11923 (MLL) (F), 11p14 (G), 12q14
(CDK4) (H) were labelled with Cy3
(red) and co-hybridized to SF188
interphase and metaphase cells with
chromosome specific control probes
labelled with fluorescein (green).
Centromere 4 was labelled with Aqua
and 4912 gene PDGFRA was
labelled with Cy3 (A), SCFD2 with
fluorescein (A) and FIP1L1 with both
(B). FISH shows that all regions
amplified are in double minutes
structures (B-H). PDGFRA is not
amplified in SF188 (A) and only one
region of the FIP1L1 gene in the 4q12
region is amplified (B). The levels of
amplification of all regions are similar,
with the exception of 11p11 (D) and
11p14 (G) which appear to have

significantly fewer copies.



4912 FIP1L1 4912 SCFD2 8g24 MYC 4q12 SCFD2 11923 MLL 4912 SCFD2 8924 MYC 12914 CDK4

Figure 5.11. Dual FISH for the different amplicons in SF188. SCFD2 (4q12), FIP1L1 (4q12) (A), MYC (8924) (B), MLL (11g23) (C), CDK4
(12g14) (D) are present in the same double minute structure. The yellow arrows show that MYC is not always amplified in the same double

minute with SCFD2 and CDK4, but may be seen by itself.
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12q14 (CDK4) (D) in the same double
minute structure. Dual FISH for 11q13
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harbouring CCND1 amplification,
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Figure 5.13. Dual FISH on SF188 showing that 11p11 (A), 1113 (CCND1) (A and B) and 11p14

(B) are amplified in the same double minute structure.
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Figure 5.14. Double minutes structures present in SF188 paediatric high grade glioma cell line displayed as Circos plots (predicted structures).
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(green=gain), annotated for the genes involved in the amplicons, followed by DNA orientation (grey arrows) and chromosomal location in the inner ring.
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5.4 DISCUSSION

In this chapter we report the landscape of gene fusions from three pHGG cell lines analysed
by whole genome and transcriptome sequencing. Integrative analysis of a panel of three
pHGG cell lines identified 17 novel fusion genes, all of which were localized to regions of
amplification. Several distinct types of SVs were identified, including a complex extra-
chromosomal rearrangement present in SF188 that leads to amplification of multiple

oncogenes through the production of DMs

The pHGG cell lines were derived from patient tumour samples many years previously, and
as such lacked matched normal controls that could be used to determine germline variation.
Even using a very stringent filtering method to filter Breakdancer output, the number of
predicted rearrangements was very high. The predicted rearrangements were spread
throughout the genome and therefore reflect the patterns seen in other solid tumours [41-
43], rather than as hotspots of rearrangements observed in leukaemia. Only 23% (17/74) of
the SVs that coincide with genic regions were validated by PCR, and further 36.4% of these
were validated by FISH (SF188 DMs), which accounts for a total of 59.4% validated SVs
across the three cell lines. Other studies show that even when patient matched normal
samples are sequenced and used to remove false positives, the validation rate is never
100%. Berger and colleagues showed that in prostate cancer 78% of candidate
rearrangements were validated using multiplexed PCR followed by massively parallel
sequencing, and in this case matched normal samples were used to remove the false
positives [44]. Contrary to other cancers, e.g. breast [42] and colorectal cancer [45], the
majority of rearrangements validated in pHGG cell lines were inter-chromosomal.

Integrating relative copy number data with the breakpoints is an important approach to assist
in filtering putative SVs, as it has been shown that repeated breaks and rejoining of
chromosomes during chromosomal amplifications leads to the generation of amplicon-
associated fusion genes [33]. Furthermore, other studies have reported that focal
amplifications of certain genes resulted in the creation of chimaeras, such as the
FGFR3:TACC3 fusion described in adult GBM [6]. Some of the rearranged genes reported in
this study have unknown function and/or have not been related to cancer before (eg. Sl,
ASPH). Others have been reported in the literature as harbouring breakpoints in multiple
cancer samples, such as the methylatransferase-encoding PRMT8, the O-acetyl-ADP-ribose
deacetylase MACROD2, both disrupted in UW479, and the chloride ion channel CLIC5
detected in KNS42 [45].
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The intra-chromosomal translocation discovered in UW479 that creates the NUBPL:AKAP6
fusion involves two genes that have been connected to a specific genetic disorder and to
cancer, respectively. NUBPL is a gene required for the assembly of the respiratory chain
NADH dehydrogenase (complex ), an oligomeric enzymatic complex located in the inner
mitochondrial membrane. Little is known about its structure, but disruption of this gene
through missense mutations leads mitochondrial complex | deficiency in humans [46]. A
deletion of NUBPL exons 1-4 with duplication of exon 7, leading to inactive NUBPL, has
been found in this disorder [46, 47], and corresponds to the same region in UWA479.
NUBPL:AKAPG6 fusion loses an important functional domain of AKAP6, the Ser/Thr protein
kinase A (PKA) RIl interacting domain. AKAPG is part of A-kinase anchoring proteins family,
which are key components of signal transduction. AKAP family members are structurally
different yet functionally related proteins that bind and anchor the PKA to specific subcellular
sites, thereby confining PKA activity to potential substrates, such as cyclic adenosine
monophosphate [48]. In addition, there is evidence that AKAP family members expression
and gene variation are directly associated with cancer development. AKAP3 mRNA
expression appears to be associated with poor prognosis in epithelial ovarian cancer [49],
and genetic alterations of AKAP9, AKAP11, AKAP12, and AKAP13 are associated with the
aetiology of colorectal and lung cancer [50, 51], prostate, and breast cancers [52-54].
Moreover, Ciampi and colleagues reported an in-frame fusion between the C-terminal
catalytic domain (exons 9 — 18) of the Ser/Thr kinase BRAF and the N-terminus (exons 1 —
8) of another member of the AKAPs family, AKAP9, leading to constitutive BRAF and MAPK
pathway activation. AKAP9 which was normally located in the centrosome and Golgi, lacked
the C-terminal centrosomal domain, losing its centrosome location in cancer cells [55].
Although the role of NUBPL:AKAPG6 is unclear, one could speculate that both genes play
important physiological functions and their disruption in UW479 can either inactivate a copy
of AKAPG, by disruption of its important PKA RIl interacting domain, or lead to an inactive

NUBPL, which plays an important role in cell metabolism.

The GORASP2:CDADCL1 chimaera is differently expressed in KNS42 compared to the other
lines, which argues for a functionally significant role. Though neither gene has previously
been associated with cancer, it is known that GORASP2 plays an important part in the
regulation of mitosis through Golgi fragmentation [56]. The GORASP2 domain involved in
this fusion (N-terminal GRASP domain) is essential for protein oligomerization/dimerization
and for maintaining the Golgi complex structure. GORASP2 forms a complex matrix with
GRASP65 and GM130 which is essential for the structure and function of the Golgi complex.
When these proteins are phosphorylated by ERK1/CDK1/PLK1, the Golgi is dissembled and

cells enter mitosis [56]. Interestingly, it has been shown that the GRASP domain of
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GORASP?2 is necessary and sufficient for oligomerization, which leads to inhibition of Golgi
fragmentation in living cells resulting in a delay of the G2/M transition [57]. There is only one
report available on CDADC1 where this gene was first identified [58], with no further
information available on its structure and function. This fusion may activate CDADCL1 or

create a functionally active GORASP2 protein independent of being regulated by mitosis.

Recently, Siyuan Zheng and colleagues identified a complex structural rearrangement that
occurred within the same chromosome. A breakpoint-enriched region was identified at
12g14-15 with focal amplifications involving the CDK4 and MDM2 oncogenes. This pattern
was identified in ~5% of GBM patient samples and is associated with poor survival [58]. It is
evident that amplifications do not occur randomly throughout the genome, and regions that
are amplified tend not to be deleted, and vice versa. The amplified loci normally contain
oncogenes, as it is the case of the genes involved in the extra-chromosomal structures
present in SF188: MYC on 8g24, CCND1 on 11g13 and CDK4 on 12g14. More importantly,
even though SF188 is a cell line originated from one single clone, we observed selective
heterogeneity within the line. Some cells contained DMs with CDK4 and other cells
contained DMs with CCND1, with few cells containing both. This reflects the asymmetric
segregation of the DMs during cell division as they do not align along the mitotic spindle.
These type of complex co-amplifications have also been described in other cancer types,
such as breast cancer samples and cell lines [59, 60].

As well as the novel fusion identification described above, the data provided in this chapter
will form a valuable reference for future functional studies of the disease, as these cell lines
are part of a small number of available pHGG models, with KNS42 representing the only
available model for the study of the H3F3A G34V mutation.
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6. RPTOR REARRANGEMENTS IN PAEDIATRIC HIGH GRADE GLIOMA

6.1. Introduction

Many of the dysregulated signalling processes identified in both paediatric and adult GBM
involve the mammalian target of rapamycin (mMTOR), a PI3K-related protein kinase [1].
MmTOR controls cell growth in response to energy, nutrients, growth factors and other
environmental cues, and is also frequently deregulated in other cancers [2, 3]. In the
previously described pHGG cell line sequencing study (chapter 5), we identified a novel

gene fusion involving RPTOR in SF188, a cell line derived from an 8 year old boy with GBM.

The mTOR kinase is the catalytic subunit of two multiprotein complexes, mTORC1 and
MTORC?2 (Figure 6.1A). mTORCL1 is defined by its regulatory associated protein of mMTOR
(RPTOR) subunit [4-6], which is replaced by RICTOR (rapamycin-insensitive RPTOR
independent companion of mTOR) in mTORC2 [7]. Both complexes contain mammalian
lethal with sec-13 (mLSTS; also known as GBL) [6] and the recently identified DEP domain-
containing mTOR-interacting protein (DEPTOR) [8], but differ in several subunits that
interact with RPTOR and RICTOR [2]. Further uniqgue components of mMTORC1 include a
negative regulator proline-rich AKT substrate 40 kDa (PRAS40) [9], whereas mTORC2
contains protein observed with rictor-1 (Protor-1) and Protor-2, which probably help complex
assembly [10], and mammalian stress-activated protein kinase interacting protein 1 (mSIN1),
which may target mMTORC2 to membranes [11, 12]. These complexes perform non-
overlapping functions within the cell. mMTORC2 primarily responds to growth factors,
promoting cell cycle entry, cell survival, actin cytoskeleton polarization and anabolic output,
contrary to mTORC1, which regulates cell growth by prompting translation, ribosome

biogenesis and autophagy [13].

mMTORCL1 drives growth through two downstream substrates, eukaryotic initiation factor 4E
binding protein 1 (4E-BP1) and the S6 kinase 1 (S6K1) (Figure 6.1B) [14, 15], which control
cap-dependent translation initiation and elongation, respectively. The regulation of the
activity of mTORC1 towards these downstream targets and yet unidentified substrates
appears to be complex and is likely to be dependent on the organization of the various
subunits in the mTORC1 complex. RPTOR functions as an essential scaffolding protein and
it is indispensable for mTOR to phosphorylate 4E-BP1 and S6K1, and for mTORC1 complex
formation and dimerization [4]. RPTOR consists of a conserved N-terminal region followed

by three HEAT repeats and seven WDA40 repeats.
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Figure 6.1. (A), Mammalian target of rapamycin (MTOR) complexes (MTORC1 and mTORC?2)
contain in addition to mTOR, DEPTOR (DEP-domain-containing mTOR-interacting protein) and
mLST8 (mammalian lethal with SEC13 protein 8; also known as GBL). Other protein partners differ
between the two complexes. Whereas mTORC1 contains RAPTOR (regulatory-associated protein of
MTOR) and PRAS40 (proline-rich AKT substrate 40 kDa), mTORC2 contains RICTOR (rapamycin-
insensitive companion of mMTOR), mSIN1 (mammalian stress activated MAP kinase-interacting protein
1) and PROTOR (protein observed with RICTOR). (B) The mTOR signalling network. Arrows
represent activation, bars represent inhibition. mTOR signalling regulates multiple critical cellular
processes by integrating energy and nutrient status and PI3K/Akt signalling induced by growth factors
and insulin. Adapted from [16, 17].

The RPTOR-mTOR interaction is very dynamic, and is thought to require the HEAT repeats
of MTOR. The strength of interaction between mTOR and RPTOR can be modified by
nutrients and other signals that regulate the mTORC1 pathway, but how this translates into
regulation of the pathway remains vague. It has been shown that when in the presence of

nutrients and amino acids, mTORCL1 is recruited to lysosomes and late endosomes, a
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process mediated by RPTOR, and co-localizes with its activator, the small GTPase Ras
homolog enriched in brain (RHEB). RHEB is predicted to bind to and activate the mTOR
kinase domain, and displace the mTORC1 inhibitor PRAS40 from RPTOR, leading to
phosphorylation of 4E-BP1 and S6K, and mRNA translation. RPTOR phosphorylation on
S722/792 is mediated by AMP-activated protein kinase (AMPK) and is required for the
inhibition of MTORC1 activity induced by energy stress, whereas phosphorylation on
S719/721/722 is mediated by p90 ribosomal S6 kinases (RSKs) and contributes to the

activation of mMTORC1 by mitogen stimulation.

Given our identification of the novel RPTOR:TULP4 fusion in SF188, we sought to
determine if SVs frequently involve RPTOR in paediatric and adult HGG samples, and begin

to unravel the biological consequences of such RPTOR disruptions.
6.2. MATERIAL AND METHODS
6.2.1. Patient samples

A series of 213 (53 paediatric samples and 160 adult cases) (Appendix 1) formalin-fixed,
paraffin- embedded (FFPE) samples were retrieved after approval from Wandsworth
Research Ethics Committee approval from 213 consecutive patients diagnosed with GBM
(WHO grade V), anaplastic astrocytoma (WHO grade 1ll) or anaplastic oligodendroglioma
(WHO grade Ill) within the last 5 years from the archives of King's College Hospital, with
diagnosis confirmed by re-review (S. Popov and S. Al-Sarraj).

1 mm diameter cores from each case were taken and constructed in 11 tissue microarrays
(TMASs). In addition, a series of control tissues were included, comprising normal human

brain, normal mouse brain, placenta and colon.
6.2.2 Fluorescent in-situ hybridization

FISH based on the break-apart or fusion probe strategy was used to validate the RPTOR
gene aberrations. For the RPTOR:TULP4 fusion probe, the following BAC clones were used:
RP11-317F05 (red) and RP11-819H19 (green). For the break-apart probe the following BAC
clones were used: RP11-317F05 (red), RP11-334C17 (red), RP11-819H19 (green) and
RP11-387C10 (green). The cell line FISH protocol is described in chapter 5. The following
protocol was used for FISH in TMAs: BAC DNA was amplified from 10 nanograms starting
material using the lllustra™ GenomiPhi™ V2 DNA amplification kit (GE Healthcare, Little
Chalfont, UK) according to manufacturer’s instructions. Probes were labelled with biotin and

dioxigenin (DIG) using the BioPrime® DNA Labeling System (Life Technologies, Paisley,
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UK). Briefly, the FFPE tissue sections were deparaffinised in 3 changes of xylene, 10min
each and hydrated with 3 min 100%, 90%, 70% and deionised H,O (dH,O). The slides were
pre-treated with 0.2M HCI for 20min, washed in dH,O for 3min and incubated in 8% (w/v)
sodium thiocyanate at 80°C for 30min. Slides were washed in 2xSSC for 3min, prior to
digestion for 20min at 37°C with 0.01M HCI/ 0.025% (w/v) pepsin (Sigma, Gillingham, UK)
solution. Slides were washed in 2xSSC for 5min, dehydrated with 3min 70%, 90%, 100%
ethanol and left to dry at room temperature for 10min. Denaturation was carried out for 5min
at 75°C and hybridization with the appropriate biotin- and DIG-labelled probe was done
overnight at 37°C in a humidified chamber. Removal of the coverslips was carried out by
soaking the slides in 2xSSC/0.1% Igepal for 2 mins at room temperature and immersing in
0.4xSSC/0.3% Igepal at 73°C for 2min. Slides were rinsed in 2xSSC/0.1% Igepal for 1min
and PBS for 3min. Slides were first incubated in a humidified chamber at 37°C with two
layers of anti-DIG-fluorescein (Roche, Welwyn Garden City, UK) for 10min each, washed
with PBS 3x3min and incubated with two layers of Streptavidin-cy3 (Sigma, Gillingham, UK)
10min each. Slides were soaked in PBS for 3min, dehydrated with 3min 70%, 90%, 100%
ethanol and left to dry at room temperature for 10min. TMA slides were finally mounted in
Vectashield with DAPI (Vector Laboratories, Peterborough, UK), and captured on the Ariol
System (Leica Microsystems, Wetzlar, Germany) using filters for DAPI, Cy3 and FITC.

6.2.3. Cell lines

The cell line SF188 was previously described in chapter 5. Briefly, cells were grown in
DMEM F12-HAM complete media (Sigma-Aldrich) supplemented with 10% foetal bovine
serum (FBS), incubated at 37°C with 5%C0O2. DNA was extracted from the cell line and

samples screened for mycoplasma at Surrey Diagnostics (Cranleigh, UK).
6.2.4. DNA and RNA extraction

Genomic DNA was extracted from SF188 pHGG cell line using the DNeasy Blood & Tissue
Kit (Qiagen, Manchester, UK), and the quantity and quality of the DNA was assessed with
Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies, Paisley, UK) and ND-1000
Nanodrop (Thermo Scientific, Loughborough, UK). Total RNA was extracted using the
Absolutely RNA Miniprep Kit (Agilent, Wokingham, UK), and the quantity and quality of the
RNA was assessed on the 2100 Bioanalyzer (Agilent, Wokingham, UK), using the Agilent
RNA 6000 Nano Kit (Agilent, Wokingham, UK), according to manufacturer instructions.
cDNA was synthesized using the SuperScript Il system (Life Technologies, Paisley, UK)

according to manufacturer’s protocol.
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6.2.5. PCR validation

Four PCR primers (IDT Technologies, Coralville, US) were designed using Primer3 [18, 19]
for RPTOR and TULP4. These primers were designed +200bp apart from the breakpoints to
generate amplicons spanning the breakpoint-junction-sequences of predicted SV. In addition
to fusion gene amplification, we amplified both partner genes involved. The following primer
combinations were performed for DNA: RPTOR Fwd [5- AGTTTGTCCTACCGCCCTTG-3]
X RPTOR Rev [5-CCTTTGGTGGGAACTCCTC-37, TULP4 Fwd [5-
GTAGCATCAGCTCTTGCCCA-3] x TULP4 Rev [5-GCTGGACAATACTCCCTGGC-37,
RPTOR Fwd x TULP4 Rev, and for cDNA RPTOR Exon6 Fwd [5'-
GTAGCTGCAATCAACCCAAATC-3]] X TULP4 Exon2 Rev [5-
AGTTTCTGGTAGGGCTCATTCC - 3. DNA from SF188 and normal control DNA
(Promega, Southampton, UK) were used. PCR was carried out with Platinum® Tag DNA
Polymerase High Fidelity (Life Technologies, Paisley, UK) in a 25 ul volume and with 100
nanograms of genomic DNA or cDNA as template. The following program was used: Initial
denaturation at 94°C for 3min, followed by a 2-Step-Touchdown: 1. (94°C 30 sec, 68°C 45
sec, 72°C 1 min) 18 cycles, 2. (94°C 30 sec, 50°C 45 sec, 72°C 1 min) 30 cycles; followed
by an additional cycle of 72°C 10 min. The fusion PCR product was cleaned up with the
lllustra™ ExoStar™ 1-STEP kit (VWR, Lutterworth, UK). Sanger DNA sequencing of the
PCR products was performed by DNA Sequencing & Services (MRCPPU, College of Life
Sciences, University of Dundee, Scotland, www.dnaseq.co.uk) using Applied Biosystems
Big-Dye Ver 3.1 chemistry on an Applied Biosystems model 3730 automated capillary DNA

sequencer.
6.3. RESULTS

Analysis of the whole genome sequence and DNA copy number profile of the pHGG cell line
SF188 identified a novel fusion preserving the 5’ end of RPTOR and the 3’ end portion of
TULP4 (Figure 6.2A). This rearrangement results from an inter-chromosomal translocation
involving chromosome 6925 and 17925, with only one of the alleles of each gene being
disrupted (Figure 6.2B). The genomic breakpoint junction shows blunt ends, contrary to the
majority of the other fusions described in the previous chapter, which revealed
microhomology at the breakpoint site (Chapter 5 - Figure 5.1). The only double-strand break
repair pathway that can join DNA ends with no homology at the repair site is the classical
NHEJ [20]. Using two different FISH strategies we were able to validate in SF188 the
RPTOR:TULP4 fusion (Figure 6.3B) and also the disrupted RPTOR gene (Figure 6.3C).
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Figure 6.2. Identification of RPTOR:TULP4 gene fusion in SF188 paediatric high grade glioma cell
line. A) SF188 500K Affymetrix aCGH copy number profile of RPTOR and TULP4. B) PCR and RT-
PCR detection of RPTOR:TULP4 in SF188 genomic DNA and cDNA. Partial sequence of the
RPTOR:TULP4 fusion transcript identified in SF188. C) Schematic representation of RPTOR and
TULP4 genes as well as the formation of the fusion transcript involving exons 1-6 of RPTOR and
exons 2-14 of TULP4, that leads to a truncation of RPTOR containing exon 1-6 plus four amino acids
of TULP4. The translated amino acid sequence is shown below the cartoon, with RPTOR in pink.
TULP4 in yellow and the STOP codon in blue. D) Expression of RPTOR and TULP4 exons in SF188
vs KNS42 and UW479 cell lines. RPTOR: regulatory associated protein of mTOR; TULP4: tubby like
protein 4; RT: RPTOR:TULP4; RNC: RPTOR N-terminal conserved domain; HEAT: Huntingtin,
elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1 repeats
domain; WD40: ~40 amino acid motifs, often terminating in a Trp-Asp (W-D) dipeptide; SOCS:

suppressor of cytokines signalling box; tub: tubby proteins domain.

Sanger sequencing of the RT-PCR product confirmed the fusion of RPTOR exon 6 with exon
2 of TULP4 (Figure 6.2B), which is predicted to lead to the expression of a truncated RPTOR
(Figure 6.2C). The truncated form of RPTOR preserves the conserved N-terminal region and
loses the domains that bind to mTOR (HEAT domain and WD40 repeats) (Figure 6.2C).
When expression of the fusion gene was assessed by exon coverage from the RNA
sequencing data, there was no exon-specific expression pattern restricted to SF188 (Figure
6.2D).

We next sought to screen for RPTOR rearrangements in our paediatric and adult HGG
series using specific break-apart FISH probes (Figure 6.3A). We screened 11 adult and
pHGG TMAs, of which only cores with 50 scorable cells were screened. The RPTOR FISH
probe was also assessed in control tissue, and on the basis of non-specific signal patterns
observed, a threshold of 10% positive cells was set for assessment of the glioma samples.
For the first TMAs screened we used a break-apart probe containing only one BAC clone at
either side of RPTOR (RP11-317F05 and RP11-819H19) in order to specifically detect the
RPTOR breakpoint seen in SF188 (Figure 6.4). Using this probe we found an adult case
(1/160), RMH5987 where 14% cells contained a disrupted RPTOR (Figure 6.4). We then
decided to use a break-apart FISH probe containing two BAC clones at either side of the
RPTOR breakpoint (RP11-317F05/RP11-334C17 and RP11-819H19/RP11-387L10) in order
to cover a larger region of the gene in case the breakpoint is different from the one occurring
in SF188, and also in order to have a stronger probe. (Figure 6.4A). We found 2/53 pHGG
cases harboured a disrupted RPTOR (Figure 6.4).
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Figure 6.3. FISH of RAPTOR:TULP4 rearrangement in SF188. A) Region specific BAC probes used
for FISH. Probes were selected according to hgl9 build of the human genome to overlap with the
region of RAPTOR that is involved in the fusion (RP11-317FO05; red bar) and to the region of the same
gene that is not disrupted (RP11-819H19; green bar). A further probe covering the region of TULP4
involved in the fusion was also selected (RP11-589H21; green bar). B) Cartoon of the FISH signals
expected when using fusion probes for RAPTOR and TULP4, followed by interphase and metaphase
FISH in control tissue and in the positive fusion cell line, SF188. The yellow arrows indicate the fusion
in SF188. C) Representative cartoon of the expected signals when using a RAPTOR break-apart
probe. FISH on interphase and metaphase cells of control tissue and SF188, showing split of the
RAPTOR signal (yellow arrows) which indicates the rearrangement of this gene. Original

magnification X1000.

RAPTOR break apart probe

Figure 6.4. Representative FISH images showing disrupted RAPTOR in high grade glioma cases
RMH2466, RMH3967 and RMH5987. The yellow arrows indicate the split of the RAPTOR signal
which shows the rearrangement of this gene. A RAPTOR break-apart probe was used. Original

magnification X1000.

Two cores were available for each case so a mean of the percentage of fusion positive cells
screened was calculated. RMH3967, an anaplastic astrocytoma of 9 years old female
contained a disrupted RPTOR in 36.5% (31% and 42% in each core) of cells. In RMH2466,
a GBM of a 10 years old male, the percentage was lower, with only 11% of cells positive
(12% and 20% in each core).

We were next able to assess a series of pHGG samples for whole genome and RNA
sequencing data was available [21], and identified a further 2/127 (1.6%) cases containing a
rearranged RPTOR (Figure 6.5). In this study, structural variation in whole genome
sequencing was analysed using CREST (‘Clipping Reveals Structure’), an algorithm that
uses next-generation sequencing reads with partial alignments to a reference genome, to

directly map SVs at the nucleotide level of resolution [21, 22]. RNA sequencing SVs were
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detected using CICERO (‘Cicero Is Crest Extended for RNA Optimizations”) (unpublished), a
novel algorithm that utilizes de novo assembly to identify SVs [21]. SJHGG137, a GBM from
a 6 year old boy, harbours a translocation that fuses the first 6 exons of RPTOR (1-277
amino acids) to the second exon of PRAME (preferentially expressed antigen in melanoma),
an inter-chromosomal translocation involving chromosomes 17¢g25.3 and 22q11.22,
respectively. The same region of RPTOR is present in the SF188 fusion (Figure 6.2C), and
the net result is also predicted to be the truncation of RPTOR, with only 6 amino acids of
PRAME being expressed (Figure 6.5). Secondly, case SJHGG102, a DIPG from a 5 year old
girl, was found to harbour a truncation more proximal in the gene when compared to SF188
and SJHGG137 (Figure 6.5). Here, the first four exons of RPTOR are fused to an intergenic

region located at chromosome 15923.

In total, we identified 4/180 (2.2%) paediatric and 1/160 (0.6%) adult HGG to harbour similar
RPTOR truncations to that identified in SF188 cells.
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Figure 6.5. Schematic representations of the RPTOR rearrangements present in two paediatric high
grade glioma cases. In SJHGG137 patient sample, the formation of the fusion transcript involves
exons 1-6 of RPTOR and exons 2-5 of PRAME (Preferentially expressed antigen in melanoma),
which leads to a truncation of RPTOR containing exon 1-6. In case SJHGG102, exons 1-3 of RPTOR
are fused with an intergenic region of chromosome 15, that leads to the expression of a truncated
form of RPTOR. The translated amino acid sequence is shown below the cartoon, with RPTOR in
pink. TULP4 in yellow and the STOP codon in blue.
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6.4. Discussion

Using the sequencing strategy outlined in Chapter 5, we identified a novel fusion in SF188
cells involving the mTORC1 complex member RPTOR. Whole genome sequencing revealed
a t(6;17) resulting in the generation of the novel expressed fusion gene RPTOR:TULP4. To
search for the relevance of this fusion in patient samples, we utilised published whole
genome and transcriptome sequencing data along with FISH screening of HGG TMAs to
further identify 4/180 (2.2%) paediatric and 1/160 (0.6%) adult HGG to harbour similar

RPTOR truncations to that identified in the reference cell line.

RPTOR encodes an important component of the mTORC1 complex which is essential for
normal function and pathway activation. The discovery of RPTOR rearrangements is of
particular interest, since oncogenic activation of the mTOR pathway has been described in
different tumour types and also in HGG [2]. However, this usually results from point
mutations rather than gene rearrangements, either in the mTOR complexes components, or

upstream in the PI3K members which activate mTOR.

In HGG, RPTOR is a promiscuous fusion partner found fused with TULP4, PRAME and an
intergenic region in chromosome 15. Due to this, rather than focus on finding the same
fusions in our TMA series, we designed break-apart probes to identify a further 3 cases with
RPTOR truncation instead, regardless of fusion partner. Though the fusion partners of the
positive cases found by FISH are unknown, it is likely that they also have different partners,
as the fusions with both TULP4 and PRAME obtain a stop codon early in their sequence and
are not expressed. Genes with different fusion partners are commonly seen in cancer, such
as the recurrent fusion of TMPRSS2 with ETS transcription factor genes in prostate cancer
[23]. This promiscuity indicates that the critical gene in this rearrangement is likely to be
RPTOR.

This structural rearrangement leads to the fusion of the N-terminal domain of RPTOR with
the 3’ end region of another genomic region, resulting in the expression of a shorter form of
RPTOR. Do-Hyung Kim and colleagues expressed the first 300 amino acids of RPTOR (N-
terminal domain) in HEK293 cells and observed that this isoform was unable to interact with
endogenous mTOR [5], predicting for a loss of function, although activation of downstream

targets were not evaluated.

Given the necessity for RPTOR in oncogenic signalling through the mTORC1 complex, it is
not immediately apparent how a loss of RPTOR function would play a tumourigenic role. An

alternative view of mTOR complex function and formation which is dependent on cell type
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(reviewed in [24]) in the CNS has recently been proposed. NF1 is a common tumour
suppressor in glioma, which primarily functions as a negative regulator of the Ras proto-
oncogene and when lost results in increased Ras activity due to the absent or decreased
function of neurofibromin’s GTPase-activating protein. Da Yong Lee and colleagues showed
that NF1 gene loss leads to increased neural stem cell proliferation and gliogenesis in the
brainstem, but not in the cortex. RPTOR and RICTOR are responsible for this difference, as
they are differently expressed in both regions of the brain. This results in unbalanced levels
of MTOR/RPTOR (MmTORC1) and mTOR/RICTOR (mTORC2) complexes, which lead to
either a negative or positive regulation of Akt activity, depending on which complex is higher
[25]. In the same way, the rearranged RPTOR in the HGG samples might yield a dominant-
negative action in mTORC1 complex, contributing to unbalanced levels of the two mTOR
complexes, therefore contributing to tumourigenesis through RICTOR-activated phospho-Akt
signalling. Moreover, AKT pathway activation is seen in all paediatric cell lines SF188,
KNS42 and UW479 [26]. Additionally, when compared with KNS42 and UW479, SF188
shows low levels of phosphorylated S6 [26]. This protein is a downstream target of the
MTORC1 complex which contains RPTOR, therefore RPTOR truncation might contribute to
this downregulation via mTORC1 and also to the upregulation of activated AKT via
MTORC2. Interestingly, both the RMH2466 paediatric case and SF188 cell line harbour NF1
loss.

Our results provide evidence for a low-frequency recurrent translocation involving RPTOR,
such as those seen in adult GBM (FGFR:TACC (3-8%) and EGFR:SEPT14 (3.2%)) and in
pPHGG (NTRK fusions (7%)) [21, 27-29]. The discovery of novel RPTOR rearrangements in
2.2% of pHGG shows that functionally important fusion events occur in this disease and
suggest further structural characterization will likely identify additionally new recurrent
rearrangements. More importantly, RPTOR SVs constitute an alternative way of activating
PI3K/mTOR pathway, which is commonly deregulated in HGG through other mechanism
[30-34]. The function of the RPTOR rearrangements is still unclear and other studies will be
needed to determine whether and how the fusion interacts with the function of mTORC1 and
its pathway. Nevertheless, this study generated new insights into the molecular

characterization of pHGG, and highlighted a potential therapeutic target for this disease.
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7. CONCLUSIONS AND FUTURE PERSPECTIVES

Although childhood and adult HGG share related histopathological features, recent
molecular profiling studies have clearly demonstrated that they are distinct biological
diseases [1-6]. The work described throughout this thesis was set out to explore the
molecular mechanisms underpinning pHGG, and to further delineate the distinguishing
features of the adult and paediatric diseases, with a view to identify novel targets for
therapeutic intervention. The presence of structural rearrangements and fusion genes was
chosen to be investigated in pHGG, as almost nothing was known at the start of this work.
We sought to characterize the presence and frequency of PDGFRA molecular alterations —
mutations and structural rearrangements, we explored novel structural rearrangements
associated with copy number alterations, and finally, we utilised whole genome sequencing
to identify novel structural rearrangements that lead to the occurrence of fusion genes in
childhood HGG.

7.1. PDGFRA alterations in paediatric high grade glioma

PDGFRA is a receptor tyrosine kinase that triggers essential cellular responses such as
proliferation, migration, and survival [7]. This gene is commonly altered in cancer, by
mutation [8, 9] and/or amplification [5, 6]. More importantly, it is the most frequent target of
focal amplification and overexpression in pHGG, including DIPG, playing an important role in
this disease [1, 3, 5, 6, 10, 11]. We thus explored the possibility that PDGFRA might be a
preferential target of other mechanisms of genetic alteration in pHGG: somatic mutations
and structural variation. In order to investigate this, we screened a large series of cases for
single base changes and small indels, as well as the PDGFRAAS8,9 deletion and the KP
fusion gene, previously reported in aHGG [12-14]. A summary of the main results described
in this chapter are shown in Table 7.1. The results confirmed that childhood HGG harbour a
distinct set of PDGFRA alterations when compared with their adult counterparts
(PDGFRAA89, KP), and this is in agreement with previous reports [13, 15-17].

In addition, our study revealed that PDGFRA is the target of several novel in-frame
insertions and deletions, and mutations across all functional domains of the gene, contrary to
what is observed in other cancers, such as GIST and NSCLC, where mutations occur un
hotspot locations like the TK domain [8, 18]. Interestingly, in our studies PDGFRA alterations
(mutations and indels) are more common in pHGG arising outside the brainstem (14% vs
6%), and 8/18 (44%) cases have concomitant amplification and mutation of PDGFRA.

Recently, in a study by G. Wu et al, 16/112 (14.3%) pHGG analysed by next generation
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sequencing harboured both PDGFRA alterations (amplification and/or mutation) and histone
H3.3 mutations. More importantly, 12/16 cases were associated with H3.3 (H3F3A) K27M
mutations, 3/16 with H3.3 (H3F3A) G34R and only 1/16 with H3.1 (HIST1H3B) K27M [2],
which is in accordance with unpublished data by J. Grill et al. In the same study, additional
alterations in PDGFRA were discovered, small indels and also a novel translocation
involving chromosomes 4 and 10, which leads to DIP2C:PDGFRA fusion gene in one of the
DIPG cases [2]. In addition, A. Fontebasso et al study revealed that 7.1% (3/40) paediatric
midline high grade astrocytoma (mMHGA) carry mutations in PDGFRA tyrosine kinase domain
(c.983A>G, ¢.1021G>A, ¢.1630_1631 insCAG), and the same cases also contain H3.3
K27M mutation. These studies confirmed the results developed in this thesis, that PDGFRA
is commonly altered in pHGG, and that these changes occur in all functional domains of the

gene.

Table 7.1. — Summary of the findings from the studies of PDGFRA in paediatric high grade glioma.

PDGFRA PDGFRA PDGFRA Altered cases

Tl fse Alteration Mutation SV with PDGFRA
Amplification
NB-pHGG 13/90 (14%)* 6/13 (46%) 7113 (54%) 6/13 (46%)
DIPG 5/77 (6%) 4/5 (80%) 1/5 (20%) 2/5 (40%)
Total 18/167 (11%) 10/18 (56%) 8/18 (44%) 8/18 (44%)

NB-pHGG: non brainstem paediatric high grade glioma; DIPG: Diffuse Intrinsic Pontine Glioma; SV:
Structural Variant; * 3 Anaplastic Astrocytomas, 1 Anaplastic Oligodendroglioma and 9 Grade IV
Glioblastomas

In our study, we further explored the role of six PDGFRA mutants in vitro and in vivo. All the
mutations taken for functional analysis were located at the extracellular domain of PDGFRA,
and were found to be constitutively active and tumourigenic. The same phenomenon has
been observed in other TK receptors, such as EGFR and ERBB2, where mutations in the
extracellular domain besides being tumourigenic, are also cause resistance to TK small
molecule inhibitors [19, 20]. In contrast to PDGFRA D842V mutated GIST tumours [21],
pHGG PDGFRA alterations (V544ins, C450ins, E10del, E10del2 and E7del) did not confer

resistance to dasatinib, a PDGFRA small molecule inhibitor.

Furthermore, the identification of the novel PDGFRA mutations contributed to the
characterization of a subgroup of DIPG with oligodendroglial features, which is largely driven
by both mutations and amplifications in PDGFRA. It is now known that the different gene

expression profile is driven by mutations in the histone genes, H3.3 and H3.1 which are
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unique to brainstem tumours [1, 3]. Given the clear importance of PDGFRA signalling on
pHGG, it is unsurprising that there are multiple mechanisms active in driving tumourgenesis
through a common pathway. Even though early-phase clinical trial observed thus far with
PDGFRA inhibitors have been disappointing, the fact that PDGFRA represents one of the
most frequently altered molecules in pHGG renders it an outstanding therapeutic target, not
as single agent but as an addition other therapeutic approaches. Moreover, the molecular
characterization of PDGFRA alterations presented in this thesis provide further evidence that
PDGFRA mutated pHGG are characterized by altered RTK modifications.

7.2. Intragenic copy number aberrations and structural variants in paediatric high

grade glioma

Comprehensive copy number profiling of adult and pHGG was among the first data to
demonstrate the biological differences between these two similar diseases, but focuses only
on amplification/deletion of genes in their entirety [5, 6, 22]. This method largely ignores the
breakpoints that occur within the gene, which themselves may be functionally significant.
Thus, we leveraged DNA copy number profiles to characterize the landscape of intragenic
breakpoints in childhood malignant gliomas (summarized in chapter 4). This approach has
been used before and it successfully identified a novel fusion in adult GBM, the
KDR:PDGFRA fusion gene [13]. We analysed a large copy number dataset of 100 pHGG
tumours, previously published by our group [6], and demonstrated the extent of iCNAs to be
associated with age, type of histone mutation, and prognosis. Notably, in our study the
presence of iCNAs was positively correlated with older paediatric patients, and younger
patients (infant group >3 years) harboured less iCNAs. Other studies showed that children
younger than 3 years of age, which have a paucity of chromosome instability and a lack of
mutations, seem to be driven by a single potent driver oncogene recently discovered —
NTRK fusion genes [2]. This fusion gene was not detected in our study, because it is a copy
number silent event, highlighting one of the inherent limitations. Interestingly, a high number
of iCNAs was found in tumours carrying the H3F3A K27M mutation. This mutation occurs in
brainstem and other midline gliomas, and leads to a reduced trimethylation of the K27
residue (H3K27me3), consequently less heterochromatin is formed, which may lead to

increased genomic instability [23, 24].

In our series of pHGG, we further confirmed genes that are known to be deleted in GBM
(NF1 and Rb1l), but we also identified potential tumour suppressor genes in pHGG, such as
FAF1, PTPRE, PTPRD and CSMD3. Most importantly, we discovered and validated a novel
complex gene fusion that involved three genes, DHX57:TMEM178:MAP4K3. After the
PDGFRA rearrangements, this was the first chimaera to be described in a pHGG. Although
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no functional assays were performed, this fusion gene might play an important role in
childhood malignant gliomas, since pHGG cell lines were highly sensitive to MAP4K3 siRNA
knockdown. We also identified a case that harboured a CSGALNACT2:RET fusion,

although due to limited amount of material validation was not possible.

In order to further explore the occurrence of fusion genes in copy number altered loci, we
carried out whole genome and transcriptome sequencing of pHGG cell line models. We used
a similar approach to nominate novel SVs in pHGG by integrating algorithm predicted SVs
(Breakdancer [25] and Chimera Scan [26]) identified by both WGS and whole transcriptome
sequencing, with copy number data. We reasoned that the integration of these data would
uncover novel pHGG fusion genes and would complement our study done in pHGG samples
(chapter 4), as other fusion genes identified in brain tumours have been found to be
associated with a copy number alteration, eg. BRAF rearrangements described in pilocytic
astrocytomas [27], the KDR:PDGFRA [13] and the FGFR:TACC [28] seen in adult GBM.

This work is described in chapter 5.

At the start of this thesis next generation sequencing had not been yet performed in pHGG
samples and cell line models, and most of the data available was based on aCGH and
expression arrays [5, 6, 29]. Our study showed for the first time that glioma cell lines KNS42,
SF188 and UW479 are highly rearranged and that they are characterized by several fusion
genes. We validated 59.4% of the algorithm-predicted SVs, using both PCR and FISH,
which is similar to other studies where matched normal samples were also used [30].
Besides identifying novel fusion genes, we also discovered three extra-chromosomal
structural rearrangement structures in SF188, which involve chromosomes 4q12 (SCFD2,
FIP1L1), 8q24 (MYC), 11p11, 1113 (CCND1), 11q14, 1123 (MLL) and 12q14 (CDK4). The
amplified loci represented two very complex structures, which were present in the form of
three DMs. Although the exact arrangement of the genes in the DMs was not possible to
reconstruct, based on the FISH and sequencing results we were able to draw a predicted

structure.

We further characterized a fusion gene in each cell line: GORASP2:CDADC1 in KNS42,
NUBPL:AKAP6 in UW479 and RPTOR:TULP4 in SF188. Both GORASP2 and CDADC1
have not been reported in cancer studies, so their role is KNS42 is unclear. Nevertheless,
GORASP?2 is involved in mitosis control [31], suggesting that this chimaera might help cells
enter mitosis, therefore promoting tumourigeneis. Although no clear role has been given to
NUBPL:AKAPG6 fusion gene, AKAP family members have been directly associated with

cancer development [32-34]. Recently, a study by Brett E. Johnson et al. on clonal evolution
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in recurrent glioma showed that a late recurrence adult anaplastic astrocytoma harboured 39

mutations in AKAPS, connecting for the first time this gene to glioma [35].

The RPTOR:TULP4 fusion gene described in SF188 involves RPTOR, an important
component of mMTOR signalling. This fusion leads to the expression of a truncated form of
RPTOR in SF188. We discovered that RPTOR was disrupted 2.2% of pHGG cases
(described in chapter 6) and that patient samples harbour similar truncations to the SF188
cell line. This finding suggests that structural variation is a different mechanism that pHGG
use to alter the PIBK/mTOR pathway, which is commonly deregulated in glioma samples
[36]. This has important implications for functional and preclinical studies, as it may underlie
the high degree of sensitivity to PI3K/mTOR inhibitors seen with SF188 in vitro.

As the roles of these fusion genes are still unclear, further studies need to be performed in
order to better understand their role in pHGG. Future experiments concerning RPTOR
rearrangements should aim at the molecular mechanism of truncated RPTOR in mTORC1
complex. In order to do so, a truncated RPTOR in vitro cell model could be used to access
protein expression, both upstream and downstream of RPTOR, using both western blot and
immunoprecipitation. In parallel, RPTOR siRNA knockdowns could be performed in SF188 in
order to know if this fusion gene affects cell viability. Genetically engineered mouse models
of RPTOR fusions would provide the ultimate validation of a key role in glioma development.

In summary, our results establish that pHGG harbour unique SVs, many of which may play
important roles in the disease. In our study, we generated a detailed catalogue of genomic
abnormalities occurring in pHGG and uncovered novel potential therapeutic targets.
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8. Appendix







8. APPENDIX

Appendix I.

Table S3.1. Clinical sample information for cases used for PDGFRA and RPTOR screens

Sample ID Cohort WHO grade  Diagnosis diggr?oa;{is PD.C.;FRA . PDGF.RA
(years) amplification alteration
2HGG169T Cohort 2 Il AA 8
2HGG170T Cohort 2 1] AA 8
2HGG171T Cohort 2 1] AA 12 N468S/E10del2
2HGG173T Cohort 2 Il AA 15
2HGG178T Cohort 2 Il AA 13
2HGG179T Cohort 2 1] AA 17
HGG024 Cohort 2 1] AA 75
HGGO79 Cohort 2 I AA 22.75 Yes Y288C
HGG082 Cohort 2 I AA 5
HGG097 Cohort 2 1] AA 9
HGG156 Cohort 2 1] AA 13.2
RMH2460 Cohort 2 n AA 16.4
RMH2480 Cohort 2 n AA 15.8
RMH3552 Cohort 2 1] AA 5.0
RMH3558 Cohort 2 1] AA 10.0
RMH3565 Cohort 2 Il AA 8.8
RMH3568 Cohort 2 Il AA 17.7
RMH3570 Cohort 2 1] AA 12.7
RMH3943 Cohort 2 1] AA 10.9
RMH3945 Cohort 2 Il AA 4.1
RMH3946 Cohort 2 n AA 24.9
RMH3950 Cohort 2 1] AA 16.4
RMH3951 Cohort 2 1] AA 14.1
RMH3968 Cohort 2 n AA 21.2
HGG007 Cohort 2 n AO 16.7 Yes A491ins
RMH2447 Cohort 2 Il AO 13.8
RMH3492 Cohort 2 Il AO 21.1
RMH3500 Cohort 2 Il AO 9.0 C235R
RMH3942 Cohort 2 I AO 11.3
RMH3963 Cohort 2 Il AO 215
RMH2444 Cohort 2 1] AOA 19.1
2HGG172T Cohort 2 v GB 3

151



2HGG174T
2HGG175T
2HGG176T
2HGG177T
2HGG180T
2HGG181T
2HGG182T
HGGO001
HGGO006
HGGO008
HGGO010
HGGO014
HGGO019
HGG020
HGG022
HGG023
HGG026
HGG028
HGGO086
HGGO093
HGG152
HGG154
HGG157
HGG158
HGG159
HGG162
RMH2449
RMH2450
RMH2452
RMH2453
RMH2455
RMH2456
RMH2463
RMH2464
RMH2466
RMH2467
RMH2470
RMH2471
RMH2474

RMH2475

Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2

Cohort 2

GB
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM

152

16

14

5.8

6.3
16.5

17.8

14.4
13.8
14.1
9.9
19.8
19.8
14
11.3
22.7
3.8
14.8
10.7
13.1
13.5
11.0
0.5
3.8
11.9
17.0
13.3
12.0
9.2
9.7
10.3
14.3
12.4
15.4
15.2

Yes
N659K
Yes
Yes
C450ins
E7del
D842V
Yes N468S/E10del2
Yes E7del
Yes E10del
Yes
Yes
Yes



RMH2477
RMH2478
RMH2479
RMH3491
RMH3498
RMH3499
RMH3549
RMH3550
RMH3557
RMH3944
RMH3947
RMH3949
RMH3952
RMH3953
RMH3954
RMH3955
RMH3956
RMH3960
BSGO001T
BSGO03T(CB)
BSG004TD
BSGO05T
BSG009T
BSGO010T
BSG012T
BSGO15T
BSGO17T
BSG019T
BSG020T
BSG021T
BSG022TD
BSG023T
BSG024TD
BSG025T
BSG026T
BSG027TD
BSG029T
BSGO030T
BSGO31T
BSGO032T

Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2

Cohort 2

GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG

153

4.7
11.5
8.7
9.8
12.5
11.5
6.3
10.0
5.8
10.4
6.7
55
145
214
20.2
19.8
6.1
11.3
11.8
7.9
5.5
4.3
6.1
13.7
5.5
5.2
5.7
15.7
5.9
7.3
53
3.6
14.9
3.9
6.4
5.2
5.2
12.3
5.2

10.9

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

C290R
E229K

V544ins



BSGO033T
BSGO034T
BSGO035T
BSGO37T
BSGO038T
BSG039T
BSG040T
BSG042T
BSG044T
BSG045T
BSG046T
BSG047T
BSG509T
BSG529T
BSG900TD
BSG901TD
BSG902TD
DIPG-WESO001
DIPG-WES002
DIPG-WES003
HGG095
RMH 3560
RMH 3964
RMH 3957
RMH 6962
RMH 6963
RMH 6964
RMH 6965
RMH 6966
RMH 6967
RMH 6968
RMH 6969
RMH 6970
RMH 6971
RMH 6972
RMH 6973
RMH 6974
RMH 6975
RMH 6976
RMH 6977

Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 2
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1

Cohort 1

DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG

154

3.7
8.9
13.2
15.7
6.9

12.5
10.2

5.6

8.4
5.6
6.1
6.4
N/A
9.8
N/A
N/A
N/A

6.9
43
48
8.03
4.46
NA
NA
3.39
13.55
12.13
NA
NA
5.08
4.49
7.55
472
6.26
475
9.41

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

N659K

W449C

T276P



RMH 6978
RMH 6979
RMH 6980
RMH 6981
RMH 6982
RMH 6983
RMH 6984
RMH 6985
RMH 6986
RMH 6987
RMH 6988
RMH 6989
RMH 6990
RMH 6991
RMH 6992
RMH5684
RMH5685
RMH5686
RMH5687
RMH 5688
RMH 5689
RMH5690
RMH5696
RMH5697
RMH5698
RMH5701
RMH5707
RMH5714
RMH5716
RMH5724
RMH5725
RMH5966
RMH5978
RMH5981
RMH5982
RMH5984
RMH5986
RMH5989
RMH5991

RMH5998

Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
Cohort 1
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort

adult cohort

same case as

above

same case as

above

same case as

above

v
1]

DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
DIPG
GBM
GBM
GBM
AA

GBM
GBM
GBM

GBM
AO
GBM
GBM
GBM
GBM
GBM
GBM
AA
GBM
GBM
AO
GBM
GBM

AO

155

6.37
NA
11.9
NA
5.27
10.22
6.76
13.49
7.41
6.76
NA
11.03
NA
NA
6.22
41.97
76.49
63.17

65.18

70.49
57.1
75.96

54.66
62.67
61.25
79.08
53.34
54.47
79.65
46.6
75.25
75.5
33.72
42.95
69.18
69.11

26.68

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

R479Q

PDGFRA del8,9



RMH6004
RMH6006
RMH6010
RMH6357
RMH 6375
RMH 6382
RMH 6388
RMH 6400
RMH 6416
RMH6417
RMH6427
RMH6433
RMH6440
RMH6620
RMH6621
RMH6625
RMH6628
RMHG6634
RMH6636
RMH6641
RMH6645
RMH6646
RMH6653
RMH6665
RMHG6666
RMH6667
RMHG6668
RMH6674
RMH6677
RMH6685
RMH6689
RMH6862
RMH6863
RMHG6872
RMH6873
RMH6874
RMHG6881
RMHG6887
RMH6888

RMHG6889

adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort
adult cohort

adult cohort

same case as

above

same case as

above

same case as

above

1l
v
11
\
\%

\

GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
AO
GBM
AO
AO
AO
AA
GBM
AO
GBM
GBM
GBM
GBM

GBM
GBM
GBM
GBM
GBM
GBM
GBM

AO
GBM
AO
GBM
GBM

GBM

156

79.96
38.15
62.88
59.71
55.79
61.47
55.91
49.87
73.68
55.79
62.79
64.95
40.24
68.16
45.16
25.84
46.29
42.02
65.22
53.92
52.15
47.25
50.3
48.24

55.98
55.96
78.13
48.88
45.78
51.85

67.45

50.17
65.5
32.12
44.6

61.1

51.83

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

PDGFRA del8,9



RMH6891 adult cohort 1 AO 69.15 Yes

RMH6892 adult cohort v GBM 76.04 Yes

RMH6893 adult cohort v GBM NA Yes

RMH6905 adult cohort v GBM 43.68 Yes

RMH6924 adult cohort v GBM 52.02 Yes

RMH6925 adult cohort v GBM 54.91 Yes

RMH6926 adult cohort v GBM 76.07 Yes

RMH6927 adult cohort v GBM 66.83 Yes

RMH6935 adult cohort v GBM 45.36 Yes

RMH6936 adult cohort igvimse as Yes
Age at RPTOR

Sample ID Cohort WHO grade  Diagnosis diagnosis Structural

(years) Variant

RMH2445 paeds TMA 11l OAO 19.1

RMH2452 paeds TMA v GBM 3.8

RMH2459 paeds TMA 11l AA 16.4

RMH2462 paeds TMA Z@’;‘V‘zcase as

RMH2465 paeds TMA v GBM 13.9

RMH2466 paeds TMA v GBM 9.7 Yes

RMH2468 paeds TMA v GBM 10.3

RMH2469 paeds TMA 11l GC 14.5

RMH2473 paeds TMA v GBM 154

RMH3490 paeds TMA v GBM 11.3

RMH3492 paeds TMA 1] AO 211

RMH3947 paeds TMA v GBM 6.7

RMH3952 paeds TMA v GBM 14.5

RMH3954 paeds TMA v GBM 20.2

RMH3955 paeds TMA v GBM 19.8

RMH3957 paeds TMA v DIPG 4.8

RMH3962 paeds TMA 11l AA 0.4

RMH3963 paeds TMA 11l AO 215

RMH3965 paeds TMA v GBM 12.5

RMH3967 paeds TMA 11l AA 9 Yes

RMH4830 paeds TMA v GBM 13

RMH4833 paeds TMA v GBM 18

RMH4835 paeds TMA v GBM 6

RMH4839 paeds TMA v GBM 16

RMH4840 paeds TMA v GBM 7

RMH7062 paeds TMA v GBM 13.9

RMH7063 paeds TMA 11l PXA 13

RMH7064 paeds TMA 11l AA 9

157



RMH7068
RMH7069
RMH7070
RMH7072
RMH7074
RMH7077
RMH7342
RMH7345
RMH7351
RMH7352
RMH7358
RMH7359
RMH7472
RMH7479
RMH7501
RMH7502
RMH7503
RMH7505
RMH7721
RMH7767
RMH7768
RMH7771
RMH5684
RMH5687
RMH5688
RMH5689
RMH5690
RMH5691
RMH5692
RMH5695
RMH5697
RMH5698
RMH5699
RMH5700
RMH5701
RMH5704
RMH5706
RMH5708
RMH5709
RMH5710

paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
paeds TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA

adult TMA

same case as
above

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
v

same case as
above
same case as
above

v

\

same case as
above

\

same case as
above

\

same case as
above

GBM
GBM
GBM
GBM
GBM
PXA
AO
AA
GBM
GBM
PXA

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
GBM
AA

GBM
GBM

AO
GBM

GBM

GBM
GBM
GBM
GBM
GBM
AA

158

19.3
20.3
13
12.9
10
15
13.2
18

15
18

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
69.23

62.91

47.67

57.17

60.28

68.16

45.16

63.12
72.65
52.63
66.46
58.34

56.76



RMH5713
RMH5714
RMH5715
RMH5716
RMH5718
RMH5719
RMH5720
RMH5722
RMH5723
RMH5724
RMH5966
RMH5967
RMH5968
RMH5969
TMH5970
RMH5972
RMH5973
RMH5974
RMH5976
RMH5978
RMH5980
RMH5981
RMH5982
RMH5983
RMH5984
RMH5985
RMH5986
RMH5987
RMH5988
RMH5989
RMH5990
RMH5992
RMH5994
RMH5996
RMH5998
RMH5999
RMH6003
RMH6004
RMHG6006
RMHG6007

adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA

adult TMA

same case as

above

same case as

above

same case as

above

1]
1]
1]
v

GBM
GBM
GBM
GBM
GBM
AA
GBM

GBM
GBM
GBM
GBM

GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
AA
GBM
GBM
GBM
GBM
AO
AO
AA
GBM

AA
GBM
GBM

AO
GBM
GBM
GBM
GBM
GBM

159

31.94
53.34
59.64
42.47
57.56
46.6

57.32

45.49
47.09
25.84

47.25

75.25
70.04
55.91
43.7
46.29
36.2
51.99
65.55
52.14
33.72
59.88
69.16
54.47
71.06
56.31
61.49

72.68

42.09
67.45
65.22
42.95
60.18
42.97
51.86
66.06

49.13

Yes



RMH6010
RMH6011
RMH6341
RMH6343
RMHG6345
RMHG6346
RMH6347
RMH6354
RMHG6356
RMHG6362
RMH6365
RMH6370
RMHG6372
RMHG6373
RMHG6374
RMHG6375
RMH6377
RMH6379
RMHG6380
RMH6381
RMH6384
RMH6385
RMHG6386
RMHG6387
RMH6388
RMH6390
RMH6391
RMHG6393
RMH6394
RMH6395
RMHG6396
RMHG6397
RMH6398
RMH6399
RMH6400
RMHG6401
RMH6402
RMH6403
RMHG6404
RMHG6405

adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA

adult TMA

same case as

above

GBM
GBM
AO
GBM
AO
AO
AO
GBM
AO
AA
GBM
GBM
GBM

GBM
GBM
GBM
AO
GBM
AO
GBM
GBM
GBM
GBM
GBM
AO
GBM
GBM
AO
GBM
GBM
GBM
AO
AO
GBM
GBM
AO
GBM
GBM
GBM

160

70.45
45.27
58.34
35.88
66.63
50.52
30.57
49.46
31.38
60.11
69.11
66.15

77.73

58.62
51.35
60.13
62.67
39.01
63.09
62.65
26.68
70.82
46.8
68.75
50.11
40.53
67.07
70.4
64.27
65.7
69.78
80.83
60.49
45.83
43.07
50.17
69.45
82.42

51.6



RMH6409
RMH6411
RMHG6412
RMH6413
RMH6414
RMH6417
RMH6418
RMH6419
RMH6420
RMH6421
RMHG6424
RMHG6425
RMH6427
RMH6429
RMHG6433
RMH6434
RMH6435
RMH6639
RMH6641
RMH6650
RMH6651
RMH6652
RMH6653
RMHG6665
RMHG6666
RMHG6676
RMHG6685
RMH6687
RMH6689
RMH6691
RMH6703
RMHG6862
RMH6866
RMH6867
RMH6871
RMHG6874
RMHG6877
RMHG6880
RMHG6881
RMH6884

adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA
adult TMA

adult TMA

\

\

same case as
above

same case as
above

v

\

same case as
above

v

\

same case as
above

same case as
above

\

same case as
above

\
\

GBM
GBM

GBM
GBM
GBM
AO
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM
GBM

GBM
GBM

GBM
GBM

AO
GBM
GBM
GBM

AA
GBM
GBM

AO

AO

AO
GBM

GBM
GBM

161

56.99

41.78

65.95
45.76
36.04
57.4
32.12
71.32
56.86
46.44
67.56
55.96
71.91
41.91
59.89
62.15
70.92

63.17

69.19

65.18

51.15

57.45
57.1
73.38
55.2

69.21
28.66
56.01
47.38
65.91
69.32

76.04

51.81

38.49



RMHG6887 adult TMA \ GBM 37.02

RMH6891 adult TMA 1l AO 73.74
RMH6892 adult TMA v GBM 37.78
RMH6895 adult TMA v GBM 72.62
RMHG6897 adult TMA 1l AO 41.84
RMH6898 adult TMA 1l AO 49.43
RMH6899 adult TMA v GBM 38.42
RMHG6900 adult TMA v GBM 67.21
RMH6902 adult TMA \ GBM 37.33
RMHG6905 adult TMA \ GBM 54.85
RMHG6906 adult TMA v GBM 43.68
RMHG6909 adult TMA 11 AA 67.69
RMHG6910 adult TMA \ GBM 46.97
RMHG6913 adult TMA 1l AA 58.56
RMH6918 adult TMA v GBM 55.88
RMH6926 adult TMA v GBM 39.3

RMHG6933 adult TMA \ GBM 66.83
RMHG6934 adult TMA 1l AA 57.12
RMH6935 adult TMA v GBM 60.87
RMHG6939 adult TMA 11 AO 60.68
RMHG6952 adult TMA 1l AO N/A

RMHG6959 adult TMA \ GBM N/A

AA - non-brainstem pediatric Anaplastic Astrocytoma
GBM - non-brainstem glioblastoma

DIPG - diffuse intrinsic pontine glioma (glioblastoma)
GC - Gliomatosis cerebri

PXA - Pleomorphic anaplastic xanthoastrocytoma
N/A - data not available

*accessed by FISH or aCGH
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Mesenchymal Transition and PDGFRA Amplification/
Mutation Are Key Distinct Oncogenic Events in Pediatric
Diffuse Intrinsic Pontine Gliomas
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Abstract

Diffuse intrinsic pontine glioma (DIPG) is one of the most frequent malignant pediatric brain tumor and its pragnosis is
universaly fatal. Mo significant improvement has been made in last thirty years over the standard treatment with
radiotherapy. To address the paucity of understanding of DIPGs, we have carried out integrated molecular profiling of a
large series of samples obtained with stereotactic biopsy at diagnosis. While chromosomal imbalances did not distinguish
DIPG and supratentorial tumors on CGHarrays, gene expression profiling revealed clear differences between them, with
brainstem gliomas resembling midline/thalamic tumours, indicating a closely-related origin. Two distinct subgroups of DIPG
were identified. The first subgroup displayed mesenchymal and pro-angiogenic characteristics, with stem cell markers
enrichment consistent with the possibility to grow tumor stem cells from these biopsies. The other subgroup displayed
oligodendroglial features, and appeared largely driven by PDGFRA, in particular through amplification and/or novel
missense mutations in the extracellular domain. Patients in this later group had a significantly worse outcome with an
hazard ratio for early deaths, ie before 10 months, 8 fold greater that the ones in the other subgroup (p=0041, Cox
regression model). The worse outcome of patients with the oligodendroglial type of tumors was confirmed on a series of 55
paraffin-embedded biopsy samples at diagnosis (median OS5 of 7.73 versus 12.37 maonths, p=0.045, log-rank test). Two
distinct transcriptional subclasses of DIPG with specific genomic alterations can be defined at diagnosis by oligodendroglial
differentiation or mesenchymal transition, respectively. Classifying these tumors by signal transduction pathway activation
and by mutation in pathway member genes may be particularily valuable for the development of targeted therapies.
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improve treatment [2]. The vast majority of children succumb to

their disease within 2 years of diagnosis. These tumors are

Introduction

Brain tumors are the leading cause of cancer-related morbidity
and mortality in children and adolescents, malignant gliomas
carrying the worst prognosis among them [1]. Malignant gliomas
that diffusely infiltrate the brainstem appear almost exclusively
during childhood and adoleseence and have a relatively homog-
encus presentation and dismal prognosis. DIPG represent the
higgest therapeuntic challenge in pediatric neuro-oncology with a
median survival of 9 months despite collaborative efforts to

';'@'. PLoS ONE | www.plosone.org

unresectable and radiotherapy is the only treatment offering a
significant but transient improvement, The addition of chemo-
therapy has not shown any benefit over the use of irradiation only
[2.3]. The development of targeted therapies for DIPG has been
hampered by the lack of knowledge of the biology of this
devastating disease. Trials have been implemented so far based on
the assumption that biologic properties of these brainstem gliomas
of children are identical to cerebral high-grade gliomas of adults
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[4,5]. Recent data suggest however that pediatric high-grade
gliomas differ from their adult counterparts [6 9], and that there
may be biological distinctions between childhood gliomas
presenting in the brainstem compared with supratentorial ones
[10).

Comprehensive genomic studies of a substantial number of
DIPG at diagnosis have not yet been undertaken due to the lack of
available tumor material. Indeed, diagnosis is usually based on the
association of specific neurological signs, short clinical history with
a typical radiological appearance on MRI [11]. A biopsy is not
needed for diagnosis in most of the cases [12,13]. In addition, most
of these lesions are infiltrating and grading according to the WHO
classification does not correlate with outcome. Accordingly and
despite the reported safety of the procedure [14], most of the
neurosurgical teams limit the use of stereotactic biopsies to the
lesions with unusual clinical or radiological characteristics.
Therefore, only very limited data on true DIPG is available in
the literature and confounded by the inclusion of antopsy  ie post-
radiotherapy - cases [10,15 18].

Recently, our group started to use stereotactic biopsies of DIPG
to obtain both pathological confirmation and immunohistochem-
ical assessment of some specific biomarkers before the inclusion of
patients in trials of targeted agents [19 21]. In this study, we
sought to comprehensively define genetic alterations in DIPG at
diagnosis by performing genome-wide array CGH and gene
expression studies from frozen samples obtained by stereotactic
biopsies. This study is the first to comprehensively define the
biological alterations of DIPG at diagnosis, allowing the discovery
of novel therapeutic targets directed specifically at these poor
prognosis brain neoplasms.

Results

DIPG Biopsy Material

Over the 5 years of the study, 6] patients underwent stereotactic
biopsies taking from one to eight tumor samples (median 3) in the
Neurosurgery Department of Necker Sick Children's Hospital in
Paris. In most instances, one or two biopsies were used for
histological di i and i histochemistry (Figure S1A).
The remaining biopsies were snap-frozen with cytological control
smears directly 1 in the operanng room, and nucleic acids extracted
from rep A median of 3.325 microg of DNA
(range 0.805 to 21.5 mlcrog] and 2,332 microg of RNA (range
0.048 to 1584 microg) could be extracted from the biopsies,
resulting in a total of 32 and 23 patients with sufficient quality and
quantity of DNA and RNA, respectively, for microarray analyses
without any amplification step.

A second set of surgical samples from pediatric non-brainstem
high-grade gliomas of various histologies with arrayCGH (n=34)
and gene expression (n = 53) data acquired simultaneously on the
same platform was used for comparative studies. Age distribution

at diagnosis was similar in DIPG and in HGG.

DIPG Differ from Supratentorial High-grade Gliomas but
Co-segregate with a Subgroup of Midline/thalamic
Tumors

We first performed array CGH on the 32 frozen biopsies of
newly diagnosed DIPG, and compared the high resolution DNA
copy number profiles with a series of 34 pediatric supratentorial
high grade gliomas. Unsupervised hierarchical clustering of the
DIPG samples using the Eudlidian distance defined two distinct
subgroups, the first characterized by gain of chromosome 1q, and
the second by numerous copy number losses and structural
rearrangements (Figure S1B). There were no associations between

',"@'. PLoS ONE | www.plosone.org
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array CGH subgroup and survival, age at onset, duration of
symptoms before diagnosis, radiclogical characteristics or WHO
grade according to the 2007 revision.

Amplifications at specific loci were detected by CGHarray for
the oncogenes HRAS (5), PDGFRA (4), PDGFB (2), CAVI/2 (2),
PTPRNZ (2), KDMS5A (2), ETSI (1), MYCN (1), WNT2 (1), RAB3!
(1} Deletions were detected for PTEN (1), CDEN2A/B (1) and FAS
(1}. The oncogene H-RAS was gained or amplified in 7/32 (22%)
and the TP53 tumor suppressor gene was lost in 7/32 (22%) of
cases. Loss of TP53 locus was the only single chromosomal
imbalance associated with a poorer outcome (p=0.01, log-rank
test) (Figure S51C). On immunohistochemistry, p53 overexpression
was seen in 15/27 (55%) cases. A comprehensive list of minimal
common regions of imbalances with a frequency superior to 15%
is provided in Table 51,

It was not possible to clearly delineate DIPG and supratentorial
tumors on the basis of the copy number profiles, as exemplified by
an unsupervised principal component analysis (PCA) generated
using all 42332 quality control passing probes (Figure S1D). By
contrast, a similar PCA analysis of gene expression profiling using
all 15231 quality control passing gene probes demonstrated the
clustering of the DIPG samples distinct from the majority of
supratentorial high-grade gliomas, with the exception of some
midline (thalamic) tumors (Figure 1A}

Supervised analysis using the 76 samples (23 DIPG and 53
HGG) was used to identify the genes most closely associated with
pediatric high-grade gliomas arising in the brainstem versus
supratentorially, and resulted in an expression signature compris-
ing 712 genes (p<<0.005, Pearson correlation, Ward procedure)
which could distinguish tumours based on locauon mdependent of
WHO grade (Table 52}, The correspondi p st d that
the GE profiles of midline tumors clustered in some cases with the
ones of DIPG (Figure | B). Figure 1C shows the distribution of the
expression for transcription factors and neurogenesis regulators
according to the three different locations. DIPG and supratentorial
tumors could be distinguished by a different pattern of expression
of specific homeobox and HLH genes. When analysing the
expression levels of the major regulators of brainstem embryo-
genesis described in the literature, we observed a significant
upregulation of GALSST!, MAFB, OLIG? and HOXAZ2,3 and 4 in
DIPG compared to supratentorial tumors (Figure S1E).

DIPG Comprise two Biological Subgroups with Distinct
Survival and Pathological Characteristics

The unsupervised k-means algorithm was used to discover
subgroups of DIPG based on their gene expression profiles. The
most optimal Bayesian Information Criterion (BIC) value was
obtained for the classification based on two clusters [22] (Figure
S2A), as represented by the corresponding principal ¢
analysis (Figure 2A). Supervised hierarchical clustering identified
643 genes differentially expressed between these two groups (False
Discovery Rate (FDR) adjusted p-value<0.01) (Table 533 and
Figure 2B). The first group had a significantly worse survival, with
70% (9/13) of children succumbing to the disease before the
median overall survival time of 10.6 months (range 2 to 25
months) of the entire cohort, whilst anly 10% (1/10) of the patients
in the second group did so (Figure 2C). Since the risk of death was
not proportional over time in the two groups, we use a Cox model
with an interaction between group and time. The hazard ratio for
early deaths, ie before 10 months, was 0.122 for group 2 vs group
1 (p=0041). Significant association of the 2 GE groups was
observed neither with age nor with the array CGH classification
described above.
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Figure 1. DIPG are diff from supr ial high-grade
li in child Hemisph midline/thalamic tumars and DIFG
are represented in gold, grey and violet respectively. Panel A: Gene
expression of 23 DIPG and 49 sup rial HGG were compared using
a Principal Component Analysis on all 15231 quality contral passing
probes, Tumors are displayed according to their coordinates on the
three first principal compenents, which describe 29.7% of the variance.
Panel B: Heatmap of the 712 most differentially expressed genes
between DIPG, midline and hemispheric tumors, selected using the
moderated t-test of limma package of Bioconductor. Panel C: Radial
plot of the expression of transcription factors and neurogenesis
regulators according to the three tumor location, in log2 ratios related
to normal brain stem. The zero red line represent the expression level of
normal adult brainstem.
doi10.1371 joumal. pone.0030313.9001

Integrative analysis of the copy number and expression profiles
using Sp lations d d a signifi infl

of copy number on gene expression in group | tumours (306/
15189 = 2% probes significantly correlated), however not for those
in group 2 (3/15189=002% probes significantly correlated)
(Figure 2D)). These strong correlations were restricted to certain
chromosomal abnormalities, in particular gain of lq, loss of 19,
and amplification of 4q12. When considering both groups together
the expression of 1460 genes (6% of the genome) was significantly
correlated with their copy number; six of the twenty most
correlated genes were located on chromosome 4ql2 region:
CHIC2, SRP72, CLOCK, PPAT, SRD3A3 and EXOCI with
Spearman correlation coefficient =09 and adjusted p<0.01
(Figure 52B).

Using gene set enrichment analysis [23], the expression profiles
of the two groups were compared with the four subgroups of adult
high grade gliomas recently described as proneural, neural,
classical/proliferative and mesenchymal  (http://tcga-data.nci.
nih.goc/docs/publications/gbm_exp/) [24]. The proneural sig-
nature was highly enriched in the gene expression signature of
group | (enrichment score =0.66; nominal p=0.004; FDR
q=0.089) (Figure 2E) while the mesenchymal signature was
significantly associated with group 2 tumours (enrichment

score = 0.8; nominal p=10.004; FDR q=0.007) (Figure 2F).

Mesenchymal Transition and a Pro-angiogenic Switch
Define A Subset of DIPG

Since a mesenchymal gene expression signature was specifically
represented in one of the two DIPG expression groups, we
compared the expression of 53 transcription factors specific for this
process as previously defined in adult high grade gliomas [25].
These genes were significantly upregulated in the group 2 DIPGs
relative to the group 1 tumours (GSEA analysis: enrichment score
0.56, FDRq = 0.039, p nominal = 0.034}, together with the master
epithelial-mesenchymal transition regulators, SNATT and SNAZZ/
Slug genes (Figure 53A). Expression of these genes alone was
sufficient to distinguish group | and group 2 DIPG (Figure 3A). A
subset of 7 wanscription factors (STATS, BHLHEZ0, CEBPA and B,
RUNXI, FOSL? and ZNF238) conwolled most genes of the
mesenchymal signature of gliomas; all but JNF238 were
significantly upregulated in the group 2 tumours compared to
the other DIPG (Figure 3B). This transcriptional module was
associated with a mesenchymal phenotype with upregulation of
TNC, OSMR, VIM and YEL40/CHIZL] and a more astrocytic
histology (Table 33 & Figures 3A and 3C/D). Knowing that the
BRAF VG0OE mutations could induce mesenchymal transition in
some tumors [26] and that such mutations have been reported ina
subset of pediatric glioma [27)], we sequenced exon 15 of the BRAF
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Figure 2. DIPG are divided into two groups with different gene expression si Gene ion levels of 23 DIPG were analysed
using a unsupervised procedure. Panel A: K-means algorithm followed by a model selection procedure using BIC defined two separated groups of
DIPG that can be also clearly seen with a PCA on all probes that passed the quality control. Panel B: Heatmap of the 643 most differentially expressed
genes between the two groups of DIPG, selected using the moderated t-test of limma package of Bioconductor. Panel C: Overall survival curves of
the two groups of DIPG defining a group of patients who died early {70% of cases before the median survival time of 10.6 months, light green curve)
and a group of patients who died later {$0% of cases after the median survival tlme of 10.6 months, purple curve), {(p= 0,004, chi-square test). Panel D:
Integrated genomic analysis using DR-I {R package) showing the correl b probes of copy number and gene expression mapped
anthe same genomic coordinates {Refseq HG19) of a gene. In the uppel panel {resp. the lower panel), colored vertical lines {cyan for group 1, purple
for group 2) show probes for which copy number and expression were significantly correlated. The two panels in the middle show the CNA
frequencies for the group 1 {resp. for the group 2). Most of the corelations between GE and CGH were found in group 1. Gene set enrichment
analysis {GSEA) plot comparing group 1 GE profile to the signatures described for adult type gliomas. Group 1 gene expression profiles were enriched

for proneural genes {Panel E) while group A gene expression profiles were enriched for mesenchymal genes {Panel F).

doi:10.1371/joumal pone.0030313.9002

gene in 20 of the DIPG irrespective of their subgroup. No
mutation was detected.

This mesenchymal phenotype was coupled with a hyposxia-
induced angiogenic switch. Numerous proangiogenic genes were
significantly overexpressed in this subgroup of DIPG compared to
the other ones, including VEGFA, VWF, PECAMI, TREM1, OSMR
and PLAU (Table 83 and Figure S3B). There was a strong
correlation  between  VEGFA  and  SNAJZ/Slig  expression
(Figure 3E), and between VEGFA and YKL40 (Figure 3F) across
the entire dataset, with a clear separation of the tumors in the two
groups defined by the gene expression profiling. Endothelial
proliferation was present in 8/9 mesenchymal group 2 tumours vs
8/14 in group 1 (89% vs 57%, p=NS, chi square test). On the
extended cohort of 54 FFPE samples where endothelial prolifer-
ation could be evaluated, there was no correlation with survival

group 5 3/8 in group 2 tumours (p value = 0,003, chi square test
with McNemar correction) (Figure 4D and E). Of note, SOXI0, a
known transcription factor involved in oligodendrogliogenesis
[29,30], was overexpressed in this subgroup compared to the other
DIPG (log: fold change 1.51 s 0.21, adjusted p value = 0.0018).
We used an extended cohort of 55 patients with histologically
confirmed DIPG to study the impact of oligodendroglial
differentiation on survival. Median overall survival of tumors with
histological oligodendroglial features was 7.73 months versus 12,37
months for tumors that had predominantly astrocytic features
(p =0.045, log rank test) (Figure 4F).

The gene expression profile of group | DIPG was significantly
enriched for the gene set describing the signature of PDGFRA
amplified gliomas described in the TCGA [24] and in children
[8] (GSEA analysis: enrichment score 0.59, FDRq=0038, p

however an inverse correlation with Olig? immunop
core biomarker of the pmneural signature was noted (p=0.01, C}u
square test), This angiogenic switch was associated with the
activation of the HIFI4 pathway as shown by the higher
expression of HIFIA in group 2 (p=0.058, Student t-test) and
by the significant overexpression compared to group 1 of 5/8 of
the hypoxia-related genes whose promoter is known to be highly
responsive to HIFIA: ENG2, HET, HE2, IDHA, P#HA? (Table S3).
This mesenchymal profile was further associated with a
significant overexpression of numerous stem cell markers, including
BMII, CD34, CD4#4, CXCR4, LIF, DKKI, VIM and RUNXZ, in
group 2 versus group | tumours (Figure S3C). Association of
mesenchymal and stem cell markers was conserved in tumor cells
with stem-like properties derived from three independent DIPG
biopsies. These wmor stem-like cells yielded phenocopies of the
original tumors in intracerebral xenografts {for complete description
see [28]) and had a molecular profile as seen by gPCR similar to
fetal neural stem cells with respect to stem cell markers (fe SOX2,
Musashil, Nestin and FABP7/BLBP) while overexpressing the
mesenchymal markers YRLA0, SNAILI and SNAIL? compared to
normal neural stem cells (Figure 3G). Of note, none of these tumor
stem cells cultures, showed PDGFRA overexpression or amplifica-
tion. The gene expression profile obtained from one of these DIPG
models resembled mesenchymal subtype of DIPG as shown by
unsupervised clustering using PCA (Figure S3D),

Oligodendroglial Differentiation and PDGFRA
Amplification/mutation Define the Remaining Subset of
DIPG

The group | of DIPGs as identified by gene expression profiling
was characterized by the overexpression of oligodendroglial
markers compared to group 2 (Figure 4A). Blinded morphological
assessment revealed a significantly greater degree of oligoden-
droglial diffe in these pared with the
mesenchymal group (Figure 4B and C). Smmg expression of
Olig? by immunohistochemistry was seen in 13/13 tumors in this

. PLoS ONE | www.plosone.org

1=0.052) {Figure 5A). Although PDGFRA was overex-
pressed in most of the wmors compared to normal brain, this
overexpression was significantly stronger in the group | tumours
(p 0. 0055) (Figure 4A). This overexpression was confirmed by
I hemistry on an ind {ent cohort in 9/15 cases
that were screened for the target-driven exploratory study of
imatinib in children with solid malignancies [20] (Figure 5B & C).
Eight of nine cases with gain/amplification of PDGFRA detected
by arrayCGH were found in this subgroup; these imbalances
were confirmed by FISH in six samples for which the analysis was
possible (Figure 5I)), Simultaneous amplification of PDGFRA and
MET was observed in 4 samples (Figure 5E). A similar
observation of co-amplification of two RTK was observed in
one patient for EGFR and PDGFRA (Figure 34). The minimal
commeon region of the PDGFRA amplicon also contained LNXT,
RPL21P44, CHIC2, GSK2, KIT and KDR. Integration of copy
number with gene expression data demonstrated a high degree of
correlation only for CHIC?, KIT, KDR and PDGFRA only
(Figure 5F).
chu:nnng the PIMGFRA gene in an extended series of DIPG
ples r led no in the kinase domains, known
hotspots in other tumors such as gastro-intestinal stroma tumors
[31]. By contrast, novel missense mutations were observed in the
extracellular domains in 3/34 (B.8%) cases, and in a further two
high grade gli established as primary grafts (Figure 5G).
One of the mutations in the IGRGE2 pediatric glioma xenograft
has been previously described in an adult glioblastoma (C235Y)
(http:/ /tcga-data.nci.nih.goc/docs/publications/ghm_exp/). Both
mutant-positive cases for which gene expression data was available
were part of the group | DIPG, and harboured PDGFRA gene
amplification, as did the additional case in the extended series.

DIPG subclasses signatures are enriched with genes of
specific neural lineage

We conducted a GSEA to compare the GE profile of the two
groups of DIPG to the gene list generated from 5 neural linages
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Figure 3. Description of the mesenchymal type of DIPG. DIFG from group 2 gene expression profile was enriched with genes involved in
mesenchymal transition, angiogenesis and stem cell e. Panel Az b » of the transcription factors linked with mesenchymal gene
expressmn s»gnamre {MGES} in adult glioblastomas. Biomarkers of mesenchymal phenotype (VIM, CHI3L1 and TNC) and the twa master regulators of

hymal SMAILT and SNAILZ/SLUG were added to the list provided by Carro et al {Carro et al, 2010). Panel B: Boxplots
ccm paring the 7 transcription factors driving the MGES in adult glioblastomas {Carro et al, 2010) in the two gmups of DIPG {group 1 in cyan, group 2
in purple). Relative jon in log2 ratio c d to normal brai control is indicated. Vi ine irr istry in tumors of group
2 shows the positivity of tumors cells {Panel C) while in group 1 only vessels and reactive astrocytes were positive (Panel D). Panel E: Spearman
correlation of the expression of 3NAIZ and VEGFA. Group 1 tumors {cyan dots) segregate clearly from tumors of group 2 {purple dots). Panel F:
Spearman corelation of the expression of CHI3LY and VEGFA. Group 1 tumors {cyan dots) segregate clearly from tumors of group 2 {purple dots).
Panel G: Gene expression of stem cell and mesenchymal markers in DIPG tumorospheres derived from primary tumors of patients in stem cell

medium as previously described (Thirant et al, 2011). Quantitative RT-PCR {qPCR) were performed using normal brain cortectomy as control. The

spheroids cultured from three different DIPG were compared to normal neural stem cells {NSC) grown as ned

doi:10.1371/joumal pone.0030313.9003

isolated from mouse brain developped by Lei et al [32] from the
transcriptome database of Cahoy et al [33]. Tumors of group |
DIPG were enriched with the gene signature of mature
oligodendrocytes and to a lower extent with the one of
oligodendrocyte precursor cells (OPC), ressembling in this respect
to the proneural class of GBM glioblastoma (Figure 6). Conversely
tumors of group 2 DIPG were enriched with the gene signatures of
astrocytes and cultured astroglia (Figure 6). This later group of
DIPG shared in this respect the GE signatures of the mesenchymal
and classical classes of GBM that were enriched with the gene list
of cultured astroglia and astrocytes, respectively.

Discussion

In this study, we report the first comprehensive genomic analysis
of DIPG samples taken at diagnosis, and identify key biological
features which distinguish them from other pediatric supratento-
rial HGG. The gene expression signatures associated with the
location of a tumour was associated with differential reprogram-
ming of embryonic signaling organizers, reflecting the discrete
developmental origins of HGG presenting in different locations in
the brain. Furthermore, our data indicate that DIPG arise from
two distinet oncogenic pathways, The first group of DIPG exhibits
an oligodendroglial phenotype associated with PDGFRA gain/
amplification. Its gene expression profile is enriched for the
proneural and PDGFRA-amplified glioma signatures. It comprises
the most clinically aggressive tumours, independent of histological
grade. The second group of DIPG exhibits a mesenchymal and
pro-angiogenic phenotype orchestrated by a similar transeriptional
module to that recently described in adult glioblastomas. These
data greatly prolong our understanding of the molecular
pathogenesis of pediatric DIPG and HGG, and have significant
implications the future clinical management of children with these
tumours,

DIPG Represent a Biologically Distinct Group of HGG in
Children

Pediatric DIPG and supratentorial high-grade gliomas, al-
though harboring overlapping patterns of chromosomal imhbal-
ances, could be clearly differentiated through their gene expression
signatures. Among the most differentially expressed genes with
respect to tumour location, we identified numerous homeobox and
HLH genes that were associated with brainstem tumours, and
likely represent embryonic signaling organizers that have under-
gone transcriptional reprogramming during oncogenesis, The
concept of location driving tumorigenesis in the brain [34] has
been applied to other tumor types like ependymoma [35 38] and
pilocytic astrocytomas [39], where developmentally-restricted gene
expression signatures could be related to the site of tumor growth.
Interestingly, genes found to be overexpressed in DIPG compared
to supratentorial HGG, such as LHX? and JRX?, have been

. PLoS ONE | www.plosone.org

in the same

previously described to be overexpressed in posterior fossa
piloeytic astrocytomas and ependymomas compared to their
supratentorial counterparts [36,38,39]. The converse may also
be true, with FOXG and JFHXY found to be upregulated in
supratentorial HGG compared with DIPG, similar to data from
ependymomas and pilocytic  astrocytomas  [36,38,39]. This
suggests that there may be a common gene expression pattern
related to the location and developmental origin of glial tumors
irrespective of the histological diagnosis. Moreover, among the
genes whose expression distinguished DIPG from the HGG in
other location, we identified several genes involved in the SHh
pathway such as PTCHI1, GLIS], GJAl, SLCIA6, KCND2,
PENK, GADI (see Table $2) already shown to be upregulated in
mouse models [40]. This is in line with data from Monje et al. who
have recently shown the possible role of the Sonic Hedgehog
pathway in the oncogenesis of DIPG [41].

Of particular significance was the similarity of gene expression
profiles of HGG arising in the midline/thalamus with DIPG, and
their distinction from hemispheric tumours, likely indicating
expansion from closely-related precursor populations, in these
tumours for which the cell(s) of origin are yet not known. Although
the adoption of different treatment strategies for DIPG and
supratentorial HGG is well-established in clinical practice, the
biclogical resemblance of midline/thalamic tumors and DIPG
raises questions regarding the management of these specific
neoplasms, currently focused on strategies designed for supraten-
torial HGG [42].

Mesenchymal transition with a stem cell-like phenotype
is the hallmark of a subset of DIPG

While a mesenchymal phenotype appears only infrequently
represented in pediatric supratentorial HGG [8], almost half of the
pediatric DIPG were characterized by the overexpression of
biomarkers of mesenchymal transition, stemness and a hyposia-
induced angiogenic switch. The transcriptional module driving the
mesenchymal gene expression signature in adult glioblastoma [235)
was also specifically overexpressed in this group compared to the
proneural group. The acquisition of a mesenchymal phenotype
[43], stemness [44], as well as the expression of hypoxia-related
genes [45,46] have been associated with resistance to treatment
including radiotherapy. The enhanced self-renewing capability of
this subtype of DIPG further points to a distinct development
lineage from the more differentiated PDGFRA-driven DIPG. In
this respect, the higher expression of STAT? in the mesenchymal
type of DIPG compared to the proneural one may play a key role
in their opposite differentiation. Indeed, $TAT3 elimination
is and inhibit astrogenesis in neural stem cell,
ie the phenotype of group | DIPG [47]. Glioma stem cells are
associated with a perivascular niche, and appear to modulate
vascular proliferation via VEGF, itself regulated via the HIF
pathway. These three phenomenons are closely intervelated in
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Figure 4. Descripti

DIPG. Group 1 expresses higher levels of oligodendroglial markers than group 2 DIPG. Panel B: Morphol

| type of DIPG. Panel A: Radial plot showing the expression of oligodendroglial

ion level of the whole population of
ical oligodendroglial differenciation in

group 1 tumors (HES staining, =40). Panel C: Morphological astrocytic differenciation in group 2 tumors {HES staining ><401. Panel D: Oligz
immunohistachemistry in a group 1 DIPG showing that probably not all cells in the biopsy are tumoral {x40). Panel E: Dual immunohistochemistry for
0ligz and GFAP showing that tumor cells in mitosis are GFAP negative but Olig2 positive {x 100). Panel F: Overall survival of 55 DIPG according to the
presence {red) or absence {blue) of oligodendraglial differenciation. Median OS5 was sharter in patients with oligodendroglial type of tumars (7,73 vs

1237, p=0.045, log rank test).
doi:10.1371/journal. pone.0030313.9004

several cancers including glioblastoma [48 51], and open the
possibility that agents which target angiogenesis and/or drive
differentiation of tumour stem cells may find application in this
subset of DIPG to increase the effects of i
radiation.

Despite the involvement of Ras pathway in epithelio-mesen-
chymal transition via SNAI2 [52] and its link with worse outcome
of pediatric HGG [53], we did not find a correlation between H-
RAS gain/amplification and its gene expression, nor activating

f@_‘, PLoS ONE | www.plosone.org

mutations in the R4S genes including BRAF VG00OE already
described in some pediatric supratentorial gliomas [27], again
highlighting differential oncogenic mechanisms in DIPG com-
pared to other pediatric HGG.

Proneural and oligodendroglial differentiation associated
with PDGFRA amplification

We have identified through pervised gene exp
clustering a group of DIPG characterized by a ‘pronevcal’

February 2012 | Volume 7 | lssue 2 | e30313

170



ics of Pontine

A

Enrichment plot: PAUGH_PDGFRA_PHGG

B 041

“kmaans, 7, 1" | postiely correl
2 s

Tere crass an THIG

&

3

laans g (nagatively corelated)
o 2300 5000 7300 10000 12300
Rank in Ordered Dataset

Ranked st metric (Signal2hoise)
o =

| = Enrichment profile — Hits Ranking metric scores
CHICZ, chrd KIT, chrd KDR, chrd PDGFRA, chrd
@ - @ - © - @I T 5]
\o /
@ - w w w - =
= =
- o SN - - e
(] 5
o o] N o o
Cor=0.9457, adjP=0 Cor=0.733, adjP=0.01789 Cor=0.7059, adjP=0.02253 Cor=0.6552, adjP=0.03507
o
o 3% & 28
g =8 8 35
G 4 U R =
1 | [ | | [ I | | | | I
3 4 5 6 7 8 9 1011 12 13 W 15 16 17 18 19 20 N n n
Extraceliular domain Kinase domain
Figure 5. PDGFRA amplification/mutation is driving the onc is of the oligodendroglial, al type of DIPG. Panel A: GSEA
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PDGFRA immunohistochemistry in the infiltrative part of a DIPG. Panel C: PDGFRA immunchistochemistry in the tumoral part of a DIPG. Panel D: FISH
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Dual-FISH analysis of a DIPG with two probes one for PDGFRA and one for MET showing that the two oncogenes may be gained/amplified in
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being losses and green ones gains. CNA and GE were highly correlated for four of these seven genes {CHIC2, KIT, KDR, PDGFRA). Panel G: Diagram of
the PDGFRA gene showing the mutations discovered in DIPG samples and xenografts.
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of the two DIPG groups with specific neural lineages. A G5EA analysis was

processed usmgfthe gene list p:emushr described by Lei et al [32] and derived from the gene sets specifically enriched in astrocytes,
oligodendrocytes, neurons, oligodendrocytes progenitors cells and cultured astroglial cells. Heatmap of the enrichment scores of each DIPG sample is
represented with a red to blue color scale shows the range from the highest to lowest enrichment score.

doi:10.1371/journal.pone.0030313.g006

phenotype, an oligodendroglial differentiation, and FDGFRA
amplifications/mutations. Moreover, the gene expression profile
of group | DIPG was significantly enriched with genes deseribing
the signature of PDGFRA amplified gliomas [8,24] supporting the
hypothesis that PDGFRA amplification is associated with a robust
gene expression profile across tumor location and patient’s age.
This iation has been p y described in adult tumors
[43,54 56], and include the cxpr!ss:on of genes involved in

2 and oligodendrocyte development, such as Ol
transcription factors, Ma2 2, PDGFRA and SOXT0 [57]. DIPG
with oligodendroglial phenotype and Olig? overexpression
exhibited an even worse evolution and resistance to radiation
than the other DIPG in our series. This could be explained by the
recent findings that the central nervous system-restricted tran-
scription factor Olig? opposes p53 response to genotoxic damage
in neural progenitors and malignant glioma [58]. This is however
in contrast with the adult gliomas where oligodendroglial
differentiation and proneural phenotype are linked with a better
prognosis [24]. Moreover, we did not observe IDH1/2 mutation
in 10 DIPG [59] while in adult proneural gliomas IDH | mutations
are frequent [24]. In pediatric gliomas, IDH1/2 mutations are
almost exclusively seen in adolescents [59,60] who indeed do not
represent the target population of DIPG. The presence of IDH!
mutation in tumors from adolescents was not correlated with an
oligodendroglial phenotype in our cohort of pHGG previously
published [59]. Together with the fact that the group | DIPG is
enriched p ially with the sig of mature oligodendro-
cytes rather than oligodendrocyte progenitor cells, these data
could suggest that this group of DIPG could be developed from a
different oligodendroglial cell than their adult counterpart. This
would be in line with the rarity of 1pl9g co-deletion in pediatric
gliomas with oligodendroglial features.

P
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Integrative genomics showed that the gene expression of this
group of DIPG was driven by copy number changes on the
contrary to the other DIPG suggesting that chromosomal
instability plays an important role in the phenotype of these
tumors. Conversely, gene expression in the other group of DIPG
may be more driven by epigenetic changes.

We found 28% (9/32) of PDGFRA gains or amplifications, all
but one being included in the group | defined by unsupervised
gene expression clustering. The PDGF autocrine/ paracrine loop
has been frequently implicated in oligodendrogliomas [61] and has
been used to create preclinical models of glioma [62,63], including
brainstem tumors [64,65]. PDGFRA amplification has been
shown to be more frequent in pediatric HGG than in adult ones
[8] and a recent report found PDGFRA gain or amplification in
four out of eleven post-mortem samples of DIPG [10]. In one of
our previous study, PDGFRA protein was also more frequently
detected by [HC in DIPG than in other pediawic HGG [20].

We identified 10% of pediatric DIPG to harbor FDGFRA
missense mutations, considerably more frequently than the 2/206
(1%) reported in adult GBM (http:/ /tega-data.ncinih.goc/docs/
publications/gbm_exp/). These mutations were located in exons
coding for the extracellular domains of the protein, potentially
disrupting ligand interaction, but not in the tyrosine-kinase
domain. Their oncogenic role can be suspected, especially as they
are found exclusively in concert with gene amplification. Similarly,
mutations have been found in the ectodomain but not in the
tyrosine-kinase domain of EGFR gene in adult GBM [66]; these
mutations were shown to be oncogenic. Moreover, similar to
EGFRvIIT in the extr domain of
PDGFRA have b::n already reported in as many as 40% of
glioblastomas with PDGFRA amplification and were associated
with increased tyrosine-kinase activity [67). Unfortunately, the
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assay used for PDGFRA sequencing did not allow us to exclude
the possibility of in frame deletions and this would need further
analysis on new samples.

Translational implications of targeting genomic
alterations in DIPG

Lack of insight into disease mechanisms impeded the develop-
ment of effective therapies in DIPG for years, with the selection of
therapeutic agents to be used in conjunction with irradiation
determined empirically or based on their efficacy in adult high-
grade gliomas. Changing the paradigm of the treatment of this
disease requires a better understanding of the key biological events
driving this type of neoplasm, Our dlinical and biclogical program
allowed us to discover new potential therapeutic targets previously
overlooked or ignored. For the first time, rationale design of trials
with targeted therapies could be implemented in the armentarinm
against these aggressive neoplasms. PDGFRA indeed seems to be
the most exciting target given also the existence of several
inhibitors with a known toxicity profile in children, including
patients with DIPG at relapse [20] or at diagnosis after irradiation
[68]. Despite significant drug concentrations reached inside the
glioblastoma [69), imatinib has shown limited efficacy in recurrent
or newly diagnosed glioblastoma in adults [70] and response to the
drug was not increased in patients with FDGFRA immunoposi-

ics of Pontine

Materials and Methods

Tumor and Nucleic Acids extraction

Tumor samples and clinical information were collected with
written informed consent (see Supporting Information 51) of the
parents/ guardians before inclusion into protocols approved by the
Internal Review Board of the Necker Sick Children’s Hospital in
Paris and the Gustave Roussy Cancer Institute in Villejuif
[corresponding to two phase I/11 trials, see references 20 and
21]. Only patient with classical diagnostic features of DIPG were
included: 1} short elinical history of less than three months, 2)
infiltrating neoplasm centered on the pons and involving at least
50% of the anatomical structure, 3) histology excluding a pilocytic
astrocytoma or ganglioglioma,

Tumor biopsies were snap frozen in liquid nitrogen in the
operating room to ensure preservation of high quality RNA,
ground to powder and then RNA and DNA were extracted
following two different protocols according to their respective
efficiency: Rneasy Micro Kit (Qiagen) and/or TRIzel reagent
(Invitrogen).

Microarray Analyses

DNA and RNA microarray hybridizations were carried out by
the Functional Genomics Platform of the Integrated Research
Cancer | in Villejuif (http:/ /www.igr.fr/en/page/ integrated-

tivity [71]. No information on the histology of the brai
tumors was available in the Pediatric Brain Tumor Consortium
(PBTC) phase II trial of imatinib [68] where most of the patients
with brainstem gliomas received indeed the drug after the
completion of their radiotherapy schedule. In a recent study of
the ‘I tive Th ies in Children with Cancer’ consortium,
where imatinib was only given to patients with proven PDGFRA,
PDGFREB or KIT over expression determined by immunochem-
istry [20], one child with recurrent DIPG harboring PDGFRA
expression in 50% of the cells in the biopsy showed a sustained
objective response (minus 31% for tumor size) for a period of ten
months, Identfying the key predictive markers for efficacy of
targeted agents will be a vital step in translating genomic data to
the clinic, particularly where specific activating mutations are
identified, The literature [70,71] indicates however that the effect
of imatinib as single agent is limited and that combination with
other agents such as irradiation should be considered [72,73]. In
addition, insufficient drug penetration in the brain and in some
part of the tumor may explain these disappointing results.
Enhanced delivery would then need either blood to brain barrier
opening [74] or P-gp and ABCG2 inhibition [75]. In this respect
the DIPG orthotopic models newly described [63.64] will be
valuable tools to study the appropriate way to deliver these drugs
in addition to help our understanding of the disease. Combina-
torial targeted approaches may also be valid given the observation
of multiple oncogenic alterations activating the same downstream
signaling cascades [76]. Our finding of simultaneous amplification
of PDGFRA and MET in a subset of DIPG, for example, may
justify the use of multikinase inhibitors or combinations of TKI, as
has been demonstrated for pediatric glioblastoma cells in wifre [77].

Our integrated genetic profiling of diagnostic DIPG  has
identified two biclogically and clinically distinct groups of DIPG,
with clear differences from hemispheric HGG, and with likely
differential treatment strategies warranted. These data highlight
the importance of biologically driven guidance for novel
therapeutic intervention in these currently untreatable tumors,
and argue for the systematic biopsy of these lesions in order to
facilitate this, in addition suggesting that some supratentorial deep-
seated infiltrating HGG of the deep grey nuclei may deserve a
similar approach.

',"@'. PLoS ONE | www.plosone.org

biology_1529) using the Agilent 44 K Whole Human Genome
Array GHI10B and G4112F, respectively (http://www.agilent.
com). The microarray data related to this paper are MIAME
compliant and the raw data have been submitted to the Array
Express data repository at the European Bioinformatics Institute
(http:/ fwww.ebiac.uk/arrayexpress/) under the accession number
E-TABM-1107.

Bioinformactic Analyses

Raw copy number ratio data were transferred to the CGH
Analyties v3.4.40 software for further analysis with the ADM-2
algorithm (http://www.agilent.com). A low-level copy number
gain was defined as a log Zratio) 0.3 and a copy number loss was
defined as a log 2(ratio) << —0.3. A high-level gain or amplification
was defined as a log 2ratio) >1.5, Minimum common regions
(MCR) were defined as chromosome regions that show maximal
overlapping aberrations across multiple samples with the STAC
v1.2 software [78]. Probe-level measurement MCRs do not
include all genes that are altered within a given aberrant region
in a particular tumor but define the recurrent abnormalities that
span the region,

Raw gene expression data using normal brainstem as reference
were transferred into R software for statistical analysis. In order to
discover groups in GE data set, the k-means algorithm from R
software has been run for two to five groups on the entire dataset.
Then for each clustering the BIC value was calculated, according
to Guillemot et al [22], in order to determine the best one, which
was the one with two groups. GSEA analysis [23] was performed
with the pre-ranked tool on gene list ranked by increasing FDR
adjusted p-values, for each contrast of interest, with default
parameter values. A nominal False Discovery Rate (FDR) of
<0.25 was considered statistically significant for GSEA. We ran
GSEA analysis with t-test option as metric parameter.

For integrative genomics analysis, we used the DR-Integrator
package for R [79].

Fluorescent In Situ Hybridization
FISH was performed from formalin-fixed-paraffin-embedded
(FFPE) tumor samples or frozen tumor touch slides for the
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xenografts. The FIFIL1/PDGFRA (Q-biogen/MP Medicals) and
LSI EGFR. (Viysis/Abbot) were used according to the manufac-
turer’s instructions, PDGFRA and MET probes were labelled
from BAC-clones RP11-58C6 and RP11-819D11 (PDGFRA) and
RP11-165C4 and RP11-951121 (MET) using the Bioprime kit
(Invitrogen) and DIG-6-dUTP (Roche). Slides were pre-treated in
0.2 M HCL, 8% sodium thioeyanate and 0.025% pepsin. Probes
were hybridised overnight at 37C. Slides were washed and
incubated with conjugates streptavidin-Cy3 (Invitrogen) and anti-
DIG-FITC (Roche).

Mutation screening of selected genes

For direct sequencing, the exon 15 of BRAF and all the
individual exons of PDGERA were PCR amplified using Tag DNA
polymerase (Invitrogen) and primers that can be provided upon
request. PCR products were sequenced with BigDye v3.1 and run
on an AB3730 genetic analyser (Applied Biosystems). Traces were
analysed using Mutation Surveyor software (Softgenetics). The
effect of the mutations on the protein structure was predicted using
Polyphen  (http:// genetics.bwh. harvard.edu/pph/) and SIFT
(http:/ /sift jeviorg/) databases.

Histology and Immunchistochemistry on Primary Tumor
Material

Tumor histology was reviewed by PV. Tumors were classified
and graded according to the 2007 WHO dassification. Repre-
sentative formalin-zine (formol 5%; Zinc 3 g/L; sodium chloride
8 g/L} fixed sections were deparaffinized and subjected to a
Ventana antostainer (BenchMark XT, Ventana Medical system,
Tucson, USA) with a standard pretraitement protocol included
CCI buffer for MIB (KI-67) and P53, A semi-automatised system
using a microwave antigen retrieval (MicroMED T/T Mega;
Hacker Instruments & Industries, Inc., Winnshoro, S5C) for
30 minutes at 98°C (manufacturer recommendations) and the
RTU Vectastain Universal detection system (Vector laboratories,
Burligame, CA, USA) for Olig?. Sections were then incubated
with various commercial monoclonal primary antibodies against
Olig? (AF 2418, 1/150, R/D system, CA, USA), P53 (DO-1, 1/1,
Ventana} and MIB-1 (1/100; Dake, Glostrup, Denmark).
Diaminobenzidine was used as the chromogen. A minimal
threshold at 10% of the total stained tumor cells served as a cut-
off for defining the p53-positive status. A MIB-1 labeling index
(MIB-1 LI} was obtained by counting the number of MIB-1-
positive tumor cells in regions with the maximum number of
labeled tumor cells. Ten microscopic high-power Beld sets were
counted, and the MIB-1 LI was computed as a percentage of
immunopositive cells from the total cells counted in selected fields.
Light microscopic images were digitally captured using a Nikon
eclipse E600 microscope (Nikon, Tokyo, Japan) equipped with
Nikon DXM 1200 Digital camera. Photomicrographs were
assembled for illustrations using the Adobe Photoshop version
7.0.1 software (Adobe, San Jose, California, USA).

Supporting Information

Figure 81 DIPG are different from supratentorial high-
grade gliomas in children. Panel A: example of a biopsy
sampling in a patient with DIPG. A maximum of 8 core
biopsy samples can be obtained per patient. Panel B: heatmap
of the unsupervised hierarchical clustering of 29 DIPG.
From the 32 available samples, two had a completely flat profile
and one was of unsufficient quality. The analaysis was then run on
29 samples. Gains are represented in green (the intensity being
correlated to the log2ratio) and amplifications as blue dots. Losses
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are represented in red (the intensity being correlated to the
log2ratio). The lower panel indicate the general profile of genomic
imbalances encountered in the 32 samples, y axis scale being the
frequency of the aberrations, The colored right panel shows the
profile of each individual sample and the black & white right panel
shows the percentage of the genome with imbalances, C: overall
survival of the patients with CGHarray data according
to the loss or the persistence of the TFP37 locus. Overall
survival was significantly lower in patients with TF33 gene loss
(p=0.01, log-rank test). D: principal component analysis
(PCA) of pediatric high-grade gliomas (HGG) CGHarray
data irrespective of their location. Hemispheric HGG are
indicated in yellow, midline HGG are indicated in grey and
brainstem HGG or DIPG are indicated in pink. All the probes
passing the quality control were used for the analysis. E: box-
plots comparing the expression of some of the key
regul s of brai embryog is in DIPG (pink)
and supratentorial HGG (yellow). The adjusted pvalue of
the comparison is given in the upper left comer of each panel. All
values are given relative to the expression found in normal adult
brainstem.

(TIFF)

Figure 52 DIPG comprises two biological subgroups
with distinet survival and pathological characteristics.
A: Identification of the most optimal Bayesian Informa-
tion Criterion {BIC) value. The most optimal BIC value was
obtained using the class prediction algorithm of Guillemot et al.
(BIOTECHNO'08). The graphs show that the accuracy of class
prediction did not improve with increasing number of groups. B:
Integrative analysis of genomic and gene expression
data. When considering all DIPG samples from whom both GE
and CGHarray data were available, the expression of 1460 genes
(ie 6% of the genome) was significantly correlated with copy
numbers. The cheese-plots of the 20 genes with the highest
correlation are provided. Complete data set is available upon
request,

(TIFF)

Figure 53 Mesenchymal transition and a pro-angiogen-
ic switch define a subset of DIPG. A: The master
pithelial to hymal transition regul s, SNAII
and SNAI2/Slug are upregulated in a subset of DIPG.
The box-plots of the two DIPG subgroups identified are shown in
purple and brown respectively. Gene expression are given
compared to normal adult brainstem. The p-value is indicated
for each gene in the upper right comer of the panel. B:
Angiogenic markers are overexpressed in a subgroup
of DIPG. The two different subgroups of DIPG are represented
in purple and light green. The p-value i indicated for each gene in
the upper right corner of the panel. Gene expression are given
compared to normal adult brainstem. C: Stem cell markers
are overexpressed in a subgroup of DIPG. The two
different subgroups of DIPG are represented in purple and cyan.
The p-value is indicated for each gene in the upper left corner of
the panel. Gene expression are given compared to normal adult
brainstem, D: Gene expression profiling of one of the
DIPG stem cell cultures. Principal component analysis of one
of the DIPG stem cell cultures together with all the primary DIPG
samples.
(TIFF)
Figure 54 Amplification of multiple RTK in the same
tumeor. Example of a DIPG sample for which simultaneous
amplification of PDGFRA and EGFR could be observed by FISH.

(TIFF)
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Appendix IlI

Molecular and Cellular Pathobiology

Novel Oncogenic PDGFRA Mutations in Pediatric High-Grade
Gliomas

Barbara S. Paugh’, Xiaoyan Zhu', Chunxu Qu?, Raelene Endersby”, Alexander K. Diaz"®, Junyuan Zhang',
Dorine A. Bax®, Diana Carvalho®, Rui M. Reis®, Arzu Onar-Thomas®, Alberta Broniscer®, Cynthia Wetmore®,
Jinghui Zhangz, Chris Jones?, David W. Ellison®, and Suzanne J. Baker'®

Abstract

The outcome for children with high-grade gliomas (HGG) remains dismal, with a 2-year survival rate of only
10% to 30%. Diffuse intrinsic pontine glioma (DIPG ) comprise a subset of HGG that arise in the brainstem almost

lusively in children. G i I of copy number imbal. previously sl d that platelet

dcnw:d growth I‘aclor receptor u{f’ﬂ&}m) is the most frequent target of I‘ocal amplification in pedmlrlc HGGs,
including DIPGs. To determine whether PDGFAA is also targeted by more subtle mutations missed by copy
number analysis, we sequenced all PDGFRA coding exons from a cohort of pediatric HGGs. Somatic-activating
mutations were |dcnt|ﬁcd in 144% (13 of 90) of nonbrainstem pediatric HGGs and 4.7% (2 of 43) of DIPGs,

and in-fr

and i ions not previously deseribed. Forty percent of
tumors |A-1IJ| mutation showed concurrent amplification, whereas 60% carried heterozygous mutations. Six
different mutati difl | ins all Ited in ligand-indey
blocked by small molecule inhibitors of PDGFR. Expression of mutants in p53-null primary mouse astrocytes
conferred a proliferative advantage in vitro and generated HGGs én vive with complete penetrance when
implanted into brain. The gene expression signatures of these murine HGGs reflected the spectrum of
human diffuse HGGs, POGFAA intragenic deletion of exons 8 and 9 were previously shown in adult HGG, but
were not detected in 83 nonbrainstem pediatric HGG and 57 DIPGs. Thus, a distinet spectrum of mutations
confers constitutive receptor activation and oncogenie activity to PDGFRe in childhood HGG. Cancer Res; 73(20);

receptor activation that was

6219-29, ©2013 AACR

Introduction

Pediatric high-grade gliomas (HGG) comprise 15% to 20% of
all childhood tamors of the central nervous system (1). Despite
aggressive therapy, prognosis for pediatric HGG remains very
poor, with a 2-year survival rate of less than 20% (:
HGGs arise in the brainstem as diffuse mlrm'-l(' pontine glioma
(DIPG), adi that oecurs almost exclusi 1children and
has a Z-year survival rate of less than 10% H] Although the
histopathologies of pediatric and adult HGGs can be lar,
genome-wide studies have shown significant differences in the

subset of

Aulhnls Mimmx Depamnmh of "Developmental Neurcbiclogy,
Biclog Ormlnqg and "F“mhnhqy x

hmP ChlIrIrPn s

rssee Heallth Sclulu:; Cenler, Mesrphis,
Tennesses; 'Telethon Institute for Child Health Research, Centre for Child
Health Research, The University of Western Austraka, Perth, Australia;
"Divisions of Molesular Pathelogy and Goncer Therapeutios, The
of Cancer Research, London, United Kingdom; and "Molecular Ormlnqy
Research Center, Barretos Cancer Hospital, Barrelos, S8o Paulo, Brazil

Note: Supplementary data for this articke are avadable al Cancer Research
Online: hilpuYcancermes. aacoumals. org).

Comresponding Author: Suzanne J. Baker, St Jude Children's Research
Hespital, 262 Danny Thomas Place, Memphis, TN 38105, Phone: 001-585-
2254; Faot: 901-595-2270; E-mall: suzanne baker3stjude.ong

doi: 10.1158/0008-5472 CAN-13-1481
e2m3 z iation for Cancer Research,

frequencies of specific copy number alterations as well as both
similarities and differences inthe gene expression signatures
HGGs in these two age groups (4-12). Somatic mutations
histone H3 occur in 78% of DIPGs and 36% of nonbrainstem
pediatric glioblastomas, but occurred only rarely in young
adults with glioblastoma and not in older patients with adult
glioblastoma (11, 12). Thus, distinet molecular mechanisms
drive gliomagenesis at different ages.

Platelet-derived growth factor receptor o (PDGFRA) is the
most frequent target of focal amplification in pediatric HGGs
arising within and outside the brainstem {47, 10), and somatic
mutations of FDGFRA have been recently reported in pediatric
HGGs (6, 12). In contrast, EGF receptor (EGFR) is the predom-
inant receptor tyrosine kinase (RTK) targeted by both am
ion in adult glioblastoma (13, 14). Pedi
HGGs with genomic amplification of PDGFAA showed con-
comitant increases in POGFEA mRNA by gene expression
profiling. Furth PDGFRo without geno-
mic amplification is commonly found in pediatric HGGs, and
amplification of the genes encoding PDGF ligands or over-
expression with and without PDGFREA aberrations were also
reported. suggesting both autoerine and paracrine signaling.

PDGF and its receptors are involved in many cellular pro-
cesses such as migration, survival, and proliferation and
they are al during developmental processes (15).
Ligand binding induces receptor dimerization and results in

fication and mut:

ric
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Paugh et al,

were established from 2-day-old mice | GEAP-ere; Trps3™ /iy

phosphorylation of the I at multiple tyrosine
Activated PDGFRs transduce signals through multiple down-
stream pathways, including the PI3K/AkL, RAS/MAP kinase,
Sre kinase family, and PLC/PKC pathways, which have all been
implicated in tumorigenesis {15, 16).

Abnormally activated PDGFRu signaling driven by viral
expression of PDGFB ligand is suff t to induce glioma
formation in vive, indicating that activation of PDGFR path-
ways is an@nlmﬂy an early event in tumorigenesis {17-19).
Furt} 3 I ion of PDGFB and loss
of TP53 induced murine HGG with increased incidence and
shorter latency, indicating cooperativity between these path-
ways {20, 21). However, these studies focused on autocrine and
paracrine activation of PDGFR signaling pathways by PDGFR
ligand overexpression.

Here, we report that pediatric HGGs, including DIPGs, carry
novel somatic-activating mutations of PDGFRA that are con-
stitutively active, tumorigenic, and sensitive to small molecule
inhibitors.

Materials and Methods
Clinical samples

Pediatric HGG samples were obtained from St. Jude Chil-
dren's Research Hospital (Memphis, TN} and the Royal Mars-
den Hospital {London, United Kingdom: Supplementary Table
52). Ethical Review Committee approval was obtained from
each instit ium. G ic DNA was extracted as
previously described from snap-frozen (22) or formalin-fixed
paraffin-embedded material {10}

Mutation analysis of PDNGFRA

All eoding exons of POGFRA were sequenced by direct
sequencing of PCR-amplified products from genomic DNA in
the tumors listed in the Suppl ary Table 52, including 39

as deseribed previously (25). At passage one, p53-null astro-
cytes were 1 luced with retrovi I g wild-type
PDGFRe, PDGFRa mutants or empty vector, and in vitro and
tumorigenesis experiments were carried out before passage
six. For proliferation assays, 55 » 10° cells per well were
plated on 96-well plates in triplicate. Cells were grown in
Dulbecea's Modified Eagle Medium (DMEM)/F-12 supplemen-
ted with 10% FBS and 20 ng/mL mouse EGF (Millipore),
but without exogenous addition of the PDGF ligand. Prolifer-
ation was measured using XTT 1)_Lh.‘.|z -methaxy-d-nitro-5-
Ifophenyl]-2H-tet linm-5 ilide inner salt) assay
{Rm:.hcj at "4 -hour intervals over a 4-day period, without
I the growth For inhibitor studies, cells were
allowed to attach for 4 hours aﬂer seeding then 225 nmol/L
{100 ng/mlL) lanib {AROG Pl icals), 50 nmol/L
dasatinib (LC Laboratories), or vehicle {0L1% dimethyl sulfox-
ide, DMS0O) were added to the cells in a single dose and growth
was assayed by XTT as above. Data were normalized to the cell
number measured at time zero of the experiment, which was
acquired within the first 8 hours from cell seeding {4 hours for
cell attachment and 4 hours for development of XTT). For cell-
eycle analyses, 2 x 10° cells were seeded per 10 em dish and the
next day cells were treated with 225 nmol/L (100 ng/mL)
lanib {AROG Phar ticals), 50 nmol/L dasatinib {LC
Laboratories), or vehicle (0.1% DMSO) for 24 hours, Following
inhibitor treatment, cells in the supernatant from each dish
were collected, pooled with trypsinized cells, and washed with
PBS. Cells were fixed in 70% ethanol overnight at 4°C and then
stained using Guava Cell Cycle Reagent (Millipore). Data were
acquired on the Guava EasyCyte using CytoSoft software
(Millipore]).

Tumori, i di

cases of nonbrainstem pediatric HGGs and 43 cases of DIPGs,
using primers listed in the Supplementary Table 54, or by
exome sequencing for three DIPG dditional

For an

Mouse experiments were approved by the Institutional
Animal Care and Use Committee and are in compliance with
I and institutional guidelines. A total of 2 » 10" trans-

51 cases of nonbrainstem pediatric HGG, DNA was extracted
from formalin-fixed paraffin-embedded tissue and amplified
and sequenced using primers published previously (9). Iden-
tified PDGFRA mutations were validated by independent PCR

normal ples were i when

tehed ot

and
Exy jion of mutated I was confirmed by reverse

transcription (RT)-PCR and sequencing using primers listed

duced astrocytes were implanted intracranially into athymic
nude mice for tumorigenesis studies as previously deseribed
{25). On the manifestation of brain tumor symptoms, mice
were anesthetized and perfused with PBS. GFP-labeled tumors
were dissected using a fluorescent dissecting microscope. For
each tumor, a portion was snap-frozen for protein analyses and
RNA ion, and the inder was fixed in 4% parafor-

in the Supplementary Table 54 for available cDNA pl
Eighty-three nonbrainstem pediatric HGGs samples were
screened by RT-PCR for KDR-PDGFRA gene fusion (23) and
the single case identified was validated by independent PCR
and sequencing. cDNA from 83 nonbrainstem pediatric HGG
and 57 DIPG cases were screened for PDGFRA, the previ-
ously reported 243 base-pair deletion in exons 8 and 9 as
described (23).

In vitre analyses of overexpression of wild-type and
mutant PDGFRA

Wild-type and mutated PDGFRA open reading frames were
cloned into the MSCV-IRES-GEP (MIG) retroviral vector and
used to generate retrovirus (24). Cortical astrocyte cultures

ldehyde in PBS at 4°C overnight, then processed. embedded
in paraffin, and cut into 5 pm sections. Hematoxylin and eosin
{H&E)-stained sections from all collected tumors were eval-
uated by a clinical neuropathologist (DLW, Ellison) and graded
ace (milng I.(| World Health Organization (WHO) eriteria (26).
! ducted with mi anti-
gen retrieval in a ci tion using the following primary
ibodies from Cell Signaling Technology: PDGFRer (#5241 ),
phospho-Akt 5473 {#9271), an(l phospho-4E-BP1 Thr37/46
(#2855). Anti-rabbit biotinylated scoondary antlbodles were
used in conjunction with | dist d
streptavidin (Elite ABC; Vector Labs). bl.'u ning was dmlopcd
with NovaRED substrate {Vector Labs) and the sections were
counterstained with hematoxylin (Vector Labs).
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Figure 1. BXEFRA somatic mutations identified n pediatnic HGGs and
DIPGs. Senger sequencing of POGFRA from genomic DMA revealed
Ut pe mutations, including missense mutations, In-frame insetions,
and In-trame delotions. Tha schomatic shows thi location of 1ho
mutations and effected domeins of PDGFRe. A ster (% indicates samples
with concomitant mutation and ampiication of the PDGFRA locus. The
signal peptide |s designated by an orange oval and the transmermbrana
doman by & brown rectangie,

mutetions in the kinnse domein, N6s9K and D342V were
previously reported in gastrointestinal stromal tumors but not
in gliomas (32, 33). The remaining matations are all novel,
including four different missense mutations (E229K, C235R,
Y238C, and C290R), theve infmme insertions (C4s0ins,
A491ins, and V544ins), and three inframe deletions (E7del
Eltdel and El0del2; Supplementary Table §1) not found in
previous studies of @ Inrge collection of pedietric HGGs or sdult
HGGe (6, 12, 23, 34). Three of the identified mutations (E7del,
E10del?, and N65YK ) were recurrent, each of them found in two
different HGG cases.

We alen evaluated whether activating PIDGFRA mutations
previously shown in adult HGG oceur frequently in pediatric
HGG. Forly percent of adult glioblastomas with PDGFRA
wemplification horbor en in-freme deletion of 243 base pairs
in exons 8 and 4 of the extracellular portion of the recaptor
{(PDGERA™) that renders the receptor constitutively active
(23, 35). A geoe fusion between PDGFRA end KDR (VEGFRZ),
which rendered the receptor constitutively active and tumaor-
igenic in vive, has been reported in one out of 215 cases of adult
gioblestomu. We used RT-PCR to screen for these alleretions
thet would heve been missed by exonie sequencing. We found

one cose of KDR-PDGFRA in §3 nonbrainstem pedintric HGGs
analyzed [Suxg]p.mp:ntnry Fig. §1B). There were no examples of
the PDGFRA® deletion in 83 noobrainstem pediatric HGG
and 57 DIPG d by RT-PCR (Suppl vy Fig. 81C).
Thus, a different spectram of intragenic mutations target
POGEFRA In HGGs from different age groups.

PDGFRe mulnuts are constitutively netive

Tobetter understand the consequence of PDGFRi mutation
in pedintric ghomagenesis, retroviral constructs expressing
wild-type PDGFRe or six selected PDGFRo mutants that affect
different regions of the receptor were generated for functional
studies. p53-null PMA cultures were chosen as a relevant
cellulur bockground to sssess PDGFRot function, becouse
70% of pediatric HGGs outside of the brainstem and 46% of
DIPGs with amplified and/or mutated POGERA also have
inectivating mutations of TF53 (Supplementary Teble 82). All
&ix mutants were constitutively active, inducing strong phos-
phorylation of PDGFRe et Tyr-572/574, Tyr-742, Tyr-720, and
Tyr-754 when expressed in p53-null PMAs in the absence of
serum. These phospholyrosine sites hove been shown to
essociate with activation of different downstream signaling
puthweys. Sre femily members bind to phesphoerylated
PDGFRit ut Tyr-572/574, phospho-Tyr-742 promotes interne
tionwith pis, the regulatory subunit of PI3K, and leads to PIAK
pathway activation, whereas phosphorylated Tyr-720 and Tyr-
754 recruit and activate SHP-2 (3rc homology-2 domain-con-
teining phosphatase), which regul eetivetion of Sre fmily
kinases and the MAPK pathway (16, 36-38). Different levels of
receplor | ylation were ol d depending on the
specific mutetion, with the El10del? exhibiting the lowest
receptor activation. All mutants were expressed to similar
levels as shown by total PDGFRe (Fig. 24, left). In contrast,
overexpression of wild-type PDGFRe did not lead to receptor
activation in the ligand-free condition. However, treatment of
these cells with PDGF-AA, triggered wild-type PDGFRe phos-
phorylation to levels similar to or greater than the mutent
receptors (Fig 24, right). Furthermaore, phoaphorylation of
known downstream signaling targets of PDGFReL confirmed
the constitutive activity of PDGFRe mutants. In the absence of
ligand, elevated levels of phospho-Akt (Serd73 and ThraGs)
and higher phosphorylation levels of 56 rib 1 protein and
PRAS40 were observed in comparison with wild-type PDGFRe-
expressing cells, indicating lignnd-independent vetivation of
the PI3K pathway by the mutated receptor. Activation of
MAPK signaling, detected by phosphorylation of p44/42 MAPK
was not increpsed by mutent PDGFRe in the sbsenee of lignnd.
Ligand stimulation further inereased phosphorylation levels of
PI3K pathway components but had only modest effect on the
MAPK pathway activation (Fig. 2A and Supplementary Fig §2).
B ion of PDGFRix s well as wild-type receptor
added a eignificant proliferative advantage in comparison
with empty vector control eells us determined by XTT wssays
(Fig. 2B).

PDGEFRwx signaling is abrogated by inhibitors
To unelyze whether wild-type and PDGFRe mutunts have
differentin] responses to small moleeule inhibitors, two distinet
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Figure 2. PDGFRo mutants are consttutivaly active and confer
prolfarative advantage. A, Westam blot analysis of whals call isatas
trom pS3-null PMAs trensduced with retmviuses expressing wild-type
PDGFRe (WT), PDGFR: mutants, or empty vecton Cells were gmown in
serum-trae g Without POGF-AATar 30
mmmm Plx,H-hfe-lqnnllm mwmn of downstieam targets was

in the presence and absence of
PDGF-Ak, E pmul\arallon of p33-hull PMAS transduced with retroviruses
expressing wid-typeo, POGFR: mutants, oF om by voolor wias missurod
by en XTT assay intriplicete, Ermr bars show S0, A representative figure
of three independent experiments is shown,

compounds were selected Dasatinib (AMS-354825) s a potent,
multityrosine kinnse inhibitor thet exerts broad untiprolifers

tive netivity by targeting PDGFRe, PDGFRR, ADL, SRC family
kinases, KIT, and several other tyrosine kinases (39, 40). In
contrast, crenolanib (CI-868,596) is a relatively specific inhib-
itor of PDGFRe und PDGFRP, thet is more than 100-fold more
selective for PDGFRs versus v vuriety of other kineses
(e.g, KIT, VEGFR-2, TIE-2, FGFR-2, EGFR., ERBE2, and SRC;
refs. 41, 42). Both drugs have been shown to inhibit PDGFR
kinase activity by competing with ATP. To compare wild-type
and matant PDGFRe signaling alterations in response to these

inhibitors, eells were serume sterved overnight, then trested
with erenolanib or dasatinib for 3 hours before adding PDGF-
M ligund. As ].lr\.wuusly reported, the D842V mutunt was

d h it wos effectively

to o tr
inhibited by crenclanib (42). Both inhibitors significantly
blocked activation of wild-type PDGFRe and all other mutants
anulyzed us shown by decreased phosphorylution of the recep
tor at Tyr-572/574, Tyr-742, Tyr-720, und Tyr-754 (Fig 3A),
Furthermore, downstream signaling activation was signifi-
cuntly diminished, including decreused phosphorylation of
PI3K and MAPK pathway effectors (Fig AA and Supp] ¥
Fig. 834). D842V and Viddins were the only two mutants that
induced a substantial increase in SHI'2 phosphorylation (Sup-
plementary Fig. 82) uml the only two mutents for which
lanib induced ial dbcrease in phospho-SHIZ
(Supplementary Fig, S3A).

The effect of each inhibitor on cell proliferation wos exem
ined by XTT aseay (Fig 4B and Supplementary Fig 83D ), usinga
concentration greater than the 1Csy determined to block

hosphorylation (Supplementary Fig, $4). Crenolanib
seleetively inhibited proliferution of PDGFRo-expressiog cells,
both wild-type and all analyzed mutants, whereas it did not
ulfect proliferstion of the empty veelor control cells (Fig 3B
und Supplementary Fig 83B). In contmst. dosatini exerted
bread antiproliferative effects and sighificantly inhibited smp-
ty vector control cells in addition to PDGFRe-expressing cells,
Furthermore, concordant with the inability of dasatinib to
bloek phosphorylation of the D842V mutant, cells expressing
this mutant showed a diminished growth inhibitory r
compered with other mutents (Fig 3B). Crenolonib and dose
tinib both exert eytostetic eleets on FDGFRe-expressing pa3
null PMAg, arresting cells in Gy-G; (Supplementary Fig, 85).
However, neither inhibitor induced significant cell death, as
ussessed by ponexin V stuining end TUNEL (terminel deox
leatidyl transfe liated dUTP nick end labeling)
assays (data not shown).

PDMGFRx nmitations are oncogenic in vive and drive
development of HGGs .

T'o determine whether expression of wild-type PDGFRc or
PDGFRe mutants renders p53-oull PMAs tumorigenie, 2 mil
lion cells were implanted intracranielly into the parietal lobe of
2-month-old athymic nude mice and monitored daily for signs
of morbadity, Mice were euthnnized and broin tumor tissue wos
collected when mice became ﬁympmmar_ir. Brain tumoms
formed in 100% of mice i 1 with cells exp ing any
of six different mutent forms of PDGFRo Only one of 19 mice
implanted with cells overexpressing wild-type PDGFRa: devel-
oped a brain tumer and none of the empty vector control cells
developed inte brain tumors i vive. The tumorinduced
morbidily was detected between 23 ond 72 doys for oll mutents
except E7del-expressing tumars, which ocourred at 103 to 119
days and the single tumor from wild-type PDGFRa, which
oceurred of 120 deys elter implentation (Fig. 4A). Stundurd
histapathologie preparations from all tumors were evaluated
(by D.W. Ellison} and classified according to WHO criteria (Fig,
4B und Supplementory Table $3). Overnll 63% (44 of V0) of
tumors soelyzed were grade 3 aneplostie estrocytoma, 26%

wwiw. sacournale.org
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starvation, cells were pretreated
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—— o — E——

PG (Seawang) minutes. hnistion of PDGFRw
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p-PRAS40 (T246) 253l PMAs transduced with
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tiplicate in the presence of
arenolangs (ot graphy, dasatinin
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administored and growth was
measured. Eor bars show SO,
Representative figures of three
indopendent expoIments an
shown,

(18 of 70) were grade 3 anaplastic oligoastrocytoma, 10% (7 of
70} were grade 4 glioblastoma, and the single tumor that
developed from cells expressing wild-type PDGFRee wes the
only low-grade tumor, a grade 2 oligoastrocytoma. Tumors
expressing the D842V or Viddinae mutation were significantly
ngsocinted with sneplestic vstrocytomn histology (P < 0.0001
am{ P = ﬂﬂﬁl? reapectively) nm‘l tumaors with Elddel were
inted with i olignastrocyh his-
mlngy (# = (.002). The rest of the evalmted tumors expressing
Co40ins, E10del2, wnd E7del mututions were not significnntly
assoniated wn‘h a nl'mﬂflr mnrphn logy (P> 0.2).
Im is for PDGFRo sl d

was confirmed by Western blot analysis, which showed high
levels of phosphorylated receptor on Tyr-572/574, Tyr-742,
Tyr-720, und Tyr-764 in ell tumors exsmined but not in
normal brain (Fig #D). Moreover, phospharylation of PI3K
pathway components, SHP2 and Src family kinases were
strongly elevated eompured with normel cortex. In contrust,
levels of total STATA and phosphorylated STAT3 were
similarly increased in ell analyzed tumors compared with
normal brain tissue, which may indicate cell type-specific
differentinl expression of STATS, not necessurily selective
nrhvﬂhnn nvf STATA signaling in tumor. There was no

strong overexpression of the receptor throughout ell tumors.
PDGFRi-driven murine gliomas showed growth patterns
similar to human HGGs including an easily visualized focal
mass 83 well as diffuse infiltration into the normal brain
perenchyme (Fig 4C and Supplementory Fig. 864). These
tumors were immunopositive for p-4E-BP1 (The37/46) and
p-Akt (Serd73), suggesting netiveted PDGFRe signeling (Fig
4C), Furthermore, getivetion of PDGFRO in tumor tissues

in levels of MAPK puthway setivation
observed between Lumor tissues snd normul bruin (Fig, 4D
and Supplementary Fig. S60).

Gene expression signatures of PDGFRa-driven murine
HGGs resemble humnn HGGs

To evaluate the similarity of the melecular signatures of
PDGER driven murine HGGs to humen diseose, gene expres
sion profiles were eodyzed for representotive mutent wod
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Flgure 4, PRGFRe mutarts aro lumodgoenic o wea. A, Kaglan=-Melor cutves showing tima to o mc phE-nul
PMAs-expressing wild-type PDGFRe: (WT), PDGFRzx mutants, or empty vector. B, diverse hi ic p YpES WErE in PDGFRe-driven
HGGs. Most tumers ditfusety Erain g while aiso [ a thathy o showing

modaratoly pleomorphic umor colls, Somde with

, diffuscly

ovesirl whith mattor (DBS2V; HAE =200 b, tprosontative

with admixed olig and

ypes (CA50INs; HAE =200) ¢, representative glioblastoma with tocal

glant cell phenotype (V544 ins; HAE = 200). G, immunohistochemica analysis of a representative brain tumor stained for PDGFRo, p-4E-BP1 (T37/48),
[-AlE (34733), and courterstained With hematowylin, Scale bar, 51 pm. [, Wistem blob snaysis of whol coll fysatos rom tasuns of wild-type and mutant

PIGFRr-ti (§ M1

muring HGGs wes assayed using the indicated antibodies.

wild-type PDGFRa generated brain tumors. In addition, gene
expression profiles of EGFRvill-driven murine HGGs were
sseyed for comp (28). UHC 1 the tumors into
two distinet subgroups (Supplementury Fig, 87). Interestingly,
PDGFRo and EGFRVIT-expressing tumors were distributed
between both subgroups and there was no significant associ-
ation of specific PDGFRo mutations or tumor histopathology
with either of the identified subgroups. Furthermore, using
single sample GSEA the gene expression profile of each murine
tumor wes 1 with published sig) gene sels
for humen HGG subgroups (proncural, proliferative, and
mesenchymal) and murine cell type-specific signatures
(oligadendrocyte progenitor cells, oligodend i
rons, astrocytes, and eultured aatroglia; refs. 30, 31). We
also eompared the gene expression signatures of seven
independent untransduced p53-null PMA cultures, which
showed o significant similarity to the published e it

signatures of astrooytes and cultured astroglia (31). Inter-
estingly, transformation of pS3-null PMAs by PDGFRo

KEFRu-divin

mutants resulted in gliomas with a range of expression
signatures representing the three major expression sub-
groups observed in humaen HGGs (Fig. 5 refl 30). Of note,
37.8% (14 o[ 37) ol PDGFRex tumors showed proncurnl, 32.4%
(12 of 47) proliferative, and 16.2% (6 of 37) mesenchymal
subgroup expression signatures. There was no significant
asgociation of epecific PDGFRA mutations with a particular
expression subgroup desaribed in pediatric and adult HGGs
(4, 5, 30). Interestingly, tumors driven by E10del2 mutation
were significantly associnted with the eligodendroeyte pro
genitor cell-gene expression signature (P = 0.03); however,
there was no significant association between specific muta-
tion end expression signature of cell types.
Discussion

Aberrations of PDGFRa. signaling via amplification and/or
mutation of PDGFRA wre frequent in pedintric HGGs. Here,
targeted sequencing identified novel activating somatic muta-
tions of PDGFRA in pediatric HGGs. Two recent studies

wwiw. sacournale.org
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Flgure 5. Gene exprassion profiles of munne PDGFRo-driven HGGs resembee human HGGs. Heat map of single sampie GSEA of representative murine bran
tumars and ietransdeced phad-null FMA cultures using gone sots doefining human HEG [ ; P, § 5 hns,

mesenchymal) and murine cell-type-specitic sig OPG,

! cells; Qigo, ogodendrocyte; N, neurons; A, astmcy!as. and GA,

cuitured astrog ). The ordar of the tumor sampies is amanged on te basis o the UG znalysis using 1,000 most variable probe sets, which reveaied two

M OF DX Pessinn ijmum HGY and HG2 y Fig. 87} The

oy of cach fumos is iIndcatod above the heatmap: anaplastic astrocytoma

[purle), enap {green), {orown), olig
Urtransduced p53-null PRA cu!h:ras are marked with blaci.

reported PDGERA mutstions in pedistric HGGs, but the
functional consequence on PDGFRe activation was not
explored and none of the deacribed mutations overlapped
with our findings (6, 12}. Interestingly, mutations were not
represented by o single hotspot s observed in gustrointes
tinal stromal tumora. One of the identified mutations in this
study, Vadding, a amall duplication resulting in 2 14 amino
weid in-fume insertion, was found in the transmembrone
domain, potentially facilitating oligomerization of the recep-
tor via the transmembrane domain or disrupting the
inhibitory ion of the j brane region and
consequently leading to ligand- ndependent receptor dimer
ization and activation as oheerved for PDGFRR, o-Kit, and
other RTKs (43-45),

In ndult glioblestomus, the frequency of PDGFRA wmpli
tication and mutation is lower than in pediatrie tumors and
PDEERA mutations comprise 2 distinet set of alterations
compured with childhood disesse (8, 9, 25, 34), Approg
mately 40% of emplified PDEFRA in adult gioblostomus is
not wild-type, but containsa recurrent genomic deletions
of exons 8 nnd 9, resulling in an in-feme deletion in the
et Hular d and eonstitutive receptor activation.
Several in-frame deletions occur in pediatric HGG; however,
the recarrent alterations in adult glicblastome were not
found in pedistric tumors. Instend, mutetions were not
reatricted to a single functional domain, but were distrib-
uted among different regions of the PDGFRo pl‘DtBlﬂ includ-
ing the kinnse d ond extrucellulur regions lved in
ligand binding and receptor-receptor interaction. The aix
PDGEFRG mutants analyzed represented alterations in dif
ferent functional domains, and all were constitutively active
nnd tumoerigenic. Thus, alternutive genetic mechunisms are
used to generate oncogenic mutations of PDEERA in child-
hood and adult HGGs.

(yellow), and white marks tumors with no diagnosis eveilzble.

Nurmerous mouse glomn models heve been generoted by
expression of exogenous PDGF, driving paracrine stimulation
of calls expressing endogenous PDGFR (17-19, 46—18). In this
study, gliomas were driven by the PDGFiA mutetions found in
pedintric HGGs. Both wild-type and mutent PDGFRe con
ferred a proliferative advantage to pal-null PMAs in vitrs;
however, the wild-type showed minimal rumorigenic activity,
resulting in only 1 of 19 mice developing o low-grode gliome,
whereas all siv of the mutants induced HGG formation with
100% penetrance. In contrast, a previous study showed that
wild-type PDGFRe-transformed Inkda/Arf-null PMAs to gen-
ente gliomns (49). The difference in the giomngenic netivity of
wild-type PDGFRe may be explained in part by 2 higher
propensity for 1 1on i the recipient cells, vs the
Tokdu /A oull PMAs formed tumors ot lower frequeney in the
absence of PDGFRa, whereas the early passage pid-null PMAs
in the present study did not form any tumors. In addition,
liddu /A wnd p53 loss muy differentinlly cooperute with
PDGFR overexpression to drive glioma (49). Ttis alao possihle
that the levels of wild-type receptor expression in our model
system were not sulficient Lo model the gene amplification that
drives tumorigenesis in haman tumers. However, the wild-type
receptor was expressed at levels similar to the E7del, E10del,
and E10del? mutations (Fig 2), which were also amplified in
harnun tumors.

The fact that all PDGFRe mutati showed ligand-inde
pendent phosphorylation, whereas wild-type receptor activa-
tion required Lgond stimuletion, suggests luck of sufficient
ligand in the brain of implanted adult animals, or different
selective advantage conferred by wild-type POGFRA amplifi-
cation versus mutation with or without amplification. Ampli-
fication of wild-type POGFRA ocourred more frequently in
tumors within the brainstem (26%, 11 of 43 DIPG vs. 11%, 9
of §4 nonbrainstem HGG, P = 0.04), whereas MOGEAA sequence
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Supplementary Figure Legends

Figure-S1: Missense mutation resulting in alternative splicing and RT-PCR

screens for KDR-PDGFRA fusion and PDGFRA%®*?

A) Sanger sequencing of PDGFRA from tumor and normal reference sample identified

B)

Cc

—

a heterozygous somatic missense mutation in genomic DNA from HGG028 and
2HGG171T (N468S). Subsequent validation of expression of the mutated allele by
sequencing cDNA amplified by RT-PCR revealed deletion of 13 amino acids,
indicating that this point mutation lead to generation of an alternative splicing site
and subsequent deletion of amino acids 456-468 within exon 10 (E10del2) rather
than encoding an amino acid substitution (Table S1). Example sequencing
chromatograms are shown for HGG028 for genomic DNA and cDNA.

RT-PCR screen for gene fusion between PDGFRA and KDR previously described in
a single case of adult HGG identified a single case of pediatric HGG with this
rearrangement. The sequence surrounding the fusion site of KDR-PDGFRA is
shown. The KDR-PDGFRA fusion transcript is an in-frame fusion of KDR exon 13 to
PDGFRA exon 10, with an intervening cryptic exon from KDR intron 13 as previously
reported.

In-frame deletion of 243 base pairs (bp) in exons 8 and 9 of the extracellular portion
of the receptor (PDGFRA® ) previously described in adult HGGs was not found in
RT-PCR screen of 83 non-brainstem pediatric HGG, and 57 DIPG. An example DNA
gel is shown. For all analyzed cases 885 bp wild-type RT-PCR product was detected

and no A8,9 was found (642 bp). For HGG159 a smaller mutant band was amplified
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(807bp), which corresponds to E10del mutation found by Sanger sequencing (Table
S1).

Figure-S2: Analysis of PDGFRa downstream effectors
Western blot analysis of whole cell lysates from p53 null PMAs transduced with
retroviruses expressing wild type PDGFRa (WT), PDGFRa mutants or empty vector.
Cells were serum starved overnight and then treated with PDGF-AA or vehicle for 30
minutes. Activation of PDGFRa downstream signaling targets was analyzed using
specified antibodies in the presence and absence of PDGF-AA. The top immunoblot

showing p-PDGFRa (Y720) and a-tubulin loading control are the same as on Figure

2

Figure-$3: Mutant PDGFRa is sensitive to small molecule inhibitors

A) Whole cell lysates from pS3 null PMAs transduced with retroviruses expressing wild
type PDGFRa (WT), PDGFRa mutants or empty vector were subjected to western
blot analysis. Serum starved cells were pre-treated with vehicle (-), Crenolanib (C),
or Dasatinib (D) for 3 hours and then stimulated with PDGF-AA for 30 minutes.
Inhibition of PDGFRa signaling was analyzed using indicated antibodies. The top
immunoblots showing p-PDGFRa (Y720) and a-tubulin are the same as on Figure 3.

B) Growth of p53 null PMAs transduced with retroviruses expressing PDGFRa mutants
(C450ins, E10del, E10del2 and E7del) was measured with XTT assay in triplicate in

the presence of crenolanib (left graph), dasatinib (right graph) or vehicle. Single
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dose of inhibitors (dashed lines) or vehicle (solid lines) was administered and growth

was measured. Error bars show standard deviation.

Figure-S4: Dose-dependent sensitivity to crenolanib
Wild type PDGFRa, D842V or V544ins expressing pS3 null PMAs were serum
starved overnight and then pre-treated with indicated concentrations of crenolanib or
vehicle for 3 hours and stimulated with PDGF-AA for 30 minutes. The dose-
dependent inhibitory effect of crenolanib on phosphorylation of PDGFRa was
analyzed by western blot using indicated antibodies. The ICsgand I1Cgg
concentrations were calculated using densitometry. a-Tubulin is shown as a loading

control.

Figure-S5: Crenolanib and desatinib induce G0/G1 arrest
Cell cycle analysis of fixed PDGFRa or empty vector expressing cells following 24
hour vehicle (V), crenolanib (C), or dasatinib (D) treatment. Cell cycle analysis was
performed by flow cytometry. Each data point is an average from triplicate
measurement. Both inhibitors caused cell cycle arrest in GO/G1. Error bars show
standard deviation. Student's two-tailed t-test p-values are shown for comparison to

vehicle treated controls.

Figure-S6: Signaling in PDGFRa-driven HGGs
A) Immunohistochemistry of whole brain sections of two representative PDGFRa-driven

gliomas stained for PDGFRa, which clearly marks focal tumor mass. Higher
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magnification images illustrate invasiveness of both tumors, a common feature of
human HGGs. Brain sections were counterstained with hematoxylin.

B) Western blot analysis of whole cell lysates from tissues of wild-type and mutant
PDGFRa-driven brain tumors. Lysates from normal adult cortex (lanes N #1 and #2)
were included as controls. Signaling pathway activation in PDGFRa-driven murine
HGGs was assayed using the indicated antibodies. The top immunoblots showing p-

PDGFRa (Y720) and PDGFRa and B-actin are the same as shown on Figure 4.

Figure-S7: PDGFRa -driven murine HGGs show a range of gene expression
signatures
Gene expression profiles generated from murine PDGFRa-driven tumors and
EGFRuvlll-expressing tumors were analyzed by unsupervised hierarchical clustering
using the top 1000 most variable probe sets selected using the median absolute
deviation (MAD) scores. The dendrogram is shown on top with two main clusters
identified, HC1 and HC2. The heat map is featuring all 1000 selected probes. The
histology of each tumor is indicated above the heat map: anaplastic astrocytoma
(purple), anaplastic oligoastrocytomas (green), glioblastoma (brown), one
oligoastrocytoma (yellow) and white bars mark tumors with no diagnosis available.
Tumors driven by EGFRvIII transformation of pS3-null PMAs were previously shown

to be astrocytomas of grade |ll or grade IV (glioblastoma).
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Supplementary Tables

Table S1: PDGFRA mutations in pediatric HGG

Table S2: Clinical sample information, PDGFRa signaling alterations and TP53

mutations in pediatric HGG

Table S3: Histopathology of PDGFR-driven murine tumors

Table S4. PDGFRA sequencing primers
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The prognostic role of intragenic copy number
breakpoints and identification of novel fusion
genes in paediatric high grade glioma

Diana Carvalho'*, Alan Mackay', Lynn Bjerke', Richard G Grundy®, Celeste Lopes?, Rui M Reis™ and Chris Jones'”

Abstract

Background: Paediatric high grade glioma (pHGG) is a distinct biological entity to histologically similar turmours
arising in older adults, and has differing copy number profiles and driver genetic alterations. As functionally
important intragenic copy number abemations (iCNA) and fusion genes begin to be identified in adult HGG, the
same has not yet been done in the childhood setting. We applied an iCNA algorithm to our previously published
dataset of DNA copy number profiling in pHGG with a view to identify novel intragenic breakpoints.

Results: We report & series of 288 iCNA events in pHGG, with the presence of intragenic breakpoints itself a
negative prognostic factor. We identified an increased number of iCNA in older children compared to infants, and
increased ICNA in H3F34 K27M mutant tumours compared to G34R/V and wild-type. We observed numerous gene
disruptions by iCNA due to both deletions and amplifications, targeting known HGG-associated genes such as R8T
and NF!, putative tumour suppressors such as FAF] and KIDINS220, and novel candidates such as PTPRE and KCNDZ.
We further identified two novel fusion genes in pHGG - CSGALNACTZRET and the complex fusion DHX57:TMENMT 78:

MAP4K3. The latter was seguence-validated and appears to be an activating event in pHGG.

Conclusions: These data expand upon our understanding of the genomic events driving these tumours and
represent novel targets for therapeutic intervention in these poor prognosis cancers of childhood.

Keywoards: Fusion, Paediatric, Glicblastoma, Copy number, Intragenic

Background

DNA copy number and gene expression studies have
highlighted key distinctions between high grade gliomas
(HGG) arising in childhood and far more commonly,
much later in adult life [1-4]. Indeed, recent exome-level
sequencing initiatives have conclusively shown the exist-
ence of subgroups of HGG marked by distinet driver
mutations [5], which are significantly enriched in young
children (H3F34 K27M), teenagers and young adults
(H3F3A G34R/V), and middle-aged adults (IDH1/2) [6].
Specific driving events for infants and elderly patients
remain to be elucidated, however they too represent bio-
logical sub-entities, with infants having few genomic alte-
rations [4], and elderly patients harbouring frequent
amplification of EGFR and other genomic events [2,3].
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The identification of driving genetic alterations at the
DINA copy level are necessarily most commonly focussed
on assessing the amplification/deletion of genes in their
entirety, and approaches to ascribe significance to geno-
mic events make use of overlapping regions across mul-
tiple samples to find genes consistently within regions of
gain/loss [7]. This approach has the result of ignoring
genes for whom the breakpoint, i.e. the specific location of
copy number change, is found within the coding regions.
Such events may be more than mere bystanders of the
“driving” aberration, and may themselves play significant
roles in tumour initiation and maintenance.

One key implication of copy number breakpoints oc-
curring within genes is the possibility of generating
novel fusions. Gene fusions can occur through both
intra- and inter-chromosomal translocations, bringing
together coding regions from two or more genes within
a single reading frame allowing expression of a novel
protein. Such gene fusions are common in cancer, but

Ltd. This is an Open Access anide distibuted unde the tems Eative

oy, and

ted. The Creative Commons Public Doma
=3 10 the data made avalable in this articls,

203



Carvalho et al. Acta Ni hologica G
httpyfwww.actaneurocomms.org/content/2/1/23

2014, 2:23

have historically been thought to be largely restricted to
haematological malignancies and selected solid tumours
such as sarcomas. Recent evidence has overturned this,
with numerous novel gene fusions being discovered in a
wide range of cancer types, exemplified by the identifi-
cation of common TMPRSS2:ERG fusions in prostate
cancer [8] and the EML4L:ALK fusion in non-small cell
lung cancer [9].

The first fusion gene found in glicblastoma was the re-
arrangement located at an amplified region at chromosome
4q12, resulting in the fusing of the kinase domain of
PDGFRA with the regulatory domains of KDR (VEGFR2)
[10]. This KDR:PDGFRA was found to be activating and
tumorigenic, however to date only a single additional case
has been found, in a paediatric high grade glioma (pHGG)
[11], and thus these fusions do not represent a common
event. Another low frequency fusion has more recently
been identified in approximately 3% of adult HGG, invol-
ving FGERI or FGFR3 partnering with TACCI or TACC3
[12]. These FGFR:TACC fusions have been shown to
localize to mitotic spindle poles, have constitutive kinase
activity and induce mitotic and chromosomal segregation
defects and aneuploidy [12]. The types of integrated ana-
lysis that identified these mutations have also begun to
identify more common rearrangements, such as numerous
fusions involving EGFR, the most frequently seen partner
producing the EGFR-SEPT14 fusion demonstrated to acti-
vate STAT3 signaling and confer mitogen independence
and sensitivity to EGFR inhibition [13].

Such analyses are clearly proving extremely valuable in
furthering our understanding of HGG biology and gene-
rating novel targets for therapeutic intervention. As simi-
lar approaches are yet to be undertaken in the paediatric
setting, we have applied an algorithm designed to identify
intragenic copy number breakpoints in our previcusly
published study of DNA copy number [4]. We identify
numerous potentially functional gene disruptions and
a novel validated complex fusion, DHX57TMEMI178:
MAPIRS.

Methods

Published DNA copy number data

We previously caried out a DNA copy number profiling
study of 100 pHGG cases on Affymetrix 500 K SNP arrays
[4]. The data have been deposited at the Gene Expression
Omnibus (GEQ, www.ncbinlm.nih.gov/geo/) with acces-
sion number GSE19578. Copy number assignment was
carried out as per the original publication, using Affymetrix
Genotyping Analysis Software (GTYPE version 4.5) im-
proved using Bayesian Linear Model with Mahalanobis
distance classifier algorithm (BRLMM) and standard
dChipSNP normalization and model-based expression
algorithms [4]. Log,-transformed data was used for all
subsequent analysis in the present study.

Fage 2 of 12

iICNA algorithm

We implemented the iCNA algorithm developed as part of
the GTS package under R2.11.0 (cbio.mskec.org/~brennan)
[14]. Breakpoints are calculated according to user-defined
‘delta’ values representing shifts in log, ratios between two
contiguous genomic regions after segmenting the copy
number data using circular binary segmentation (cbs) [15].
Using a delta of 0.4, breakpoint boundaries are identified
and errors estimated by permutation-based calculations of
neighbouring probe data. Confidence intervals are assigned
and those falling within the 95% window considered "high
confidence’. An estimate is calculated for the expected rate
of breaks for each gene based upon gene size and rate of
breaks per sample, with a p value obtained based upon
(observed-expected)/standard error. A corrected p value
of <005 is considered significant. Manual inspection of
copy number plots was undertaken to ensure sufficient
probe coverage was present at identified loci in order to
prioritise the most convincing breakpoints. Those with
substantial gaps at either side of the break were excluded.

Custom oligonucleotide array CGH

We designed two fine-tiling oligonucleotide microarrays to
cover the specific amplicons observed at chromosome
2p22.1 and 10q11.21 This was undertaken using the Agilent
custom array design tool e-Array (Agilent, Santa Clara, CA,
USA; https://earray.chem.agilent.com/), and comprised 700
probes covering 43.56—43.70 Mb on chromosome 10 and
5000 probes covering 39-40 Mb on chromosome 10 with a
median probe interval of 200 bp on 2x105K microarray.
Due to limited amount of material, DNA was whole gen-
ome amplified (WGA) using the GenomePlex® Complete
Wheole Genome Amplification Kit (Sigma, Gillingham, UK)
starting with 10 ng of sample and control DNA, and follo-
wing the manufacturer’s protocol. WGA DNA was labelled
using the Agilent Genomic DNA ULS labelling kit, hybri-
dised as per manufacturer’s instructions, and scanned on
the Agilent 2505B Microarray Scanner System. Data has
been submitted to ArrayExpress with accession number
E-MTARB-2340.

siRNA knockdown

siRNA was carried out using a Dharmacon SMARTpool™
(Dharmacon, Lafayette, CO, USA) against MAP4IK3
(#003588) with paediatric glioma cells SF188, KNS42,
UW479, Res259 and Res186 [16] and a panel of breast car-
cinoma lines. Cells were plated and transfected 24 hours
later with siRNA using Lipofectamine RNAiMax™ (Invitro-
gen, Paisley, UK) as per manufacturer’s instructions, along-
side transfections of siControl. Twenty four hours following
transfection, cells were trypsinised and media replenished
after 48 hours and 96 hours, with cell viability assessed after
seven days using CellTiter-Glo™ Luminescent Cell Viability
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Assay (Promega, Madison, W1, USA) as per manufacturer’s
instructions.

Results

Intragenic copy number breakpoints in paediatric HGG
We have previously carried out DNA copy number pro-
filing of a large series of pHGG samples using Affymetrix
500 K SNP arrays, and reported numerous genes encoms-
passed within areas of focal amplification and deletion [4].
We now applied an algorithm (iCNA [14]) designed to
identify copy number breakpoints contained within the
sequence of known genes. A full schema of the analytical
process is given in Figure 1.

Page 3 of 12

This algorithm was applied to 100 pHGG and 26
matched normal DNA samples, resulting in the identifi-
cation of 1099 unique DNA copy number breaks con-
tained within gene sequences across all tumour samples
(Additional file 1: Table $1). Of these, 479 were found to
map to known regions of copy number variations found
commonly in the germlines of the general population by
cross-referencing the breakpoints with The Centre for
Applied Genomics Database of Genomic Variants [17],
leaving a total of 620 events.

These were filtered to 500 after excluding those with
p values > 0.05, and further reduced to 388 with at least
one sample harbouring a given aberration at ‘high
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confidence’. A further 100 of these were excluded as
they were also found in at least one of the normal sam-
ples profiled, representing either technical artifacts asso-
ciated with the array platform used, or low frequency
normal copy number polymorphisms. A final list of 288
iCNA is provided in Additional file 2: Table S2.

Most pHGG samples harboured at least one iCNA
{median = 3), although seven cases were found to contain
none. Several cases were found to contain many more
aberrations (maximum = 19), though these were in the
minority (Figure 2a). The number of iCNA events per
sample was found to be prognostic in this multi-
institutional series of cases, with pHGG containing more
than 10 iCNA (n = 9) found to have a significantly poorer
survival (median = 7.8 months), and those with no iICNA a
better survival (median = 24 months) than the rest of the
tumours (median = 13.2 months) (p = 0.026, log-rank test)
(Figure 2b).

There were no differences in the number of iICNA bet-
ween grade I11 (n =20, median = 3, range 0-7) and grade
IV tumours (n =58, median=3, range 0-19) (p=0456,
t-test), though the cases with the highest number of iICNA
were all grade 1V glioblastoma (Figure 2c). Similarly, there
were no differences between primary tumours (n = 68, me-
dian = 3, range 0-19) and those which arose as secondary
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malignancies after cranio-spinal irradiation (n=10, me-
dian =25, range 0-11) (p=0698, t-test) (Figure 2d).
Infants (less than 3 years at diagnosis) had significantly
fewer ICNA (n =10, median = 2.5, range 0-6) than older
children (n=68, median=4, range 0-19) (p=0.050,
t-test) (Figure 2e). Tumours with the K27M mutation in
the gene encoding the histone variant H3.3, H3F3A, har-
boured significantly more iCNA (n =5, median = 6, range
1-16) than either G34R/V mutant tumours (n=4, me-
dian = 4.5, range 3-7) or wild-type (n=14, median=3,
range 0-11) (p = 0.043, ANOVA) (Figure 2f). This was in-
dependent of location of tumour, with ne differences in
number of iICNA between supratentorial GBM (n=51)
and DIPG (n =7, p = 0.684, t-test) (data not shown).

Intragenic amplifications and deletions

The 288 iICNA were further subjected to individual man-
ual inspection of the data plots in order to identify the
most robust copy number shifts associated with intragenic
breaks. This resulted in a list of 39 unique events in 51
samples (Table 1), The recurrent changes included copy
number loss, resulting primarily in ecither the absence of
the 3" end of a gene or small deletions wholly within
the coding sequence. These intragenic deletions included
those targeting known tumour suppressors in glioblastoma
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Table 1 Nominated intragenic copy number aberration candidates

Candidate.lD Gene Chromosome Sample Copy number change Comments
1 FAF1 1 HGGO Deletion
FAF1 1 HGG140 Deletion
2 D84 1 HGGOES Amplification
3 LGALSE 1 HGGO70 Deletion
4 KIDINS220 2 HGGO?? Amplification
5 DOHXS7 2 HGGOE3 Amplification Fusion candidate
[ TMEMI78 2 HGGOE3 Amplification Fusion candidate
7 WDR49 3 HGGO10 Amplification
8 FDCDI0 2 HGGIS? Dedetion
9 CHIC2 4 HGGOT? Amplification
Y] MGAL 5 HGGO29 Dreletion
1" EPHAT & HGG139 Dreletion
12 LANCL2 7 HGGOED Amplification
13 ECOP 7 HGGOE0 Amplification
14 KCND2 7 HGG152 Amplification
KCND2 7 HGG162 Amplification
14 SND1 7 HGGO30 Deletion
15 CEMD3 a HGGOS4 Deletion
CSMD32 ) HGG140 Deeletion
CSMD3 8 HGG153 Deletion
16 SLQ2amz 9 HGGI51 Deletion
SLC24A2 E HGG011 Deletion
17 MTAP 9 HGGO22 Deletion
MTAP 9 HGGOO? Deletion
18 ANKRD2Z6 10 HGEGOGE Deletion
19 RET 10 HGG139 Amplification Fusion candidate
20 CSGALNACT2 10 HGG139 Amplification Fusion candidate
21 PTPRE 10 HGGO86 Deletion
PTPRE 10 HGG145 Deletion
n HABGIFT 11 HGGoa2 Amplification
i} PEMAL 11 HGGO92 Amplification
24 TMTCI 12 HGGO10 Amplification
TMTCI 12 HGGOES Amplification
25 LRRK2 12 HGGOEE Amplification
% MYOIA 12 HGGO29 Amplification
b KRCCEBP 12 HGGO29 Amplification
28 Q5EPLE 12 HGGOGS Amplification
Q5BPLE 12 HGG162 Amplification
2 RB1 13 HGG154 Deletion
30 PCDHI7 13 HGGOS9 Deletion
kil D276 15 HGGO0G Deletion
32 MEF2A 15 HGGO11 Deletion
33 DNAHZ 17 HGG143 Amplification
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Table 1 Nominated intragenic copy number aberration candidates (Continued)

4 MF1 17

NF1 17
35 BRIF1 17
35 KCNB1 20
37 SYN3 22

SYN3 22
38 TIMEZ 22
9 PHF21B 22

HGG154 Deletion
HGG140 Dreletion
HGGOTT Dreletion
HGG139 Armplification
HGGOT7 Dreletion
HGG146 Dreletion
HGG146 Dreletion
HGGO72 Deletion

39 unigue intragenic breakpoints found within 51 cases of paediatric high grade glioma. Direction of copy number shift (gain/loss) is reported, as well as

candidate fusion evenis.

such as NF1 (17q11.2, n = 2) (Figure 3a) and RB1 (13q14.2,
n=1) (Additional file 3: Figure S3), as well as putative
novel GBM-associated genes including FAFI (1p33, n=2)
and MTAP (9p21.3, n = 2) (Additional file 3: Figure $3). In
addition, there were novel deletions in the protein phos-
phatase PTPRE (10q26.2, n = 2} (Figure 3b) and recurrent
internal microdeletions in the gene CSMD3 (CUB and
Sushi multiple domains 3) (8923.3, n=3), all of which
overlapped to result in the loss of exon 4 (Additional file 3:
Figure 53).

Copy number gains within gene coding regions tended
to be associated with regions flanking known encogenic
amplicons. These included amplification of the MYCN
locus at chromosome 2p24.3, which in case HGGO77
breaks within the coding region of the kinase D-interac-
ting substrate KIDINS220 (Figure 4a); amplification of
PDGERA at 4q12, harbouring an iCNA in CHIC2 in the
same case (though only covered by two probes); and re-
current breakpoints in the gene encoding the potassium
voltage-gated channel KCND2 at 7q31.31 in association
with amplification of MET, though curiously this targeted
either 5 or 3° ends in two different cases (Figure 4b).
Similarly, common amplification events encompassing
EGFR (7p12) and CDK4 (12q14) had intragenic break-
points at both ends in cases HGGOs0 (LANCLZ and
ECOP) and HGG02Y (MYOIA and XRCC6BPI), respec-
tively (Additional file 4: Figure $4).

Identification of novel fusion genes

For the most part, iCNA events resulted in an imbalance
of certain regions of coding genes in isolation, with the
predicted consequence a disruption of full-length gene ex-
pression. For certain events however, a 5° end of one gene
was found amplified at a similar copy number to a 3" end
of a second gene within the same case. We reasoned that
such instances may represent candidate fusion genes, and
we identified two such examples in our cohort.

The first was at chromosome 10g11.21 and reflected a
single amplicon, breaking within the genes RET and
CSGALNACT2 such that we propose a hypothetical
fusion gene encompassing the 5° regulatory regions of

CSGALNACTZ2 and the 3" kinase domain of RET. In
order to determine the precise breakpoints to allow
validation of this novel fusion, we designed custom
oligonucleotide arrays spanning the amplicon in order to
carry out high-resolution array CGH on the reference
case HGG139, a relapse sample of glioblastoma in which
this genomic event was not present in the primary tu-
mour. Although the breakpoint for CSGALNACT2 was
identified within intron 2, leaving the catalytic domains
intact, the breakpoint within RET could not be accur-
ately determined to closer than 10 kb between introns 1
and 2 (Additional file 5: Figure 55). As material was li-
mited for this case, we were unable to confirm the pre-
cise nature of the putative CSGALNACT2:RET fusion by
PCR-based techniques.

The second fusion candidate was located at an amplified
region of chromosome 2p22.1 in case HGG063, an ana-
plastic astrocytoma. At Affymetrix 500 K SNP resolution,
this appeared to be a single amplicon with breaks within
the coding regions of the RNA helicase DHX57 and the
transmembrane protein TMEM178 (Figure 5a). Applying
the same approach as above, using custom-designed oligo-
nucleotide arrays for high-resolution array CGH revealed
two amplicons within this structure, with further intra-
genic breakpoints within the mitogen-activated protein
kinase MAP4K3 (Figure 5b). Designing PCR primers to
amplify across the highly specific breakpoints confirmed
the presence of the fusion, which was further validated by
direct sequencing (Figure 6).

The resultant fusion gene, DHX57 TMEMI78:MAPIK3,
is a complex three gene fusion formed from a series of in-
tragenic breaks, amplifications and inversions to produce
a sequence comprising exons 1-12 of DHX57, exons 2—4
of TMEMI178 and exons 13=34 of MAP4K3, associated
with regions of microhomology (Figure 6). This would
produce a protein with the zinger finger and DEAD-like
helicase demains of DHX57, the claudin family trans-
membrane domains of TMEM178 and the citron domain
of MAP4K3. Selective knockdown of MAP4KS by siRNA
leads to a significant reduction in cell viability in five
paediatric glioma cell lines as assayed by CellTiter Glo, an
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effect not seen in 18/20 breast cancer cells (p = 00017,
pHGG vs breast cancer, t-test) (Additional file 6: Figure S6).

Discussion

Comprehensive copy number profiling of adult and
paediatric high grade gliomas was among the first data
to d rate the biological differences between these
similar-looking histological malignancies [18]. In this
context, the focus has been on large-scale genomic copy
number changes. A more refined analysis of copy num-
ber and exon-level expression data has identified new

insights into genomic architecture and novel fusion pro-
teins in adult glioblastoma [12,13]. Here we leverage a
large dataset we have previously generated [4] in the
paediatric disease to carry out a scan of intragenic break-
points, leading to the identification of novel gene disrup-
tions and candidate gene fusions,

The presence of intragenic copy number aberrations
was confirmed in the vast majority of pHGG cases, and
was itself prognostic, with an absence of ICNAs confer-
ring a longer overall survival in paediatric patients. This
was associated with the infant age group, known to have
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a better clinical outcome than older children [19], and
further highlights the biological distinctiveness of this
age group. By contrast, the presence of large numbers of
intragenic breaks conferred a shorter survival time, but
was not a result of the grade of the tumour, nor asso-
ciated with a second malignancy due to radiation treat-
ment for an earlier cancer. We had previously reported
an association of post-irradiated HGG with PDGFRA
amplification and chromosome 1q gain [4], so it appears
these are relatively selective radiation-induced changes,
rather than reflecting a generalised genomic instability
in secondary tumours from these patients. Importantly,
we identified an increased number of ICNA in tumours
harbouring an H3F34 K27M mutation, regardless of
anatomical location. This is a group of thalamic and
pontine HGG associated with a particularly dismal prog-
nosis [18], for whom understanding the mechanisms of

genomic instability and the identification of novel gene
disruptions is of considerable interest.

The majority of intragenic breakpoints we identified
were associated with gene disruption. This includes dele-
tions of known tumour suppressors such as RBI and
NF1, but also more novel glioblastoma associated genes,
FAFI and MTAP were both recurrently targeted by in-
tragenic deletion events in pHGG. These genes are loca-
lised close to known cyclin-dependent kinase inhibitors
and tumour suppressors CDKNIC and CDEN2A/B, re-
spectively, but both FAF! and MTAP have recently been
proposed to harbour tumour suppressor activity in their
own right. FAFI is associated with a FAS-mediated
apoptosis response and restoration of the FAFL protein
in adult glioma cell lines significantly increases cell death
[20], whilst in MTAP-deficient cells, methylthioadeno-
sine, generated during polvamine biosynthesis, is not
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cleaved and the salvage pathway for adenine and methio-
nine is absent [21]. It seems that such mechanisms are
also likely in a subset of paediatric tumours.

Of note we identified novel deletions in the protein
phosphatase epsilon, PTPRE. This has not been reported
previously, although there are several reports of the
tumour suppressive capacity of the related PTPRD
[22,23]. This gene also appears targeted by intragenic
deletions, and human astrocytes lacking PTPRD exhib-
ited increased growth, as it is thought the protein usually
functions to dephosphorylate the oncoprotein STAT3
[23]. The wholly intragenic microdeletions observed
in CSMD3 in four cases may represent another novel
mechanism of gene disruption. CSMD3 encodes a gene
with multiple CUB and Sushi domains whose function is
poorly understood. Recently, CSMD3 was identified as
the second most frequently mutated gene (next to TP53)
in lung cancer, where it was demonstrated that loss of
CSMD3 results in increased proliferation of airway epi-
thelial cells [24].

Gene disruption may also play a significant functional
role when known gain-of-function oncogenes are ampli-
fied. We report numerous intragenic breakpoints which
may have been overlooked in the context of identifying
the ‘driver’ event within a common amplicon, but which
may themselves be tumorigenic. These include disruptions
of KIDINS220, a functional mediator of multiple receptor
signalling pathways and essential for cortical development
[25,26]; CHIC?, frequently deleted/rearranged in myeloid
malignancies [27]; and KCND2, encoding a potassium
voltage-gated channel, which is expressed in both neu-
ronal and glial cells and has been shown to regulate ERK
signalling in ganglioglioma [28]. All of these gene dis-
ruptions represent novel avenues for understanding the
underlying biology of pHGG.

Of most interest was the use of the iCNA algorithm to
identify potential novel fusion genes, as was demonstrated
in adult glioblastoma with the identification of the KDR:
PDGFRA fusion [10], which we also found in a case of
pHGG [11]. Our analysis nominated two potential
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candidates — the first we were unable to conclusively val-
idate, CSGALNACT2:RET. Such a putative fusion would
retain the kinase domain of the RET oncoprotein, but
would lose the autoregulatory portion of the protein,
instead fusing it to the N terminal of chondroitin sulfate
N-acetyl-galactosaminyltransferase 2. Although a precise
cancer-related function has not been ascribed to the latter
enzyme, it is though to play an important role in morpho-
genesis in zebrafish models [29,30]. Whilst not validated,
oncogenic RET rearrangements and fusions are common
in thyroid and lung cancer [31,32], and the presence of in-
frequent activating fusions in HGG do not seem unlikely.
We were able to validate a novel complex fusion invol-
ving three genes with intragenic breakpoints and am-
plification/rearrangement on chromosome 2p22.1. The
resulting fusion gene, DHXS7ZTMEMI78MAP4K3 en-
compasses key regulatory domains from all three proteins,
though a specific function is hard to predict. The helicase
properties of the DHX57 component may be a candidate
for oncogenicity, with numerous other DEAD-box heli-
cases appearing to play a role in regulation of DNA repair,
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apoptosis and drug sensitivity [33]. MAP4K3 has been as-
sociated with several malignancies in both an oncogenic
and tumour suppressor capacity [34,35). In particular, one
function that has been ascribed includes activation of
mTOR signalling via the TORC1 complex [36], a pathway
commonly activated by diverse mechanisms in pHGG [18].

In the context of pHGG, although the kinase domain
is not retained in the fusion, MAP4K3 plays some func-
tional role as selective knockdown by siRNA leads to
a significant and selective reduction in cell viability in
paediatric glioma cell lines. Thus we hypothesise that
the DHXS7.TMEM178:MAP4K3 is activating as disrup-
tion of the protein would otherwise seem incompatible
with tumour cell growth and proliferation.

Conclusion

In summary these data represent a key addition to our un-
derstanding of the genomic alterations driving pHGG and
provide novel avenues for developing sorely-needed novel
therapeutic strategies for children with these otherwise in-
curable tumours.
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Additional files

Additional file 1: Table 51. Initial cutput from ICNA algorithm detaliing
1099 intragenic copy number breakpoints in 100 cases of paediatric high
grade glioma,

Additional file 2: Table S2. final cutput fiom CNA algorithm detailing
288 fittered intragenic copy number breakpoints in 100 cases of
paediatric high grade glioma,

Additional file 3: Figure 53. intragenic deletions in poediatnc high grode
ghoma. {3) Recurrent copy number breakpoint within FAFT on
chriemosome 1p33 In two cases of pHGG. {b) Recurrent copy number
breakpaint within MTAP on chromosome 9p21.3 in two cases of pHGG.
{c) Copy number breakpoint within RET on chromosome 130142 in 2
case of pHGG. {b) Recurrent copy number breakpoint within CSMD3 on
chromosome 85233 in three cases of pHGG Dark pink confirmed region
of loss; Light pink: region within which breakpoint lies, as defined by the
resolution af probes on the aray.

Additional file 4: Figure 54. intragenic amplifications in paedianc high
grade glioma. (3) Copy number breakpeints within LANCL2 and ECOP on
chiomasome 7p11.2, flanking the EGFR amplican in a case of pHGG.

{B) Recurrent copy number breakpoints within MYOJAT and XRCCEEP! on
chromasome 120133 and 12g14.1, flanking the CDK4 amplicon in a case
of pHGG, Cark green: confirmed region of gain; Light green: region
within which breakpoint lies, as defined by the resclution of probes on
the array.

Additional file 5: Figure 55. dentificarion of @ novel candidate fusion
CSGALNACTZAET, {a) Affymetrix 500 K SNP array of chromosome 10,
highlighting an amplicon at 10g11.21 {green). (b} Custom oligonudisatide
array of the 10q11.21 amplicon, ravealing a clear braakpaint within
CSGALNACTZ (green), but 2 less clear boundary within RET (grey).
Additional file 6: Figure S6. 1ANA knockdown of MAPSKI in poediatnc
glioma and breast carcinoma cells, Paediatric glioma cells (green) were
highly sensitive to knockdown of MAPKS, with 5/5 cells showing
significant effects on cell viability, By contrast, only 2/20 breast cancer
cells {(blue) showed a similar dependency on MAP4K3 for cell
wviability. The screen was carried out in three independent experimerts
and was highly reproducible for all call lines with R values ranging from
0.68-0.94 (breast) and 0.78-0.92 (gfoma). The different sensitivity of
glioma celis to MAP4KS knockdown as compared to breast carcinoma
cells was statistically significant (p= 00017, pHGG vs breast cancer, r-test).
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Appendix V

Table S5.1. Structural variants (SV) predicted by the Breakdancer. All SVs listed involve genes at either side of the rearrangement.

Breakdancer score is >99 for all SVs. Genes were annotated with Ensembl references (columns: “Gene 1 name” and “Gene 2 name”).

Chrl Pos1l Ori 1 Chr2 Pos2 Ori 2 Type Insert Size Reads CellLine Gene1lname Gene 2 name

chrl 9121800 36+22- chrl4 93712302 38+23- CTX -404 57 KNS42 ENSG00000142583|SLC2A5 ENSG00000011114|BTBD7
chrl 28515580 22+0- chrl9 24027536 22+0- CTX -404 22 KNS42 ENSGO00000169403|PTAFR

chrl 38433028 15+15- chré 28863601 14+15- CTX -404 27 KNS42 ENSG00000183431|SF3A3

chrl 58802590 1+16- chrl0 74176383 0+15- CTX -404 15 KNS42 ENSG00000173406|DAB1 ENSG00000107745|MICU1
chrl 59096783 10+1- chr2 32048657 1+12- CTX -404 10 KNS42 ENSG00000185839| ENSG00000242272|AK2P2
chrl 109495128 30+28- chr3 110413045 28+30- CTX -404 58 KNS42 ENSG00000121940|CLCC1

chrl 119401099 13+2- chrl5 51189367 0+12- CTX -404 12 KNS42 ENSG00000247586|

chrl 152276735 0+26- chrl 152281500 26+1- ITX 4064 26 KNS42 ENSG00000143631|FLG ENSG00000237975|

chrl 152387895 37+0- chrll 132713260 2+43- CTX -404 37 KNS42 ENSG00000227415| ENSG00000183715|0PCML
chrl 156051752 12+0- chr3 189542047 12+0- CTX -404 12 KNS42 ENSG00000254726|MEX3A ENSG00000073282|TP63
chrl 168025506 22+0- chrl9 24033172 2+24- CTX -404 22 KNS42 ENSG00000143164|DCAF6

chrl 196735841 4+18- chrl 196745076  19+1- ITX 8434 18 KNS42 ENSG00000116785|CFHR3
chrl 200067607 15+17- chr2 23697849 17+18- CTX -404 31 KNS42 ENSGO00000116833|NR5A2 ENSG00000119771|KLHL29
chrl 201070274  1+15- chrl 201210022 15+2- ITX 138949 14 KNS42 ENSG00000081248|CACNA1LS

chr2 43437013 0+20- chré 45891802 2+19- CTX -404 18 KNS42 ENSG00000115970|THADA ENSG00000112782|CLIC5
chr2 131096289 0+12- chr2 131110431 15+3- ITX 13271 12 KNS42 ENSG00000136710|CCDC115

chr2 131778059 0+12- chr9 1407175 12+0- CTX -404 12 KNS42 ENSG00000136002|ARHGEF4

chr2 132976153 1+12- chrl4 19040918 10+1- CTX -404 10 KNS42 ENSG00000163046|ANKRD30BL

chr2 132987650 27+0- chrl5 20000010 31+14- CTX -404 26 KNS42 ENSG00000163046|ANKRD30BL

chr2 133001848 3+34- chrl4 19000141 0+33- CTX -404 32 KNS42 ENSG00000163046|ANKRD30BL
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chr2
chr2
chr2
chr2
chr2
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr4
chr4
chr4
chr4
chrs
chré
chré
chré
chré
chré
chré
chré

chré

133005674  5+3-
133006389  19+8-
160149043 42+33-
171814878 21+1-
172409811 2+18-
80325550 14+17-
84440279 2+21-
111274477  0+29-
122653134 0+11-
164722685 1+36-
174480490 0+13-
195729630 11+1-

196625623 6+2-

153556195 0+12-
160666229 5+12-
175454371 22+41-
175719343 0+21-
159349918 0+31-
14261299 16+0-
15532273 0+11-
20112705 2+11-
35754551 0+14-
70386596 0+11-
107307634 16+1-
119558597 7+18-
134366639 2+15-

chr2l
chrl6
chr3
chrl3
chrl3
chré
chr4
chr8
chrl2
chrb
chr20
chrs
chrl0
chr21
chr21
chrll
chr4
chrX
chr8
chr8
chr9
chré
chré
chr8
chr8

chr22

10707432
33970966
58772063
49848076
32800774
121481236
190840980
128533826
49892490
57093054
54946398
1623025
42597220
23045425
17459342
127378377
176196699
66982460
8718282
8667072
117857639
35766786
92147626
105231691
82754452
24198439

162+185-
42+14-
42+31-
1+18-
18+1-
14+16-
1+22-
0+29-
11+1-
34+1-
0+12-
2+10-
165+150-
0+13-
6+12-
22+13-
20+0-
31+0-
0+16-
11+0-
2+21-
15+1-
12+14-
19+17-
7+8-

16+71-

ITX

CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
ITX

CTX
CTX
CTX
ITX

CTX
CTX
CTX
CTX
ITX

ITX

CTX
CTX
CTX

-312
-404
-404
-404
-404
-404
-404
-404
-404
-404
-404
-404
-335
-404
-404
-404
476537
-404
-404
-404
-404
11406
21759690
-404
-404

-404

68
14
72
18
18
28
21
29
10
33
12
11
35
12
17
12
19
31
16
11
10
14
11
15
11
15
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KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42

ENSG00000163046|/ANKRD30BL
ENSG00000163046|ANKRD30BL

ENSG00000115806|GORASP2
ENSG00000071967|CYBRD1

ENSG00000153283|CD96
ENSGO00000082684|SEMA5B
ENSG00000090402|SI
ENSG00000177694|NAALADL2

ENSG00000119231|SENP5
ENSG00000170006|TMEM154
ENSG00000250488|
ENSG00000250596|
ENSG00000145451|GLRA3
ENSG00000170214|ADRA1B

ENSGO00000047579|DTNBP1
ENSG00000172197|MBOAT1
ENSG00000204140|C6orf127
ENSG00000168216|LMBRD1

ENSGO00000111885|MAN1A1
ENSG00000146411|SLC2A12

ENSG00000163689|C30rf67
ENSG00000102543|CDADC1
ENSGO00000073910|FRY
ENSG00000146350|C60rf170

ENSG00000245685|

ENSG00000123352|SPATS2

ENSG00000087586|AURKA
ENSG00000188002|

ENSG00000237527|
ENSG00000215386|LINC00478

ENSG00000147324|MFHAS1
ENSG00000147324|MFHAS1
ENSG00000041982|TNC

ENSG00000176406|RIMS2
ENSG00000104497|SNX16



chr7
chr7
chr7
chr7
chr7
chr7
chr7
chr8
chr8
chr9
chr9
chr10
chr10
chrl0
chrl0
chrl0
chrll
chrl2
chrl2
chrl2
chrl2
chrl2
chrl2
chrl3
chrl7

chrl8

3023122 1+15-

21935990 5+8-

99998836 11+0-
103159742  18+0-
110756337 2+24-
136805167 0+21-
149736180 1+13-
15289742 21+14-
52730546 2+60-
12681979 0+34-
68434547 30+6-

1114363 8+4-

101588012 0+14-
127575298 4+89-
127586269 25+4-
127594410 3+28-
49838891 1+21-
20704514 19+12-
69291843 13+1-
73239994 21+0-
96967216 0+14-
96977487 0+15-
127650496 6+14-
23487887 1+17-
39579140 1+11-
110103 174+139-

chr7
chr22
chrll
chrl2
chr7
chr7
chr7
chrl3
chrll
chr9
chrl3
chr20
chr22
chrl3
chry
chry
chrll
chrl6
chrl4
chrl5
chrX
chrX
chrl7
chrl3
chrl7

chrxX

3359981
22151474
74292835
98598388
110757801
136917293
149739027
74313749
38812130
12686650
110874948
5020915
24606864
20371183
59033113
59025715
49873934
33963841
59220388
94888226
100735303
98569531
31149593
24902264
39595475
29270354

17+1-
8+5-
0+11-
19+9-
25+2-
22+2-
12+0-
21+15-
60+53-
35+0-
6+16-
3+8-
0+14-
88+2-
23+1-
8+31-
21+0-
24+32-
10+1-
21+1-
1+15-
17+3-
7+12-
18+2-
9+0-

10+14-

ITX
CTX
CTX
CTX
ITX
ITX
ITX
CTX
CTX
ITX
CTX
CTX
CTX
CTX
CTX
CTX
ITX
CTX
CTX
CTX
CTX
CTX
CTX
ITX
ITX
CTX

335662
-404
-404
-404
682
111162
2081
-404
-404
3470
-404
-404
-404
-404
-404
-404
33776
-404
-404
-404
-404
-404
-404
1413472
14016
-404

15
13
11
18
24
19
11
35
56
34
20
11
14
84
23
27
21
15
10
21
13
14
10
16
10
10
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KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42
KNS42

ENSG00000198286|CARD11
ENSG00000105877|DNAH11
ENSG00000078487|ZCWPW1
ENSG00000189056|RELN
ENSG00000173114|LRRN3
ENSG00000234352|

ENSG00000104723|TUSC3
ENSG00000168300|PCMTD1

ENSG00000215548|

ENSG00000047056|WDR37
ENSGO00000023839|ABCC2
ENSG00000089876|DHX32
ENSG00000203780|FANK1
ENSG00000203780|FANK1

ENSG00000172572|PDE3A
ENSG00000135678|CPM

ENSG00000188596|C120rf63
ENSG00000188596|C120rf63
ENSG00000239776|
ENSG00000248788|
ENSG00000108417|KRT37

ENSG00000146555|SDK1
ENSG00000100030|MAPK1
ENSG00000077514|POLD3
ENSG00000258312]|
ENSG00000184903|IMMP2L
ENSG00000105894|PTN
ENSG00000241449|
ENSG00000118922|KLF12

ENSG00000107165|TYRP1
ENSG00000187498|COL4A1

ENSG00000254714|

ENSG00000140563|MCTP2

ENSG00000196440|ARMCX4

ENSG00000176658/MYO1D

ENSG00000171360|KRT38
ENSG00000169306|IL1RAPL1



chr20
chr20
chr21
chrX

chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr3
chr3

chr3

11281915
55038728
11054605
1317601

28515699
38433053
91853069
91853162
119401206
153043779
164240743
178665120
225133401
226056264
3931958
11930066
28965181
68914697
132981508
132987675
133006034
162139084
66324954
75722542
75984130

0+11-
1+19-
0+29-
1+29-

12+1-
12+20-
4001+761-
2939+753-
22+1-
0+16-
12+1-
2+13-
6+12-
1+28-
12+0-
11+21-
1+20-
10+0-
15+10-
24+0-
19+2-
32+4-
0+12-
1+12-

1+19-

chrxX
chr20
chry
chrX

chrl9
chré
chr8
chrl2
chrl5
chrl
chr2
chrs
chrl
chrl
chrl2
chrX
chr2
chrs
chrl4
chrl5
chrl6
chr2l
chr3
chr4

chrl9

81651240 0+11-
57284430 19+1-
59001093 0+29-
1689918 31+2-
24027616 10+0-
28863616 12+20-
70602300 2+1060-
127650866  734+3-
51189113 1+22-
153066681 15+0-
190999553 0+11-
173541191 4+13-
225248304 12+1-
226058049 27+1-
124499519 12+1-
42764633 0+16-
29052473 22+0-
64467845 10+1-
19035116 30+4-
20000013 26+8-
33970522 44+10-
9829856 5+31-
94513880 14+1-
190935603 0+13-
33444289 0+28-

CTX
ITX
CTX
ITX

CTX
CTX
CTX
CTX
CTX
ITX

CTX
CTX
ITX

ITX

CTX
CTX
ITX

CTX
CTX
CTX
CTX
CTX
ITX

CTX
CTX

-404
2244784
-404
371494

-406
-406
-406
-406
-406
22111
-406
-406
114194
842

-406
-406
86311
-406
-406
-406
-406
-406
28188174
-406

-406

11
18
29
28

10
32
1054
731
21
15
11
12
12
26
11
13
20
10
15
21
16
29
12
12
17
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KNS42
KNS42
KNS42
KNS42

SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188

ENSG00000230990|

ENSG00000187172|BAGE2
ENSGO00000205755|CRLF2

ENSGO00000169403|PTAFR
ENSG00000183431|SF3A3
ENSG00000162669|HFM1
ENSG00000162669|HFM1

ENSG00000196805|SPRR2B

ENSG00000143799|PARP1
ENSG00000143799|PARP1

ENSG00000134324|LPIN1

ENSGO00000163219|ARHGAP25
ENSG00000163046|ANKRD30BL
ENSG00000163046|ANKRD30BL
ENSG00000163046|ANKRD30BL
ENSG00000225813|
ENSG00000144741|SLC25A26
ENSG00000242516|
ENSG00000185008|ROBO2

ENSG00000215440|NPEPL1

ENSG00000137571|SLCO5A1
ENSG00000239776|
ENSG00000247586|
ENSG00000203785|SPRR2E
ENSG00000187699|C20rf88
ENSG00000170091|
ENSG00000185842|DNAH14
ENSG00000196187|TMEM63A
ENSG00000179195|ZNF664

ENSG00000163806|SPDYA
ENSG00000049192|ADAMTS6

ENSG00000121289|CEP89



chr3
chr3
chr3
chr3
chr3
chr3
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4
chr4

chra

84440288 4+23-
111275066 25+1570-
124176062 10+0-
170340075 3+8-
196625619 16+6-
196625676  16+26-
1617097 0+13-
52798913 31+710-
53474896 0+17-
53503816 2+17-
53882777 1+35-
54044675 28+670-
54127071 2+36-
54165402 216+618-
54211080 27+3-
54224715 0+15-
54283618 56+743-
54291376 661+75-
54327856 30+63-
55045259 1+23-
55068948 0+25-
55559032 1+36-
80894424 14+1-
81060458 1+15-
88186116 49+35-

172619946 21+1-

chr4
chr8
chr7
chrl7
chrl0
chrl0
chr20
chr4
chr4
chr4
chr9
chr8
chrl7
chr8
chr9
chr4
chrll
chr8
chr4
chrl7
chr4
chrl7
chrs
chr4
chrl6

chr7

190840937
128488625
63657750
74374118
42597278
42390288
9816311
54214944
55131340
55608654
88287132
128265420
29741322
128043959
71691856
55298688
118277406
128942087
54561209
29881541
55763485
29677191
21207753
81190083
23176680
23309549

1+24-
1254+3460-
1+11-
5+10-
261+215-
56+116-
15+1-
712+31-
16+1-
18+1-
1+35-
1041+446-
0+34-
469+31-
2+23-
17+1-
99+788-
1470+1485-
21+0-
0+23-
25+0-
0+35-
0+14-
15+0-
8+48-

15+21-

CTX
CTX
CTX
CTX
ITX
CTX
CTX
ITX
ITX
ITX
CTX
CTX
CTX
CTX
CTX
ITX
CTX
CTX
ITX
CTX
ITX
CTX
CTX
ITX
CTX
CTX

-406
-406
-406
-406
-341
-406
-406
1408910
1655630
2104056
-406
-406
-406
-406
-406
1006086
-406
-406
231409
-406
693729
-406
-406
128524
-406

-406

22
1555
10
11
55
20
13
688
16
15
35
643
34
435
22
16
692
585
21
23
25
35
13
15
48
21
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SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188

ENSG00000153283|CD96
ENSGO00000160145|KALRN
ENSG00000013297|CLDN11
ENSGO00000119231|SENP5
ENSGO00000119231|SENP5

ENSG00000109189|USP46
ENSG00000109189|USP46
ENSG00000184178|SCFD2
ENSG00000184178|SCFD2
ENSG00000184178|SCFD2
ENSG00000184178|SCFD2
ENSG00000184178|SCFD2
ENSG00000184178|SCFD2
ENSG00000145216|FIP1L1
ENSG00000145216|FIP1L1
ENSG00000072201|LNX1
ENSG00000145216|FIP1L1
ENSG00000145216|FIP1L1
ENSGO00000157404|KIT
ENSG00000163297|ANTXR2

ENSG00000250572|

ENSG00000245685|
ENSG00000246228|

ENSG00000161542|PRPSAP1

ENSG00000101349|PAK7

ENSG00000184178|SCFD2

ENSG00000134853|PDGFRA

ENSG00000135049|AGTPBP1

ENSG00000131242|RAB11FIP4

ENSG00000165060|FXN

ENSG00000167283|ATP5L

ENSG00000249859|PVT1

ENSG00000145216|FIP1L1

ENSG00000196712|NF1

ENSG00000138675|FGF5

ENSG00000136235|GPNMB



chrs
chrb
chrb
chré
chré
chré
chré
chr7
chr7
chr7
chr8
chr8
chr8
chr8
chr8
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr10

chrl0

159350015
160531888
169544250
35754559
36013499
132122317
158783682
111053658
149736176
154876549
15289876
52730430
96265842
128215568
128997301
3107616
73105725
73130362
73158216
88246706
88293892
109305732
124505824
124521292
101588047
127575372

0+44-
9+3-
11+15-
2+42-
10+0-
0+17-
22+35-
12+8-
4+12-
36+40-
25+33-
0+38-
1+15-
42+1171-
1390+791-
13+10-
0+15-
2+31-
27+0-
24+1-
15+0-
4+15-
1+15-
10+0-
4+10-

7+132-

chrX
chrl0
chrb
chré
chrll
chré
chrl7
chrl2
chr7
chr7
chrl3
chrll
chrl9
chrl2
chrl2
chr9
chrl7
chrl7
chrl7
chrl7
chrl7
chr9
chrl6
chrl6
chr22

chrl3

66982357
96337717
171214306
35766982
107984106
154332127
78736108
108202919
149739225
154881085
74313847
38812243
18835272
58019610
58150692
4190288
29767045
29702985
29706699
29877072
29768963
109354148
30630816
66292217
24606887
20371210

44+2-
3+7-
16+10-
42+3-
2+11-
16+10-
35+24-
8+14-
14+3-
41+35-
24+32-
39+50-
15+0-
250+1356-
1391+792-
10+0-
14+0-
33+1-
28+1-
24+1-
1+14-
15+0-
15+1-
1+11-
3+9-

131+1-

CTX
CTX
ITX

ITX

CTX
ITX

CTX
CTX
ITX

ITX

CTX
CTX
CTX
CTX
CTX
ITX

CTX
CTX
CTX
CTX
CTX
ITX

CTX
CTX
CTX
CTX

-406
-406
1668039
11404
-406
22208698
-406
-406
2057
3153
-406
-406
-406
-406
-406
1081996
-406
-406
-406
-406
-406
47573
-406
-406
-406

-406

43
10
15
a1
10
16
52
20
12
40
56
37
14
1124
614
10
14
31
27
24
13
15
15
10
12
129
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SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188

ENSG00000170214|ADRA1B

ENSG00000204140|C60rf127
ENSG00000112062|MAPK14

ENSG00000130338|TULP4
ENSG00000184903|IMMP2L

ENSG00000157219|HTR5A
ENSG00000104723|TUSC3
ENSG00000168300|PCMTD1

ENSG00000156172|C8orf37

ENSG00000249859|PVT1

ENSG00000083067|TRPM3
ENSGO00000135049|AGTPBP1
ENSGO00000135049|AGTPBP1
ENSG00000234323|
ENSG00000136848|DAB2IP
ENSG00000136848|DAB2IP
ENSG00000023839|ABCC2
ENSGO00000089876|DHX32

ENSGO00000119969|HELLS
ENSG00000185662|C50rf50

ENSG00000255467|
ENSG00000112038|OPRM1
ENSG00000141564|RPTOR

ENSG00000241449|

ENSG00000118922|KLF12

ENSG00000105662|CRTC1
ENSG00000135454|B4GALNT1
ENSG00000139266|MARCH9
ENSG00000107249|GLIS3
ENSG00000131242|RAB11FIP4
ENSG00000196712|NF1
ENSG00000196712|NF1

ENSGO00000131242|RAB11FIP4
ENSG00000229297|



chr10
chrl0
chrll
chrll
chrl2
chrl4
chrl5
chrl6
chrl6
chrl6
chrl6
chrl6
chrl7
chrl8
chrl9
chr20
chr20
chr20
chr2l
chrX

chrl

chrl

chrl

chrl

chrl

chrl

127586240
127594439
29534037
57812425
73239952
105628776
75622782
542305
23640617
23791248
48280936
56411916
36636571
110081
33444427
278393
1840412
4895215
11054613
1236190
569070
20371660
27103911
28515712
38328968
47836334

26+4-
5+48-
1+46-
19+1-
28+0-
64+66-
0+12-
24+425-
0+40-
0+48-
10+11-
2+18-
14+0-
336+249-
0+11-
0+18-
14+0-
1+32-
1+28-
1+20-
14+0-
1+16-
1+19-
96+1-
2425-

1+34-

chrY
chry
chrll
chr20
chrl5
chrl4
chrl5
chrl6
chrl6é
chrl6
chrl6
chrl6
chrl9
chrX
chr20
chr21
chr2l
chr20
chrY
chrX
chr8
chr3
chrl
chrl9
chrl

chrl4

59032305
59025664
69947170
3753964
94888163
105628961
75739744
542428
23914058
26084062
48281199
56829788
10029848
29270196
26220364
17652744
17125470
25459154
59000805
1321896
63015045
87620063
27340815
24027325
38428686
53815391

25+4-
13+61-
47+1-
20+0-
28+2-
64+66-
13+1-
24+425-
41+2-
49+1-
10+11-
18+5-
15+6-
27+58-
10+1-
22+435-
1+15-
31+0-
14+35-
18+0-
20+35-
15+25-
19+2-
108+12-
24+0-

0+34-

CTX
CTX
ITX
CTX
CTX
ITX
ITX
ITX
ITX
ITX
ITX
ITX
CTX
CTX
CTX
CTX
CTX
ITX
CTX
ITX
CTX
CTX
ITX
CTX
ITX
CTX

-406
-406
40412260
-406
-406
-361
116118
-323
272186
2290900
-325
416526
-406
-406
-406
-406
-406
20562950
-406
84927
-453
-453
235149
-453
98648
-453

19
48
46
19
28
34
11
14
40
45
10
16
13
26
10
18
14
31
27
18
14
15
17
96
23
33
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SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
SF188
Uw479
Uw479
uw479
Uw479
uw479
Uw479

ENSG00000203780|FANK1
ENSG00000203780|FANK1
ENSG00000254530|

ENSG00000186509|0R9Q1

ENSG00000184916|JAG2

ENSGO00000090565|RAB11FIP3
ENSGO00000083093|PALB2

ENSG00000102910|LONP2
ENSG00000159461|AMFR
ENSG00000225485|ARHGAP23

ENSG00000121289|CEP89
ENSG00000177764|ZCCHC3

ENSG00000089057|SLC23A2
ENSG00000187172|BAGE2

ENSG00000230021|
ENSG00000127472|PLA2G5
ENSG00000117713|ARID1A
ENSG00000169403|PTAFR
ENSG00000204084|INPP5B
ENSG00000162368|CMPK1

ENSG00000131620]ANO1

ENSG00000140563|[MCTP2
ENSG00000257622|
ENSG00000169375|SIN3A
ENSG00000256323|
ENSG00000166501|PRKCB
ENSG00000182601|HS3ST4
ENSG00000121270|ABCC11
ENSG00000102900|NUP93
ENSG00000105088|OLFM2
ENSG00000169306|ILIRAPL1

ENSG00000215386|LINC00478
ENSG00000155313|USP25

ENSG00000101004|NINL

ENSG00000205755|CRLF2

ENSG00000183431|SF3A3
ENSG00000237356|



chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chrl
chr2
chr2
chr2

chr2

55029942
59096776
91853126
91853219
103311283
109495349
112960870
113149456
153299201
154914163
161668108
164240569
168025510
170926316
173909966
182275010
189715582
200068784
207579542
219923945
225133402
240091360
11432966
18253884
42052748
68914690

27+0-
17+0-
3069+471-
1963+459-
20+5-
16+13-
24+1-
18+0-
1+46-
0+42-
0+14-
12+14-
102+0-
0+14-
1+22-
21+0-
2+13-
16+5-
21+1-
15+4-
3+12-
15+25-
0+22-
2+20-
35+8-

11+0-

chr22
chr2
chr8
chrl2
chrs
chr3
chrl2
chr20
chrl
chrl
chrl
chr2
chrl9
chré
chrl
chrl7
chrll
chr2
chré
chrl2
chrl
chr22
chr2
chr2
chr4

chr5

19435945
32048520
70602300
127650864
102750041
110413011
52615093
3902968
153641153
155232085
161800589
190998938
24031551
123171229
174187941
74319270
32042611
23697827
57493597
98034739
225248296
29065227
11545236
19077190
66413204
64467726

0+29-
0+20-
10+1115-
454+3-
18+2-
13+18-
23+1-
17+18-
52+8-
41+2-
13+0-
14+1-
11+113-
24+1-
24+2-
0+21-
0+13-
18+4-
25+6-
17+1-
11+0-
144+50-
25+3-
20+2-
9+35-

12+1-

CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
ITX

ITX

ITX

CTX
CTX
CTX
ITX

CTX
CTX
CTX
CTX
CTX
ITX

CTX
ITX

ITX

CTX
CTX

-453
-453
-453
-453
-453
-453
-453
-453
333306
316908
131721
-453
-453
-453
276849
-453
-453
-453
-453
-453
114141
-453
111348
822294
-453

-453

27
17
1106
451
15
28
23
18
45
a1
13
14
102
13
21
21
13
18
21
15
11
40
22
18
37
11

226

uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479

ENSGO00000162390|ACOT11
ENSG00000185839|
ENSG00000162669|HFM1
ENSG00000162669|HFM1
ENSG00000230864|
ENSG00000121940|CLCC1
ENSG00000143079|CTTNBP2NL
ENSG00000007341|ST7L

ENSG00000143164|DCAF6
ENSG00000117501|C1orf129
ENSG00000135870|RC3H1
ENSG00000228918|

ENSG00000116833|NR5A2

ENSG00000196660|SLC30A10
ENSG00000143799|PARP1

ENSG00000134318|ROCK2
ENSG00000170745|KCNS3

ENSGO00000163219|ARHGAP25

ENSG00000185065|
ENSG00000242272|AK2P2
ENSG00000137571|SLCO5A1
ENSG00000239776|

ENSG00000258279|
ENSG00000125779|PANK2
ENSG00000143621|ILF2
ENSG00000116521|SCAMP3
ENSG00000118217|ATF6

ENSG00000187699|C20rf88

ENSG00000152061|RABGAP1L
ENSG00000161542|PRPSAP1
ENSG00000049449|RCN1
ENSG00000119771|KLHL29
ENSG00000146143|PRIM2

ENSG00000185842|DNAH14

ENSG00000100154|TTC28

ENSG00000145242|EPHAS
ENSG00000049192|ADAMTS6



chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr2
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3
chr3

chr3

79376836
91937509
99167934
132977273
132987614
133001831
133004923
162138495
187514641
49442178
50879613
52435832
53300460
53335607
55024288
55380592
56766012
85686452
87410003
99389332
110889290
111274994
114154875
134299172
139226960
142553308

10+0-
13+6-
23+0-
4+13-
28+0-
1+36-
7+0-
26+4-
2+11-
1+18-
28+5-
19+0-
1+14-
17+1-
37+0-
0+16-
19+21-
12+4-
21+4-
0+27-
14+0-
2+110-
0+18-
36+1-
2+21-

0+83-

chrl3
chrl2
chrll
chrl4
chrl5
chrl4
chr2l
chr21
chr2
chrl2
chrs
chrl9
chrl9
chrl9
chrl9
chrl9
chr7
chrl6
chr7
chrl5
chrX
chr8
chr3
chré
chrl9

chrl4

107845299  22+3-
123873181  11+2-
46252923 23+0-
19034839 39+38-
20000009 57+31-
19000169 7+46-
10707760 184+173-
9829856 0+22-
188784801 11+1-
86120307 2+19-
81987180 25+6-
56217031 19+3-
53495576 15+3-
52478810 2+19-
47734383 1+37-
52614592 20+3-
147538955 22+20-
11673269 4+15-
78953929 13+13-
26705465 29+13-
57292578 15+1-
128533275 8+117-
168102681 18+0-
36913072 36+1-
53106091 4+24-
22776228 1+84-

CTX
CTX
CTX
CTX
CTX
CTX
ITX

CTX
ITX

CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
ITX

CTX
CTX
CTX

-453
-453
-453
-453
-453
-453
-394
-453
1269112
-453
-453
-453
-453
-453
-453
-453
-453
-453
-453
-453
-453
-453
53946956
-453
-453

-453

10
10
23
12
27
36
62
22
10
18
30
17
12
16
37
15
40
11
13
27
14
110
18
34
19
83

227

uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479

ENSG00000223703|
ENSG00000040933|INPP4A
ENSG00000163046|ANKRD30BL
ENSG00000163046|ANKRD30BL
ENSG00000163046|ANKRD30BL
ENSG00000163046|/ANKRD30BL
ENSG00000225813|
ENSGO00000138448|ITGAV
ENSG00000067560|RHOA
ENSG00000088538|DOCK3
ENSG00000163930|BAP1

ENSGO00000162290|DCP1A
ENSG00000157445|CACNA2D3
ENSG00000242568|
ENSG00000163947|ARHGEF3
ENSG00000175161|CADM2

ENSG00000144810|COL8A1
ENSG00000177707|PVRL3
ENSG00000153283|CD96
ENSG00000181722|ZBTB20

ENSG00000248932|
ENSG00000163710|PCOLCE2

ENSG00000204442|FAM155A
ENSG00000183955|SETD8

ENSG00000231689|

ENSG00000242779|ZNF702P
ENSG00000246125|
ENSG00000105327|BBC3

ENSG00000174469|CNTNAP2
ENSG00000189067|LITAF
ENSG00000187391|MAGI2

ENSG00000206120|[EGFEM1P
ENSG00000164530|P116



chr3
chr4
chr4
chr4
chr4
chrs
chré
chré
chré
chré
chré
chré
chr7
chr7
chr7
chr7
chr7
chr7
chr7
chr8
chr8
chr8
chr8
chr8
chr8

chr8

178769835
80894474
95518653
112258318
186117225
100497538
150670
20112078
45229405
58779262
116774524
126239149
22120450
68695954
71425213
88827600
101667589
111053660
147472510
14946075
40433239
47159193
51886715
52730477
57896780
62579337

1+16-
21+0-
21+10-
0+14-
40+31-
0+11-
7+31-
10+1-
26+2-
790+768-
4+12-
5+49-
1+22-
0+22-
0+21-
30+2-
1+14-
44+41-
5+8-
21+26-
0+27-
31+0-
5+6-
1+57-
1+16-

1+32-

chrl5
chrl9
chr7
chr4
chrl3
chr2l
chrll
chr9
chr8
chr7
chr7
chr20
chrl7
chr7
chr7
chr8
chr8
chrl2
chrl7
chrX
chrl4
chr9
chrl2
chrll
chrl9

chr8

87685223
31113491
46904209
112816034
40674751
26214157
191186
117857715
62847098
53801572
26251457
34416968
73963834
106200173
99282578
143781332
91903678
108202877
35071532
124433507
55716413
137280905
108002659
38812217
31716239
62708134

18+13-
3+23-
13+22-
14+1-
3+33-
11+0-
34+13-
14+11-
26+3-
6+22-
32+22-
56+4-
2+23-
22+0-
23+1-
35+7-
14+16-
43+47-
9+6-
25+21-
29+5-
30+0-
6+4-
56+64-
20+8-

31+0-

CTX
CTX
CTX
ITX

CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
ITX

ITX

CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
ITX

-453
-453
-453
556933
-453
-453
-453
-453
-453
-453
-453
-453

-453
37503284
27856510
-453
-453
-453
-453
-453
-453
-453
-453
-453
-453

127822

15
21
31
14
31
11
31
10
23
17
11
48
22
22
12
30
12
82
11
46
27
30
10
56
14
31

228

uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
Uwa479
uw479
Uw479

ENSG00000172667|ZMAT3
ENSG00000163297|ANTXR2
ENSG00000163110|PDLIM5

ENSG00000164323|KIAA1430

ENSG00000172197|MBOAT1
ENSG00000196284|SUPT3H

ENSG00000217241|CBX3P9
ENSG00000111912|NCOA7

ENSG00000225718|
ENSG00000183166|CALN1
ENSG00000182348|ZNF804B
ENSG00000257923|CUX1
ENSG00000184903|IMMP2L
ENSG00000174469|CNTNAP2
ENSG00000185053|SGCZ
ENSGO00000165061|ZMAT4

ENSG00000168300|PCMTD1
ENSG00000104331|IMPAD1
ENSG00000198363|ASPH

ENSG00000249815|

ENSG00000226983|
ENSG00000177951|BET1L
ENSG00000041982|TNC
ENSG00000254119]
ENSG00000205628|
ENSG00000122565|CBX3
ENSG00000025293|PHF20
ENSG00000161533|ACOX1
ENSG00000243797|

ENSG00000123119|NECAB1

ENSGO00000186350|RXRA

ENSG00000151136|BTBD11

ENSG00000254119|



chr8
chr8
chr8
chr8
chr8
chr8
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chr9
chrl0
chrl0
chrl0
chr10
chr10
chr10

chrl0

96643384 20+19-
117230013 20+9-
134879116 0+10-
141832537  22+3-
145554246  0+21-
146058423 1+12-
22741727 0+13-
25865280 21+0-
27935991 0+21-
27945060 12+1-
28000942 0+14-
30392631 0+12-
32381210 0+21-
78899983 22+0-
86638539 0+14-
102086745 0+17-
102146807 14+0-
131081825 0+20-
136327728 1+22-
1114901 12+0-
5202158 0+10-

26226198 7+4-

34822411 9+26-
45422946 25+35-
109325960 27+23-
127575172  1+452-

chrl8
chrl7
chr8

chrl5s
chr8

chrl7
chr9

chrl8
chr9

chrl8
chr9

chr9

chr9

chrl7
chrl8
chrl8
chrl8
chrl8
chrl4
chr20
chrl0
chrl7
chrl2
chrl0
chrl3

chrl3

4086683 19+19-
49354767 15+0-
135683085 11+0-
42650218 1+19-
145655751 23+0-
27112965 0+11-
128368012 16+4-
31751559 27+21-
135661990 23+3-
30711907 12+0-
86632969 14+1-
86610459 14+2-
33849115 20+0-
18077236 7+27-
30729821 2+15-
31750899 20+2-
30736184 17+2-
14823395 20+15-
56290681 4+24-
5021199 2+14-
5324856 10+1-

6554228 4+7-

55472537 26+0-
45424592 37+25-
107846599  48+70-
20371005 52+4-

CTX
CTX
ITX
CTX
ITX
CTX
ITX
CTX
ITX
CTX
ITX
ITX
ITX
CTX
CTX
CTX
CTX
CTX
CTX
CTX
ITX
CTX
CTX
ITX
CTX
CTX

-453
-453
803270
-453
100345
-453
105624816
-453
-96797295
-453
58631084
56216928
1466998
-453

-453

-453

-453

-453

-453

-453
121967
-453

-453

290

-453

-453

38
15
10
19
21
11
13
21
21
12
14
12
20
22
13
17
14
20
22
11
10
11
26
35
47
52

229

uw479
Uw479
Uw479
Uw479
uw479
uwa479
uw479
Uw479
Uw479
Uw479
uw479
uUw479
uw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uUw479
uw479
Uw479

ENSG00000253773|
ENSG00000249917|

ENSGO00000169398|PTK2

ENSG00000147789|ZNF7
ENSG00000234840|

ENSG00000174482|LINGO2

ENSGO00000099139|PCSK5

ENSG00000167112|TRUB2
ENSG00000160325|C9orf7
ENSG00000047056|WDR37
ENSG00000196326|AKR1CL1
ENSG00000095777|MYO3A
ENSG00000148498|PARD3
ENSG00000187783|TMEM72

ENSG00000089876|DHX32

ENSG00000170579|DLGAP1
ENSG00000011260|UTP18
ENSGO00000066827|ZFAT
ENSG00000092529|CAPN3
ENSG00000160949|TONSL
ENSG00000173065|C170rf63
ENSG00000119487|MAPKAP1
ENSG00000101746|NOL4
ENSGO00000165695|AK8
ENSG00000166960|C180rf34

ENSG00000178966|RMI1
ENSG00000107341|UBE2R2
ENSG00000091536|MYO15A
ENSG00000166960|C180rf34
ENSG00000101746|NOL4
ENSG00000166960|C180rf34
ENSG00000180777|ANKRD30B

ENSG00000215267|

ENSG00000108590|MED31

ENSG00000224812|
ENSG00000204442|FAM155A



chr10
chrll
chrll
chrl2
chrl2
chrl3
chrl3
chrl3
chrl4
chrl4
chrl4
chrl4
chrl5
chrls
chrlbs
chrl7
chrl7
chrl7
chrl9
chr19
chr19
chrl9
chr20

chr21

127586296
49839008
55373517
12453997
20704524
23487980
89981969
100589796
31036241
32066014
67834188
88035460
34326914
35352133
85867818
8745523
17916041
41713672
23934384
52505400
53186921
55475788
31521723
11055054

16+5-
2+22-
31+3-
1+19-
8+25-
1+25-
0+18-
1+17-
0+17-
1+47-
1+12-
3+92-
1+24-
1+16-
2+26-
1+17-
5+20-
24+1-
470+472-
2+21-
0+27-
0+14-
2+34-

2+25-

chrY

chrll
chrl8
chr20
chrl6
chrl3
chrl5
chr21
chrl5
chrl4
chri4
chrl9
chrl5
chrl7
chrl5
chrl7
chrl7
chr22
chrl9
chrl9
chrl9
chrl9
chr20

chry

59032932
49873895
76876931
62851844
33963005
24902217
39504892
34847166
30984655
33251221
67862968
33010389
34419814
8516724

85913538
9557484

18055066
18470346
23943716
56253579
53482483
55476878
31553810
59001084

11+1-
19+0-
30+0-
3+20-
28+1259-
25+0-
1+18-
0+18-
0+16-
46+1-
13+2-
104+8-
28+4-
5+43-
27+4-
20+1-
35+22-
28+5-
470+472-
22+1-
29+8-
14+0-
32+0-

0+21-

CTX
ITX
CTX
CTX
CTX
ITX
CTX
CTX
CTX
ITX
ITX
CTX
ITX
CTX
ITX
ITX
ITX
CTX
ITX
ITX
ITX
ITX
ITX
CTX

-453
33689
-453
-453
-453
1413371
-453
-453
-453
1183569
28007
-453
91589
-453
44137
810986
137263
-453
-413
3746818
294327
299
31082

-453

10
19
29
18
20
25
16
16
16
45
12
90
23
15
24
15
15
22
354
19
22
14
32
19

Uw479
uUw479
Uw479
Uw479
uw479
uUw479
uUw479
Uw479
Uw479
Uw479
uw479
uw479
uUw479
Uw479
Uw479
Uw479
uw479
uw479
uw479
Uw479
Uw479
Uw479
uw479
uw479

ENSG00000203780|FANK1

ENSG00000172572|PDE3A
ENSG00000248788|

ENSG00000255768|
ENSG00000092140|G2E3
ENSG00000151413|NUBPL
ENSGO00000134001|EIF2S1
ENSG00000258859|
ENSG00000169857|AVEN

ENSG00000218052|
ENSG00000174083|PIK3R6
ENSG00000171962|LRRC48

ENSG00000196172|ZNF681
ENSG00000197619|ZNF615
ENSG00000167766|ZNF83
ENSG00000167634|NLRP7
ENSG00000215529|EFCABS8
ENSG00000187172|BAGE2

ENSG00000254714|
ENSG00000166377|ATP9B
ENSG00000196132|MYT1

ENSG00000259345|
ENSG00000142188|TMEM50B
ENSGO00000175344|CHRNA7
ENSGO00000151320|AKAP6
ENSGO00000100558|PLEK2

ENSG00000133026|MYH10
ENSG00000170776|AKAP13
ENSG00000154914|USP43
ENSG00000091536|MYO15A
ENSG00000093100|

ENSG00000242779|ZNF702P
ENSG00000022556|NLRP2

Abbreviations : Chr — chromosome; Pos — position ; Ori — reads orientation;
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Appendix VI

Table S5.2. Genic structural variants predicted by the Breakdancer in which either region

involved has copy number gain or loss has.

Cell Line Fusion ID Gene 1 Gene 2 Genel.diff.smo Gene2.diff.smo
KNS42_1_156051752_3_189542047 TP63 0.4177
KNS42_2_171814878_13 49848076 GORASP2 CDADC1 0.02305 0.3368
KNS42_1_58802590_10_ 74176383 DAB1 CBARA1 0.2695 0.3825
KNS42_2_43437013_6_45891802 THADA CLIC5 0.1975 0.2072
KNS42_6_14261299 8 8718282 MFHAS1 0.3237
KNS42_6_15532273_8_ 8667072 DTNBP1 MFHAS1 0.2771 0.3237
KNS42_1 152387895_11_ 132713260 OPCML 0.5185
KNS42_12_96967216_X_100735303 C1l20rf63 0.2565
KNS42_7_103159742_12_ 98598388 RELN 0.2606

KNS42_3 164722685 _5_ 57093054 Sl 0.4412

KNS42_12 96977487_X_98569531 C120rf63 0.2565
KNS42_5_64964650_5 65433006 SGTB 0.2663

SF188_3 44466690_9 73176666 TRPM3 0.405
SF188_20_4895215_20_25459154 SLC23A2 0.3601

SF188_3 75984130_19 33444289 ROBO2 0.2728

SF188_9 73105725_17_29767045 RAB11FIP4 0.4491
SF188_3_44853404_17_29848790 KIF15 RAB11FIP4 0.8036 0.4491
SF188 9 88293892_17_29768963 AGTPBP1 RAB11FIP4 0.4196 0.4491
SF188_4 54127071_17_29741322 SCFD2 RAB11FIP4 0.1755 0.4491
SF188_3 44844784_17_29795166 KIF15 RAB11FIP4 0.8036 0.4491
SF188_11_29534037_11_69947170 ANO1 1.6909
SF188_4 53882777_9 88287132 SCFD2 AGTPBP1 0.0166 0.4196
SF188_6_158783682_17_78736108 TULP4 0.2787

SF188_4 54327856_4 54561209 LNX1 FIP1L1 1.976 2.1076
SF188 20 1840412_21_17125470 USP25 0.2904
SF188 4 54211080_9_ 71691856 SCFD2 0.5206

SF188 11 47249941 11 118298167 ATP5L 2.2766
SF188_4 54283618_11_118277406 FIP1L1 ATP5L 2.1076 2.2766
SF188_1_144680231_1_144954567 PDEA4DIP 0.2049
SF188_11_88909186_15_27561047 GABRG3 0.1039
SF188_3_44468743_4 53879701 SCFD2 0.5206
SF188_4 52798913_4 54214944 SCFD2 0.5206
SF188 9 73158216_17_29706699 TRPM3 0.405

SF188 20 278393 21 17652744 C21orf34 0.4874
SF188_4_54291376_8 128942087 FIP1L1 2.1076
SF188_16_542305_16_ 542428 RAB11FIP3 0.3206

SF188_4 54165402_8 128043959 SCFD2 0.5206

SF188_9 88246706_17_29877072 AGTPBP1 0.4196

SF188_4 55045259_17_29881541 FIP1L1 2.1076

SF188_4 54224715_4 55298688 SCFD2 0.5206

SF188_4 55068948_4_ 55763485 FIP1L1 2.1076
SF188_4_54044675_8_ 128265420 SCFD2 0.0166

SF188 4 54224715_4_ 55298688 SCFD2 0.0166

SF188_4 54165402_8 128043959 SCFD2 0.0166

SF188_4 54224715_4 55298688 SCFD2 0.1755
SF188_11_57812425_20_3753964 OR9Q1 0.4632
UwW479_8_137751825_17_49361503 UTP18 0.4898
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UW479_8_117230013_17_49354767 UTP18 0.4898

UW479_8_141832537_15_42650218 PTK2 CAPN3 0.01635 0.2261
UW479_3_47028066_22_19936322 NBEAL2 0.3468
UWA479_3_55024288_19 47734383 CACNA2D3 0.6856
UWA479_9_32381210_9_33849115 UBE2R2 0.5006
UWA479_1_113149456_20_3902968 ST7L 0.2146

UWA479_14 32066014_14_33251221 NUBPL AKAPG6 0.3064 0.3727
UW479_17_8745523_17_9557484 PIK3R6 0.3554
UW479_9_27945060_18_30711907 C18orf34 0.4284
UW479_9_102146807_18_30736184 C18orf34 0.4284
UW479_9_86638539_18_30729821 C18orf34 0.4284
UWA479_1 82756062_14 67423798 GPHN 0.4351
UWA479_14 31036241_15_30984655 G2E3 0.2964

UWA479_12_ 1695918_12_ 9246077 A2M 0.2579
UWA479_8_47159193_9_137280905 RXRA 0.4528
UW479_12 3690145_20_62854780 PRMT8 0.3924
UW479_3_114154875_3_168102681 ZBTB20 0.2724
UW479_20_15544438_22_35396912 MACROD2 0.2331
UW479_5_93556435_22_35366567 C50rf36 0.2471

UWA479_1 47836334_14 53815391 CMPK1 0.3541
UWA479_6_45229405_8_62847098 SUPT3H 0.1742
UWA479_8_62579337_8_62708134 ASPH 0.2395
UWA479_8_57896780_19 31716239 IMPAD1 0.2229
UW479_7_71425213_7_99282578 CALN1 0.4129
UW479_8_40433239_14_55716413 ZMAT4 0.4246
UW479_9_28000942_9 86632969 LINGO2 0.7717
UW479_7_88827600_8_ 143781332 ZNF804B 0.516

Genel.diff.smo and Gene2.diff.smo refer to smoothed log ratios covering each gene (Gene 1 and
Gene 2) involved in the SV.
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A Distinct Spectrum of Copy Number Aberrations
in Pediatric High-Grade Gliomas
Dorine A. Bax', Alan I\-"Iackaya, Suzanne E. Little!, Diana Carvalho'®7, Marta Viana-Pereira'®,

Narinder Tamber®, Anita E. Grigoriadis®, Alan Ashworth®, Rui M. Reis®, David W. Ellison®,
Safa Al-Sartaj®, Darren Hargrave®, and Chris Jones'?

Abstract

Purpose: As genome-scale technologies begin to unravel the complexity of the equivalent tumors in
adults, we can attempt detailed characterization of high-grade gliomas in children, that have until recenty
been lacking. Toward this end, we sought to validate and extend investigations of the differences between
pediatric and adult tumors.

Experimental Design: We carried out copy number profiling by array comparative genomic hybrid-
ization using a 32K bacterial artificial chromosome platform on 63 formalin-fixed paraffin-embedded
cases of high-grade glioma arising in children and young people (<23 years).

Results: The genomic profiles of these tumors could be subclassified into four categories: those with
stable genomes, which were associated with a better prognosis; those with aneuploid and those with high-
Iy rearranged genomes; and those with an amplifier genotype, which had a significantly worse clinical
outcome. Independent of this was a clear segregation of cases with 1g gain (more common in children)
from thase with concurrent 7 gain/10q loss (a defining feature of adults). Detailed mapping of all the
amplification and deletion events revealed numerous low-frequency amplifications, including IGFIR,
PDGERB, PIK3CA, CDK6, CCNDI1, and CCNE1, and novel homozygous deletions encompassing un-
known genes, including those at 5935, 10g25, and 22q13. Despite this, aberrations targeting the “core
signaling pathways” in adult glioblastomas are significantly underrepresented in the pediatric setting.

Condlusions: These data highlight that although there are overlaps in the genomic events driving glio-
magenesis of all ages, the pediatric disease harbors a distinet spectrum of copy mumber aberrations com-
pared with adults. Clin Cancer Res; 16(13); 3368-77. ®2010 AACR.

3368

The use of genome-scale profiling techniques to idemtify
the key genetic aberrations underlying various tumor types
has led to fundamental discoveries about the drivers of on-
cogenesis, and provides the rationale for specific targeted

therapies in these lesions. Until recently, the application of

such studies to the fields of high-grade glioma specifically,
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and childhood tumors in general, have lagged behind the
adult epithelial cancers. This is now rapidly changing, with
large screens of adult glioblastoma through collaborative
networks (1) or single institutions (2) joining an increa
sing number of smaller independent studies {3-7) in com-
prehensively mapping the glioblastoma genome.

There are also beginning to emerge genomic studies spe
cifically addressing childhood cancers, and there is moun
ting evidence that the pediatric high-grade glioma genome
has centain key differences with that of histologically
similar adult tumeors. An early study using metaphase
comparative genomic hybridization (CGH; ref. 8) high
lighted distinct chromosomal changes in 23 childhood
cases, a tesult borne out in a later 10K single nucleatide
polymorphism [SNP) array study of a further 14 high-
grade tumors (9), and more recent studies of 18 pediatric
glioblastoma on Numina 100K arrays {10), and 20 high-
grade tumors using molecular inversion probes (11). Most
recently, we participated in a collaborative effort to carry
out molecular profiling of 78 pediatric high-grade gliomas
by Affymetrix 500K SNP and U133 Plus2.0 expression ar-
rays {12). From all these studies, it seems clear that al-
though there are many large-scale chromosomal and
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Translational Relevance

Pediatric high-grade gliomas represent clinically
devastating and biologically understudied umors of
the central nervous system. Little is known about the
key genomic alterations that arise in childhood cases,
nor of the specific differences between these and the
adult disease. We present the copy number profiling
of a large series of these rare tumors, and identify nu-
merous low-frequency events previously unreported in
pediatric high-grade glioma, including the potential
therapeutic target /GF1R. Tumors could be dassified in-
to distinct genomic subtypes, with marked differences
in clinical outcome, and an idealized PDGFRA®™,
1g+, 16g-genotype was considerably enriched in pedi-
atric cases, in contrast to the EGFR™, 7+, 10q- cases
more commonly associated with adults. We further
highlight the importance of platelet-derived growth fac-
tor (PDGF) signaling in this context, through the most
commonly observed genamic amplification of
PDGFRA, as well as a unique amplification of PDGERE,
providing strong rationale for clinically targeting this
pathway in children with this disease.

specific genetic amplification/deletion events common to
wimeors from patients of all ages, there are certain events
found at significantly different frequencies in pediatric ver-
sus adult lesions.

One of the most immediately apparent differences was
the high frequency of chromosome 1q gains and 16q losses,
and the lower frequency of {often concurrent) gain of chro-
masome 7 and lass of 10q in childhood cases compared
with adults. Although there were numerous low-frequency
amplifications and deletions such as MYC/MYCN, CCND2,
KRAS, and CDKN2C, which seemed to show the pediatric
high-grade glioma genome to be similar to clinical secon
dary adult glioblastomas {13, 14), alack of IDH1 mutations
in the childhood setting showed the distinct biological
pathways active during pathogenesis (12).

The most commaon amplification in the pediatric cases
was at 4q12, with shortest region of overlap (SRO) and ex-
pression analyses idemtifying the amplicon driver to be
PDGFRA (12). This was present in up to 17% of primary
pediatric glioblastoma, and 29% of diffuse intrinsic pon
tine glioma, and was also found in 50% of cases of high-
grade glioma arising as a secondary malignancy after
cranio-spinal radiation {post-IR). Many cases without
FDGERA amplification were still found to show overexpres-
sion of a specific PDGFRA-associated gene signature, which
was itself distinct from that observed in adult cases with the
4q12 amplification. Taken together, platelet-derived
growth factor (PDGF)-driven signaling seems to be pre-
ferentially activated in the majority of pediatric tumors, in
contrast 1o adults, where epidermal growth factor receptor
{EGFR) is implicated as the predominant target {12).

Although these studies are beginning to unravel the
key features of the pediatric high-grade glioma genome,
the total number of cases studied remains considerably
smaller than for adult tumors. This is of particular im-
portance given the lower frequency of the majority of
genetic aberrations detected in childhood cases. Valida
ting these low-frequency events in independent cohorts
as being recurrent abnormalities, as well as the likely
idemtification of novel isolated copy number changes
will aid our understanding of the key pathways under
lying the diversity of high-grade gliomas in children. To
this end we carried out an array CGH study of 63 cases
of pediatric high-grade glioma from formalin-fixed,
paraffin-embedded {FFPE) archival pathology specimens
on a 32K tiling-path bacterial artificial chromosome
(BAC) platform.

Materials and Methods

Samples and DNA extraction

High-grade glioma samples from 63 patients
(<23 years old) treated at the Royal Marsden Hospital
(RMH), Sutton, and the Newcastle Royal Infirmary,
United Kingdom, were obtained after approval by local
and multicenter ethical review committees. The collec-
tion consisted of 37 glioblastormna multiforme, 14 ana-
plastic astrocytomas, 4 anaplastic oligedendrogliomas,
4 diffuse intrinsic (brain stem) gliomas, 2 astroblas
toma, 1 oligoastrocytoma, and 1 gliosarcoma. All cases
were archival FFPE tissues. The presence of tumor tissue
in these samples and the tumor type were verified on a
Hé&E-stained section independently by two neuropatho-
logists {(DWE and SA-5). Nine of the cases were pre-
viously profiled from a frozen tumor specimen in the
collaborative SNT* study (12). DNA was extracted using
the DiNeasy Tissue Kit {Qiagen) according to the manu-
factuirer's protocol and gquantitated on a NanoDrop spec-
trophotometer {Thermo Scientific).

Array CGH

All raw and processed data have been deposited in
Array Express (http://www.ebiac.uk/microarray-as/ae/;
E-TABM-857). The array CGH platform used in this study
was constructed at the Breakthrough Breast Cancer
Research Centre and comprises 31,619 overlapping BAC
probes covering the human genome at an approximate
resolution of 50 kb (A-MEXP-1734). Hybridizations were
carried out as previously described {15) and slides were
scanned using an Axon 4000B scanner (Axon Ins
truments) with images analyzed using Genepix Pro 4.1
software {Axon Instruments). The median localized
background slide signal for each clone was subtracted
and each clone Cy5/Cy3 ratio was normalized by local
regression (loess) against fluorescence intensity and
spatial location. Clones overlapping known copy number
variants were removed for statistical and visualization
purposes, but not for mapping of specific amplifications
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and deletions, which was done according to the March
2006 build of the human genome sequence (hgl8).

Data analysis

All data transformation and statistical analysis were car
ried out in R 2.9.0 {hup://www.r-project.org/) and Bio
Conductor 2.4 {hup://www.bioconductor.org/), making
extensive use of modified versions of the package aCGH
in particular {(15). For identification of DNA copy number
alterations, data were smoothed using a local polynomial
adaptive weights procedure for regression problems with
additive errors, with thresholds for assigning “gain” and
“loss” set at (1.1 (3 = 5D of control hybridizations). For vi
sualization purposes, the processed log, ratios were co-
lored green (gain) or red (loss) after segmentation and
copy number determination.

To assess the significance of the genomic alterations,
we applied an algorithm similar to those previously des
cribed, namely, Genomic Identification of Significant
Targets in Cancer (GISTIC; ref. 13) and Genome Topog-
raphy Scanning (GTS; rel. 16), taking into account the
frequency, amplitude, and focality of the observed am-
plifications (log, ratio »1.0) and deletions (log, ratio
<-0.75). This was calculated as the product of the abso
lute logs ratio, the number of clones in each sepment,
and the frequency within the entire cohor, scaled w0
the absolute maximum for amplifications/deletions sep-
arately, and overplotted on the frequency histogram for
gains and losses described above.

Fluorescent in situ hybridization

Fluorescent in situ hybridization {FISH) analysis was car-
ried out on FFPE sections as previously described (17).
Probes directed against MYCN (pool of clones RPP11-
1183P10, RP11-674F13 and RPP11-754G14), PIK3CA
{RP11-4B14, RPL1-642A13, RPP11-379M20), PDGFRA
{RP11-819D11, KP11-58C6), SKF2 (RP11-749P08, CTD-
2010F22), PDGFRR (RP11-211F05, RP11-21120), MYC
{RP11-440N18, RP11-237F24, CTD-2034C18), CDKR4
{RP11-66N19, RP11-277A02, RP11-672016), MDM2
{RP11-611002, RP'13-618A08, CTD-2067114), and [GFIR
{CTD-2015117, RP11-203H14, RP11-189B22) were la
beled with Cy3 (GE Healthcare), whereas chromasome
specific control prabes at loci of no copy number change
were labeled with fluorescein {GE Healtheare). Hybridized
preparations were counterstained with 4, 6-diamidino-2
phenylindole in antifade {Vector Laboratories Inc.).
Images were captured using a cooled charge-coupled de-
vice camera (Photometrics).

Statistics

All statistical tests were done in R2.9.0. Correlations be
tween categorical values were done using the % and Fish
er's exact tests. Correlations between continuous variables
were done using Student’s ¢ test or the Mann-Whitey Uf
test. Cumulative survival probabilities were calculated
usging the Kaplan-Meier method on uniformly treated pa
tients within our cohort from the same institution (RMH),

with differences between survival rates analyzed with the
log-rank test. Important prognostic information {inclu

ding extent of resection, Kamofsky performance score)
was not available for all cases in this retrospective study,
so multivariate analysis could not be done. All tests were
two-tailed, with a confidence interval of 95%. P values of
=0.05 were considered statistically significant.

Results

Distinct patterns of copy number change in the
pediatric high-grade glioma genome

Previously we utilized whole genome amplification
strategies for array CGH studies of tumeors extracted from
FFPE specimens {18). In this study, however, we were able
to utilize a cohornt of samples for which sufficient material
was available to avoid the previous approach. We were
able to generate high-quality copy number profiles from
an unselected series of 63 pediatric high-grade gliomas
using 32K tiling-path BAC arrays from which the tumor
cell purity could be verified as >20% without the need
for additional steps.

We observed a mean number of large-scale {whole chro
mosome of chromosamal arms) gains and losses of
5.8 per sample {median, 4; range, 0-22), with maore losses
(mean, 3.5; median, 3; range, 0-14) than gains {mean, 2.3;
median, 2; range, 0-11). There was a further mean of
1.8 focal amplifications/deletions per sample {median,
1; range, 0-11}, again with a slightly increased number
of deletions {mean, 1.0; median, 0; range, 0-8) compared
with amplifications {mean, 0.8; median, O; range, 0-4).
The list of observed alterations is given for the full dataset
in Supplementary Table 51.

We were able to subtype the samples into four groups
based upon the pattern of their genomic profiles. First
was a group of wmors that had a very stable genome,
with few {<3), low-level, focal changes. This subtype
comprised 13 of 63 {20.6%) cases, and induded 8 w-
mors (12.7%) that hartbored no detectable copy number
alterations on our 32K BAC platform (Fig. 1A). The se-
cond type contained only large, single copy alterations
invalving whole chromosomes or chromosomal arms, re
sulting in aneuploidy in the absence of any high-level
amplifications in 22 of 63 {34.9%) cases, the largest sub-
group we observed (Fig. 1B). The third type harbored nu-
merous, low-level, intrachromosomal breaks resulting in
multiple gains and losses and a highly rearranged ge
nome. This group was also defined for this purpose by
exclusion of cases with bona fide amplicons, and com-
prised 11 of 63 {17.5%) of the cohont (Fig. 1C). Finally,
we considered those tumors with single or multiple high-
level {log: ratio =1.0) amplifications, regardless of the
genomic background, as belonging to the fourth, “ampli
fier” subtype. This group consisted of 17 of 63 {27.0%)
of cases (Fig. 1D).

There were no significant correlations between genomic
subtype and WHO grade or histology (P > 0.05, Fisher's
exact test), with glioblastomas, anaplastic astrocytomas,
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A Stable genome - ICR_G021

Aneuploid genome - ICR_G020

Log, rtia

Chiomosome

Amplifier genome - ICR_G054

Fig. 1. Pediatric high-grade gliomas comprise different subtypes of copy number profiles. Sample genome plots are given for stable (4), aneuploid
(B), rearranged (C), and amplifier (D) genomes within our sample cohort. Logs ratios for each clone (Y-axis) are plotted according to chromosomal
location (X-axis). Vertical lines, centromeres; green points, gains; red points, losses.

and anaplastic oligodendrogliomas spread across all sub-
types. Of note, there were no “stable” genomic cases
among the series of five patients that were treated for a
previous malignancy by cranio-spinal radiation (post-1R;
Supplementary Table S1). There was also no association
of copy number profiles with age at diagnosis (P > 0.05,
Mann-Whitney U test), although the amplifier group did
not include any infant tumors (<3 years). However, when

we investigated the overall survival of the patients treated
at a single institution (RMH), we detected significant dif-
ferences by retrospective univariate analysis in the clinical
outcome of cases according to the genomic profile of the
tumaor. The stable genome cases showed a trend towards
better prognosis when compared with all other cases
(P = 0.0755, log-rank test), whereas the samples with an
amplifier genome had a significantly shorter time to death

2 —— Amplifier
Aneuploid
Rearranged
w© —— Stable
Fig. 2. Genomic subtypes of pediatric =
high-grade glioma have prognostic
relevance. Kaplan-Meier plot for overall -
survival of pediatric high-grade gliomas =° P=0.0755
treated at a single institution stratified 2
according to genomic subtype. The stable s
gename cases showed a trend towards w2
better prognosis when compared with all
other cases (P = 0.0755, log-rank test),
whereas the samples with an amplifier g
genome had a significantly shorter time
to death (P = 0.00214, log-rank test).
b=
o
T v T T
40 60 80 100
Time (months)
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Fig. 3. Summary and significance of genomic aberrations in pediatric high-grade glioma. The proportion of tumars in which each clone is gained or lost is
plotted in grey (Y-axis) for each BAC clone according to genomic location (X-axis). A measure of the frequency, amplitude, and focality of high-level
events was calculated for each affected clone and was overplotted for amplifications (green) and deletions (red), scaled to the absolute maximum for each.

(P = 0.00214, log-rank test; Fig. 2). The aneuploid and re-
arranged cases fell in between, and were representative of
the survival characteristics of the cohort as a whole,
suggesting that they may need to be considered together
as falling between the extremes of the other two groups.

One of the defining features of pediatric high-grade gli-
oma is the frequent gain of chromosome 1q (12 of 63, or
19.0%, versus 17 of 189, or 9.0%, of adult cases; ref. 1; I’ =
0.039, Fisher's exact test) and loss of 16q (11 of 63, or
17.5%, versus 14 of 189, of 7.4%; P = 0.028, Fisher's exact
test); in contrast to adult glioblastoma cases, in which gains
of chromosome 7 (12 of 63, or 19.0%, versus 140 of 189, or
74.1%; P < 0.0001, Fisher's exact test) and losses of 10q (10
of 63, or 15.9%, versus 152 of 189, or 80.4%; P < 0.0001,
Fisher's exact test) predominate. In our FFPE cohort, we no-
ticed a clear distinction of 1q gain cases from those with
concurrent 7 gain/10q loss (7+/10q-, 8 of 63, or 12.7%),
with only a single case harboring both abnormalities. Nei-
ther event was significantly associated with any clinicopath-
ologic parameters, although there was a trend towards
shorter survival in the 1q+ cases (P = 0.0865, log-rank test).
Neither abnormality was seen in any infant cases.

Mapping of focal amplifications and deletions to
known oncogenes and novel loci

As we had with large-scale alterations, we observed nu-
merous focal amplifications and deletions. In summary,
we identified 47 unique amplification and 32 unique de-
letions. All these events are detailed in full in Supplemen-
tary Table 52 (amplifications) and Supplementary
Table 53 (deletions).

The most common amplicon was at 4q12 (10 of 63, or
15.9%), and deletion at 9p21 (10 of 63, or 15.9%, consis-
ting of 8 homozygous, 2 hemizygous). Mapping the SRO
in these cases narrowed these regions specifically to

PDGFRA and CDKN2A, respectively, confirming the initial
observations that these are by far the most common am-
plifications/deletions in pediatric high-grade glioma (12).
Other common events included amplification of MYCN at
2p24 (3 of 63, or 4.7%) or MYC at 8924 (2 of 63, or
3.2%), together giving a frequency of 7.9% (5 of 63) of
cases with genomic MYC family dysregulation; and 3
of 63 (4.7%) EGFR amplification at 7p12 - a lower fre-
quency than observed in our recent chromogenic in situ
hybridization study of a larger cohort of which this series
is a subset, reflecting the focal nature of the amplification
event in a small number of tumors identified by molecular
pathology (19).

For the remaining aberrations, we highlighted the SROs
where they were found to be recurrent. However, as most
were present only in a single case, and we were unable to
narrow down gainedflost regions, the result was that we
identified a total of 1,026 amplified and 1,243 deleted
genes across our series. To facilitate the identification of
key oncogenic events in pediatric high-grade glioma, we
sought to assign significance to the genomic aberrations
we observed. Inspired by algorithms such as GISTIC (13)
and GTS (16), we developed a simple measure based upon
three key features of our data for each clone on the array:
(a) frequency of high-level amplification/homozygous de-
letion, (I) absolute magnitude of the change, and (c) fo-
cality of the segmented copy number change. This
amplitude/focality measure was then scaled to the maxi-
mum and minimum for amplifications/deletions, respec-
tively, and plotted over the frequency of low-level gains
and losses on the same histogram (Fig. 3).

As well as PDGFRA (the highest scoring gene) and
CDKN2A, this analysis highlighted the importance of seve-
ral known oncogenes, amplified at low frequency in our
series, but at high magnitude, and in a focally restricted
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manner. These included PIK3CA (3q26), CDK6 (7g21),
and CDK4 (12q14), the first two previously reported in
adult glioblastoma, but not in pediatric cases, and present
here in a single case. We also identified amplifications of
two additional receptor tyrosine kinases: IGFIR at 15926
(Fig. 4A) and PDGFRB at 5q33 (Fig. 4B). Such an ap-
proach further highlighted the potential significance of
known deletions targeting PARK2 at 6g6 and MGMT,
PTPRE, and others at 10g26, as well as unique events for
which the candidate gene is unknown at 1025 (Fig. 4C)
and 11q14 (Fig. 4D).

We were able to validate nine of these lower-frequency
amplification events by carrying out FISH on our FFPE
sections using specific probes against MYCN, PIK3CA,
PDGEFRA, SKP2, PDGFRB, MYC, CDK4, MDM2, and
IGFIR (Fig, 5).

Glioblastoma core signaling pathways are not
commonly activated by copy number changes in
pediatric patients

One of the most important findings from recent large-
scale genomic profiling studies of adult glioblastoma was
the identification of three core signaling pathways that
were abrogated by amplification, deletion, and/or mutations
of key genes in the vast majority of cases. Considering
only the copy number data from these studies, 59%,
70%, and 66% of cases were found to have at least one
genetic event targeting the receptor tyrosine kinase/
phosphoinositide 3-kinase (RTK/PI3K), p53, or RB
pathways, respectively (1, 2).

We mapped the copy number changes in our pediatric
cases to the same pathways, which included many of the
genes described above, as well as others described in adult
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Fig. 4. Novel low-frequency amplifications and fi focal deleti in pediatric high-grade glioma. Ch plots for ch 15,
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Fig. 5. FISH validation of low-frequency amplifications in pediatric high-grade

ICR G039 RMH34918 4 ¢

ICAR G060 RMH396E

ICR_GO021_RMH2480;

ioma. Specific probes for MYCN, PIK3CA, PDGFRA, SKP2, PDGFRE, MYC,

COF4, MDM2, and JGFTR were labeled with Cy2 jred) and cohybridized o inlerphase nucled on FFPE spaecimens with chromesome-specific control

probes labeled with Tucrescein,

glioblastoma, including MET, KRAS, and AKT2 {RTK/
PI3K), MDM2 [p53), and CCND2 (RB). Despite this, we
observed a significantly lower frequency of pathway dysre-
gulation compared with that reported in adults: 16 of 63
{25%) RTK/PI3K, 12 of 63 (19%) p33, and 14 of 63
{22%) RB (all P < 0.0001, Fisher's exact test; Fig. 6). Even
after removing the stable genome subtype from this anal-
ysis, it is apparent that pediatric tumaors show targeting of
these core pathways by copy number alterations in less
than half as many instances than in adults.

To explore whether other canonical pathways may be acti-
rated by this mechanism preferentially in childhood tumors,
we mapped amplified/deleted genes in those tumaors with
out core pathway targeting via GenMAPP. Although there
were isolated cases with clear genomic events linked to
activation of the Sonic Hedgehog { CLI2 amplification, HHIP
deletion) and Notch (DLL3 amplification, DLK? deletion)

pathway activation, there was no consistently targeted path
way in these cases, nor was there specific enrichment of any
additional pathway across the entire cohort.

Discussion

We were previously part of a collaborative study setting
out to comprehensively map the copy number alterations
present in the pediatric high-grade glioma genome, in
which we used Affymetrix 500K SNP arrays on a series of
78 cases available as frozen tumor samples {12). Those data
revealed an averlapping, but distinet, underlying maolecular
genetics of the childhood disease when compared with re
cent large-scale genomic analyses of adult high-grade glio-
ma {1, 2). Along with the common amplification/deletion
targets of PDCERA and CDKN2A/E, there were numerous
low-frequency events targeting both well-recognized
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oncogenes and novel loci. The present study had three pur-
poses: (a) to validate the high-frequency events in an inde-
pendent set of samples, analyzed on an independent
microarray platform; (b) to extend the sample set to provide
evidence of recurrence of the low-frequency events previ-
ously reported; and (¢) to identify novel low-frequency
events, which by their nature may have been missed in
the earlier study.

The most frequent focal events were PDGFRA amplifica-
tion and CDKN2A/B deletion, and the most common large-
scale gains and losses included chromosomes 1q and 16q,
respectively. The PDGFRA™™, 1q+, 16q- events were signifi-

cantly more common in the childhood setting (10, 11, 20),
although it is important to note that they are present in a
proportion of adult tumors. Similarly, we observed a group
of tumors in our cohort containing aberrations more com-
monly associated with the adult disease, namely EGFR™™,
7+, 10q-, albeit at significantly reduced frequencies. That
they tended towards exclusivity suggests they represent
archetypes for different ends of the spectrum of the disease.

One of the most intriguing differences observed in the
pediatric setting was the presence of a proportion of cases
of high-grade tumors with very few, or even no detectable
copy number alterations. This was true on both BAC

&) @O e
&

RTK/PI3K
@ 16 of 63 (25%)
o)
S
= &

@ Ll
p53
QQ e 12 of 63 (19%)
=N\
Migration Survival DNA repair G;-M  Apoptosis

a 14 of 63 (22%)
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//®
o
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Diteted Amplified

Proliferation [~

Fig. 6. Glioblastoma core signaling pathways are dysregulated by copy number changes less frequently in pediatric than in adult tumors. Signaling pathway
heatmap of interactions defined by the cancer genome atlas (1). Red, genes with amplifications; blue, genes with focal deletion. The overall
frequency of copy number alteration in pediatric high-grade glioma for each pathway is listed, and is significantly lower than in adults (25% RTK/PI3K,
19% p53, and 22% RB versus 59%, 70%, and 66% for adult glioblastoma, respectively).
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{approximately 32,000 probes, 100 kb resolution) and
SNI {approximately 500,000 probes, & kb resolution)
platforms {12), and is in direct contrast to data from adult
wmors {1, 2). This stable genomic profile is independent
of histologic grade or type, and seems to convey an im
proved survival in patiemts with high-grade glioma, in con
trast to those patents with an amplifier genomic profile,
who do significantly worse.

Another of the defining features of the pediatric high-
arade glioma genome is the numerous low-frequency am
plifications and deletions present only in isolated cases in
any given study. By nearly doubling the number of these
rare tumaors for which we have genomic data, we have been
able to ascertain aberrations as recurrent across 132 cases.
These include amplifications of known oncogenes within
the core signaling pathways described in adult glioblasto
ma, such as CDK6 {10), MET, and CCND2, as well as novel
targets. These include 1D2 at 2p25, previously found in as
sociation with the MYCN amplicon at 2p24, possibly part of
a single event, identified here as an independent target in its
own right. 1D2 is a helix-loop-helix transeription factor that
has previously been shown to be widely expressed in astro-
cytic tumaors (21, 22), and may play a role in negatively reg:
ulating cell differentiation and promoting cell survival {23,
24). Another amplicon at 17¢22 was also confirmed in the
FFPE series, with a SRO analysis idemtifying RNF43 as the
maost likely target. RNF43 is a ubiquitin ligase that promotes
cell growth and is upregulated in colon cancer (25, 26), but
has not previously been implicated in gliomagenesis.

HO]TIO?_)(E()'['IS d(:‘.]Eﬁ()'ﬂS now apparent as recurrent
lesions include those at 14932, encompassing a large
number of microRNAs, as well as the gene DLK1. DLK1
is a &-like homeolog that acts to inhibit Notch signaling
through specific binding interactions with the receptor
{27), and may play diverse roles in cellular transformation
and differentiation {28). Although we have now observed
two cases of homozygous deletion, other mechanisis of
downregulation may be active, as DLK1 is present at an
imprinted locus, with increased methylation upstream of
GTL2 leading to reduced expression in other tumor types
{29). Other deletions may have a more complicated role
in gliomagenesis such as those on chromosome 16q. The
SNP study identified a large deletion in a single tumor that
is present as two separate events at 16¢12 and 16921 in
two independent cases here, targeting numerous candi-
dates including clusters of [roquois homeobox genes, me
tallothioneins, and coiled-coil domain containing genes.
By contrast, a homozygous deletion observed in the pres-
ent study overlaps two independent loci previously
reported at 11q14 to target a single microRNA, hsa-mir
708, and a single gene, ODZ4. Although litle seems
known about mir-708, the odd Oz/ten-m homolog 4 is
expressed in the developing and adult central nervous sys
temn, and seems to act as an important transcriptional reg
ulator associated with neurodevelopment {30, 31).

Finally, we were also able to identify several novel ampli-
fications and deletions, the significance of many of which is
not vet clear. There were some genes identified that were

also present in adult glioblastoma studies which had not pre-
viously been reported in pediatric high-grade glioma, such as
AKT2, CCNE1, GLI2, MDM2, PARK2, and PIK3CA. There
were other previously unreported genes that may be associ-
ated with specific glioblastoma- related signaling pathways
such as AKTIP (1 6q12), an Akt-interacting protein that acts as
an activator of the PI3K pathway (32), and PIK3C3 {18q12),
also known as Vps34, a member of the PI3K family associar-
ed with autophagy (33). There were numerous others with
potential fimectional relevance unknown.

We also noted rare amplifications at receptor tyrosine
kinases considered less likely to be driven by copy number
gain. Firstly was a very high level gain of IGFIR at 15q26
{11). Insulin-like growth factor {(IGF) signaling has previ-
ously been implicated in gliomagenesis, primarily on the
basis of high levels of the ligand IGF2 in glioblastoma spe
cimens (34). The growth-promoting effects of IGF2 that
were shown were mediated via IGF1R and the PI3K regu-
latory subunit PIK3R3. Of particular relevance to the child-
hood setting was the observation of a mutual exclusivity
between [GF2-associated tumors and EGFR-driven cases,
suggesting that the IGF pathway may play a prominent
role in pediatric tumors, possibly in concert with PDGF re
ceptor (PDGFR)-related signaling.

Secondly was an amplicon at 5933 which included
PDGFRE {and another receptor tyrosine kinase CSFIR).
Given the clear importance of PDGFR signaling on pedi
atric high-grade gliomas, it is perhaps unsurprising that
there may be multiple mechanisms active in driving
tumorigenesis through a common pathway. To this end,
we also observed recurrent amplification of the ligand
PDGFB (22q13) in the previous SNP study {12), and here
further observed focal copy number gain at 7p22 encom-
passing PDGFA. That these unique genomic events have
thus far been found to be restricted to pediatric tumors
adds further evidence to a distinet underlying genetics
driving archetypal high-grade gliomas in children, one
that is largely PDGF-driven, and forms a discrete pole
within the diversity of glioma biology. Understanding
the most appropriate ways of efficaciously targeting these
pathways in the maost appropriate patient populations
will hapefully overcome the disappointing early-phase
clinical trials observed thus far with PDGFR inhibitors.
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ABSTRAC Children and young adults with glioblastoma (GBM) have a median survival rate of

only 12 to 15 months, and these GBMs are clinically and biologically distinct from
histologically similar cancers in older adults. They are defined by highly specific mutations in the gene
encoding the histone H3.3 varlant H3F3A, occurring either at or close to key residues marked by methyla
tlon for regulation of transcription—K27 and G34. Hare, we show that the cerebral hemisphere-specific
(34 mutation drives a distinct expression signature threugh differential genomic binding of the K36 tri-
me thylation mark (H3K36me3). The transcriptional program induced recapitulates that of the developing
forebrain, and involves numercus markers of stem-cell maintenance, cell-fate decisions, and self-renewal.
Critically, H3F3A G34 mutations cause profound upregulation of MYCH, a potent oncogene that is causa-
tive of GBMs when expressed In the correct developmental context. This driving aberration Is selec tively
targetable inthis patient population through inhibiting kinases responsible for stabilization of the protein.

SIGNIFICANCE: We provide the mechanistic explanation for how the first histone gene mutation in
human disease blology acts to deliver MYCN, a potent tumorigenic initiator, into a stem-cell compart-
ment of the developing forebrain, selectively giving rise to incurable cerebral hemispheric GBM. Using
synthetic lethal approaches to these mutant tumor cells provides a rational way to develop novel and
highly selective treatment strategles. Cancer Discov: 3(5); 512-19. ©@2013 AACR.

See related commentary by Huang and Weiss, p. 484

INTRODUCTION

The clinical and molecular differences observed in glioblas-
toma (GEM) of children and young adults compared with the
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more common, histologically similar lesions in older adults is
strongly suggestive of a distinct underlying biology (1). The
identification of unique and highly specific mutations in the
gene H3F3A, encoding the variant histone H3.34 in GBM of
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Figure 1. Distinct molecular and clinical correlates of HIF3A mutation subgroups. A, heatmap representing differential gene expression signatures
hetween G34 versus K27, and G4 versus wild-type, pediatric GBM specimans identified by Paugh and colleagues (3] Top 100 differentially expressed
genes are shown for each comparison. B, gene set enrichment analysis (GSEA) for differential gene expression signatures identified by Schwartzentruber
and colleagues (2) versus those from Pavgh and colleagues (3] Top. G34 versus K27: enrichment score (ES) = 0.833, P [family-wise error rate [FWER]]|= 0.0,
qfalse discovery rate (FOR]| = 0.0, Bottom, G34 versus wild-type: ES= 0.34, FWER P= 0.0, FDR g = (.0. €, heatmap representing differential gene
expression signatures between G34 versus K27, and 634 versus wild-type, pediatric GBM specimens from (2). Top 100 differentially expressed genes
are shown for each comparisan. D, GSEA for differential gene expression signatures identified in [3) versus those in{2). Top, 634 versus K27: ES = (.88,
FWER F= 0,03, FOR q = 0.04, Bottom, G34 versus wild-type: ES= 0.50, FWER P= 0.0, FDR g = 0.0. E, hierarchical clustering of the integrated gene
expression datasets, highlighting specific clusters of 634- and K27-rmutant tumors, distinct from a maore heterageneous group of wild-typa cases. G4V
tumers are represented by asterisks. F, K-means consensus clustering finds the most stable number of subgroups to be 3, marked by H3F3A mutation
status. G, K27- and G34-mutant pediatric GBM in our integrated dataset have distinct age incidence profiles, with K27 tumors peaking at 7 years in
contrast to G34 atage 14, The 2 624V tumors ware diagnosed at age 14 and 20. H, Kaplan-Maler plot for overall survival of pediatric patients with GBM
stratified by H3F3A status. K27-mutant tumors have significantly shorter survival than 534 (P = 0.0164. log-rank test). A single G34V case for which

data wera avallable had an overall survival of 1.4 years. wt, wild-type.

children and young adults has recently provided definirive
proot of this hypothesis (2). However, 2 mechanism was lack-
ing for how murations at or close to key residues associared
with postrranslational modification of the histone rail led to
rumorigenesis.

We have sought to address this by examining how the dif-
ferences in clinical presentation, anatomic location, and gene
expression associated with the different H3F3A mutations are
manifested. By exploiting the only known G34-mutant model
system, we show thar differential binding of the H3K36 tri-
methyl mark underpins these processes and identify MYCN
as the oncogenic driver during forebrain development, pro-
viding a novel avenue for targeted therapy in children with
these umors.

RESULTS

Initial evidence suggested a distinct gene expression signa-
rure associated with murations ar the K27 (lysine to methio-
nine, K27M) versus G34 (glycine to either arginine, G34R,
or valine, G34V) residues (2). We validared these data by
identifying differential expression patterns for mutations
with G34 versus K27 mutations in 2 independent datasets

for which muration dara were either publicly available or
were ascertained in our laboratory (refs. 2, 3; Fig. 1). In both
instances, highly significant differential gene expression was
noted between G34-mutant umeors and K27 or wild-type
cases (Fig. 1A and C), which was consistent across the datasets
as assessed by gene set envichment analysis (GSEA; Figs. 1B
and D) with enrichment scores (ES) of 0.833 to 0.943 and P
(family-wise error rate; FWER) and g (false discovery rate; FDR)
values of 0.0 to 0.04. Given the considerable overlap in gene
expression signatures between studies, we subsequently uu-
lized an integrated dataset (Supplementary Table 51), where
hierarchical dustering resolved G34- and K27-mutant tumors
from a more heterogeneous wild-type subgroup (Fig. 1E),
confirmed by k-means consensus clustering (Fig. 1F). These
subgroups also showed important clinical differences, as pre-
viously described (2), with K27-mutant tumors arising in
younger children {peak age 7 years; P=0.0312, ¢ test; Fig. 1G)
and having a worse clinical outcome (P= 0.0164, log-rank test;
Fig. 1H} compared with G34 tumors (peak age 14 years) and
H3F3A wild-type tumors. There were no significant transcrip-
tonal or clinicopathologic differences berween G34R and
G34V tumors, although a lack of samples of the latter (i = 2)
precludes robust analyses.
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To understand the funcrional significance of H3F3A muta-
tons in cerebral hemispheric tumeors, we tumed to a well-
characterized (4) model of pediatric GEM, the KNS42 cell
line, which was derived from a 16-year-old patient and
harbors the G34V mutation (Fig. 2A). In contrast to the
reported data in a single pediatric GBM sample with G34R
(2), KNS42 cells did not show increased levels of toral
histone H3K36 trimethylation compared with a panel of
H3F3A wild-type pediatric glioma cells (Fig. 2B, Supple-
mentary Fig. 51). KNS42 cells harbor a nonsynonymous
coding change of ATRX (Q891E) that appears in the single-
nucleotide polymorphism databases (rs3088074), and West-
ern blot analysis shows no diminution of protein levels. As
ATRX is a known chaperone of histone H3.3 to the telom-
eres, a wild-type protein would not be expected ro convey
the alternative lengthening of telomeres (ALT) phenotype, as
observed (Supplementary Fig. 52); however, this ought not
play a significant role in gene transcription as deposition of
H3.3 in euchromatin is carried out by alternative chaperones
such as HIRA.

We conducted chromatin immunoprecipitation linked to
next-generation whole genome sequencing (ChIP-Seq) for
H3K36me3 to test the hypothesis that, rather than rtotal
H3K36me3, the G34V mutation may instead result in differ-
ential binding of the trimethyl mark throughout the genome.
Compared with H3F3A wild-type SF188 pediatric GBM cells,
H3K36me3 was found to be significantly differentially bound
in KNS42 cells at 5,130 distinet regions of the genome cor-
responding to 156 genes (DESeq P < 0.05, overall fold change
=2, contguous median coverage >2; Supplementary Table S2).
These observarions were not due to differential gene amplifi-
cation, as concurrent whole genome DNA sequencing showed
that these bound genes were not found in regions on cell
line-specific copy number alterations (Fig. 2C; Supplementary
Fig. 53 and Supplementary Table 52). As trimethyl H3K36
is regarded as an activating mark for gene expression (5), we
concurrently conducted ChiP-Seq for RNA polymerase 11 to
produce a readout of transcriptional activity, and observed
a significant correlation between H3K36me3 and RNA
polymerase 11 binding for the 156 differentially bound genes
(R*=0923, P<0.0001; Fig. 2D). By integrating the H3K36me3
and RNA polymerase Il data, we derived a ranked list of
differentially trimethyl-bound and expressed genes (Fig. 2E).
Interrogating this ranked list using our mrtegrated pediatric
GBM expression dataset showed highly significant enrich-
ment for G34-associated gene signatures in the differentially
bound and expressed genes in G34-mutant KNS42 cells (ES =
0.84-0.86, FWER P = 0.02-0.03; FDR ¢ = 0.03-0.04; Fig. 2F).

To investigate the functions of the transcriptional pro-
grams rargered by this novel mechanism, we conducted gene
ontology analysis of the differentially bound and expressed
genes. These data revealed highly significant enrichment
of the processes involved in forebrain and cortex develop-
ment, as well as differentiation of neurons and regulation
of cell proliferation (Fig. 2G). We identified a subset of
16 genes to be part of the core enrichment group show-
ing significant overlap between G34-mutant pediatric GBM
specimens and transcription driven by differential binding
of H3K36me3 in KNS42 cells (Supplementary Table S3). By
mapping the expression of these genes to published signa-
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tures of restricted spatiotemporal areas of brain development
(6), we noted highly elevated levels at embryonic and early
fetal time-points, which rapidly tailed off through mid-late
fetal development and postnatal and adulr periods (Fig. 2H).
Expression of the G34 core enrichment genes was particularly
pronounced in the early feral amygdala, inferior temporal
cortex, and the candal, medial, and lareral ganglionic emi-
nences (Fig. 2H). Developmental expression patterns of G34
mutation-associated genes were in contrast to those observed
with K27 mutation signatures derived from pediatric GBM
specimens, which correlated with these of the embryonic
upper rhombic lip, early-mid fetal thalamic, and cerebellar
structures, and peaked during the mid-lare feral period (Sup-
plementary Fig. 54).

Specifically, the G34 mutarion drives expression of numer-
ous highly developmentally regulared transcription facrors,
induding as an exemplar DLX6 (distal-less homeobox 6),
which encodes a homeobox transcription factor that plays a
role in neuronal differentiation in the developing forebrain
(7). The highly significant differential H3K36me3 and RNA
polymerase [T binding observed by ChIP-Seq (Fig. 3A) was val-
idated by ChIP-quantitative real-time PCR (gPCR) (Fig. 3B),
and expression of DLX6 was noted to be significandy higher
in G34 pediatric GBM samples than K27-mutant or wild-
type tumors in the integrated gene expression datasets at
the mRNA level (Fig. 3C), and at the protein level in a tissue
microarray comprising 46 pediatric and young adule GEM
cases (Fig. 3D and Supplementary Table S4). Other similarly
validated forebrain development-associated transeription
factor genes included ARX (8), DLXS (7), FOXAI (9), NR2E1
(10), POU3F2 (11), and SP8 (ref. 12; Supplementary Fig. 55-
510). Moreover, a number of key determinants of cell fate
were also found to be differentially bound by H3K36me3
and expressed in G34-mutant cells. These included MSII
{Musashi-1; ref. 13; Supplementary Fig. S11}; EYA4 (eyes
absent homolog 4; ref. 14; Supplementary Fig. $12); and S0X2,
which is required for stem cell maintenance (Fig. 3E-H).

Strikingly, the most significant differentially bound and
expressed gene in our G34-mutant KNS42 cells was MYCN
(33-fold H3K36me3 compared with SF188, DESeq P = 7.94
= 1078, 60-fold RNA Pol 11, DESeq P=1.59 x 10°% Fig. 4A-D).
Of note, a small number of H3F3A wild-type tumors also
expressed high levels of MYCN, and were found to be MYCN
gene amplified (Fig. 4C). However, amplification was not
seen in G34-mutant tumors, which parallels observations in
diffuse intrinsic pontine glioma where MYCN amplification
was found in wild-type, but not K27-mutant, tumors (15).
Transduction of the G34V mutation inte normal human
astrocytes (NHA) and transformed human feral glial cells
(SVG) conferred an approximarely 2- to 3-fold increase in
MYCN transcript levels over wild-type-transduced controls,
validating these observations (Supplementary Fig. S13).
H3F3A G34 muration may therefore represent an alterna-
tive mechanism of enhancing expression levels of MYCN in
pediatric GBM.

Targeting MYCN is an attractive therapeutic intervention
in tumors harboring gene mutation such as neuroblastoma
(16), and direct inhibirion by siRNA knockdown in KNS42
cells reduced cell viability in proportion to the reduction of
protein levels observed (Fig. 4E). Pharmacologic agents that
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directly inhibit My transcription factors, however, remain
elusive. We therefore carried out a synthetic lethal screen o
ascertain how we might target these H3F3A G34-mutant,
MYCN-driven tumors in the clinic. We utilized a series of
siRMNAs directed against 714 human kinases against our
panel of pediatric glioma cell lines to idenrify those which
conferred selecrive cell death to the MYCN-expressing
KNS42 cells versus wild-type, non-MYCN-expressing con-
trols (Fig. 4F). The most significant synthetically lethal hits
in the G34-mutant cells compared with H3F34 wild-type
were kinases that have been previously associated with sta-
bilization of MYCN protein, specifically CHK1 {checkpoint
kinase 1; ref. 17) and AURKA (aurora kinase A; ref. 18).
Knockdown of AURKA by an independent set of 4 indi-
vidual oligonucleotides rargeting the gene led to a concur-
rent reduction of MYCN protemn in KNS42 cells (Fig, 4G).
This destabilization of MYCN was also observed in a dose-
dependent manner using a highly selective small-molecule
mhibitor of AURKA, VX-689 {(also known as MK-5108;
ref. 19), which in addition led to a significant reduction in
viability of the G34-mutant cells (Fig. 4H). Together, these
dara show the use of targeting MYCN stability in H3F3A
G34-mutant pediatric GBM as a means of treating this sub-
group of patients.
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DISCUSSION

Emerging evidence strongly suggests that pediamric GEMs
with H3F3A mutations can be subclassified into distinct
entities. Our data indicate key molecular and dinical differ-
ences berween G34- and K27-mutant tumors, reflecting the
anaromic specificity (K27 tumeors restricted to the pons and
thalamus and G34 to the cerebral hemispheres; ref. 15; Sup-
plementary Table S4) and likely distinct developmental oni-
gins of these disease subgroups. Using the only known model
of HiFFA-mutant cells to date, we propose thar the gene
expression signature associated with G34 muration in pediat-
ric GBM partient samples is likely driven by a genomic differ-
ential binding of the transcriptionally activaring H3K36me3
mark.

Mapping these gene expression signatures to publicly
available datasets of human brain development shows a
strong overlap with the ganglionic eminences of the embry-
onic and early feral periods. These structures represent a
transiently proliferating cell mass of the feral subventricular
zone, are the source of distiner neuroglial progenitors (20),
and are therefore strong candidates for the location of the
cells of origin of cerebral hemispheric G34-driven pedi-
atric GBM. As with other pediatric brain tumors (21, 22),
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mutation-driven subgroups of GBM retain gene expression GBM provides a potential novel means of treating this

signarures related ro discrete cell populations from which  subgroup of patients.

these distinct tumors may arise. In addition, this muration-

driven differential H3K36me3 binding leads to a significant METHODS

upregulation of numerous genes associated with cell Fate - >
decisions, Thus, we have identified a transcriptional readout Primaory Pediotric Glioblastoma Expression Profiling

of the likely developmental origin of G34-mutant GBM cou- Expression data from the Sct ber and colleagues (ref.

pled with a self-renewal signature we previously identified
in KNS42 cells {23) driven by mutation-induced differential
binding of H3K36me3.

Significantly, the G34 muration additionally upregu-
lates MYCN through H3K36me3 binding. It was recently
reported that the forced overexpression of stabilized MYCN
protein in neural stem cells of the developing mouse fore-
brain gave rise to GBMs (24), and thus we provide the
mechanism by which the initiating tumorigenic insult is
delivered ar the correct time and place (25) during neuro-
genesis. Targeting stabilization of MYCN protein via syn-
thetic lethality approaches in H3F3A G34-murtant pediatric

2; GSE34824) and Paugh and colleagues (ref. 3, 3GSE19578) studies
were retrieved from the Gene Expression Omnibus (www.nchinlm
nih.gov/geo/) and analyzed in GenePattern using a signal-to-noise
metric. GSEA was implemented for testing of enrichment of gene
lists. Pediatric GBM expression signatures were mapped to specific
develog I stages and ic locations using a spatiotemporal
gene expression dataset of human brain development in Kang and
colleagues (ref. 6, GSE25219).

Tissue Microarrays

Immunchistochemistry for DIX6 (NBF1.85929, Novus Biologi-
cals), SOX2 (EPR3131, Epitomics), and MYCN (#9405, Cell Signal-
ling) was carried out on tissue microarrays consisting of 46 cases of

MAY 2013 CANCERDISCOVERY | 517

Downloaded from cancerdiscovery. aacrjournals.org on April 26, 2014. ® 2013 American Association for Cancer Research.

250



Published OnlineFirst March 28, 2013; DOI: 10.1158/2159-8290.CD-12-0426

RESEARCH BRIEF

pediatric and young adult GBM ascertained for H3F34 muration by
Sanger sequencing,

Cell Line Analysis

Pediatric GBM ENS42 cells were obtained from the JCRE (Japan
Cancer Research Resources) cell bank. Pediatric SF188 cells were
kindly provided by Dr. Daphne Haas-Kogan (University of Califor-
nia San Francisco, San Francisco, CA), and UW479, Res259, and
Res186 were kindly provided by Dr. Michael Bobola (University of
Washingron, Seartle, WA). All cells have been extensively character-
ized previously (4), and were authenticated by short tandem repeat
(STR) profiling Western blot analysis was carried out for toral
histone H3 (ab%7968, Abcam), as well as H3K36 trimethylation
(ab9050, Abcam), dimethylation (ab%049, Abcam), and monometh-
ylation (ab%050, Abcam), after histone extraction using a histone
purification minikit (ActiveMotif), and quantitated by scanning on
the Storm 860 Molecular Imager (GE Healthcare) and analyzed using
ImageQuant software (GE Healthcare). Additional Western blots for
MYCN (#9405, Cell Signaling), ATRX (sc-15408, Santa Cruz), and

Idehyde-3-phosphate dehyd (GAPDH; #2118, Cell
Signaling} were carried our according to standard procedures.

Chr - PRI

Chromatin immunoprecipitation {ChIP) was carried out employ-
ing antibodies against H3K36me3 and RNA polymerase 11 using the
HistonePath and TranscriptionPath assays by ActiveMotif. Whole
genome sequencing was carried out using an IMumina HiSeq2000
instrument with more than 30-fold coverage. Validation of active
regions was carried out by ChiP-quantitative PCR (qPCR).

siRNA Screening and Validation

siRNA screening was carried out on alibrary of 714 human kinases
using Dharmacon SMARTpools (Dharmacon), with cell viability
estimated via a highly itive I ent assay cellular
ATF levels (CellTirer-Glo; Promega). Z-scores were caloulared using
the median absolute deviation of all effects in each cell line. Individ-
ual OM-TARGETplus oligonudectides for validation were obtained
from Dharmacon and knockdown validared by Western blot analysis
for AURKA (#4718, Cell Signaling) according to dard procedures
for up to 96 hours. The AURKAselective small-molecule inhibitor
VE-689 (MK-5108) was obtained from Selleckchem and assayed for
up to 5 days. Effects on cell viability were assessed by CellTiter-Glo
(Promega). siRMNAs targeting human MYCN were custom designs and
kindly provided by Janer Shipley {The Institute of Cancer Research,
London, United Kingdom),
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Recurrent activating ACVR1 mutations in diffuse
intrinsic pontine glioma

Kathryn R Taylor13, Alan Mackay!:13, Nathaléne Truffaux2, Yaron S Butterfield?, Olena Morozovad,
Cathy Philippe?, David Castel?, Catherine $ Grasso®, Maria Vincil, Diana Carvalho!, Angel M Carcaboso®,
Carmen de Torres®, Ofelia Cruz®, Jaume Mora®, Natacha Entz-Werle”, Wendy ] Ingram?®, Michelle Monje?,
Darren Hargrave!®, Alex N Bullock!!, Stéphanie Puget!?, Stephen Yip?, Chris Jones! & Jacques Grill?

Diffuse intrinsic pontine gliomas (DIPGs) are highly infiltrative
lignant glial neopl of the ventral pons that, due to their
location within the brain, are unsuilable for surgical resection
and consequently have a universally dismal clinical outcome.
The median survival time is 9-12 months, with neither
chemotherapeutic nor targeted agents showing substantial
survival benefil in clinical trials in children with these
tumorst, We report the identification of recurrent activating
mutations in the ACVRT gene, which encodes a type | activin
receptor serine/threonine kinase, in 21% of DIPG samples.
Strikingly, these somatic mutations (encoding p.Arg206His,
p.Arg238Gly, p.Gly328Glu, p.Gly328Val, p.Gly328Trp and
p-Gly356Asp substitutions) have not been reported previously
in cancer but are identical to mutations found in the germ line
of individuals with the congenital childhood developmental
disorder fibrodysplasia ossificans progressiva (FOP)2 and have
been shown to constitutively activate the BMP-TGF-§ signaling
pathway. These mutations represent new targets for therapeutic
intervention in this otherwise incurable disease.

Becent high-throughput sequencing approaches have found a striking
prevalence of mutations in the genes for the histone variants H3.3
(H3F3A) or H3.1 (HIST1H3E) that encode p.Lys27Met substitutions
in the childhood brain tumor DIPG?. This lysine-to- methionine sub-
stitution confers a frans-dominant ablation of global trimethylation at
lysine 27 of histone H3 (H3K27me3), which likely profoundly alters
gene expression through the derepression of Polycomb repressive
complex 2 (PRC2) target genes®. Despite these advances in under-
standing of the distinct biology of these tumors?, approaches for des-
perately needed specific therapeutic interventions are not clear, and
little has been reported of the additional mutations accompanying
these changes.

We carried out whole-genome sequencing on a unique series of 20
pretreatment biopsy samples of DIPG, for which the patients under-
went a safe stereotactic procedure®, and whole-exome sequencing
on a further biopsy case as well as 5 samples obtained at autopsy
(Supplementary Table 1). Histone H3 gene mutations encoding
p.Lys27Met were observed in 23 of 26 cases (88%), comprising 15
(58%) H3F3A mutations and 8 (31%) HISTIH3E mutations (Fig. 1a).
These were not found in concert with mutations in the chaperones
ATRX or DAXX as has been described for supratentorial pediatric
glioblastoma (pGBM)®. There was also an absence of other known
glioma-related molecular abnormalities such as IDHI, IDH2, BRAF
or FGFRI mutations and gene fusions. The mutational spectrum of
the untreated biopsy cases was not significantly different from that
of theautopsy cases (P > 0.05 Fig. 1b), although the treatment- naive
samples had a low overall mutation rate, with a mean of 14.8 somatic
single-nucleotide variants (SNVs) per sample (range of 0-25), that
was significantly lower than observed in the radiation-treated autopsy
cases (mean = 32.0, range = 14-50; P = 0.004, { test). Similarly, there
was a significantly lower overall mutation rate in untreated samples
taken at biopsy than in autopsy samples (mean of 0.76 versus 1.2
mutations per megabase; P = 0.023, { test).

Eleven of 26 DIPGs (42%) harbored somatic TP53 mutations, with a
further & cases (23%) shown to have SNVs in PPM1D, which encodes
aregulator of p38 mitogen-activated protein kinase (p38-MAPK)-p53
signaling in response to cellular stress, and an additional case witha
somatic ATM mutation (Supplementary Fig. 1), demonstrating non-
overlapping targeting of a DNA damage response pathway in 18 of
26 DIPGs (69%) (Supplementary Fig. 2). We further identified non-
overlapping recurrent alterations in the phosphoinositide 3-kinase
(PI3K) pathway targeting PIK3CA, PIK3RI and PTEN through SNVs
and microdeletion (Supplementary Fig. 3), in addition to amplifi-
cation of MET (1/26; 4%) as previously described”® and truncating
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mutation of NF1 (1/26; 4%) (Fig. 1¢). We also identified new recur-
rent somatic mutations in IGF2R (2/26; 8%), although these mutations
were concurrent with others in the pathway, such that their conse-
quences are unknown. In total, 12 of 26 DIPG cases (46%) harbored
some form of alteration predicted to activate the receptor tyrosine
kinase (RTK)-PI3K-MAPK pathways (Supplementary Fig. 4).

Heterozygous somatic coding mutations in the ACVRI gene, which

encodes the activin A type | receptor ALK2, were observed in 7 of
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Figure 1 Genomic landscape of DIPG. (a) Pie chart showing the breakdown of histone H3 mutations in our series of 26 DIPG samples (H3F3A mutation
encoding p.Lys27Met: 15/26, 58%; HIST1H3E mutation encoding p.Lys27Met: 8/28, 31%, wild-type histone H3: 3/26, 11%). (b} Mutational
spectrum of DIPG. Bar chart showing the tetal number of somatic coding variants, coding SNVs, indels, amplifications, deletions and structural
variations for each DIPG case. Biopsy cases are marked by the dark brown bar along the x axis, and autopsy cases are marked by the light brown bar.

(¢) Summary of major alterations found. Clinicopathological information for the 26 DIFG samples is provided along with the mutation rate and number
of somatic coding SNVs. Mutations, amplifications and deletions are notad for the histona H3 genes and ATRX or DAXX, ACVR1, the ATM-TF53-PFMID
axis, members of the FIZK-MAPK signaling pathways, RTKs and members of the RE pathway as are chromosome 1q and 2 single-copy gains and
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astrocytoma; M, male; F, female.
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Figure 2 Recurrent ACVRI mutations in DIPG. {a) Sct ic st

in ACVR1, overlaid with functional protein domains

and exon boundaries. In total, 11 of 52 DIPGs (21%) harbored SDI'nalIC alterations at 4 residues, all of which have previously been described in the
germ line of individuals with FOP. Specific base changes that may be unigue to DIPG are highlighted in bold. Activin, activin type | and |l receptor
domain; GS, TGF-B glycine-serine-rich domain; PKc, protein kinase catalytic domain; PKc_like, protein kinase catalytic domain like. (b) Bar graphs
showing segregation of activating mutations in ACVR 1 with HISTIH3E mulations encoding p.Lys2 /Met (P < 0.0001, Fisher's exact test) and with
wild-type (WT) TP53 (P = 0.0103, Fisher’s exact test) in our extended series of 52 DIPG cases. (c) Sex distribution of cases with ACVR1 mutations,
showing a strong predominance of females in mutant samples. {d) Age distribution (left) and overall survival (right) of DIPG cases with ACVR 1 mutations

hictal

compared to cases with wild-type ACVR 1. (e) Bar plots rep

1 hreakd

ing the

of samples with mutant and wild-type ACVR 1. Brown,

World Health Organization (WHO) grade 4; orange, WHO grade 3; tan, WHO grade 2. (f) Circos plots repr

the whole seq of the

four DIPG cases with concurrent ACVR I mutation, HIST1H3B8 mutation encoding p.Lys27Met and wild-type TP53. The outer ring contains chromosomal
ideograms, annotated for somatic SNVs in coding genes. The middle ring plots copy number derived from coverage data: dark red, amplification; pink,
gain; dark blue, deletion; light blue, loss. The inner ring represents loss of heterozygosity (LOH; yellow). Drawn inside the circle are structural variations:
red, interchromosemal translocation; blue, intrachromosomal translocation; orange, deletion; purple, inversion.

position 328 (c.982G>T, p.Gly328Trp) (Supplementary Fig. 5).
Overall, we identified 11 of 52 DIPG samples (21%) harboring
mutation in ACVRI at 4 different codons (Fig. 2a). These muta-
tions appear highly specific to DIPG. SNVs in the ACVRI coding

region are present in the Catalogue of Somatic Mutations in Cancer
(COSMIC) database” at an overall frequency of 20 in 5,965 (0.3%),
with no individual tumor type harboring them with a frequency
of greater than 2% and no mutations observed to affect any of the

Figure 3 ACVR1 mutations are weakly

activating and responsive to targeted inhibition. a 100 ¥ QCTE-ROSS b I SUDIRG "
(@) In vitro cytotoxicity of the ALK2 inhibitor = 80 - SU-DIPG-VI f &@?‘
LDN-193189. Primary cultures were treated § 0 = CHRU-TCES & & E’ﬁ ¢ & Cﬂ?
with inhibitor for 72 h, and cell viability £ & SUDIPGIV p-SMADY/S/8 - . -
was measured by CellTiter-Glo in triplicate B 4 ‘-‘_‘i‘w HSJD-DIPGOOT fe AN FE L 4
experiments. Error bars, s.d. The cells used & R206H

were HSJD-DIPGOO7 (DIPG; ACVRI Arg206His, byl SRR

H3F3A Lys27Met), SU-DIPG-IV (DIPG; ACVR1 ) - . IR LR S L

Gly328Val, HISTIH3B Lys27Met), CHRU-TCERB
{DIPG; ACVRI wild type, HIF3A Lys27Met),
SU-DIPG-VI (DIPG; ACVR1 wild type, H3F3A Lys27Met) and QCTB-RO59 (thalamic pediatric GBM; ACVRI wild type, H3F3A Lys27/Met). (b) ACVRI
mutations confer increased signaling through phosphorylated SMAD1/5/8. QCTE-RO59 and SU-DIFG-VI cells were transfected with construct encoeding
Flag-tagged Arg206His or Gly32BGIlu mutant ALK2 and assessed for phosphorylated SMAD1/5/8 (p-SMAD1/5/8) by protein blot. EV, empty vector; WT,
wild-type ALKZ2. a-tubulin is included as a loading control. Numbers below each lane represent phosphorylated SMAD1/5/8 levels quantified relative to
the levels of Flag expression.

LON-183189 concentration (uM)
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residues described in the present study, suggestive of a “passenger”
effect in other cancers.

ACVR! mutations were found to cosegregate with the less com
mon HISTIH3B mutation encoding p.Lys27Met in the canonical
histone H3.1 variant (P < 0.0001, Fisher’s exact test) (Fig. 2b), as
well as with wild-type TP53 (P = 0.0103, Fisher’s exact test). There
was also an association between H3.1 alteration and chromosome 2
gain {on which ACVRI is found at 2q24.1; P = 0.0009, Fisher’s exact
test). ACVRI mutations seem to mark a distinct subset of DIPG
cases (Supplementary Table 2). There was a marked predominance
of females in the ACVRI-mutant tumor group compared to cases
with wild-type ACVRI (1.75:1 versus 0.64:1 female to male ratios,
respectively; P = 0.05, Fisher’s exact test) (Fig. 2c), as well as a rela-
tively restricted age of onset (Fig. 2d). Cases with tumors harboring
ACVRI mutations also had longer overall survival times (median of
14.9 versus 10.9 months; P = 0.05, log-rank test) (Fig. 2d), although
outcome remained very poor. There were no significant differences
in histology between the groups (Fig, 2e). Whole-genome sequenc-
ing of biopsy samples exemplifying the genotype with concurrent
ACVRI and HISTIH3E mutations harbored an additional 10-19
somatic SNVs and 0-9 structural variations (Fig. 2f).

Remarkably, these somatic mutations in ACVRI affected identical
residues as the ones described in the germ line of individuals with the
autosomal dominant congenital childhood developmental disorder
FOP (MIM 135100)% This debilitating disease is characterized by het
erotopic ossification of soft connective tissue resulting in severe skel
etal abnormalities'”. Individuals with classical clinical features of FOP
carry heterozygous mutations in ACVRI encoding p.Arg206His that
affect the GS activation domain*!, whereas atypical cases with a less
severe phenotype have been shown to harbor either mutations encod-
ing p.Arg2588er'?, p.Gly328Glu, p.Gly328Arg or p.Gly328Trp*® or
p.Gly356Asp4 or other heterozygous mutations affecting the GS and
kinase domains®!*, This latter series of alterations may be exposed
to be present at the interface with the GS domain and may abrogate
interactions with the negative regulator FKBP12 (refs. 12,13,15).
These mutations have been shown to constitutively activate the bone
morphogenetic protein (BMP)-dependent transforming growth
factor (TGF)- pathway in the absence of ligand binding, as evidenced
by increased phosphorylation of SMADI, SMADS and SMADS
(SMADI1/5/8) in vitrol 418,

To investigate the specific role of ACVRI mutations in the context
of DIPG, we assembled a panel of four DIPG case-derived primary
cultures (and one thalamic pediatric GBM (glioblastoma multi
forme) culture harboring an H3F3A mutation encoding p.Lys27Met),
representing two ACVRI mutations (encoding p.Arg206His and
p.Gly328Val) and three wild-type lines (Supplementary Table 3). In
these models, RNA sequencing (RNA-seq) data demonstrated that
the mutant allele was expressed in approximately half of the reads,
which was also evidenced by Sanger sequencing of cDNA from case
sample NCHP_DIPGO11 (Supplementary Fig. 6). Treatment with
the selective ALK2 inhibitor LDN-193189 (ref 17) resulted in marked
inhibition of cell viability in all cells, with Gl g, values (concentrations
required to inhibit cell growth by 50%) ranging from 0.86-2.1 uM,
approximately tenfold lower than with the less potent parent com-
pound dorsomorphin, with a trend toward increased sensitivity in the
mutant cultures (P = 0.10, F test) (Fig. 3a). Transfection of thalamic
GBM and DIPG cells with wild-type ACVRI (both with H3F3A muta-
tion encoding p.Lys27Met) with constructs encoding Flag-tagged
mutants conferred increased signaling through phosphorylated
SMAD1/5/8, particularly for the Arg206His mutant and, to a lesser
extent, for the Gly328Glu mutant (Fig. 3b). ACVRI mutation may

only be one mechanism by which this pathway is activated in DIPG,
however, as high basal levels of phosphorylated SMAD1/5/8 were also
observed for the cells with H3F3A mutation encoding p.Lys27Met
and wild-type ACVRI that were used in this study (Supplementary
Fig. 7). This finding may explain the lack of a more robust genotype
dependent response tothe inhibitor and may also expand the popula-
tion of patients who might benefit from targeting of the receptor.
There are no reports to our knowledge of coincident FOP and
DIPG, although the clinical features of both typical and atypical
cases of FOP can commonly incude neurclogical symptoms and
have been reported in children to include cerebellar and brain stem
abnormalities!>!%, including demyelinated lesions in the pons,
both in human cases and mouse models*”. It will nonetheless be a
challenge to identify the mechanism by which the temporal and spatial
context of BMP-TGF-f pathway activation confers such differing clin-
ical phenotypes. [n experimental models of FOF, ACVRI mutations
are associated with defects in stem cell maintenance, reprogramming
and differentiation, offering links with cancer-related cellular
processes. First-generation ALK2 inhibitors such as dorsomorphin®®
and LDN-193189 (ref. 17) have been shown to downregulate infracel
lular BMP-TGF-f signaling and to reduce heterotypic ossification,
opening the tantalizing possibility of central nervous system (CNS)
penetrant compounds showing a similar potential in a childhood
brain tumor otherwise devoid of efficacious treat ment options.

URLSs. Burrows-Wheeler Aligner (BWA), http://bio-bwasowrceforge net/;
Picard, http://picard.sourceforge.net/; Genome Analysis Toolkit, http://
www.broadinstitute.org/gatk/; SVDetect, http://svdetect.sourceforge.
net/; Ensembl Variant Effect Predictor, http://www.ensembl.org/info/
docs/variation/vep/; SIFT, httpe//sift.jcviorg/; PolyPhen, http://genetics.
bwh.harvard.edw/pph2; Catalogue of Somatic Mutations in Cancer
(COSMIC) ved, hittp:/ fwww.sangerac.ul/genetics/CGP/cosmic/;, dbSNP
Build 137, http:/fwww.ncbi.nlm. nih.gov/sites/SNP; circular binary seg-
mentation, http://www.bioconductor.org/y APOLLOH, http://compbio.
beere.calsoftwarefapolloh/; St. Jude Washington University Protein Paint
tool, hitp://www.explorepegp.org/; R3.0.1, http:/fwww.r-project.org/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Raw data have been submitted to the European
Genome-phenome Archive under accession EGAS00001000572.

Note: Any Supplementary Information and Source Data flles are avaliable in the
oniine version of the paper.
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ONLINE METHODS

Tumor cohort. DIPG samples and matched peripheral blood samples
were available from 21 patients who underwent stereotactic biopsy at the
Neurosurgery Department of Necker Sick Children's Hospital { Paris, France),
20 of which were subjected to whole-genome sequencing. All patients were
clinically diagnosed as having DIPG on the basis of clinical presentation and
radiography as part of a multidisciplinary assessment. These patients had dif

fuse intrinsic tumor centered in the pons and occupying at least 50% of the
volume of this structure and had an associated short clinical history of less than
3 months. DNA from an additional 26 biopsy samples was available as a valida-
tion cohort, A further five DIPG cases with matched peripheral blood samples
were obtained at antopsy at the Hospital Sant Joan de Déu {Barcelona, Spain)
and were sequenced after exome capture nsing Agilent SureSelect technology.
All patient material was collected after informed consent and was subject to

local research ethics committee approval. Cases included 23 girls and 29 boys
(1:1.26 ratio).
averall surviv.

clinicopathological information are provided

median age of the patients was 6.6 years, and the median

ewas 11.6 months. A su

y of the tumor cohort and

in Supplementary Table 2.

Whole-genome and whole-exome sequencing. Exome capture was carried
out on the four autopsy cases using the 50Mb Agilent SareSelect platform
(Agilent Technologies), and samples underwent paired-end sequencing on
an Hlumina HiSeq 2000 with a 100-bp read length. Library preparation for
the biopsy samples was carried out by the Illumina FastTrack service, and
entire genomes underwent paired-end sequencing on an Ilumina HiSeq
2000, The median coverage for the tamor genomes was 37-67x (matched
normal genomes, 34-41x), Reads were mapped to the hgl 9 build of the human

both cases with mutant and wild-type ACVRI and with both H3F34 and
HIST1H3B mutations encoding p.Lys27Met, in addition to cells from a pedi-
atric glioblastoma specimen arising in the thalamus with an H3F3A muta-
tion encoding p.Lys27Met. A summary of the cases from which these cells
were derived is provided in Supplementary Table 3. Cells were grown under
adherent stem cell conditions using flasks coated with laminin (Sigma) in
nenrohasal medium (I gen) suppl ted with B-27 (Invitragen) and the
growth factors epidermal growth factor (EGF), basal fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGF)-AA and PDXGF-BE (all from
Shenandoah Biotech). The ALK2 inhibitors LDN-193189 (Sigma) and dorso-
morphin { Abcam) were tested for their effects on cell viability using a highly
sensitive luminescent assay measuring cellular ATF levels {CellTiter-Glo,
Promega}. Drug was added in varions concentrations, and cells were assayed
in triplicate after 72 h. Statistical analysis was carried onl using GraphPad
Prism 6.0 (GraphPad Software).

Allelic expression of ACVRI. SU-DIPG-1V cells were subjected to full tran-
scriptome sequencing as part of the DIPG Preclinical Consortium. Counts
of reads aligned to the ACVR! coding region in NCBI_36 were analyzed
for the ratio of mutant to wild-type seq e and visualized in G

Browse (Golden Helix), ENA from the NCHP_DIPGO011 primary tamor
was reverse transcribed, PCR amplified and underwent Sanger sequenc
ing to determine whether both mutant and wild-type alleles were expressed

(Supplementary Table 4).

Overexpression of mutant ALK2. The ACVRI mutations encoding
pArg206His and p.Gly328Glo were introduced into peDNA3.1 by site-directed

genome using BWA (Barrows-Wheeler Aligner), and PCR dupli were
removed with PicardTools 1.5.

Genome analysis. Somatic SNVs were called using the lllumina Genome
Network {IGN) Cancer Normal pipeline version 1.0.2 and the Genome Analysis
Toolkit v2.4-9. Structural variations were called using IGN and SVDetect.
Variants were annotated using the Ensembl Variant Effect Predictor v71
tool incorporating SIFT and PolyPhen predictions, COSMIC w64 and dbSNP

Build 137 annotations. Copy number was obtained by calculating log, ratios
i

g is as previously described!s, and constructs were transfected into
primary QUTB-R05% and SU-DIPG-VI cells using Lipofectamine {Invitrogen ),
with protein collected after 24 h using standard procedures. Protein blot
ting was carried out with horseradish | idase (HRP)-conjugated antibody
to Flag (A8592, Sigma; 1:1,000 dilution) and antibody to phosphorylated
SMAD1/5/8 {9511, Cell Signaling Technology; 1:1,000 dilution} under stand-
ard conditi Relative levels of phosphorylated SMATD/5/8 were measured
with Image] software {National Institute of Mental Health).

of tumar/normal coverage binned into exons of known genes, 1 using
circular binary segmentation and processed using in-house scripts. LOH was
calculated using APOLLOH. Schematics showing the locations of recurrent
mutations were produced by the St. Jude Washington University Protein Paint
tool. Statistical analysis was carried out using B3.0.1. Continuous variables
were analyzed using Student’s £ tests, Count data were compared using Fisher's
exact test,

Cell culture and drug sensitivity, Primary cultures were derived from DIPG
case samples taken at either biopsy or autopsy at multiple centers, representing

NATURE GENETICS

al analysis. Statistical analysis was carried out using GraphPad Prism
6.0 and R 3.0.1. Comparisons of the numbers of coding SNVs and the muta-
tion rates in biopsy and autopsy cases were performed by ¢ test. For analysis
of categorical association between cases with ACVRI mutations and muta-
tions in HISTIH3E or TP53, sex and histology, Fisher's exact test was nsed.
Differences in survival were analyzed by the Kaplan-Meier method, and sig
nificance was determined by the log-rank test. All tests were two-sided, and a
Pvalne of less than 0.05was considered significant. A sum-of-squares F test was
used o assess differences in dose response curves for ACVRI-mutant versus
wild-type cells,

dei:10.1038/ng.2925
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