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Abstract 

Cure rates for paediatric solid cancers have not improved in the last decade. 

Delivering precision medicine to stratify patients based on their molecular profiling is 

a key goal to support existing and upcoming adaptive clinical trials. To this end, I have 

developed and validated a clinically targeted sequencing panel comprising of 78 

genes for a first version and 92 genes for an expanded version of the assay. Using 

the paediatric panel, a total of 255 patients were sequenced and potentially targetable 

mutations were found in 50% of the patients. This methodology is currently being used 

for clinical decision making in every child with a solid tumour in the UK, as part of the 

National Health Service diagnostic service. Furthermore, I have developed a specific 

panel for the detection of structural variants in paediatric brain tumours which includes 

24 genes. Using the fusion-panel, relevant structural variants were identified in the 

HERBY clinical trial, including novel internal tandem duplications in NTRK2. In 

addition, plasma and CSF samples from the HERBY clinical trial and other studies 

were used to identify molecular alterations in circulating tumour DNA in patients with 

paediatric HGG patients and DIPG. Moreover, in a prospective biopsy-stratified 

clinical trial (BIOMEDE), I combined detailed molecular profiling linked to drug 

screening in newly-established patient-derived models of DIPG in vitro and in vivo. A 

high degree of in vitro sensitivity to the MEK inhibitor trametinib was identified in 

samples harbouring genetic alterations targeting the MAPK pathway. However, 

treatment of PDX models and the patient with trametinib at relapse failed to elicit a 

significant response. Resistant clones in a BRAF-G469V model were generated 

identifying the emergence of acquired mutations in MEK1/2. These cells showed the 

hallmarks of mesenchymal transition revealing up-regulation of invasion and 

migration biomarkers. Resistant clones were sensitive to tyrosine kinase inhibitor 

dasatinib and combinations of trametinib with dasatinib and the ERK inhibitor 

ulixertinib showed synergistic effects in vitro. This work demonstrates the value of 

targeted sequencing for a precise classification and stratification of novel, molecularly 

based therapies in children with cancer. Furthermore, I show the feasibility in 

generating patient-specific, testable hypotheses that may be clinically translated in a 

subset of patients. In addition, I describe the detection of MAPK pathway alterations 

as a therapeutic target in DIPG and demonstrate the importance of resistance 

modelling to find rational combinatorial treatments. 
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 CHAPTER 1 : INTRODUCTION 

Introduction to paediatric solid tumours 

Cancer is a disease caused as a result of changes occurring in the DNA of the cells 

which are positively selected due to their ability to proliferate uncontrollably, enabling 

tumour growth and metastatic dissemination [1]. Although paediatric cancer is rare, 

representing 1% of all cancers, is the leading cause of death in children under 19 

years of age in developed countries [2]. In the last decade, only a limited improvement 

in survival has been observed for a number of paediatric solid tumours and long-term 

side effects due to aggressive treatments including surgery, high-dose chemotherapy 

and radiation can be devastating [3-5]. Therefore, new treatments are urgently 

needed to improve survival and reduce side-effects in children with high-risk cancer. 

The most common types of childhood cancer are leukaemia, CNS tumours 

lymphomas, sarcomas, sympathetic nervous system nervous and bone tumours 

whose distribution varies depending on age and differs substantially to those seen in 

adults {Figure 1-1} [6]. Unlike most adult cancers, which are epithelial carcinomas 

and frequently linked to lifestyle and environmental factors where cells might 

accumulate genetic alterations, the majority of childhood cancers are fundamentally 

diseases of dysregulated development and it is thought that most of them arise from 

stem or progenitor cells [7-9]. 

Remarkable discoveries in unravelling the genetic repertoire of paediatric cancer have 

demonstrated that the spectrum of mutations in childhood cancers is different to adult 

cancer, exhibiting a lower tumour burden and a higher incidence of alterations 

involved in the epigenetic machinery and oncogenic fusions that activate crucial 

genes in development [10-12]. Moreover, these studies have revealed that childhood 

cancer is often driven by a single genetic event, mostly disease-specific, compared 

to adult cancer which is frequently shaped by multiple driving alterations commonly 

shared by different tumour types [11, 12]. In addition, numerous studies have 

described that approximately 50% of paediatric cancers harbour targetable alterations 

and around 8-10% of patients carry predisposition germline variants [12-16]. 
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Figure 1-1 Childhood cancer distribution. (A) Distribution of worldwide childhood cancer type by age 
group, 2001-2010 for children aged 0-19 years, based on data collected from 62 countries, figure taken 
from [17]. (B) Pie chart of frequency of children and adult cancers diagnosis on the basis of 2012 
Surveillance, Epidemiology and End Results (SEER) data, figure taken from [6]. 

Intracranial paediatric tumours 

Paediatric central nervous system (CNS) tumours are the most common childhood 

solid tumours, arising at various anatomical locations in the CNS. Brain tumours 

remain the leading cause of cancer related death in children 0-14 years of age, and 

long-term side-effects for those who survive can often limit their quality of life as a 

result of conventional treatments [4, 18, 19].  
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Paediatric brain tumours comprised a diverse group of tumours of >100 distinct 

entities, with clinically and biologically distinct features which can make diagnosis 

challenging. However, remarkable efforts have been made using genome-wide 

methylation and next generation sequencing (NGS) profiling, which have transformed 

the classification of paediatric brain tumours, leading to the emergence of new entities 

and distinct tumour subgroups [20-24]. 

1.2.1 Glioma 

Glioma is the leading cause of cancer-related death in children and they account for 

approximately 50% of all CNS paediatric tumours [25]. Gliomas are traditionally 

divided in four grades based on histology and morphology by using light microscopy, 

with grades I and II considered low-grade gliomas, and grades III and IV high-grade 

gliomas. More recently, the latest 2016 WHO classification have incorporated 

molecular features to define specific tumour diagnoses; glioma is notably affected by 

incorporating IDH mutant, IDH wildtype and diffuse midline glioma (DMG) H3K27M-

mutant as distinct entities [26].  

1.2.1.1 Paediatric Low-Grade Glioma 

Paediatric low-grade glioma (pLGG) is the most common brain tumour in children, 

accounting for over 30% of all paediatric CNS tumours. Current treatment for pLGG 

includes total resection correlating with an excellent prognosis, chemotherapy used 

for unresected and/or recurrent pLGG, and radiation which is reserved for those 

challenging tumours unresponsive to chemotherapy [27, 28]. Although the majority of 

pLGG arise sporadically, predisposition to pLGG has been associated with 

neurofibromatosis type 1 syndrome, characterised by inactivating mutations in NF1 

specially observed in optic pathways gliomas (OPGs), and tuberous sclerosis 

complex in subependymal giant cell astrocytoma (SEGA) [29, 30]. 

pLGG can occur anywhere in the brain, however they exhibit a specific anatomical 

distribution, with different clinical features and molecular alterations suggesting 

different cells of origin {Figure 1-2} [31, 32]. pLGG is usually considered a single 

alteration-driven disease and is comprised of many molecular subgroups of which a 

high proportion harbour alterations affecting mitogen-activated protein kinase (MAPK) 

pathway [33, 34]. Though there is not a 100% correlation between pLGG histology 

and molecular alterations, there are some associations such as KIAA1549:BRAF 
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tandem duplication being a strong diagnostic biomarker of pilocytic astrocytoma (PA), 

yet can also occur with low frequency in other rare entities including diffuse 

leptomeningeal glioneuronal tumour and anaplastic astrocytoma with piloid features 

[35]. BRAF-V600E can be found in a wide number of pLGG, mostly in gangliogliomas 

and PXAs, but also in pHGG, hence its detection should be used as a predictive 

biomarker of BRAFi rather than for diagnosis [35]. In addition, FGFR1 somatic and 

germline alterations appear as point mutations (N546 and K656), internal tandem 

duplication (ITD) or as a fusion with a higher incidence in dysembryoplastic 

neuroepithelial tumours (DNET), and less often in other histologies such as 

gangliogliomas and PAs [33, 36, 37]. MYB/MYBL1 rearrangements are commonly 

found in two distinct tumour entities - angiocentric gliomas and isomorphic diffuse 

gliomas [33, 38, 39]. MYB:QKI fusion is the most common rearrangement, with in vitro 

and in vivo studies showing that this fusion promotes tumorigenesis via three genetic 

and epigenetic mechanisms: MYB activation by truncation, aberrant MYB-QKI 

expression and hemizygous loss of QKI [40]. 

Given the high proportion of pLGG tumours with alterations in MAPK pathway, the 

use of BRAF and MEK1/2 inhibitors has had promising results and currently a phase 

II trial (NCT03363217) is evaluating the efficacy of trametinib as single agent for 

treatment of progressing/refractory pLGG tumours with MAK/ERK pathway activation, 

as well as in combination with dabrafenib for BRAF V600 mutation-positive gliomas 

(NCT02684058) [41-45]. Moreover, the mTOR inhibitor everolimus has been 

approved by the FDA to treat SEGA based on numerous studies which have shown 

safety and tumour reduction for long-term treatment (over 5 years) [46, 47]. 
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Figure 1-2 Anatomical location of paediatric low grade glioma. For each location (hemispheric, midline 
or cerebellum) a pie chart coloured by histology and genetic alterations is shown. Figure taken from [32]. 

1.2.1.2 Paediatric high-grade glioma and DIPG 

1.2.1.2.1 Overview 

Paediatric high-grade glioma (pHGG) and diffuse intrinsic pontine glioma (DIPG) 

account for around 20% of all paediatric brain tumours, with a peak incidence in 

children of 5-9 years of age [25, 48]. Unlike adult GBM, in which tumours are mostly 

restricted to hemispheric regions of the brain, pHGG and DIPG can occur in different 

anatomical locations throughout the CNS, correlating with specific age and outcome 

{Figure 1-3} [22]. While pHGG can arise in the cerebral hemispheres, midline 

structures including the thalamus, and less often cerebellum and spine, DIPG is by 

definition restricted to the brainstem.  

The diagnosis of pHGG is based on histology with WHO grade III and IV features, 

whereas traditionally DIPG has been diagnosed by radiological and clinical features. 

There has been no improvement in the survival of pHGG and DIPG in decades, 

presenting an extremely poor prognosis with a median OS of 9-15 months which 

represents the greatest cause of cancer-related death in children under 19 years of 

age [49, 50]. pHGG and DIPG are mainly sporadic cancers, however a fraction of 

children with these tumours can be linked with three main predisposition syndromes: 
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Li Fraumeni syndrome (LFS), constitutional mismatch repair deficiency (CMMRD) and 

neurofibromatosis type 1 [51]. In addition, secondary pHGG are found in children that 

have been exposed to high-dose ionizing radiation typically for the treatment of 

medulloblastoma or acute leukaemia [52-54].  

Figure 1-3 Anatomical location, and clinical distribution of pHGG. The different colours represent the 
anatomical regions of the brain, cerebral hemispheres are shown in dark red, midline structures in red 
and, the brainstem in pink. (A) Anatomical location of all pHGG (n=1,033). The size of the circle is 
proportional to the number of cases. The lighter shaded circles correspond to cases that are not located 
in any of the main three locations described (hemispheric, midline or brainstem) (B). Box-plot showing 
the age distribution across 1,011 cases per anatomical location. The thick line represents the median, 
the lower and upper limits represent the first and the third quartiles, and the whiskers the interquartile 
range (C). Kaplan-Meier plot of overall survival across 811 cases per anatomical location. The p-value 
was calculated using log rank test. Figure modified from the meta-analysis carried by the Jones lab [22]. 

1.2.1.2.2 Clinical presentation and current treatment 

pHGG and DIPG patients typically present with short history of symptoms (1-3 

months) prior to diagnosis. The symptoms are usually a consequence of the 

increased intracranial pressure and include headaches, behaviour changes, diplopia 

and emesis [48]. Children can also manifest more specific symptoms such as focal 

motor deficits, hemiplegia, pyramidal tract findings and dysmetria [48]. Patients with 

DIPG commonly experienced what is known as “classic triad” which includes cerebral 

signs (ataxia, dysmetria, dysarthria), long-tract signs (motor deficit, hyperreflexia, 

clonus, etc) and isolated or multiple cranial nerve palsies (unilateral or bilateral) [55]. 

At least two of the three clinical features are required for clinical diagnosis of DIPG. 

Although some tumours might be diagnosed by using non-contrast computerized 

tomography (CT) scans, contrast-enhanced magnetic resonance imaging (MRI) is 

usually the suggested method of choice, and it is considered diagnostic for DIPG and 

gliomatosis cerebri (GC). GC is a rare growth pattern of diffuse gliomas, characterised 

as infiltration involving at least three lobes, with diffuse enlargement of anatomic 

A     B C 
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structures and are often presented bilaterally [56-58]. On MRI scans, pHGG will 

generally appear as irregularly shaped tumours with heterogeneous enhancement 

patterns often presenting with areas of cystic necrosis and oedema; diffuse infiltrative 

margins are however common [59]. DIPG presents ill-defined margins centred in the 

pons, resulting in diffuse enlargement of this region and they exhibit very little to no 

enhancement [56, 59, 60]. The involved areas are shown on MRI as hypo-intense on 

T1 images and hyper-intense signals on T2/flair sequences [59-61]. Extensive 

infiltration throughout the brain is observed, especially in GC and at disease 

progression in DIPG [60, 62, 63]. 

Treatment of pHGG includes maximal safe surgical resection, when feasible, followed 

by focal radiotherapy (with the exception of infants and younger children), 

concomitant with the chemotherapeutic drug temozolomide [64]. Gross total resection 

is a positive prognostic biomarker for pHGG, however due to the infiltrative nature of 

these tumours complete resection is not always possible. Surgery is not indicated for 

patients with DIPG as they arise in the ventral pons, an area of the brain that controls 

many critical nervous system functions. Chemotherapy has not been shown to add 

any clinical benefit for DIPG patients, leaving radiotherapy (dose of 54-60Gy in daily 

fractions of 1.5-2Gy over 6 weeks) as the only treatment with proven efficacy in 

prolonging progression-free survival (PFS) [65, 66].  

Clinical trials evaluating the addition of different drug combinations (cetuximab plus 

irinotecan, bevacizumab with/without vorinostat), as well as targeted therapies 

(erlotinib, dasatinib, lapatinib) to standard therapy, have not found an improvement in 

patient outcomes [67-72]. This might be because the patients were not selected 

according to their tumour biology prior to treatment, underappreciation of the intrinsic 

tumour heterogeneity of pHGG and DIPG, and/or poor drug penetrance into the CNS. 

1.2.1.2.3 Molecular landscape of pHGG and DIPG 

The understanding of the biology underpinning pHGG and DIPG has remarkably 

advanced throughout the use of multi-omics profiling techniques, revealing that gene 

expression, copy number and the spectrum of mutations are very different from their 

older counterparts {Figure 1-4} and {Figure 1-5} [22, 73-78]. Adult GBM are 

genetically characterised by the presence of IDH1/2 mutations. These can co-

segregate with ATRX, TP53, CDK4 amp and CDKN2A/B deletion or co-deletion of 

chromosomes 1p/19q, commonly found with TERT promoter mutations. IDH1/2 wild-

type GBM (classic, mesenchymal, PA-like) often are found with EGFR and PDGFRA 
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alterations [79, 80]. IDH1/2 mutations are seen in a small proportion of tumours (~6%), 

mostly in hemispheric adolescent pHGG, and are associated with better prognosis 

compared to other subgroups [22].  

By contrast, one of the key distinguishing features of paediatric glioblastoma is the 

presence of K27M and G34R/V mutations in genes encoding histone H3 variants in 

pHGG and DIPG (~50%), which are rarely seen in adult tumours (0.2%) [22, 80]. 

Further description of the histone mutations nature is described in the next section. 

H3.3 G34R/V mutations found in pHGG usually co-segregate with ATRX, DAXX, 

TP53 and FBXW7 [22]. Alternative lengthening of the telomeres (ALT) is frequently 

found in pHGG, especially with H3.3 G34R/V mutations, and represents a distinct 

telomere maintenance mechanism to the TERT promoter hotspot mutations C228T 

and C250T, commonly seen in adult GBM [73, 81-83]. H3 K27M tumours, now defined 

by the WHO classification as “diffuse midline gliomas, H3 K27-mutant”, are commonly 

found with TP53 mutations, PDGFRA focal amplifications (predominantly found in the 

pons) and FGFR1 mutations (more frequently in thalamic tumours) [22, 84]. In 

addition, ACVR1 mutations are commonly present alongside H3.1 K27M and are 

restricted to DIPG patients, often also harbouring genetic alterations in genes involved 

in the MAPK/PI3K/mTOR pathway (PIK3CA, PI3R1, PTEN) [22, 76]. In addition to the 

histone mutations, alterations in other chromatin regulators are regularly seen in 

pHGG and DIPG such as SETD2, KMT5B/C, KDM6B, BCOR, ASXL1 and ARID1A/B 

[22]. 

Figure 1-4 Schematic representation of molecular alterations in pHGG and adult glioblastoma. Data 
taken from the TCGA (The Cancer Genome Atlas) and DKFZ (German Cancer Research). Figure taken 
from [85]. 
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Figure 1-5 Bar-plot of recurrent of recurrent alterations across pHGG and DIPG. Alterations are coloured 
by location and histone status. (A) Somatic mutations, n=326; (B) amplifications, n=834; and (C) 
deletions n=834. Figure modified from the meta-analysis carried by the Jones lab [22]. 

A high mutational burden (>250 mutations/Mb) is observed in ~5% of pHGG 

associated with CMMRD, typically with the presence of germline mutations in PMS2, 

MSH1, MSH2, MSH6, MLH1, POLD1, and POLE, [22, 86, 87]. In addition, a study by 

our laboratory, identified a high percentage of CD8+ cells in hypermutator cases [87]. 

The remaining pHGG or DIPG (IDH-WT, histone-WT and non-hypermutator), 

constitute a group of heterogeneous tumours, with distinct outcomes and driven by 

different molecular alterations: WT-A (MAPK pathway alterations including BRAF-

V600E), WT-B (EGFR/MYCN/CDK6) and WT-C (PDGFRA/MET) [22]. Similarly, 

genome-wide methylation studies found three molecular sub-types with different 

clinical outcome in IDH/histone wild-type tumours, which included pedGBM_MYCN, 

pedGBM_RTK1 and pedGBM_RTK2 with an enrichment of MYCN, PDGFRA and 

EGFR amplifications respectively [88].  
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Furthermore, a recent study by our laboratory, identified a new entity of infant HGG 

with a distinct methylation profile, characterised by the presence of fusion genes 

(NTRK1/2/3, ALK, MET and ROS1), and associated with better outcome than HGG 

in older children [89].  

1.2.1.2.4 Histone mutations 

In 2012, two independent studies led to the discovery of unique recurrent mutations 

in the genes encoding histone H3 variants, found to occur in ~60% cases of pHGG 

and ~80% cases of DIPG. The mutations occur in two residues in the histone tail: 

lysine to methionine substitution at position 27 (K27M) in histone 3.3 (H3F3A), 3.1 

(HIST1H3B and HIST1H3C) and less often in 3.2 (HIST2H3C), and glycine to arginine 

or valine substitution at position 34 (G34R/V) in histone 3.3 [22, 73, 78, 90]. H3.3 

K27M mutations have been occasionally found in posterior fossa ependymoma, and 

different variants in the histone genes have been reported in other childhood tumours 

such as H3.3 G34W/L in 92% of giant cell tumour of the bone, and H3F3A/B K36M in 

95% of chondrosarcoma [91-93]. 

Later studies have demonstrated that H3 K27M mutations and H3.3 G34R/V are 

associated with different anatomical location, age and outcome, and may represent 

distinct entities {Figure 1-6} [22]. H3.3 K27M mutations are distributed throughout the 

midline structures (thalamus, brainstem, cerebellum and spine), H3.1 K27M are 

restricted to the pons and H3.3 G34R/V tumours are found uniquely in the cerebral 

hemispheres [22]. H3 K27M tumours occur at younger age, and have a worse 

prognosis compared to G34R/V mutant patients, while H3.1 K27M have a slightly 

better survival and occur in a younger age group than H3.3 K27M [22]. Moreover, 

H3.1 and H3.3 K27M tumours appear to show unique transcriptional and epigenetic 

signatures [94-96]. 

pHGG and DIPG present a striking correlation of age and molecular pattern of driver 

alterations, supporting the hypothesis that the cell of origin and developmental time-

point in which the initiating mutations occur will determine the molecular sub-type [97, 

98]. Several studies have demonstrated that H3 K27M contributes to self-renewal, 

gliomagenesis and tumour growth when introduced into embryonic or postnatal neural 

progenitor cells [99-101]. There is evidence that H3 K27M is likely to be the first 

initiating event in DMG-K27M tumours, however H3 K27M is insufficient to generate 

tumourigenesis alone. With the addition of TP53 and PDGFR alterations however, 

tumours were generated recapitulating key features of pHGG and DIPG [102-105]. In 
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addition, other studies have shown that H3 K27M depleted tumours have expression 

signatures associated with differentiation along the glial lineage, supporting the idea 

that H3 K27M maintains the cells in a stem-cell like status [97, 106, 107]. 

Figure 1-6 Anatomical location, age at diagnosis and clinical outcome of paediatric high grade glioma 
subgrouped by recurrent hotspot mutations in histone H3.3 and H3.1 genes. The different colours 
represent the molecular status of the histones: i) H3.3 G34R/V are shown in blue and are found 
exclusively in the cerebral hemispheres, ii) H3.3 K27M in green present in the midline structures, iii) H3.1 
K27M in darker green are mainly restricted to the pons and iv) patients wild-type for the histones genes 
are displayed in grey. (A) Anatomical location of 755 cases separated by histone mutation, the size of 
the circles is proportional to the number of cases. The lighter shaded circles correspond to cases that 
are not located in any of the main three locations described (hemispheric, midline or brainstem). (B) Box-
plot showing the age distribution across 753 cases per histone mutation. The thick line represents the 
median, the lower and upper limits represent the first and the third quartiles, and the whiskers the 
interquartile range. (C) Kaplan-Meier plot of overall survival across 692 cases per histone mutation. The 
p-value was calculated using log rank test. Figure modified from the meta-analysis carried by the Jones
lab [22].

The mutations are located at or close to key regulatory sites of the histone tail marked 

by post-translational modifications (PTMs), modulating gene transcription by 

methylation, acetylation, phosphorylation and ubiquitination {Figure 1-7} [108]. H3 

K27M mutation results in a global reduction of H3 di- and trimethylation (H3K27me2 

and H3K27me3), even when the mutant proteins constitute 4-18% of the total histone 

pool [109-111]. H3 K27M has a dominant negative effect on EZH2, an enzymatic 

subunit of polycomb repressive complex 2 (PRC2). PRC2 inhibition prevents 

H3K27me3 deposition leading to extensive transcriptional reprograming in K27M 

gliomas [110, 111]. H3.3 G34R/V tumours present reduced H3K36 trimethylation 

(H3K36me3) as well as lower SETD2 methyltransferase activity [109]. Interestingly a 

study by the Jones lab led to the discovery that H3.3 G34 mutation upregulates MYCN 

through redistributed H3K36 binding [112]. 

A     B C 
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Figure 1-7 Histone mutations in paediatric high-grade glioma and DIPG. Genomic location and 
anatomical location are shown for K27M in H3.3 (thalamus and pons) and H3.1 (pons) and H3.3 G34R/V 
(cerebral hemispheres). Figure taken from [108]. 

1.2.1.2.5 The Blood Brain Barrier 

The blood brain barrier (BBB) is a multicellular vascular structure composed of 

endothelial cells connected by tight junctions surrounded by pericytes and astrocytes, 

which regulate homeostasis of the CNS {Figure 1-8} [113]. Transporter proteins play 

an important role mediating the uptake/influx rates of certain molecules [114]. 

Together, these members of the BBB are responsible for the selective transport of 

molecules, allowing the traffic of essential metabolites (oxygen, glucose, amino acids 

and electrolytes), but preventing paracellular diffusion and blocking toxic molecules 

and pathogens from crossing into the brain parenchyma [114]. Whilst the role of the 

BBB is to protect the CNS from harmful substances, this often implies a restricted 

penetration of many compounds utilised in the treatment of CNS disease. 

Effective treatment of brain tumours requires delivery of the adequate drug 

concentration to the tumour site. To achieve this, compounds need to be able to cross 

the BBB. Multiple ABC transporters expressed in the BBB, are involved in drug 

resistance, in particular, P-glycoprotein (P-gp or ABCB1) and multidrug resistance 

proteins (MRPs) [113]. Many compounds have been identified to present high affinity 
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for the efflux pumps P-gp and MRP1, resulting in a decreased uptake rate of 

therapeutic agents used to treat CNS tumours [115]. In addition, efflux and influx 

transporters have a different spatial expression across distinct CNS locations [114]. 

Although the data is limited there is some evidence that BBB in the brainstem is more 

intact, having poorer permeability compared to other regions of the brain, limiting even 

further drug penetration in DIPG patients [114, 116, 117]. 

Figure 1-8 Cartoon showing the major components of the brain blood barrier (BBB). The low permeability 
of the BBB is due to its composition. A monolayer of endothelial cells bound together by very strong of 
cellular junctions: intracellular adherens junctions (cadherin, actinin and catenin) and tight junctions 
(occluding, claudin, and junction adhesion molecules). In addition, endothelial cells are surrounded by 
astrocytes and pericytes. Figure taken from [118]. 

1.2.1.2.6 New treatment strategies in pHGG and DIPG 

New treatment strategies based on the biology underlying pHGG and DIPG have 

emerged including targeted agents, the use of immunotherapy and oncolytic viruses. 

In addition, novel methods of drug delivery such as convection-enhanced delivery 

(CED), which employs catheters to deliver drugs directly into the brain, or super 

selective intra-arterial cerebral infusion (SIACI), are currently being assessed to 

bypass the BBB (NCT03086616, NCT03566199, NCT01502917, NCT01884740) 

[119-123]. Additionally, focused ultrasound (FUD) is a promising non-invasive method 

to disrupt the BBB and there is there is an ongoing clinical evaluating its safety and 

feasibility in high-grade glioma (NCT03551249). FUS delivers low frequency 

ultrasound waves leading to disruption of endothelial cells and causing BBB drug 

permeability [124]. 
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Pre-clinical work using patient derived in vitro and in vivo models have identified 

promising targets against commonly altered genes in pHGG and DIPG such as the 

HDAC inhibitor, panobinostat, the dual HDAC/PI3K inhibitor, CUDC-902, dabrafenib 

a BRAF inhibitor, as single agent or in combination with the MEK inhibitor trametinib, 

EZH2 inhibitors (GSK343, EPZ6438), ALK2 inhibitors (LDN-193189 and LDN-

214117), the combination of the PDGFRA inhibitor dasatinib with the mTORi 

everolimus, BMI-1 inhibitor PTC-596, among others [100, 125-131]. Additionally, the 

use of immunotherapy by using CAR-T therapy (anti-GD2 CAR-T), peptide vaccine 

therapy specifically to target K27M-mutated DMG among others, and immune 

checkpoint inhibition (pidilizumab, nivolumab, durvalumab) are promising therapeutic 

strategies for pHGG and DIPG tumours [97, 130, 132-137]. In particular, the use of 

immune checkpoint inhibition in pHGG with biallelic MMRD has been demonstrated 

to have a clinical benefit [138]. Furthermore, the use of oncolytic viruses is an 

interesting field that is emerging to tackle pHGG and DIPG, in particular the 

adenovirus Delta-24-RGD has shown promising pre-clinical results in pHGG and 

DIPG mouse models [139, 140]. Some of these studies and others have led to phase 

I/II clinical trials in pHGG and DIPG {Table 1-1}.  
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Clinical Trial Agent Therapy type Indication 

NCT02717455 Panobinostat HDAC inhibitor DIPG 

NCT03893487 Fimepinostat (CUDC-907) Dual HDAC inhibitor PI3K inhibitor DIPG and pHGG 

NCT03363217 Trametinib MEK1/2 inhibitor Glioma with MAPK/ERK activation 

NCT02684058 Dabrafenib + Trametinib BRAF inihibitor/MEK1/2 inhibtior Glioma BRAF-V600E positive 

NCT03352427 Dasatinib + Everolimus PDGFRA inhibtor/mTOR inhibitor DIPG and pHGG 

NCT03355794 Ribociclib + Everolimus CDK inhibitor/mTOR inhibitor DIPG and RB positive 

NCT03605550 PTC-596 BMI1 inhibtor DIPG and pHGG 

NCT03749187 BGB-290 + TMZ PARP inhibtior IDH1/2 glioma 

NCT03581292 Veliparib (ABT-888) + TMZ + Radiation PARP inhibtior K27M and BRAF-V600E wild-type glioma 

NCT04164901 AG881-C-004 (Vorasidenib) Pan IDH inhibitor IDH1/2 glioma 

NCT03528642 CB-839 + TMZ + Radiation 
Glutaminase Inhibitor CB-839 
Hydrochloride 

IDH1/2 glioma 

NCT03598244 Savolitinib (AZD6094) MET inhibitor 
Recurrent/Refractory CNS tumours with MET 
activation 

NCT03696355 GDC-0084 PI3K/AKT inhibtor DMG-K27 

NCT03416530 ONC201 DRD2 inhibitor DMG-K27 

NCT02644460 Abemaciclib (LY2835219) CDK 4/6 inhibitor DIPG or Recurrent/Refractory Solid Tumours 

NCT03620032 Nimotuzumab + Vinorelbine + Radiation EGFR inhibitor DIPG 

NCT01884740 SIACI Erbitux (Cetuximab) + Bevacizumab* EGFR inhibitor/VEGF inhibitor Relapsed or refractory glioma 

NCT03690869 REGN2810 (Cemiplimab) + Radiation PD-1 inhibitor Relapsed or refractory glioma 

NCT02992964 Nivolumab PD-1 inhibitor Hypermutant cancers 

NCT02359565 Pembrolizumab PD-1 inhibitor Recurrent/Refractory CNS tumours 

NCT02793466 Durvalumab PD-L1 inhibitor Recurrent/Refractory paediatric tumours 

NCT04049669 Indoximod + TMZ + Radiation 
indoleamine 2,3-dioxygenase 
inhibitor 

DIPG and pHGG and recurrent CNS 

NCT04212351 NF1 Frameshift Peptides Vaccine Neurofibromatosis Type 1 glioma 

NCT02722512 HSPPC-96 + surgery + radiation Vaccine pHGG and ependymoma 
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NCT01130077 HLA-A2 restricted glioma antigen peptides vaccine Vaccine pHGG 

NCT03879512 depletion of regulatory T cells + surgery + vaccine Vaccine Resectable pHGG 

NCT03334305 anti-tumor T-cells and anti-tumor DC vaccines + TMZ Vaccine Resectable pHGG 

NCT03916757 V-Boost Immunitor Vaccine GBM 

NCT04185038 SCRI-CARB7H3(s) CAR-T** CAR-T DIPG, DMG, recurrent/refractory CNS 

NCT03500991 HER2-specific CAR T CAR-T HER2-positive CNS tumor no DIPG 

NCT02208362 
Autologous IL13(EQ)BBzeta/CD19t +Tcm-enriched T 
cells**** 

CAR-T DIPG and pHGG 

NCT03911388 G207 oncolytic herpes simplex virus-1 (HSV)*** Virus therapy CNS tumor no DIPG 

NCT03043391 Polio/Rhinovirus Recombinant (PVSRIPO)***** Virus therapy pHGG 

NCT03178032 DNX-2401 adenovirus Virus therapy DIPG 

NCT03086616 CED With Irinotecan Liposome Injection Chemotherapy DIPG 

*SIACI (Super-selective Intra-arterial Cerebral Infusion)

**Catheter into the tumour resection cavity or ventricular system

***Infused through catheters into region(s) of tumour

****Given via intratumourally, intracavitary or intraventricular catheter

*****Delivered by CED (convection-enhanced delivery)

Table 1-1 Summary table including current clinical trials available for children with paediatric high-grade glioma and DIPG. The table includes clinical trial ID, agent, therapy type 
and drug indication. 
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1.2.2 Medulloblastoma 

Medulloblastoma (MB) accounts for 20% of all paediatric brain tumours with a peak 

occurrence of 6-8 years of age and a male predominance overall (male-to-female 

ratio of 1.8:1) [141]. MBs encompass a group of embryonal tumours in the cerebellum 

presenting distinct clinical, histological and biological features. There are known 

syndromes associated with germline mutations involved in MB pathogenesis that 

increase MB predisposition [142].  

In 2012, four molecular subgroups of medulloblastoma were proposed and are 

currently recognised by the WHO classification of CNS tumours: WNT-MB (CTNNB1 

mutations present in ~80%), SHH-MB (further divided in TP53 wild-type and TP53-

mutant), Group 3 MB and Group 4 MB [23]. Each of these four subgroups have 

subsequently been further subdivided according to unique methylation and 

expression patterns associated with distinct clinical presentations {Figure 1-9} [143-

145]. Due to the distinctive epigenetic and transcriptional profiles of the different MB 

subgroups, they are likely to have different cellular origins [146]. In this line of work 

two recent studies using single-cell RNA sequencing have demonstrated that MB 

exhibit putative subgroup-specific origins, with Group 3 being dominated by 

undifferentiated progenitor-like cells, whereas Group 4 MB is constituted by neuronal-

like cells [147, 148]. There appears also to be a subset of intermediate tumours by 

DNA methylation which exhibit multiple lineages and stages of cell differentiation, 

demonstrating the challenge associated with confidently classifying MB Group 3 and 

4 [147, 148]. 

Recent studies have identified germline mutations in ~6% of MB, involving APC, 

BRCA2, PALB2, PTCH1, SUFU, GPR161 and TP53 as consensus medulloblastoma 

predisposition genes with higher incidence in MB-WNT and MB-SHH subgroups [149, 

150]. A recent study just published by Waskzak et al., has identified the presence of 

germline loss-of function variants across ELP1 in 14% of MB-SHH and found to be 

associated with protein homeostasis [151]. In addition, a study by Hiromichi Suzuki et 

al. have identified highly recurrent hotspot mutations (r.3A>G) of U1 spliceosomal 

small nuclear RNA (snRNAs) in 50% of SHH-MB [152].  

Surgical resection followed by risk-adapted cranio-spinal irradiation and adjuvant 

chemotherapy are used to treat MB. Due to treatment aggressivity, “cured” children 

can develop multiple complications some of which can be devastating, in addition to 
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secondary malignancies including radiation-induced glioblastoma [54, 142]. 

Therefore, there are ongoing trials adjusting radiation intensity especially for WNT-

MB which have a better prognosis (NCT02066220, NCT02212574 and 

NCT02724579) [142, 153]. Moreover, NCT01878617 is a phase 2 trial in which 

patients are stratified to different treatment approaches (radiation, chemotherapy and 

SHH inhibitor) based on their clinical risk and molecular sub-type. 

Figure 1-9 Schematic representation of medulloblastoma sub-types. The figure includes demographics, 
clinical and molecular features derived from the following studies [143, 153-155]. Figure taken from [145].
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1.2.3 Atypical teratoid rhabdoid tumour 

Atypical teratoid/rhabdoid tumours (ATRT) are very aggressive tumours of the CNS 

that occur in younger children, and are one of the most common CNS tumours in 

children below 1 year of age [25, 156]. ATRT is an embryonal tumour arising in diverse 

locations including posterior fossa, diencephalon, cerebrum and midbrain [157]. 

Overall survival of ATRT is poor, and patients usually succumb to their disease 

between 6 months and 1 year from diagnosis [158]. ATRT treatment varies depending 

on the location, age and disease stage at diagnosis [158]. Surgery, craniospinal 

radiation and intensive chemotherapy are used to treat ATRTs, however these 

therapies are often not an option, especially in patients of young age. 

The hallmark genetic event of ATRT is the inactivation of SMARCB1 and less often 

SMARCA4, both members of the SWI/SNF chromatin-remodelling complex. The loss 

of SMARCB1 has shown to affect the epigenome by a global loss of H3K27ac and 

H3K27me3 [159]. A study by Grotzer et al. has demonstrated that ATRT is not a 

homogeneous disease, and although most ATRT tumours have SMARCB1 

inactivation they show distinct epigenetic and expression patterns determining that 

ATRT is comprised of three epigenetic subgroups: ATRT-TYR, ATRT-SHH and 

ATRT-MYC. ATRT-SHH has been further subdivided in two groups ATRT-SHH-1 with 

predominant supratentorial location and ATRT-SHH-2 with infratentorial location 

showing a distinct methylation profile {Figure 1-10} [160]. Additionally, an integrative 

meta-analysis has identified that ATRT-MYC exhibit increased infiltration of CD8+ 

cytotoxic cells which has been associated with response to immune checkpoint 

inhibition in other tumour types [161]. 
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Figure 1-10 Schematic representation of ATRT subgroups. The figure includes demographics, tumour 
location, chromosome 22 copy number alteration, SMARCB1 type of alterations and 
genetic/transcriptional features associated to the three different ATRT subgroups (ATRT-TYR, ATRT-
SHH and ATRT-MYCN). Figure taken from [160]. 

1.2.4 Ependymoma 

Ependymomas are neuroepithelial tumours accounting for 6-10% of all paediatric 

brain tumours with nearly 90% occurring intracranially (2/3 located in the posterior 

fossa, PF and 1/3 are supratentorial, SP), and the remaining 10% in the spine [25, 

162, 163]. Ependymomas can arise at any time during childhood, though they present 
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a peak at 0-4 years of age with a male-to-female ratio of 1.77:1 [164]. The familial 

syndrome Neurofibromatosis Type 2 (NF2) has been associated with an increased 

risk of developing ependymoma, especially in the spine [165]. Maximal safe resection 

followed by adjuvant therapy (radiotherapy with or without chemotherapy) is used for 

the treatment of ependymoma, except for infants [166, 167]. Paediatric ependymoma 

patients exhibit inferior survival rates compared to adults and have dismal outcomes, 

with a 10-year OS rate of ~50% and PFS of ~29%, with younger age patients 

presenting a worse outcome [168].  

An important study carried out in 2015 by Pajtler et al. using genome-wide DNA 

methylation on 500 ependymoma-naïve patients revolutionised the original 

classification of ependymoma, which was previously based solely on histological 

features. This study identified nine distinct ependymoma entities associated with 

clinical and molecular characteristics {Figure 1-11} [24]. Supratentorial tumours are 

subclassified as EPN-ST-RELA, EPN-ST-YAP1, both subgroups defined by the 

presence of highly recurrent gene fusions in the NF-kB subunit gene RELA or the 

transcription factor YAP1, as well as a third less common subgroup EPN-ST-SE 

(subependymoma) with an unknown driver event. Posterior fossa tumours are 

subclassified as EPN-PF-A with a very poor prognosis, EPN-PF-B and PF-PF-SE as 

slower growing groups of tumours. A subset of EPN-PF-A present low H3K27me3 

and express high levels of EZHIP (cXorf67), and less often (4.2%) H3.3-K27M 

mutation [169, 170]. These two mechanisms are mutually exclusive features of EZH2 

inhibition, the enzymatic component of the Polycomb Repressive Complex 2 (PRC2) 

modulating H3K27me3 in EPN-PF-A [171, 172]. In addition, subgroup-specific super-

enhancer-driven genes have been identified as potential therapeutic targets including 

HDAC7, EPHA2, FGFR1 and CACNA1H [173]. Spinal ependymal tumours are 

comprised of three subgroups which show better prognosis and have good 

concordance with histological grading. These include MPE (grade I, 

subependymomas and myxopapillary) and EPN (grade II, classic ependymomas) 

[24], as well as a new molecular subgroup, SP-EPN-MYCN, defined as a very 

aggressive tumour with the presence of MYCN amplification and similar OS and PFS 

to ST-EPN-RELA and PF-EPN-A [174]. 
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Figure 1-11 Schematic representation of the nine ependymoma identified by methylation profiling by 
Patjtler and colleagues. The figure shows the following associated features: histopathology, genetic 
alterations, tumour location, age and gender distribution as well as patient survival. Figure taken from 
[24]. 

1.2.5 Embryonal tumours with multi-layered rosettes 

ETMR (embryonal tumours with multi-layered rosettes) is a very aggressive 

embryonal tumour which occurs almost exclusively in infants and young children 

under 4 years of age. ETMR tumours are histologically heterogeneous, variously 

described as ependymoblastoma, medulloepithelioma or embryonal tumour with 

abundant neuropil and true rosettes [26]. ETMR is genetically characterised by the 

presence of amplification and fusion of a miRNA cluster on chromosome 19 (C19MC) 

with TTYH1 (or others, MIRLET7BHG) as well as the overexpression of LIN28A 

protein [175-178]. Sin-Chan et al. discovered a C19MC-LIN28A-MYCN super-

enhancer-dependent oncogenic circuit in ETMR arising in embryonic neural 

progenitors, and identified in vitro sensitivity to the BET inhibitor JQ1 [179]. 

Furthermore, a study by Lambo et al. have identified germline mutations in DICER1 
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or somatic amplifications of mir17-92 (MIR17HG) in ETMRs which are C19MC non-

amplified [180]. Additionally, by using WGS they identified a high frequency of 

structural variants and R-loops many of which were found surrounding C19MC, and 

showed that topoisomerase and PARP inhibitors might be an effective treatment for 

ETMR [180]. A schematic representation of ETMR with clinical and molecular features 

is shown in {Figure 1-12}. 

Figure 1-12 Schematic representation of ETMR features. Figure taken from [180]. 

1.2.6 CNS-PNET 

CNS-PNET (primitive neuroectodermal tumours) originally constituted a molecularly 

heterogenous group of embryonal tumours characterised by an aggressive behaviour 

(5-year overall survival of ~50%), undifferentiated or poorly differentiated with the 

presence of variable type of cells - neuronal, ependymal or glial [181, 182]. However, 

in 2016 a study by Sturm et al. revealed that many of the designated CNS-PNET 

tumours correspond to well-defined CNS tumours (ETMRs, gliomas, ependymomas, 

medulloblastomas amongst others). In addition, they identified four new entities, each 
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of them associated with specific genetic alterations, clinical and histopathological 

features [21]. The recurrent molecular alterations included FOXR2 rearrangements 

with increased gene expression in CNS NB-FOXR2 (CNS neuroblastoma with 

FOXR2 activation), genetic alterations involving the capicua transcriptional repressor 

CIC in CNS EFT-CIC (CNS ewing sarcoma family tumour with CIC alterations), 

interchromosomal gene fusion implicating the MN1 gene in CNS HGNET-MN1 (CNS 

high-grade neuroepithelial tumour with MN1 alterations) and tandem duplication as 

well as frameshift mutations in BCOR characteristic of CNS HGNET-BCOR (CNS 

high-grade neuroepithelial tumour with BCOR alteration). In addition, the authors 

showed that the four new entities exhibit distinct gene expression signatures including 

various transcription factors and potential drug targets. 

 Extracranial paediatric solid tumours 

1.3.7 Neuroblastoma 

Neuroblastoma is an embryonal tumour that arises from neural-crest derived 

progenitor cells and is the most common extracranial paediatric solid tumour. 

Neuroblastoma has a median age diagnosis of 18 months and occurs almost 

exclusively in children, with 90% of patients diagnosed under 10 years of age [183]. 

Neuroblastoma is characterised by heterogenous clinical manifestations, from 

spontaneous regression, often in infant MYCN non-amplified cases, to treatment-

refractory progression, mostly in older children who can succumb to the disease 

despite months of intensive therapy [184-186]. A recent study from Ackermann et al. 

have proposed three different neuroblastoma subgroups defined by the absence (low 

risk) or presence of telomerase activation (high risk) with dramatically inferior survival 

when accompanied by RAS/p53 pathway alterations (very high risk) {Figure 1-13} 

[187]. Common genetic events driving neuroblastoma are MYCN amplifications, ALK 

germline and spontaneous alterations including point mutations and amplifications, 

ATRX inactivating alterations as well as TERT rearrangements [188-195]. In addition, 

extrachromosomal circular DNA (ecDNA) has recently been found to be a frequent 

cause of somatic rearrangements contributing to genome remodelling in 

neuroblastoma [196].  

Extensive pre-clinical efforts have been made to translate findings from the underlying 

biological features of neuroblastoma to the clinic, however to-date, these have mostly 

been early-phase clinical trials for patients with recurrent high-risk tumours [197]. 
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Clinical trials using the first generation ALK inhibitor crizotinib have shown differential 

sensitivity identifying a group of patients harbouring mutations in ALK (F1174L and 

F1245C) who were resistant to the drug [198]. Therefore, clinical trials using second 

generation inhibitors such as ceritinib (NCT01742286) and entrectinib 

(NCT02650401, NCT02097810) are currently under evaluation [199]. A phase I trial 

led by Yael Mosse at the Children's Hospital of Philadelphia using the AURKA inhibitor 

alisertib (MLN8237) with irinotecan and temozolomide has shown promising response 

and progression-free survival rates, however this was not associated with MYCN 

status [200].  

Figure 1-13 Schematic representation of the proposed neuroblastoma subgroups by S. Ackermann and 
colleagues. Neuroblastoma samples are proposed to be classified on the basis of telomerase or ALT 
activation as well as RAS and TP53 pathway alterations associated with specific genetic and phenotypic 
features. Figure taken from [187]. 

1.3.8 Sarcomas 

Sarcomas are a heterogeneous group of tumours with distinct clinical and 

pathological features, representing 10-15% of childhood cancers compared to 1% in 

the adult population [201, 202]. They are comprised of bone and soft tissue tumours 

and are generally classified according to the type of tissue that they arise from. 

Despite improvements in survival, the outcome for patients with metastatic or 

recurrent sarcomas remain dismal [203]. 
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Accurate diagnosis involves the detection of characteristic gene fusions highly 

associated with specific sarcoma sub-types, which can be challenging as there are 

over 140 different fusions reported {Table 1-2 } [204, 205]. Genome-wide methylation 

array can be a powerful tool to produce unequivocal diagnosis, supported by a recent 

study by Koelsche et al. who have used DNA-methylation status to precisely classified 

undifferentiated tumours with small blue round cell histology into well-defined 

sarcoma entities [206].  

Table 1-2 List of frequent chromosomal aberration and genes involved by histology in paediatric soft 
tissue sarcomas. Table taken from [207] 

1.3.8.3 Soft tissue sarcomas 

Rhabdomyosarcoma (RMS) is the most common soft-tissue sarcoma in children 

accounting for ~7% of paediatric malignancies [208]. RMS is a mesenchymal tumour 

arising in many distinct anatomical sites normally associated with the musculature 
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[209]. Although the cell of origin has not yet been well characterised, it is thought that 

RMS may arise from cells programmed to express a complement of skeletal myocyte 

genes [210]. RMS tumours are classified histologically in two major groups, alveolar 

(ARMS) and embryonal (ERMS). The most common pathway and gene alterations 

found in RMS are shown in {Figure 1-14}.The prognosis for ERMS when localised is 

better than ARMS [211]. ARMS is mostly driven by the presence of a fusion between 

PAX3 or PAX7 and FOXO1 genes which occurs in 80% of this group, often harbouring 

amplification of MYCN or CDK4 [212-214]. ERMS is characterised by combination of 

copy number alterations (uniparental disomy of chromosome 11p, loss of 

chromosome 10 and 15, polysomy of chromosome 8 and gains of 11q and 7q regions) 

and RAS pathway activation (mutations in NRAS, KRAS, HRAS, NF1 and PIK3CA) 

as well as mutations in CTNNB1, FGFR4 and BCOR [214, 215]. Additionally, a rare 

subset of ARMS presenting spindle and sclerosing cells, defines an aggressive sub-

type associated with poor outcome and is frequently driven by mutations in the 

myogenic transcription factor MYOD1, often with concomitant mutations in the PI3K-

AKT pathway [216, 217] 

Other non-RMS sarcomas include a diverse group of tumours of over 35 histologies 

often presenting distinct molecular features [218]. The most common non-RMS 

sarcomas are synovial sarcoma (SS18:SSX1/2) [219], infantile fibrosarcoma 

(ETV6:NTRK3)[220], inflammatory myofibrastic tumour (TPM3/4/CLCTC/CARS:ALK) 

[221, 222], clear cell sarcoma (EWSR1:ATF1/CREB1) [223], desmoplastic small 

round cell tumour (EWSR1:WT1/DDIT3) [224] and myxoid liposarcoma (TLS:CHOP) 

[225]. 
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Figure 1-14 Schematic representation of the main pathways altered in rhabdomyosarcoma. Most 
common mutated genes are denoted by *. Figure taken from [210]. 

1.3.8.4 Bone sarcomas 

Osteosarcoma is the most common bone cancer in children, with a poor prognosis in 

patients presenting metastatic disease at diagnosis [226]. Osteosarcoma is 

characterised by the presence of a large number of structural variants, called 

kataegis, with relatively low rate of recurrent point mutations. Of these the most 

common mutated genes are TP53, RB1 and ATRX [227, 228]. Interestingly, structural 

variants in exon 1, is one of the most common mechanisms of inactivation of TP53 

[228, 229].  

Ewing sarcoma is a small round cell bone tumour and is the second most frequent 

bone cancer in children, with a peak incidence age of 10-5 years of age. Ewing 

sarcoma results from a fusion between genes of the TET/FET family (EWSR1, FUS 

and TAF15) and various members of the ETS family of transcription factors (FL1, 
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ERG, FEV, ETV1, ETV4) [230]. Additional mutations in STAG2 and TP53 are present 

in 15-20% and 4-7% of ES at diagnosis [231, 232].  

A rare group of tumours called Ewing-like sarcomas (ELSs) have recently been 

described, and although they share clinical similarities with Ewing sarcoma there is 

some evidence that these are distinct molecular entities [233]. ELSs are FET-ETS 

gene fusion wild-type but harbour other structural variants [234]. ELSs include CIC-

fused sarcomas [235, 236], BCOR-rearranged sarcomas [237, 238] and NFATC2 

sarcomas [238, 239]. 

1.3.9 Kidney tumours 

Wilms tumour or nephroblastoma is the most common childhood kidney cancer 

accounting for 90% of all malignant kidney tumours in children and 7% of childhood 

malignancies overall [240]. Cure rates (90%) have improved remarkably with the use 

of chemotherapy, surgery and less often, radiotherapy. Wilms tumours commonly 

harbour more than one genetic alteration and have a heterogenous gene expression 

as well as methylation pattern based on different genetic alterations [241]. Recurrent 

alterations involve WT1, TP53, CTNNB1, MYCN, DROSA, SIX1/2, WTX, BCOR, 

BCORL1 and ARID1A amongst others [241-243]. Recent studies have found a high 

rate of germline mutations (TP53, WT1, PALB2, CHEK2 DIS3L2, DICER1, ARID1A 

and EP300) that may demonstrate an inherited component to Wilms formation 

tumours [241].  

Other childhood renal tumours include renal cell carcinoma typically seen in Von 

Hippel-Lindau disease, with ~40% of cases presenting TFE3 gene fusions [244, 245] 

and clear cell sarcoma of the kidney which is characterised by in-frame internal 

tandem duplication of BCOR [246, 247]. 

1.3.10 Retinoblastoma 

Retinoblastoma is rare tumour of the eye arising in the retina accounting for 2-3% of 

all paediatric cancers, usually presenting in younger children <2 years of age. Dismal 

outcome is associated with late diagnosis, usually in low-income countries, presenting 

an overall survival of 30% compared to high-income countries >95% [248]. It is 

caused in most cases by germline or somatic biallelic loss of the tumour suppressor 

RB1, which lies on chromosome 13q14 and encodes for retinoblastoma protein [249]. 
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Other alterations found in retinoblastoma include mainly copy number changes in 

DDX2, KIF14, MDM4, OTX2 and loss of CHD11 and RBL2, additionally a very low 

number of point mutations involving BCOR and CREBBP [250, 251]. Non-RB1 

retinoblastoma has been reported in 2.7% cases and is probably initiated by 

amplification of MYCN, representing highly aggressive tumours harbouring specific 

histological characteristics with multiple nucleoli and blast cells [252]. 

Childhood cancer predisposition syndromes 

Recent studies have suggested that about 7-9% of childhood cancer carry a known 

or likely pathogenic germline variant in cancer-predisposition genes, frequently in 

DNA repair genes such as TP53, BRCA2, CHEK2, MSH2, MSH6 and PMS2, [12, 13]. 

However, due to the low number of studies, the prevalence of cancer predisposition 

syndromes in children might be underestimated and as large scale genetic testing is 

performed, it is possible that the percentage of cases forming part of hereditary cancer 

syndromes might increase [14, 253, 254]. The most common syndrome associated 

with cancer predisposition is Li-Fraumeni syndrome, characterised by TP53 mutations 

and correlated with a high risk of developing bone and soft tissue sarcomas, brain 

tumours, and adrenal cortical carcinomas, among others [255]. APC-associated 

polyposis conditions predispose to CNS tumours (SHH-medulloblastoma), 

osteosarcoma and neuroblastoma [256]. Germline mutations in neurofibromatosis 1 

(NF1) is associated with paediatric glioma (LGG and HGG) as well as malignant 

peripheral nerve sheath tumours [256]. Gorlin syndrome, characterised by mutations 

in SUFU and PTHC1 is linked to young children with SHH-MB, rhabdomyosarcoma, 

ependymoma and foetal rhabdomyoma [256]. Rhabdoid tumour predisposition 1/2 

involving SMARCB1 and SMARCA4 mutations are associated with renal and 

extrarenal rhabdoid tumours, meningioma (SMARCB1) and schwannomatosis 

(SMARCA4) [256]. RB1 germline mutations predispose to retinoblastoma and high 

risk of secondary malignancies such as osteosarcoma, while DICER1 mutations 

predispose to rhabdomyosarcoma, pituitary blastoma, PNET, and pineoblastoma 

among others [256]. A summary of cancer predisposition genes and syndromes is 

shown in {Table 1-3} and {Figure 1-15}. 
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Table 1-3 Summary table of the most common cancer predisposition syndromes in children with cancer. 
Table taken from [256].  
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Figure 1-15 Germline mutations in paediatric cancer. (A) Bar-plot showing mutations in 21 genes 
associated with autosomal dominant cancer predisposition syndromes coloured by tumour type. (B) Bar-
plot showing germline mutation frequency in 21 genes by tumour type. Figure taken from [13]. 

Next generation sequencing 

In the last decade, advances in next generation sequencing (NGS) have facilitated 

the understanding of childhood cancer genomics which have revolutionised the way 

translational and clinical studies are conducted.  

1.5.11 NGS technology review 

NGS methodology varies depending on the strategy and platform chosen {Figure 

1-15} [257-259]. The first step is the library preparation, which is accomplished by

random fragmentation of the genomic DNA and can be conducted mechanically by 

sonication or by enzymatic digestion of the DNA. The fragment size needs to be 

compatible with the sequencer, and can vary from small fragments for short-read 



47 

sequencing (200-300bp) to longer for long-read sequencing (20,000bp) {Figure 

1-17A}. After fragmentation, the DNA ends are repaired and adaptors are ligated

followed by DNA amplification. In addition, the inclusion of unique molecular identifiers 

(UMI) can be utilised to identify sampling bias and correct for the effects of PCR 

duplicates. From this step, libraries can be used for WGS. An enrichment step is 

needed for WES or targeted-sequencing where capture probes that bind to the DNA 

sequence of interest are employed. Amplicon-based approaches involve PCR and 

use primers flanking the region of interest. The next step is the library sequencing 

generating clonal clusters from any given library. The details of the sequencing 

chemistry are different according to the platform chosen {Figure 1-17B}. After 

sequencing, FastQC is run to check quality on raw data and reads are aligned to the 

reference genome. This can be done by utilising different software (BWA, Bowtie, 

Novoaling) generating sequence alignment/map (SAM) and binary alignment map 

(BAM) format files. These are then used to perform variant calling and for visualisation 

using genome browsers such as the Integrative genomics viewer IGV. The most 

common variant calling tools include Samtools, GATK Unified Genotyper and MuTect. 

After the variants are detected, annotation is performed to include gene and transcript 

identifiers, as well as clinical significance and pathogenic prediction by using 

numerous cancer databases (ENSEMBL, COSMIC) and tools (Polyphen2, Oncotator, 

SnpEff or Alamut) [257]. 

The implementation of NGS-based assays in molecular diagnostics require a complex 

process of validation prior to clinical use, which require overall test performance and 

the assessment of crucial specifications such as limit of detection, accuracy, 

sensitivity and specificity amongst others [260]. The use of the appropriate reference 

standards is essential to account for specific challenges and ensure the accuracy and 

robustness required in CLIA (Clinical Laboratory Improvement Amendments) 

accredited laboratories which are routinely monitored with proficiency testing [261]. 

To assist with the validation of NGS testing assays, numerous guidelines and 

recommendations for standardised NGS framework have been published including 

technical and bioinformatic quality control steps [260, 262-264]. 
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Figure 1-16 Schema showing the most common used NGS platforms. 1 Illumina, 2 Agilent, 3 Nimblegen, 4 Molecular Inversion Probe, 5 Thermo Fisher, 6 Roche and 7 PacBio. 
(A) Library preparation is divided by NGS approach and hand-on-time. (B) Sequencing platforms are shown indicating run time and sequencing read length and (C) Quality
Control criteria is shown per NGS approach. Figure taken from [259].
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Figure 1-17 Overview of next generation sequencing. (A) Library preparation starts with DNA 
fragmentation followed by end-repair and adaptor ligation. PCR amplification is required to create enough 
copies of the DNA which can be carried out by emulsion-PCR (Roche and Life Technologies) or bridge-
PCR (Illumina) depending on the platform used. (B) Sequencing platforms. There are three main 
platforms to detect the signal produced when the nucleotide is added i) Roche 454 uses pyrosequencing, 
whereby each cycle with the addition of a nucleotide a pyrophosphate is realised and converted to ATP, 
which transform luciferin to oxyluciferin producing light; ii) Sequencing by synthesis, whereby each cycle 
includes the addition of four fluorescently-labelled nucleotides, captured by a camera with four channels 
(Illumina); and iii) Semiconductor sequencing, whereby in each cycle a different nucleotide is applied 
resulting in release of a proton, altering the pH which is recorded as a change of voltage (Life 
Technologies). Figure taken from [257]. 
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1.5.12 NGS paediatric cancer platforms 

In the last four years, numerous studies have shown that comprehensive sequencing 

approaches from targeted sequencing, RNA-sequencing, methylation, WES to WGS 

can be applied for clinical decision-making in children with refractory/relapsed cancer 

[254, 265-269]. These studies have revealed a similar success rate for obtaining high 

quality sequencing data (81-89%) and for discovering molecular alterations that could 

help in the clinical management of these children (34-61%). Such strategies are 

capable of supporting innovative clinical trials for children with cancer based-upon 

specific molecular alterations. Paediatric MATCH (Molecular Analysis for Therapy 

Choice, NCT03155620) is a single agent basket trial for children with refractory or 

recurrent tumours in the United States with seven treatments arms [270]. ESMART 

(European Proof-of-Concept Therapeutic Stratification Trial of Molecular Anomalies 

in Relapsed or Refractory Tumours, NCT02813135) is a basket trial using 

combination of targeted therapies plus chemotherapy in Europe with seven treatment 

arms, each of them as an independent trial with phase 1 dose escalation and phase 

two as expansion phase. INFORM2 (Individualized therapy For Relapsed 

Malignancies in childhood) is a German study including sites in several European 

countries and Australia that uses a combination of targeted/immune therapies with 

established chemotherapy treatments based on the INFORM Registry findings [267]. 

Additionally, the sequencing platforms support disease-specific molecular-driven 

trials such as NEPENTHE (Next Generation Personalised Neuroblastoma Therapy) 

and PNOC008 (Pacific Pediatric Neuro-Oncology Consortium) initiatives. 

NEPENTHE (NCT02780128) is a phase I trial led by Yoel Mosse where genetic 

alterations are matched to targeted agents in children with neuroblastoma at time of 

relapse. PNOC008 (NCT03739372) is a two-strata pilot trial using WES, targeted 

panel sequencing and RNA-seq to test efficacy of personalised treatment in children 

and young adults, with high-grade glioma.  

Besides the advances in clinical sequencing trials, the use of biomarkers predictive 

of response to an FDA-approved drug for the management of children with cancer 

remains very low compare to the adult population [271].  
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Liquid biopsy in cancer 

Obtaining tumour tissue by surgical procedure at diagnosis is a routine practise for 

most paediatric solid tumours, however this is not always feasible for some 

inaccessible brain tumours, such as DIPG, resulting in very invasive procedures with 

associated complications and risks [272, 273]. In addition, tissue biopsy often fails to 

capture tumour heterogeneity and potential differences in metastatic tumours [274, 

275]. Liquid biopsy represents a powerful tool to overcome sampling limitations 

including sample accessibility for longitudinal studies, enabling the monitoring of 

predictive biomarkers of response to treatment. In addition, liquid biopsy may offer an 

advantage to evaluate tumour heterogeneity and detection of acquired resistance 

alterations in comparison with a single core biopsy [276]. In adult cancers, circulating 

tumour DNA (ctDNA) has been broadly applied for early cancer detection, to monitor 

treatment, predict patient relapse as well as for the discovery of drug-resistance 

mutations [277-284].  

Liquid biopsies refer to biological fluids derived from cancer tissue which can 

represent a source of cancer biomarkers {Figure 1-18}. These include circulating 

tumour cells (CTCs), circulating tumour nucleic acids (ctDNA and ctRNA), miRNAs, 

extracellular vesicles (EVs), tumour educated platelets (TEPs) and proteins. Although 

blood is the most typical source, nearly all body fluids can be utilised as liquid biopsy. 

This will depend on the anatomical location of the primary or metastatic tumour, and 

can include cerebrospinal fluid (CSF) for tumours affecting the CNS, urine for 

urogenital cancers, saliva for head and neck squamous cell carcinoma, pleural 

effusions for lung cancer and mesothelioma [285].  

Cell-free DNA (cfDNA) is shed into the bloodstream from dying cells and constitutes 

short fragments of double-strand DNA. The half-life of cfDNA in the circulation is <2.5h 

[286]. ctDNA is the proportion of cfDNA that derives from cancerous cells that undergo 

cell death (apoptosis or necrosis), lysis of CTCs and secretion from the tumour. The 

average fragment size of ctDNA varies from 40-200bp with a peak size of ~166bp, 

corresponding to the length wrapped around a nucleosome plus ~20bp linker bound 

to histone H1 [287]. The amount of ctDNA can vary depending on tumour size, stage 

of disease, extent of metastatic spread and disease burden [287]. Furthermore, 

detectable levels of ctDNA in plasma can differ depending on the tumour type, for 

example ovarian or colorectal cancer are found to have a median of 100-1000 copies 

of DNA per 5 mL of plasma whereas brain tumours have been shown to have less 
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than 10 copies per 5 mL of plasma {Figure 1-19} [288]. Importantly, the proportion of 

ctDNA in primary brain tumours or solid tumours that metastasizes in the brain is 

significantly higher in CSF than in plasma [289-292]. 

Figure 1-18 Cell-free DNA (cfDNA) origin and characteristics. (A) cfDNA can derived from different cells 
including tumour cells (ctDNA). (B) DNA is released to the circulation by different mechanisms most 
commonly by apoptosis, necrosis and active secretion which will determine DNA fragment size. (C) 
cfDNA levels are influenced by association and disassociation with extracellular vesicles and serum 
proteins (D) with different rate of binding depending on pH, temperature, and can be inhibited by certain 
substances such as heparin (E). cfDNA has a half-life of 16 min to 2.5hours. Figure taken from [293].  

Given that the fraction of ctDNA in relation to the total cfDNA can be very low, often 

<0.01%, highly sensitive methods are required to identify ctDNA [294]. These include 

allele-specific PCR such as quantitative PCR (qPCR) COBAS kits for the detection of 

EGFR and KRAS mutations, droplet digital PCR (ddPCR) and BEAMing digital PCR 

[294-296]. In addition, deep-sequencing NGS-based assays allow the detection of 

multiple gene alterations. Amplicon-based NGS methods include TAM-seq (tagged-

amplicon sequencing) [297], InVisionFirst™ [298], Safe-SeqS (Safe Sequencing 

System). Hybrid capture-based NGS assays were developed to improve the detection 
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of mutations and avoid potential PCR amplification bias, and include CAPP-seq 

(Cancer Personalised Profiling by Deep Sequencing) [299, 300], Guardant360® 

(Guardant Health, Inc.) [301, 302], and FoundationOne® Liquid (Foundation Medicine 

Inc). Furthermore, CancerSEEK uses a combination approach of multiplex PCR-

based NGS assay and protein biomarker assessment from ctDNA [303]. 

Figure 1-19 Bar-plot showing the frequency of patients with detectable circulating tumour DNA per 
tumour type. Figure modified from [288]. 

1.6.13 Liquid biopsy in childhood cancer 

Although the study of liquid biopsies in paediatric cancer has increased over the last 

few years, it has not advanced to the same degree as in adult oncology. Recurrent 

alterations have however been detected in neuroblastoma (MYCN, ALK and ATRX) 

[304-306], Ewing sarcoma (EWSR1 fusion, TP53 and STAG2) [307, 308], 

rhabdomyosarcoma (PAX3:FOXO1) [309], retinoblastoma (RB1 mutations) [310, 

311], Wilms tumours (TP53) [312], CCSK (ITD-BCOR) [313], HGNET-BCOR (ITD-

BCOR) [314], DMG (H3-K27M) [315-318] and BRAF-V600E in Langerhans cell 

histiocytosis [319]. 
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While few studies have compared the levels of plasma-ctDNA amongst paediatric 

tumours, it appears that children with neuroblastoma have higher levels of ctDNA 

compared to other non-CNS solid tumours (Ewing sarcoma, osteosarcoma, Wilms 

tumours and ARMS) [320]. Less is known about ctDNA in paediatric brain tumours 

and the few studies published are mainly in DMG-K27M tumours in which they have 

used ddPCR to detect K27M mutations [315-318]. In these studies, similarly to adult 

CNS tumours, it has been observed that ctDNA levels are higher in CSF than in 

plasma, with a mean mutant allele frequency of >10% and <0.1% respectively [317].  

There are currently a small number of ongoing clinical trials evaluating the use of 

liquid biopsies. NGSKids (NCT02546453) and MICCHADO (NCT03496402), are two 

clinical trials open in France and led by Gudrun Schlieirmacher, utilising NGS-based 

technology to detect genetic alterations in ctDNA derived from blood, CSF, bone 

marrow and urine in metastatic, high-risk and low-risk paediatric tumours. 

Additionally, PRISM (PReciSion Medicine for children with cancer, NCT03336931) is 

a multicentre prospective study carried in Australia for children with high-risk cancer. 

In this study liquid biopsy is incorporated in their molecular profiling pipeline. 
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Aims 

Aim 1. Establishment and clinical validation of a paediatric solid tumour NGS 

panels. 

1a Development and validation, within a clinical pathology accredited laboratory 

(CPA, UK), of a paediatric solid tumour sequencing assay for use with either routine 

FFPE or fresh frozen (FF) samples. 

1b Generation of a comprehensive genomic classification of paediatric solid tumours 

using targeted sequencing to identify recurrent, prognostic and predictive genomic 

alterations in clinical samples linked to outcome data. 

Aim 2. Using circulating biomarker analysis to track tumour evolution and 

response 

2a. Investigation of the value of liquid biopsies (cfDNA and CSF) as circulating 

biomarkers correlating DNA concentrations from plasma and CSF with tumour burden 

and clinical parameters.  

2b. Molecular analysis through droplet digital PCR (ddPCR) will be used as a tool for 

minimal residual disease monitoring of therapy, prediction of early relapse and aid in 

non-invasive tumour stratification. 

Aim 2. Identifying alternative treatments based upon genetic dependencies in a 

co-clinical DIPG trial (BIOMEDE) 

3a. To identify rational therapeutic options with individualised preclinical evidence as 

to their efficacy in a co-clinical trial model for DIPG patients. 

3b. To study specific evolutionary trajectories from DIPG derived cultures under drug 

exposure, generating resistance culture populations, and explore the resistance 

mechanism to identify more effective treatments. 

1.7 
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 CHAPTER 2 : Material and methods 

2.1 Cases and clinical trials 

2.1.1 Local and UK samples 

A representative selection of common paediatric tumours and cell lines were used for 

the validation of a paediatric NGS panel, comprising a total of 132 samples. 

Furthermore, plasma and CSF samples from local hospitals were consented under 

the CCR-4873 study. Local institutional review board approval was obtained in 

addition to the separate approvals from the contributing tumour banks (The Children’s 

Cancer and Leukaemia Group Tumour Bank and the Queensland Children’s Tumour 

Bank). 

2.1.2 CCR-4294 

A Royal Marsden Hospital (RMH) pilot study CCR-4294 for patients aged ≤24 years 

with solid tumours treated on the Children and Young People’s’ Unit commenced in 

March 2016 and was subsequently expanded nationally for children aged ≤16 years. 

Ethical approval was obtained from the National Research Ethics Service (reference: 

15/LO/07) and the Biological Studies Steering Group of the Children’s Cancer and 

Leukaemia Group (reference: 2015 BS 09) by Dr Sally George. Participants and/or 

guardians gave informed consent. Patients were eligible to enrol at any time including 

diagnosis and relapse/progression. Blood was taken for germline DNA analysis, 

plasma was isolated, and archival tissue retrieved from the most recent surgery. If 

indicated, a repeat biopsy could be requested at the treating clinician ’s discretion. 

Samples from this pilot study were used to assess the implementation of targeted 

sequencing into clinical practice in order to identify diagnostic, prognostic and 

predictive in paediatric solid tumours linked to outcome data.  

2.1.3 HERBY 

The HERBY trial (NCT01390948, 2011-2015) was a multicentre, randomised phase 

II study of the addition of bevacizumab (BEV, a monoclonal antibody to vascular 

endothelial growth factor) to radiotherapy and temozolomide (RT/TMZ, standard of 

care for children with HGG, ≥3 years) in non-brainstem pHGG [69, 87, 321]. All patient 

samples were collected after signed consent to the HERBY translational research 

program, under full Research Ethics Committee approval at each participating centre. 
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As part of the correlative translational research programme, tumour tissue was taken 

at diagnosis. In addition, serial plasma samples were taken at five different time-points 

during the course of treatment. A subset of samples from this cohort was used to 

investigate the presence of recurrent structural variants (SV) as well as plasma 

samples utilised to interrogate their use in the detection of circulating biomarkers to 

track tumour evolution and treatment response. 

2.1.4 BIOMEDE 

The Biological Medicine for DIPG Eradication trial, BIOMEDE (NCT02233049) is an 

ongoing multicentre, randomised phase II study with molecular stratification of DIPG 

after upfront biopsy. Patients are randomised and stratified into one of three different 

arms according to the expression of PDGFRA, EGFR and PTEN, for treatment with 

dasatinib, erlotinib or everolimus. All patient samples were collected after signed 

consent to the BIOMEDE translational research program, under full Research Ethics 

Committee approval at each participating centre. Within the UK, snap-frozen tissue, 

whole-blood, live tissue, and optionally plasma, taken at diagnosis were collected and 

sent to our laboratory. The samples were used to characterise the molecular 

alterations driving the tumours as well to establish in vitro and in vivo models to 

identify alternative therapeutic targets. Once the in vitro models were established, a 

drug screen was performed based upon the molecular alterations detected in the 

original patient tumour sample. When possible, we selected a compound identified in 

the drug screen to perform efficacy studies in the serial patient derived xenograft 

(PDX) or cell derived xenograft (CDX). These results were fed back to the treating 

clinician in order to guide patient treatment at relapse. 

2.2 Capture sequencing design and sample preparation 

2.2.1 Panel design 

Four different panels were designed: Paeds-v1 (v1=78 genes, 311 kb), Paeds-v2 

(v2=91 genes, 473 kb), CNS fusion detection panel (24 genes, 2.2 Mb) and pHGG-

panel (330 genes, 1.2 Mb). The panel design workflow is described in {Figure 2-1}. 

The targets were selected following literature review as either recurrently altered in 

paediatric cancers (Paeds-v1/v2) or in CNS-tumours (Fusion-panel). The genes in the 

pHGG-panel included recurrent alterations in genes previously identified from a meta-

analysis published from our laboratory [22]. After gene selection, a bed file containing 

the exact genome location of the region of interest (ROI) was created comprising of 
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exons for hotspot mutations (BRAF exon 12 and 15), all coding exons for tumour 

suppressor genes (TP53), intronic regions for structural variants (SV) (ALK intron 19-

20) and all coding exons. In addition, common heterozygous SNPs in the population,

alongside the gene, were included for copy number variation (CNV) (MYCN). The bed 

file was sent to Nimblegen (Roche) where they first generated an in-silico design of 

the library of customised biotinylated DNA probes complementary to the genes of 

interest. The in-silico design contained a list of the ROI with an estimated-predicted 

coverage. The design was then reviewed, for the estimated non-predictive coverage 

regions, if feasible, other ROI were selected (only possible for CNV detection). We 

also try to obtain a more relaxed probe design, allowing for a maximum of matches in 

the genome from 20 to 50 in difficult regions, as well as adding extra probes in the 

areas limiting the poorly captured ROI. This process was reviewed with Nimblegen 

until we were satisfied with the ROI estimated-predicted coverage and only then was 

the library of biotinylated probes for the different panels manufactured. 

Figure 2-1 Panel design workflow from gene selection to probe synthesis. 

2.2.2 Sample preparation and sequencing 

For v1/v2, FFPE sample assessment from haematoxylin and eosin (H&E) stained 

slides was performed by an experienced pathologist (Dr Khin Thway) and a trained 

biologist (Professor David González de Castro). This was done to mark the region of 

the section containing tumour, and to estimate neoplastic cell content, defined as the 

percentage of neoplastic cells out of total nucleated cells in the marked area. Macro-

dissection of the marked area was conducted when a distinct area of neoplastic cells 

from normal cells was observed in a large area and the overall tumour content without 

macro-dissection would have been <60%. 24 out of the 83 FFPE samples underwent 

macro-dissection to enrich the tumour content.  

The sample workflow is described in {Figure 2-2}. DNA from blood and cell lines, FF 

and FFPE samples was extracted using the QIAamp DNA blood mini kit (Qiagen, 

51106), the QIAamp DNA mini kit (Qiagen, 51306) and the QIAamp DNA FFPE tissue 
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kit (Qiagen, 56404), respectively. For specimens where DNA was extracted at local 

centres, their own protocols were followed. DNA was quantified with the Qubit 2.0 

fluorometer (Invitrogen). To determine the degree of fragmentation of genomic DNA 

prior to library preparation, FFPE samples were analysed by TapeStation 2200 using 

the genomic DNA ScreenTape assay (Agilent Technologies, 5067-5366). Based on 

optimization studies, samples yielding DNA with median fragment length >1000bp 

were processed using 50-200ng DNA. Samples with DNA <1000 bp were processed 

using 400ng if there was sufficient DNA. 

Library preparation was performed using the KAPA Hyper and HyperPlus Kit (Kapa, 

Roche KK8502 and KK8514) and SeqCap EZ adapters (Roche, NimbleGen, KK8701 

and KK8702), following the manufacturer’s protocol, including dual-SPRI size 

selection of the libraries (150-350bp). For the first 39 samples, I used the KAPA-Hyper 

Kit and sheared the DNA using Covaris M220 (Covaris, Woburn, MA). For the rest of 

the samples I used an updated kit, KAPA HyperPlus, which employs enzymatic 

fragmentation. Optimisation of the process indicated that the change to enzymatic 

fragmentation resulted in a substantial improvement in library complexity and unique 

coverage depth compared to sonication [322]. Following fragmentation DNA was end-

repaired, A-tailed and indexed adapters ligated. To optimise enrichment and reduce 

off-target capture, pooled, multiplexed, amplified pre-capture libraries (6 to 10 cycles 

according to the DNA input) were hybridized twice overnight using 1 µg of the pooled 

library DNA to a custom design of DNA baits complementary to the genomic regions 

of interest (NimbleGen SeqCap EZ library, Roche). A 5 cycle PCR was performed 

between hybridizations to enrich the captured product. After hybridisation, unbound 

capture baits were washed away and the remaining hybridised DNA was PCR 

amplified (11 cycles). PCR products were purified using AMPure XP beads (Beckman 

Coulter) and quantified using the KAPA Quantification q-PCR Kit (KAPA, KK4828) or 

Qubit dsDNA High Sensitivity Assay Kit (ThermoFisher Scientific, Q32854). For v2 

panel, updated CNS fusion-panel and pHGG-panel, as the probes became more 

specific, a single overnight hybridisation was performed. Samples were sequenced 

on a MiSeq or NextSeq (Illumina) with 75bp paired-end reads or 150bp paired-end 

reads chemistry (Illumina, MS-102-3001 and 20024907) according to the 

manufacturer’s instructions. For clinical reported patients where germline matched 

control was available pools from tumour and control DNA, libraries were multiplexed 

separately for hybridization and combined prior to sequencing at a ratio of 4:1, 

increasing the relative number of reads derived from tumour DNA. 
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Figure 2-2 Sample workflow description from DNA extraction to library preparation, capture and 
sequencing 

2.2.3 Paeds-v1 and Paeds-v2 data analysis 

Primary analysis was performed using MiSeq Reporter Software (v2.5.1; Illumina, 

(http://emea.support.illumina.com/sequencing/sequencing_software/miseq_reporter/

downloads.html), generating nucleotide sequences and base quality scores in Fastq 

format. Further analysis was performed by bioinformaticians Dr Lina Yuan and Sabri 

Jamal from the Clinical Genomics Research team (RMH, NHS, Sutton). Resulting 

sequences were aligned against the human reference sequence build GRCh37/Hg19 

to generate binary alignment (BAM) and variant call files (vcf). Secondary analysis 

was performed in-house using Molecular Diagnostics Information Management 

System to generate QC, variant annotation, data visualisation and a clinical report. In 

the Molecular Diagnostics pipeline, reads were deduplicated using Picard 

(http://broadinstitute.github.io/picard/), and metrics generated for each panel region. 

Oncotator (v1.5.3.0) (https://portals.broadinstitute.org/oncotator) was used to 

annotate point mutations and indels using a minimum variant allele frequency (VAF) 

of 5% and a minimum number of 10 variant reads. Manta 

(https://github.com/Illumina/manta) was used for the detection of structural variants. 

Variants were annotated for gene names, nature of variant (e.g. missense), 

PolyPhen-2 predictions, and cancer-specific annotations from the variant databases 

including COSMIC, Tumorscape, and published MutSig results. CNV was assessed 
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using the ratio of GC-normalized depth of ROI in tumour against GC-normalized 

read depth of ROI in either matched germline DNA (when available) or the male cell 

line G147A (Promega). Any ratio below 0.65-fold was defined as a potential deletion 

whereas a ratio above 2.4 was flagged as a potential amplification. All potential 

mutations, structural variants and CNVs were visualised using Integrative Genomics 

Viewer (IGV) and two individuals were required to review the mutation report 

independently. Variant calls from samples with previously known SNVs and indels 

were checked manually on IGV. For v2, analysis was later executed using an update 

of in-house developed pipeline, Molecular Diagnostic Information Management 

System version 3.0 (MDIMSv3) using the following bioinformatics software and 

versions: demultiplexing was performed using bcl2fastq 2.17.1.14, reads were 

aligned using BWA 0.7.12, structural variants were identified using Manta 

0.29.6, SNVs and indels were called with GATK 3.5.0, and variants were annotated 

with Oncotator version 1.5.1.0. CNV's were assessed as previously per Paeds-v1 

modifying the ratio established for deletions from 0.65-fold to 0.5-fold. 

2.2.4 Fusion-panel, pHGG-panel data analysis 

Bioinformatic analyses describe in this section were carried out by the senior 

bioinformatician and my associate supervisor in our laboratory, Alan Mackay.  

Capture reads were aligned to the GRCh37/Hg19 build of the human genome using 

bwa bwa v0.7.12 (bio-bwa.sourceforge.net), PCR duplicates were removed with 

PicardTools 1.94 (pcard.sourceforge.net) and BEDTools was used for quality control 

(QC) and generation of metrics for each sample Single nucleotide variants were called 

using the Genome Analysis Tool Kit v3.4-46 based upon current Best Practices using 

local re-alignment around indels, downsampling and base recalibration with variants 

called by the Unified Genotyper (broadinstitute.org/gatk/). Variants were annotated 

using the Ensembl Variant Effect Predictor v74 (ensembl.org/info/docs/variation/vep) 

incorporating SIFT (sift.jcvi.org) and PolyPhen (genetics.bwh.harvard.edu/pph2) 

predictions, COSMIC v64 (sanger.ac.uk/ genetics/CGP/cosmic/), dbSNP build 137 

(ncbi.nlm.nih.gov/sites/SNP), ExAc and ANNOVAR annotations. Copy number was 

obtained by calculating log2 ratios of tumor/normal coverage binned into exons of 

known Ensembl genes, smoothed using circular binary segmentation 

(DNAcopy, www.bioconductor.org) and processed using in-house scripts in R 

v3.6.0.Manta (https://github.com/Illumina/manta) and Breakdancer 

(breakdancer.sourceforge.net) were used for the detection of structural variants. The 

http://pcard.sourceforge.net/
http://www.bioconductor.org/
https://github.com/Illumina/manta
http://breakdancer.sourceforge.net/
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raw list of candidates provided by Manta were filtered for more than 2 reads covering 

both genes, common false positive base pairs (bp) positions/fusions outside of the 

capture set at both ends, common breakpoint/false positives within 10 bp, common 

false positive gene pairs, fusions within the same gene and homologous sequences 

greater than 10bp. Breakdancer was used to confirm all the breakpoints in all 

samples. Sequences either side of the break points were annotated to look for 

repetitive elements. A BLAT score was obtained to remove loci which were not 

uniquely mapped. Integrative Genomics Viewer (IGV) was used to view the fusions.  

2.3 Panel sequencing validation 

2.3.1 Paeds-v1 and v2  

2.3.1.1 Validation samples 

To validate v1, I used a total of 132 samples, including: i) Four cell blends with 

validated variants (Tru-Q1-4 HorizonDiscovery, Cambridge, UK), ii) 15 paediatric cell 

lines iii) 83 paediatric FFPE samples and iv) 30 FF paediatric samples. 

The four cell blends contained 163 SNVs and 34 indels common to all four blends 

(background variants). Additionally, there were 61 SNVs and 17 indels, cancer 

variants, which were unique between blends, at known VAF, and verified by ddPCR. 

The four cell blends were used to assess overall performance, repeatability, 

intermediate precision, sensitivity and limit of detection. Specificity was determined 

using 87 true negative SNV sites (wild type) where another blend harboured a 

mutation at the corresponding position. The cell blends were processed and 

sequenced in two different runs by two independent users. 

v2 was validated using the previous described four cell-blends (Tru-Q1-4) as well as 

10 paediatric FFPE samples with known variants previously run using v1 (SNVs=554, 

indels=79). Quality and coverage metrics were calculated across all the samples 

including i) total reads, ii) percentage of reads mapped to the reference sequence, iii) 

percentage of duplicates, iv) percentage of bases from unique reads de-duplicated 

on target and v) mean depth. Sensitivity, specificity and accuracy were determined by 

comparing the cell-blends and FFPE samples with known variants and known true 

negatives. 
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2.3.1.2 Validation metrics 

The validation was based according to the guidelines based by Mattocks and others 

to implement a test in the context of clinical human molecular genetic testing in order 

to ensure these assays perform to defined standards [260].  

2.3.1.2.1 Overall performance 

Four cell blends and five FFPE samples were used to measure performance across 

the capture design. Log mean depth was compared across the panel to the log depth 

of each region captured for each gene. Regions were classified as underperforming 

if the depth was lower than 2 x SD of the mean based on log2 

[log2(ROI)>mean(log2(ROI))-2xSD(log2(ROI))]. GC content and mappability scores 

were compared against each region captured by the panel. Quality and coverage 

metrics were calculated across all the samples including i) total reads, ii) percentage 

of reads mapped to the reference sequence, iii) percentage of duplicates, iv) 

percentage of bases from unique reads de-duplicated on target, v) mean depth of 

targeted positions. 

2.3.1.2.2 Limit of detection 

To assess the limit of detection and determine a reliable cut off for the analysis a 

unique cancer-specific set of variants was used from the four cell blends introduced 

at range of VAFs from 4% to 30%, defined by ddPCR. 

2.3.1.2.3 Precision 

Repeatability (or within-run precision) was determined by comparing the cell blend 

background variant data across the 4 different samples in the same run for variant 

detection and VAF. Intra-run pairwise correlation was calculated for two runs where 

the cell blends were prepared and sequenced by different users generating two sets 

of repeatability data. 

Intermediate precision (or between-run precision) was determined by comparing the 

cell blend background variant data between two runs for variant detection and VAF. 

Between-run pairwise correlation was calculated from two different runs prepared by 

different users and sequenced on different MiSeq instruments. 
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2.3.1.2.4 Sensitivity and specificity 

The sensitivity of the panel was determined by separately comparing the cell blend 

background variants and the cancer-specific variants introduced at known VAF and 

specificity by using the cell blend cancer-specific set of data with known variants and 

known true negative sites. Variants were classified according to the different ranges 

of frequencies of the variants present in the DNA blends. The Positive-Predictive 

Value (PPV) and Negative-Predictive Value (NPV) were also determined. 

2.3.1.3 Correlation between NGS targeted panel and other technologies 

For v1 panel, 13 paediatric cancer cell lines were tested, harbouring a total of 30 

known SNVs, deletions and amplifications previously identified by the Cancer Cell 

Line Encyclopaedia using Target Enrichment Sequencing (Agilent Technologies, 

Santa Clara, CA) and other published data [191, 323-327]. Furthermore, 33 samples 

(FF=14, FFPE=19) were used which harboured a total of 65 known genetic alterations 

including i) SNVs detected by Sanger Sequencing (H3F3A, TP53, CTNNB1, 

HIST1H3B, ALK, BRAF) [112, 328, 329] and RNA-Seq ii) copy number changes by 

FISH (MYCN) [330] and 450k array and iii) rearrangements by Real-Time Quantitative 

PCR involving ESWR1 as previously described [331, 332]. 

2.3.1.4 Fresh frozen vs FFPE samples 

For v1 panel, 15 paired FF and FFPE paediatric samples were compared for quality 

control metrics, coverage and the distribution of library inserts sizes between FFPE 

and FF paired samples. In addition, the VAF of the total variants found in the paired 

samples were correlated. 

2.3.2 Glioma fusion-panel validation 

To test whether the same technology used for Paeds-v1/v2 was suitable for the 

design of a CNS fusion-specific panel, we first obtained a pilot fusion-panel, 

containing a small library of the probes complementary to the genes of interest, 

designed by Nimblegen. To validate the assay, 25 samples were used comprising 

nine fusion positive cases involving MN1, NTRK, and ALK genes; four cases with 

suspected fusions by methylation and twelve WT or unknown fusion status. Quality 

metrics were generated and the presence of the fusions was assessed by MANTA. 

To evaluate the uniformity of sequencing coverage the Inter-Quartile Range, (IQR, 

the difference between the 75th and 25th percentiles of the histogram) was calculated. 
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This value is a measure of statistical variability, reflecting the uniformity of coverage 

across the data set. A high IQR indicates high variation across the ROI, while a low 

IQR reflects more uniform sequence coverage 

(https://www.illumina.com/science/technology/next-generation-sequencing/plan-

experiments/coverage.html). 

A series of steps were performed to optimise library preparation suitable for SV 

detection. To achieve longer DNA-library fragment length (from 150-350bp to 250-

500bp), the fragmentation time as well as dual-SPRI size selection was optimised. 

Read length can also impact the detection of SV, shorter read length can result in less 

confident mappings [333]. This was done by modifying the number of base-pairs 

sequence, from 2x75bp to 2x150bp paired-end reads by choosing a different 

sequencing kit (Illumina, 20024907).  

Once the library preparation and sequencing protocol was optimised a new version 

of the fusion-panel was designed to include QK1, BEND2 and the non-tyrosine kinase 

domain of ALK (exons 1-20). Furthermore, as part of the panel optimisation, an 

increased number of probes within and limiting the poorly capture ROI were 

additionally added by Nimblegen when manufacturing the updated panel. To test the 

updated version, four samples with known SV (FGFR1-tandem duplication, 

MN1:BEND2, ALK:SPECC1L and BRAF:KIAA1549) were prepared, sequenced and 

the SV presence assessed. 

2.4 Multi-omics analysis in the BIOMEDE co-clinical trial 

2.4.1.1 Nucleic acid extraction 

Nucleic acid extractions, from snap-frozen tissue, whole-blood, cells and patient/cell 

derived xenografts, were performed with the help of Sara Temelso, Higher Scientific 

Officer in our lab.  

DNA and RNA were isolated from the same piece of tissue or cell pellet by using ZR-

Duet DNA/RNA Miniprep Plus (Zymo Research, D7001). If only DNA was extracted, 

DNeasy Blood & Tissue Kit (Qiagen, 69581) was used and if only RNA was extracted, 

RNeasy Mini Kit protocol (Qiagen, 74104) was used. DNA and RNA quality were 

measured using Nanodrop spectrophotometer (Thermo-scientific). DNA 
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concentration was determined using Qubit fluorometer (Life Technologies). RNA 

integrity was analysed and quantified using 4200-Tapestation (Agilent). 

2.4.1.2 Whole exome and panel sequencing 

Whole exome sequencing was performed by Paula Proszek at the Clinical Genomics 

laboratory (RMH, Sutton UK). Libraries were prepared from 50-200 ng of DNA using 

the Kapa HyperPlus kit and DNA was indexed utilising 8bp-TruSeq-Custom Unique 

Dual Index Adpaters (IDT). Libraries were pooled in 8-plex, (2500-500ng of each 

library), by equal mass and normalised to the lowest mass sample. Samples 

were then hybridised overnight (16-18 hrs) with the xGen Exome Research panel v1 

(IDT). An enrichment PCR of seven cycles was performed. Samples were 

sequenced on an Illumina NovaSeq 6000 system using the S2-200 Reagent kit 

(Illumina, 20012861) or the SP Reagent kit (Illumina, 20027465).  

PDX and CDX models were sequenced using the pHGG-panel following the protocol 

described in the section 2.2.2 for sample preparation/sequencing. Variants observed 

in the models were compared against their original tumour sample as well as VAF. 

2.4.1.3 RNA sequencing 

At least 150 ng of RNA was sequenced at Eurofins Genomics. Strand-specific 

cDNA libraries were made by purification of poly-A containing mRNA molecules 

follow by mRNA fragmentation and random primed cDNA synthesis (strand 

specific). Adapter ligation and adapter specific PCR amplification was performed 

before sequencing on Illumina sequencers (Hiseq or Novaseq) using 150 bp 

paired-end reads chemistry according to the manufacturer’s instructions. 

RNAseq data was aligned with STAR and summarized as gene level fragments per 

kilobase per million reads sequenced using BEDTools and HTSeq. Following rlog 

transformation and normalization, differential expression was assigned with DESeq.2. 

Fusion transcripts were detected using chimerscan ver 0.4.5a filtered to remove 

common false positives. RNASeq raw count files were uSIsed to construct an 

expression matrix using Roche's internal pipeline. The expression matrix was 

normalized using edgeR and Voom in R (cran.rproject.org/), and a heatmap was 

created from the absolute gene expression data. Pre-ranked gene set enrichment 

analysis was used to compare gene expression of cultures with different sensitivities 

http://cran.rproject.org/
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to Trametinib and Dasatinb using the R package fastGSEA (fGSEA) based upon 

curated canonical pathways (MsigDB, Broad). Pre-ranked gene set enrichment 

analysis was used from RNA-seq and full proteome analysis to compare gene 

expression of resistant clones to trametinib compared to the parental line using the R 

package fastGSEA (fGSEA) based upon curated canonical pathways (MsigDB, 

Broad). 

2.4.1.4 Methylation 

A total of 50-500 ng of DNA was bisulphite-modified using the EZ DNA 

Methylation-Direct kit (Zymo, D5006), loaded onto the Illumina Infinium 

MethylationEPIC BeadChip and the array intensities were read on the Illumina 

iScan system at the University College London Genomics Centre, according 

the manufacturer’s instructions. 

Methylation data from the Illumina Infinium HumanMethylation850 BeadChip was pre-

processed using the minfi package in R (v11b4). DNA copy number was recovered 

from combined intensities using the coummee package The Heidelberg brain tumour 

classifier [20] (molecularneuropathology.org) was used to assign a calibrated score 

to each case, associating it with one of the 91 tumour entities which feature within the 

current classifier. Clustering of beta values from methylation arrays was performed 

based upon correlation distance using a ward algorithm. DNA copy number was 

derived from combined log2 intensity data based upon an internal median processed 

using the R packages minfi and conumee to call copy number in 15,431 bins across 

the genome. 

2.5 Liquid biopsy 

2.5.1 Plasma and CSF sample preparation 

5-10mL of peripheral blood sample were collected into Cell-Free DNA Collection 

Tubes (Streck) from CRC-4294 and CCR-4873. pHGG blood samples were 

centrifuged twice for 10min a first centrifugation at 1,600 g and a second 

centrifugation at 1,600 g or 16,000 g to remove cellular contents and/or debris. 

For local RMH, CSF was collected using Streck tubes or into sterile tubes and 

centrifuged at 1,600 g for 10 min to remove cellular contents and/or debris. Samples 

were stored at -80°C until cfDNA extraction. Local protocols to isolate plasma and 

CSF were used for the remaining liquid biopsies cases, collected from different site-

sources. 

http://molecularneuropathology.org/
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cfDNA isolation from plasma and CSF was performed using the QIAamp circulating 

nucleic acid kit (Qiagen, 55114) following quantification using the Qubit fluorometer 

(ThermoFisher Scientific, dsDNA HS Assay kit, Q32854) and fragment analysis by 

4200-TapeStation (Agilent, Genomic DNA ScreenTape 5067-5366). 

2.6 Droplet-digital PCR 

Custom TaqMan-based quantitative PCR genotyping assays (Bio-Rad; Applied 

Biosystems, Thermo Scientific and IDT, Integrated DNA Technologies) were 

designed to specifically detect genetic abnormalities (mutations and amplifications). 

The assay limit of detection (LoD) was assessed by performing serial dilution of the 

mutant DNA in constant concentration of wild-type DNA (1:10, 1:100, 1:1.000 

and 1:10.000) and run in duplicate using 5 ng of DNA. The LoD was calculated 

as the fractional abundance of the neat mutant sample divided by the lowest 

dilution with detectable mutant copies (at least two mutant droplets). For each 

assay, three controls were run in duplicates including: one non-template control, 

one wild-type control (fragmented Promega DNA at 1ng/ul) and one positive control 

harbouring the alteration of interest. 

The Bio-Rad QX200 Droplet Digital PCR (ddPCR) system was used, which allows the 

detection of rare DNA target copies with high sensitivity. DNA was randomly 

encapsulated into approximately 15,000 oil nanoliter-sized droplets, using the 

Automated Droplet Generator (BioRad, QX200 AutoDG), containing ddPCR 

Supermix for probes (no dUTP) (BioRad, 1863024), genotyping assay (specific per 

alteration), water and the DNA of interest. The PCR reaction was performed in a 

thermocycler {Table 2-1}, plates were then placed on the droplet reader where the 

droplets are streamed individually through a detector and signals from mutant positive 

(FAM), wild-type (VIC/HEX), double-positive (FAM and VIC/HEX) and negative 

droplets (empty) are counted to provide absolute quantification of DNA in digital form. 

The mutant allele concentration (CMUT) and wild-type allele concentration (CWT) were 

calculated with Quantasoft Analysis Pro (BioRad), the mutant allele fraction (AFdPCR) 

and the concentration of cfDNA in the CSF or plasma (CcfDNA ng/mL) were 

calculated with the following calculations as previously described in [316, 334]: 
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AFdPCR = CMUT/(CMUT+CWT) 
CMUT_ORI = VPCR × CMUT ×VELU / VDNA-PCR x VSAMPLE 

CWT_ORI = VPCR × CWT ×VELU / VDNA-PCR x VSAMPLE 

CMUT_ori is mutant allele concentration in original CSF or plasma (copies/mL) 
CWT_ori is wild-type allele concentration in original CSF or plasma (copies/mL) 
VPCR is volume of final PCR mix (μL) 
VSAMPLE is the volume of CSF or plasma used to extract cfDNA (mL) 
VELU is the volume of cfDNA elution generated from DNA extraction (μL) 
VDNA-PCR is the volume of cfDNA used in final PCR mix 

CcfDNA ≈ 0.003 × (CMUT + CWT)  
the mass of 1 haploid human genome is 0.003 ng 

Temperature (°C) Time (min) Ramp rate (°C/sec) Cycles 

95 10 2 1 

94 0.5 2 
40 

Variable 1 2 

98 10 2 1 

4 ∞ 1 N/A 

Table 2-1 PCR cycling conditions. Annealing temperature was optimised per set of primers/probes. N/A 
= not applicable. 

Analysis of tumour burden from the HERBY cohort by ddPCR at the different time-

point and cfDNA was correlated with multimodal radiological indicators of response 

and progression. These parameters were determined by Dr Tim Jaspan and Dr Daniel 

Rodriguez and included i) MRI imagining using the Response Assessment in Neuro-

Oncology (RANO) criteria, based on T-1 weighted and T2-fluid-attenuated inversion 

recovery sequences (FLAIR) and ii) diffusion/perfusion imagining for response 

assessment [321, 335]. 

2.7 In vitro culture 

2.7.1 Primary derived patient culture establishment 

DIPG patient-derived cultures were established from a small piece of tumour after 

patients underwent biopsy in the BIOMEDE trial from UK centres. The tissue was 

either sent in Hibernate A transport media (ThermoFisher Scientific, A12475-01) in a 

20 mL tube and shipped at room temperature or minced with a sterile scalpel blade 

in DMEM/F12 (Life Technologies, 11320-074) supplemented with 0.2% BSA (Sigma-

Aldrich, A1595) and 10% DMSO (Sigma-Aldrich, D2650), frozen at -80°C for at least 

24h before shipment on dry ice to our laboratory. 
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Cryopreserved tissue was briefly thawed in the water bath at 37°C followed by 

addition of 5mL of stem cell media and centrifuged at 1,000 rpm for 10 min at room 

temperature. When the tissue was received in Hibernate A it was centrifuged at 

1,300rpm for 4min and minced with a sterile scalpel blade in a petri dish. The tissue 

was then transferred to a universal tube and digested using Liberase DL (diluted at 

10x in stem cell media) in the incubator for 10 min (gently mixing after 5 min). 10 mL 

of stem cell media was added follow by centrifugation at 1,300 rpm for 4 

min. Supernatant was removed and the tissue/cells were resuspended in stem cell 

media and continuously pipetted to ensure it was dissociated. If the tissue 

appeared to contain excessive blood, it was incubated for 1 min at 37°C using red 

blood cell lysis buffer (ThermoFisher, A1049201), then washed with stem cell media 

and centrifuged at 1,300 rpm for 4 min. The tissue/cells and supernatants were 

transferred to culture flasks either to grow attached in laminin-coated flasks 

(Merck Millipore, CC095, diluted in PBS to coat a surface at 1µl/cm2, and incubated 

for 2-4 hrs before use) for 2D-Lam establishment and in suspension for 3D 

(neutrosphere, NS) formation in ultra-low attachment flasks (Sigma-Aldrich, 

CLS3815). Primary cultures were monitored for growth under the microscope 

and fresh stem cell media was added every 2-3 days. Cells were incubated at 37°

C, 5% CO2, 95% humidity.  

The cells were grown in stem cell media consisting of Dulbecco’s Modified Eagles 

Medium: Nutrient Mixture F12 (DMEM/F12; Life Technologies, 11330-038), 

Neurobasal-A Medium (Life Technologies, 10888-022), HEPES Buffer Solution 1M 

(Life Technologies, 15630-080), MEM Sodium Pyruvate Solution 100 nM (Life 

Technologies, 11360-070), MEM Non-Essential Amino Acids Solution 10mM (Life 

Technologies, 11140-050) and Glutamax-I Supplement (Life Technologies, 

35050-061). The media was supplemented with B-27 Supplement (Life 

Technologies, 12587-010), 20 ng/ml recombinant Human-EGF (2B Scientific LTD, 

100-26), 20 ng/ml recombinant Human-FGF (2B Scientific LTD, 100-146), 20 ng/ml 

recombinant Human-PDGF-AA (2B Scientific LTD, 100-16), 20 ng/ml recombinant 

Human-PDGF-BB (2B Scientific LTD, 100-18), and 2 μg/ml Heparin Solution (Stem 

Cell Technologies, 07980). For the first passages (around 3-4), primary cultures 

were maintained with antibiotic-antimycotic at 100x (Invitrogen, 15240-096).  

When cultures reached confluency, 90% surface area for 2D-Lam cells and a 

diameter of 200 μm for 3D-NS cultures, cells were split into new flasks for 

expansion and maintenance. For 2D-Lam, media was removed from the flask and 

cells were incubated in accutase dissociation reagent (Sigma, A6964) for 2-3 min at 

37°C or until 
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cells were detached from the flask, media was then added making sure all the cells 

were in suspension. Cells were then transferred to a universal tube for centrifugation 

at 1,200 rpm for 5 min and the pellet was resuspended using fresh media. For 3D-NS 

cultures, cells were centrifuged with the original media at 1,000 rpm for 10 min, the 

supernatant was discarded and the pellet resuspended in accutase for 5-8 min, 

followed by pipetting up and down to finish breaking the NS which then were 

neutralized by adding 5 mL of fresh media and centrifuged at 1,300 rpm for 3 min. 

Supernatant was removed gentle without disturbing the pellet and 200 µl of media 

was added follow by pipetting up and down to obtain single cell suspension. When 

both 2D-Lam and 3D-NS cultures were resuspended, cell count and viability were 

assessed using the automated cell counter, Countess II FL (Invitrogen, AMQAX1000). 

When possible after splitting cultures, cells were banked for long-term storage. 

Pelleted cells were resuspended in 1mL of StemCell Banker (AMS Biotechnologies, 

11890), aliquoted into 2mL cryovials and placed in a Mr Frosty container for slow 

freezing at -80°C, before transferring to liquid nitrogen storage. To recover 

cryopreserved cells, they were quickly thawed using the water bath at 37°C and 

transfer to a conical tube containing 5 mL of stem cell media. Sample were centrifuged 

at 1300 rpm for 5 min to pellet the cells and supernatant is discarded. The pellet was 

then resuspended in stem cell media and cells were seeded in a flask. 

A culture was considered successfully established if after five passages, cells were 

proliferating, providing enough cells to perform the experiments required, as well as 

having the ability to continue expanding the culture to bank stocks of cells for future 

work. At passage 5-6, two cells pellets were made for genomic characterisation to 

study how well the primary models recapitulated the original patient-sample disease 

including methylation arrays profiling, pHGG-panel sequencing, and RNA-seq. 

Furthermore, cultures were checked for mycoplasma contamination by PCR, as well 

as for its authenticity which was verified by short tandem repeat (STR) DNA 

fingerprinting using GenPrint10 (Promega, B9510).  

2.7.2 Optimal cell density and doubling times 

To determine the optimal number of cells needed for the drug assays, cell density 

assays were conducted, which consisted on plating five different cell-density 

conditions per model. 96-well black plates laminin-coated were used for 2D-Lam and 

cell-repellent surface plates for 3D-NS (Grainer, 655090 for 2D and 655976 for 3D). 
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To asses optimal cell-density cells were observed under the microscope to determine 

which condition gave around 90% confluency for 2D-Lam or reached 200-300 μm 

diameter for 3D-NS, at the end-point (day 11) to ensure logarithmic growth for the 

duration of the experiment. Cell viability was determined using Cell Titer-Glo 

(Promega, G7571 for 2D and G7572 for 3D) following the manufacturer’s protocol. 

This was done at the end-point to compare growth linearity according to the number 

of cells plated. The population doubling time was estimated for the all the DIPG 

patient-derived lines, in 2D and 3D, by seeding two different cell-density conditions 

into 96-well plates, using the same plates as above. The number of cells were chosen 

according to the optimal cell-density assay. Cell viability was measured with Cell Titer-

Glo (Promega) every two days or depending on the proliferation rate of the model. 

Luminescence values were plotted and the exponential part of the curve was used to 

measure the doubling time according to the following equation:  

PDT = t ln2/ln (Xe/Xb) 

t is the incubation time in any unit 

Xb is the cell number at the beginning of the incubation time 

Xe is the cell number at the end of the incubation time 

2.7.3 Drug assays 

Primary cells were plated using black 96-well plates according to the cell density 

estimated per line, as previously described. Cells were incubated for three days 

before adding the compounds with serial dilution at ten different concentrations and 

eight days later, (end-point, day 11) cell viability was measured using Cell Titer-Glo 

(Promega). Relative luminescence units (RLU) for each well was normalised to the 

median RLU from the DMSO control wells as 100% viability. At least duplicates per 

drug condition were performed as well as three independent biological replicates. 

GI50 values (drug concentration causing 50% inhibition of cell proliferation) were 

calculated using GraphPad Prism and the curves show the mean ± SD of the 

replicates per condition measured. All the compounds were purchased from 

Selleckchem except for CUDC-907 and PTC-209 which were obtained from Apexbio. 

The compounds were diluted in DMSO to a final concentration of 10mM and made 

single use drug aliquots of 20-40 μl. 

Drug plates were prepared using the acoustic liquid handler Echo 550 (Labcyte) with 

the help of Mark Stubbs (Higher Scientific Officer from Cancer Therapeutics, ICR) and 

Diana Carvalho within our laboratory. Each plate included six compounds at eight 
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different concentrations as well as a cytotoxic chemotherapeutic (camptothecin, a 

highly potent specific DNA topoisomerase I inhibitor) as positive control, as well as 

DMSO as a negative control. Two different sets of plates were prepared: Plate 1 was 

assessed in all the cultures and contained dasatinib, everolimus, erlotinib, crizotinib, 

panobinostat and olaparib; Plate 2 consisted of specific drugs chosen targeting the 

molecular alterations detected in the tumour sample by the Paeds-v2 panel. The 

compounds were mainly FDA-approved drugs and/or in clinical trials (single drug or 

multi-arm/basket trials) for pHGG patients {Table 2-2}. When possible, the drug 

screen was performed in both conditions, as 3D-NS and as 2D-LAM. Drug assays 

were performed as previously described in duplicates or triplicates and conducted 

three biological replicates. 

Drug combinations were used to investigate the synergistic effect of: i) trametinib + 

dasatinib, ii) trametinib + ulixertinib and iii) dasatinib + ulixertinib. Drugs were 

combined by adding one compound in rows and another in columns with serial 

dilutions resulting in a 6 x 10 dose matrix using different fold dilutions manually 

prepared as shown in {Figure 2-3}.  

Figure 2-3 Illustration of plate distribution for the three combination assays and the fold-dilution per drug. 

Drug combination assays were performed in duplicates with three independent 

biological replicates. Cells were seeded, drugs were added three days later and at 

day 11 cell viability was measured using Cell Titer-Glo (Promega). The stand-alone 

web-application SynergyFinder (https://synergyfinder.fimm.fi) was used for interactive 

analysis and visualization of multi-drug combination profiling data following the Bliss 

independence model [336, 337]. This model assumes a stochastic process in which 

two drugs elicit their effects independently, and the expected combination effect 

(IBliss) can be calculated based on the probability of independent events 

as IBliss=IX+IY–IXIY, where IX and IY are the single drug inhibition levels at doses X 

https://synergyfinder.fimm.fi/
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and Y. Interaction between two drugs is considered likely to be antagonism if Bliss 

scores are below -10, likely to be additivity if Bliss scores are -10 to 10 and likely to 

be synergism if Bliss scores are above 10. 

Drug Dose 
(μM) 

Description FDA Clinical Trial 

Everolimus 0-10 mTOR inhibitor YES NCT02813135/NCT01734512 

Dasatinib 0-10 BCR/ABL and Src kinase 
inhibitor YES NCT02233049/NCT02389309/ 

NCT03352427 

Erlotinib 0-10 EGFR inhibitor YES NCT02233049 

Panobinostat 0-1 DAC inhibitor YES NCT02717455 

Olaparib 0-30 PARP inhibitor YES NCT02813135/NCT03233204/ 
NCT03155620 

Crizotinib 0-10 Tyrosine kinase inhibitor YES NCT01644773* 

AZD1775 0-10 WEE1 inhibitor NO NCT02813135/NCT02095132 

ONC201 0-10 Akt/ERK inhibitor NO NCT03416530/NCT02525692 

Crenolanib 0-10 PDGFR- and Flt3 
inihibitor NO NCT01393912*/NCT02626364** 

Imatinib 0-10 Kinase inhibitor YES NCT00021229*/NCT00021229* 

Trametinib 0-10 MEK1/2 inhibitor YES NCT03593993/NCT03919071/ 
NCT03363217 

CUDC-907 0-10 dual PI3K and HDAC 
inhibitor NO NCT02909777 

AZD2014 0-10 dual mTOR1/2 NO NCT02813135 

LY3023414 0-10 dual PI3K/mTOR 
Inhibitor NO NCT03213678 

Ulixertinib 
(BVD-523) 0-10 ERK1/2 inhibitor NO NCT03698994 

Talazoparib 0-10 PARP inhibitor NO NCT02116777* 

Sorafenib 0-10 Kinase inhibitor YES NCT01338857* 

Regorafenib 0-10 Kinase inhibitor YES NCT04051606** 

Vandetanib 0-10 Kinase inhibitor YES NCT00996723*/NCT00472017*/ 
NCT01582191 

Saracatinib 
(AZD0530) 0-10 Src inhibitor NO NCT00704366** 

Selumetinib 
(AZD6244) 0-10 MEK1/2inhibitor NO NCT01089101/NCT03095248 

Dabrafenib 0-10 MAPK inhibitor YES NCT03340506/NCT03919071 

Ribociclib 
(LEE011) 0-10 CDK inhibitor YES NCT02813135/NCT02934568/ 

NCT03387020/ 

Temsirolimus 0-10 mTOR inhibitor YES NCT02420613 (in combination with 
Vorinostat) 

PTC209 0-10 BMI1 inhibitor NO NCT03605550 (PTC596, updated molecule, 
not commercially available) 

Tranylcypromine 
(TCP) 0-10 LSD1 inhibitor YES NCT02717884** (Leukemia) 

Table 2-2 List of drugs used in the drug screen. The table indicates if the drugs are FDA approved as 
well the NCT clinical trial. *Completed/terminated clinical trial; ** > 18 years old. 
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2.7.4 Generation of resistant clones 

BIOMEDE-169 resistant cells were established by culturing the parental line in 

escalating concentrations of trametinib from 0.05 μM (GI50) to 1 μM in an exponential 

stepwise manner, as well as exposing the cells to a constant concentration of 

trametinib of 0.5 μM (GI80 value). Both methods were performed using two technical 

replicates and two independent biological replicates for a total of eight derived 

cultures plus four replicate control flasks which were treated with the same 

concentration of DMSO in parallel to the establishment of the resistant cells. Cells 

were maintained in DMSO only for two passages to keep the baseline clonal 

population as close as possible to the parental culture. A total of 1-1.4x106 cells were 

seeded in a T75 flask for the resistance assay and 2-3 days later the media with 

trametinib was added at the appropriate concentration or DMSO to the control flasks. 

For the escalating-dose approach, ten different concentrations were used with an 

exponential increment and the same dose was added a total of 6 times. During the 

generation of resistance, the stem cell media containing the drug or DMSO was 

replaced three times a week and the cells split when they reached 90% confluency. 

Every time cells were sub-cultured, pellets were made for DNA/RNA isolation and if 

possible, cells were cryopreserved for long-term storage. To assess the emergence 

of resistant clones to trametinib, dose-response assays were performed as previously 

described. 

2.7.5 Protein assays 

2.7.5.1 Protein extraction 

Cells were scraped from the flask and collected in the media or in cold PBS. Cells 

were then centrifuged at 1,300rpm for 5min, resuspended in 1 mL of cold PBS and 

centrifuged at 4,000rpm for 4min. The supernatant was then removed and the pellet 

was resuspended in cold lysis buffer in 50-100μl depending on the number of cells. 

Buffer was made from cell lysis buffer (Cell Signalling Technologies, 9803), protease 

inhibitor cocktail mini-tablet (Roche, Diagnostics, 11836153001) and phosphatase 

inhibitors (Sigma-Aldrich, P044 and P5726). Cells in the lysis buffer were snap-frozen 

and stored at -80°C until protein extraction, for which samples were thawed on ice to 

lyse for 2-4h occasionally mixing gently. Lysates were sonicated for 10 sec at 40% 

amplitude, spin at 14,000 xg for 10 min in a cold microfuge and then the supernatant 

was transferred to a new tube following quantification using BCA Protein Assay Kit 

(Thermo-Fisher, 23225). 
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2.7.5.2 Capillary-based protein quantification 

The following primary antibodies were used: AKT 1:50 (Cell Signalling Technologies, 

9272), pAKT-Ser473 1:50 (Cell Signalling Technologies, 4060), ERKp44/42 1:100 

(Cell Signalling Technologies, 9102), pERK-Thr202/Tyr204 1:100 (Cell Signalling 

Technologies, 9101), MEK1/2 1:50 (Cell Signalling Technologies, 9122), MEK1/2-

pSer217/221 1:50, α-Actinin 1:200 (Cell Signalling Technologies, 6487) and the 

AKT/MAPK pathway antibody cocktail 1:25 (abcam, 151279). As secondary antibody 

Goat Anti-Rabbit HRP conjugate (Protein Simple, 042-206) was utilised. A total of 

0.75μg of protein lysate was used. Capillary electrophoresis was conducted 

using the automated Wes system (ProteinSimple) with the 12-230 kDa Separation 

module (ProteinSimple, SM-W004) and the anti-rabbit detection module 

(Proteinsimple, DM-001) following the manufacturer’s instructions. Compass 

software from ProteinSimple was used for the analysis. 

2.7.5.3 Proteomics 

Full proteome and phospho-proteomics were performed at the Proteomics Core 

Facility ICR (Chelsea).  

Cells were washed in cold PBS three times before being scraped from the flask and 

collected in cold PBS. Cells were then centrifuged at 1,600rpm for 5min, resuspended 

in 1mL of cold PBS and centrifuged at 4,000rpm for 4min. The supernatant was then 

removed and the pellet snap-frozen and stored at -80°C until protein extraction. Cell 

pellets were lysed in 5% SDS/ 100 mM TEAB buffer with probe sonication and heating 

at 95⁰C for 10min. Protein concentration was measured by Pierce 660 nm Protein 

Assay and 300 µg of protein were taken for each sample. Proteins were reduced with 

TCEP (5 mM tris-2-carboxyethyl phosphine) and alkylated by iodoacetamide, and 

then purified by methanol/chloroform precipitation. Trypsin was added at 1:30 ratio 

(trypsin:proteins) for 18h digestion at 37⁰C. 150 µg of peptides per sample were 

tandem mass tagged (TMT) labelled as instructed by the manufacturer (Thermo 

Scientific). The TMT labelled peptide mixture was fractionated on a BEH XBridge C18 

column (2.1 mm i.d. x 150 mm) with a 35 min gradient from 5 – 35% CH3CN/NH4OH 

at pH 10. Fractions were collected at every 42s and pooled to 28 fractions.  

Phosphopeptide enrichment used the High-Select Fe-NTA Phospho-peptide 

Enrichment Kit. The enriched phospho-peptides (16 fractions per set) and the 
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immobilized metal affinity chromatography (IMAC) flow through (28 fractions, used for 

whole proteome analysis) were analysed on an Orbitrap Fusion Lumos coupled with 

an Ultimate 3000 RSLCnano System. Samples were loaded on a nanotrap (100 µm 

id x 2 cm) (PepMap C18, 5 µ) at 10 µL/min with 0.1% formic acid and then separated 

on an analytical column (75 µm id x 50 cm) (PepMap C18, 2µ) over at 300 nL/min. 

The gradient was a 120 min of 6.4 – 28% CH3CN/0.1% formic acid/ 150 min cycle 

time per fraction for phosphopeptides analysis and 90 min gradient of 5 - 30.4% 

CH3CN/0.1% formic acid/ 120 min cycle time per fraction for full proteome analysis. 

The Orbitrap Fusion was operated in the Top Speed mode at 3 s per cycle. The survey 

scans (m/z 375-1500) were acquired in the Orbitrap at a resolution of 120K (AGC 

4x105 and maximum injection time 50 ms). For the phosphopeptides analysis, the 

multiply charged ions, above 2e4 counts, were subjected to HCD fragmentation with 

a collision energy at 38% and isolation width 0.7 Th, and MS/MS spectra were 

acquired in the Orbitrap (AGC 1x105 and maximum injection time 86 ms) with 50K 

resolution. Dynamic exclusion width was set at ± 10 ppm for 40 s. For the full 

proteome analysis, the data acquisition used MS3-SPS5 method, i.e. the MS2 

fragmentation was in CID at 35% collision energy for multiple charged ions at 5000 

counts. Following each MS2, the 5-notch MS3 was performed on the top 5 most 

abundant fragments isolated by Synchronous Precursor Selection (SPS), by HCD at 

65% CE then detected in Orbitrap at m/z 100-500 with 50K resolution to for peptide 

quantification data. The AGC was set 1.5e5 with maximum injection time at 86 ms. 

All raw files were processed in Proteome Discoverer 2.3 (phsophoproteome) or 2.4 

(full proteome) (Thermo Fisher) using the SequestHT search engine. Spectra were 

searched against fasta files of reviewed Uniprot Homo sapiens entries (November 

2019) and an in-house contaminate database. Search parameters for 

phosphoproteome were: trypsin with 2 maximum miss-cleavage sites, mass 

tolerances at 20ppm for Precursor, and 0.02Da for fragment ions, dynamic 

modifications of Deamidated (N, Q), Oxidation (M) and Phospho (S, T, Y), and static 

modifications of Carbamidomethyl (C) and TMT6plex (peptide N-terminus and K). For 

full proteome, it was 0.5Da for fragment ions, dynamic modification of Oxidation (M) 

and acetylation (Protein N-terminus), and static modifications of Carbamidomethyl (C) 

and TMT6plex (peptide N-terminus and K). Peptides were validated by Percolator 

with q-value set at 0.01 (strict) and 0.05 (relaxed). Phosphorylation site localization 

probabilities were computed by the ptmRS node. The TMT10plex reporter ion 

quantifier included 20 ppm integration tolerance on the most confident centroid peak 

at the MS3 level. Only unique peptides were used for quantification. The co-Isolation 
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threshold was set at 100%. Peptides with average reported S/N>3 were used for 

protein quantification, and the SPS mass matches threshold was set at 50%. Only 

master proteins were reported.  

Normalised and scaled abundances were calculated and the mean between the three 

biological replicates was performed for the full proteome analysis and 

phosphoproteomics. Scaled abundances were compared with a t-test adjusted 

for false discovery rate (Benjamini Hochberg). GSEA was performed as 

described in 2.4.1.3 section using the fGSEA package from the ranked fold change 

and the clones were compared against the BIOMEDE-169 parental cells. 

Unsupervised hierarchical heatmaps for proteome were performed using the 

median centred values. Gene ontology analysis from shared molecular functions 

was performed using the package clusterProfiler. 

2.8 In vivo methods 

All the in vivo experiments were conducted by Dr Diana Martins Carvalho, 

Postdoctoral Fellow in our laboratory and my associate supervisor; MRI was done by 

Dr Jessica Boult, a Senior Scientific Officer from the Division of Radiotherapy and 

Imaging; and immunohistochemistry carried out by Valeria Molinari, a Higher 

Scientific Officer in our laboratory.  

2.8.1 Intracranial injections 

The experiments were carried out in accordance with the local ethical review panel, 

the UK Home Office Animals (Scientific Procedures) Act 1986, the United Kingdom 

National Cancer Research Institute guidelines for the welfare of animals in cancer 

research and the ARRIVE (animal research: reporting in vivo experiments) guidelines 

[338]. 

DIPG patient-derived xenografts (PDX) were established from the same piece of 

tissue used for in vitro models generation described in 2.7.1 section. When the sample 

was received as cryopreserved this procedure was performed in parallel to the 

establishment of in vitro models. If the samples were received in Hibernate A and 

animals were available in the facility, the procedure was also performed in parallel; if 

not a small piece of tissue was cryopreserved for later injection. 
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A single cell suspension was prepared from cells from tissue (PDX, n=9) immediately 

prior to implantation in in NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ (NSG) mice (Charles River, 

UK). Animals were anesthetized with 4% isoflurane and maintained at 2-3% isoflurane 

(0.5L/min) delivered in oxygen (1L/min). Core body temperature was maintained 

using a thermo-regulated heated blanket. A subcutaneous injection of buprenorphine 

(0.03mg/Kg) and Meloxicam (5mg/Kg) was given for general analgesia. Animals were 

depilated at the incision site and Emla cream 5% (lidocaine/prilocaine) was applied 

on the skin. The cranium was exposed via midline incision under aseptic conditions, 

and a 31-gauge burr hole drilled above the injection site. Mice were then placed on a 

stereotactic apparatus for orthotopic implantation. The coordinates used for the pons 

were x=+1.0, z=-0.8, y=-4mm from the lambda. 5µL of cell suspension were 

stereotactically implanted per animal, using a 25-gauge SGE standard fixed needle 

syringe (SGE™ 005000) at a rate of rate of 1 μl/min for PDX and 2 μl/min for CDX 

using a digital pump (HA1100, Pico Plus Elite, Harvard Apparatus, Holliston, MA, 

USA). At the completion of infusion, the syringe needle was allowed to remain in place 

for at least 2 minutes, and then manually withdrawn slowly to minimize backflow of 

the injected cell suspension. Mice were monitored until fully recovered from surgery. 

24h post-surgery a subcutaneous injection of buprenorphine (0.03 mg/Kg) 

was administered. Mice were weighed twice a week and sacrificed by cervical 

dislocation upon deterioration of condition and tissue taken for further analysis 

For the CDX (BIOMEDE-169 2D Parental, A.T1, B.T3, C.T4, D.T5 and D.T6, 

BIOMEDE-169 3D, BIOMEDE-134 3D, BIOMEDE-181 2D and BIOMEDE-181 3D), 

250,000 cells were orthotopically injected into the pons of the NSG mice (3-12 per 

sample) as described above. Mycoplasma test and STR (as described above) 

was performed before cells were injected. 

At endpoint, animals were sacrificed by neck dislocation and the brains 

were collected. A sagittal cut along the midline was performed, the right hemisphere 

was fixed in 10% buffered formalin solution for up to 30 hours and the left 

hemisphere was cryopreserved in Stem Cell Banker. The pons, cerebellum and 

thalamus were minced and cryopreserved in 5 vials and the cortex was 

cryopreserved in 1 vial. A small piece of the pons area was snap frozen for 

molecular analysis.  

For serial xenografting, 1 vial of the pons, cerebellum and thalamus was thawed. 

A single cell suspension was prepared using Liberase TL and 5ul were 

injected intracranially as described above. 
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For serial xenografting, 1 vial of the pons, cerebellum and thalamus was thawed. A 

single cell suspension was prepared using Liberase TL and 5ul were injected 

intracranially as described above. 

2.8.2 Magnetic resonance imaging 

Tumours were identified using 1H MRI performed on a horizontal bore Bruker Biospec 

70/20 (Ettlingen, Germany) equipped with physiological monitoring equipment (SA 

Instruments, Stony Brook, NY, USA) using a 2cm x 2cm mouse brain array 

coil. Anaesthesia was induced using 3% isoflurane delivered in oxygen (1l/min) and 

maintained at 1-2%. Core body temperature was maintained using a thermo-

regulated water-heated blanket. Following optimization of the magnetic 

field homogeneity using a localised map shim over the whole brain, a rapid acquisition 

with relaxation enhancement (RARE) T2-weighted sequence (repetition time 

(TR) = 4500ms, effective echo time (TEeff) = 36ms, 2 averages, RARE factor = 8, in-

plane resolution 98µm x 98µm, 1mm thick contiguous axial, coronal and sagittal 

slices) was used for localisation and assessment of tumours. All imaging was 

performed by Dr Jessica Boult. 

2.8.3 Immunohistochemistry 

The right hemisphere of mouse brains was collected and fixed in 10% buffered 

formalin solution for 30 hours then embedded in paraffin. 4μm-thick sections were cut 

and stained with haematoxylin and eosin (H&E) (HD Supplies, HS355-1 and HS260-

1). For immunohistochemistry, sodium citrate (pH 6.0) heat-mediated antigen retrieval 

was performed and staining was carried out using antibodies directed against Human 

Nuclear Antigen (HNA) (1:100, Millipore, MAB4383). All primary antibodies were 

diluted into 1% Tris buffer solution with 0.05% Tween-20, and incubated 1 hour at 

room temperature. Novocastra Novolink Polymer Detection Systems Kit (Leica 

Biosystem, RE-7150) was used for detection. Slides were mounted using Leica CV 

Ultra mounting medium (Leica, 070937891). This was performed by a Higher 

Scientific Officer in the lab, Valeria Molinari.  



81 

5 days on, 2 days off, and treatment started at d55 post-injection. MRI was performed 

pre- and post-treatment. 

10mg of trametinib were dissolved in 10mL of DMSO (1mg/mL), then 100 µl aliquots 

were prepared and stored at -20°C. Every day before treatment 100 μl of 1mg/mL

trametinib aliquots were dissolve in 0.9 mL of 10%w/v hydroxyproylbetacyclodextrin 

(dissolved in PBS). 10µl of drug/vehicle was then administered PO per gram of 

mouse.Mice were monitored by daily weighing and were sacrificed by cervical 

dislocation upon deterioration of condition, and brain was taken for further analysis. 

Effects of drug treatment on survival as the primary endpoint were assessed by 

GraphPad Prism (Kaplan-Meier survival analysis). Mouse brains collected at the 

end of the efficacy study were processed for IHC and WES as described above. 

2.8.4.2 AZD1775 

A small piece of cryopreserved tissue from B193 from serial mouse-xenograft 

was orthotopically injected into the pons of the NSG mice as described above. Mice 

(29-33 days old) were randomized into two groups: Group 1– 

vehicle (0.5%methycellulose) and Group 2 - AZD1775 (60mg/kg, PO, q.d.) 

Animals were treated for 6.1 weeks, 2 weeks on, 1 week off, 5 days on, 2 days off 

and treatment started at d103 post-injection. MRI was performed pre-and post-

treatment.  

500 mg of AZD1775 were dissolved in 83.3 ml 0.5% methycellulose (6 mg/mL) 

and aliquots were stored at -20°C. Every day before treatment aliquots were thawed 

and 10µl of drug/vehicle was administered PO per gram of mouse. Mice were 

monitored by daily weighing and were sacrificed by cervical dislocation upon 

deterioration of condition and tissue taken for further analysis. Mouse brains 

collected at the end of the efficacy study were processed for IHC. 

2.9 Statistical Analysis 

Statistical analysis was carried out using R 3.3.0 (www.r-project.org) and 

GraphPad Prism 8. Descriptive statistics were performed using GraphPad Prism 8.  

FFPE and high molecular weight metrics comparisons were performed by 

using unpaired Student’s t-test, p-value of less than 0.05 was considered 

significant. For paired FFPE and FF samples comparisons were performed using 

paired Student’s t-test, p-value of less than 0.05 was considered significant. 

http://www.r-project.org/
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cfDNA concentration comparisons amongst molecular subgroups, and GI50 

comparisons from the drug screening, one-way ANOVA, Dunnett’s multiple 

comparisons test. p-value of less than 0.05 was considered significant. ctDNA 

concentration and VAF comparions amongst sample type (CSF vs plasma and CSF 

vs serum) was performed by using one-way ANOVA, Tukey multiple comparisons 

test. p-value of less than 0.05 was considered significant. 

For AZD1775 GI50 comparisons, unpaired two-tailed Mann-Whitney test. p-value of 

less than 0.05 was considered significant. 

Effects of drug treatment on survival as the primary endpoint and overall survival in 

the BIOMEDE orthotopic in vivo models were assessed using Mantel Cox log-rank 

test. p-value of less than 0.05 was considered significant. 

Normalised and scaled abundances proteins and phosphopeptides were compared 

by using a Student’s t-test adjusted for false discovery rate (FDR) according to 

Benjamini and Hochberg.For gene expression data analysis multiple testing 

corrections were made using FDR according to Benjamini and Hochberg. p-value of 

less than 0.05 was considered significant. 

In all other cases, unless otherwise specified, standard two-tailed t-test was applied. 
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CHAPTER  3 : Development of targeted sequencing panels to

identify prognostic, predictive and diagnostic markers in 

paediatric solid tumours 

3.1 Introduction 

The genomic landscape of paediatric cancer is becoming increasingly more well-

defined leading to the conclusion that childhood cancers have in general fewer 

somatic mutations than adults, but that mutations in epigenetic regulators occur at a 

higher incidence [10, 34, 75, 193, 214, 339-345]. Key studies have identified 

recurrent mutations in histones 3.3 and 3.1 (H3F3A and HIST1H3B) as well as in the 

activin A receptor type I (ACVR1) that are unique to pHGG and DIPG [73, 74, 76]. 

Similarly, ATRX and TERT alterations in neuroblastoma are associated with poor 

prognosis, as is MYCN amplification [194, 195, 346]. The updated World Health 

Organization (WHO) classification of tumours of the central nervous system 

(CNS) based on molecular features is a clear example of the huge impact of 

applying molecular profiling to guide diagnosis and treatment, with the potential to 

improve outcomes in childhood cancers [26].  

With an extensive list of recurrent alterations with potential actionable and diagnostic 

value for paediatric solid tumours, sequential testing of single genes using standard 

methods has become unfeasible due to a lack of available material and high costs. 

Next Generation Sequencing (NGS) offers a solution to these issues. There are 

different approaches that can be utilized at several levels of complexity including 

whole genome, whole exome or targeted sequencing. Currently whole genome 

sequencing (WGS) and whole exome sequencing (WES) are mostly applied for 

discovery proposes and they remain challenging to apply in routine clinical practise. 

This is due to the cost and the large amount of DNA required, often not achievable 

from small formalin fixed paraffin embedded (FFPE) biopsies, and the lack of 

sufficient depth needed to investigate clinical samples with low neoplastic cell 

content. Panel-based NGS assays which simultaneously sequence a targeted set 

of genes with recurrent alterations of known clinical or biological implications are 

potentially cheaper, more accurate and more suited to clinical diagnostics 

than current approaches [347].  
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Development and validation of high-throughput gene panel sequencing is 

challenging. Typically, DNA is only available from formalin-fixed, paraffin-embedded 

(FFPE) samples, which yields relatively poor-quality DNA. DNA extraction and library 

construction to clinical laboratory standards requires optimisation, and it is necessary 

to construct a standardised informatics pipeline that identifies and interprets 

actionable mutations. Appropriate and rapid clinical reporting of identified variants and 

incorporation of the results into the electronic patient records also need to be 

considered if molecular stratification of childhood cancer is to be successfully 

translated to the clinic [348]. There are several examples of validation and 

implementation of targeted sequencing in adult cancer [349-352]. In the past years, 

several approaches using high-throughput sequencing have been applied for clinical 

decision-making in children with solid tumours [254, 267, 270, 353], however a 

clinically validated panel specifically targeting recurrent alterations in childhood 

cancers using archival FFPE specimens would significantly assist the development 

of molecular stratification strategies in paediatric oncology. 

In this chapter, I describe the development and validation, within an accredited clinical 

pathology laboratory (CPA UK), of a paediatric solid tumour sequencing assay for use 

with either routine FFPE or fresh frozen (FF) samples. As part of the validation, I 

established overall performance, sensitivity, specificity, repeatability, reproducibility, 

accuracy and limit of detection, following guidelines previously described for validation 

of genetic tests. In addition, I describe the development and validation of a panel for 

the detection of structural variants in paediatric brain tumours, in particular, in 

paediatric high-grade glioma (pHGG). The results of this chapter have been part of 

several publications [87, 354, 355]. 

3.2 Results 

3.2.1 Gene selection 

Two panels, Paeds-v1, (v1) and Paeds-v2, (v2) were developed for clinical 

diagnostics applications and validated to Good Laboratory and Clinical Practice 

(GCLP) standards. These comprised 78 genes (311 kb) in the first version (v1) and 

91 (473 kb) for an expanded version of the assay (v2) {Figure 3-1A}. The genes were 

selected in collaboration with national experts in paediatric oncology patient care 

covering all areas of paediatric solid tumours (glioma, medulloblastoma, bone and 

soft tissue sarcomas, renal tumours and neuroblastoma among others). Targets were 
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chosen by consensus, based on the most clinically relevant aberrations. The criteria 

used was whether the alterations fell within one of the following categories: predictive 

biomarker (level 1), prognostic biomarker (level 2), diagnostic biomarker (3), 

potentially targetable biomarkers with inhibitors available or under development (level 

4), known germline or high-risk single nucleotide polymorphism (level 5), or of unclear 

significance, research only (level 6). Factors influencing the choice of targets included 

the childhood tumour type where alterations have been reported, the availability of 

molecules targeting these genes and whether there were open clinical trials using 

such agents for children with solid tumours {Appendix Table 1}. A library of 

customized biotinylated DNA probes complementary to the genes of interest was 

synthesized by Nimblegen (as described in methods section) for the detection of 

single nucleotide variants (SNVs), short insertion-deletions (indels), copy number 

variations (CNVs) and structural variants (SVs). Exons were padded with 5 base pairs 

(bp) of intronic sequence to increase exon depth and for detection of splice-site 

variants.  

The CNS-fusion detection panel, (fusion-panel), is a novel capture-based assay to 

detect SV in CNS tumours including 24 genes (pilot version ~ 1.39Mb and final version 

~ 2.2Mb) {Figure 3-1B}. The genes were selected by reviewing recent studies 

describing the importance and recurrence of structural variants in childhood brain 

tumours which in some cases is crucial to determine an accurate diagnosis and 

prognosis.  

In addition, a capture-based panel for the detection of SNVs, indels and CNV in pHGG 

was designed. The targets were selected according to recurrent altered genes in 

pHGG identified by our laboratory in two published genomics studies [22, 87]. The 

pHGG-panel was composed of 330 genes (1.2Mb) {Appendix Table 2}. 
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Figure 3-1 Circos plot of the genes included in the targeted panels. (A) The paediatric panels comprise 
78 genes in v1 and 91 genes for v2, in red are genes included only in Paeds-v1, in red genes included 
only in Paeds-v2 and in purple genes included in both versions (B). The fusion-panel is comprised of 24 
genes. 
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3.2.2 Paeds panels validation 

To validate the assays in a CPA laboratory, I followed the standardised framework for 

clinical assay validation set out by Mattocks et al. [260]. Overall performance across 

the target regions was determined, measuring precision, sensitivity and specificity. As 

a standard, I used a set of four Horizon cell blends previously characterised by NGS 

and droplet digital PCR (ddPCR) for both Paeds-v1 (v1) and Paeds-v2 (v2). For v1, 

15 paediatric cell lines, 83 FFPE and 30 FF clinical samples with known variants were 

also used. For v2 panel, I used 10 FFPE samples with known variants previously 

identified on v1. 

3.2.2.1 Overall performance 

Overall, v1 and v2 panels performed well across the four cell blends and FFPE 

samples. A total of 24/901 (2.7%) ROI were classified as underperforming for v1 and 

14/2330 (0.6%) for v2, with read depth lower than 2 x standard deviation (SD) of the 

mean based on log2 [log2(ROI)>mean(log2(ROI))-2xSD(log2(ROI)). Underperforming 

ROI were mostly located within highly GC-enriched regions (22/24 for v1 and 11/15 

for v2), which are known to be refractory to efficient hybridization and/or amplification 

{Figure 3-2}. The capture from certain regions that underperformed using v1 were 

significantly improved using v2 such as TERT promoter, CDKN2A exon 1 H3F3A 

exon 2 and RB1 exon 1, amongst others {Figure 3-3}.  

Figure 3-2 Bar-plot showing GC content in the regions capture by the Paeds-v1 and Paeds-v2 panels. 
The plots are ordered from low to high GC-content of each region capture. Red bars highlight the 
underperforming regions from (A) v1 (24/901) and (B) from v2 (14/2330). In both cases they were mainly 
located in high GC-content regions, 22/24 for v1 and 11/14 for v2. 
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Figure 3-3 Sashimi coverage plots comparing Paeds-v1 and Paeds-v2 underperforming region of interest 
(ROI). Sample 022 (FFPE) was plot to illustrate the improvement of ROI using Paeds-v2 (blue) compared 
to Paeds-v1 (red). Underperforming ROI from v1 shown correspond to: TERT exon 1 and promoter 
CDKN2A exon 1, H3F3A exon 2 and RB1 exon 1.  

Quality and coverage metrics were generated across all samples used as part of the 

validation. Samples were classified by DNA integrity: fragmented DNA from FFPE 

cases versus high molecular weight DNA (HMW), including cases from fresh frozen 

tissue (FF) and cell lines.  

For v1, there was no difference for the average total number of reads between FFPE 

(8.8x106 ± 3.1x106) and HMW cases (7.9x106±3x106) (p=0.0971, unpaired t-test) 

{Figure 3-4A}. The overall mean depth was higher in HMW (899±347) compared to 

FFPE cases (698±365) (p=0.0022, unpaired t-test) {Figure 3-4B}. Duplicates were 

higher in FFPE (60.2%) compared to HMW cases (36.1%) (p<0.0001, unpaired t-test) 
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{Figure 3-4C}. The percentage of bases from unique reads on target was 45.9±3 for 

FFPE and 42.7±2.4 for HMW cases {Figure 3-4D}. 

For v2, the average total number of reads was lower for FFPE (9.6x106±1.9x106) than 

for HMW cases (1.32x107±2.1x106) (p=0.0023, unpaired t-test) {Figure 3-4E}. The 

overall mean depth was higher for HMW (752±278) compared to FFPE cases 

(567±152.6) (p=0.0023, unpaired t test) {Figure 3-4F}. As specificity of the probes 

improved, a single hybridisation was performed in v2 avoiding a PCR step which 

resulted in reduction of duplicates in the latest v2 panel compared to v1: 20.3% for 

FFPE (v1=60.2%) and 12.8% for HMW cases (v1=36.1%) {Figure 3-4G}. There was 

no difference in the percentage of bases from unique reads on target (46.6±1.7 for 

FFPE vs 46.4±2.7 for HMW) (p=0.8912, unpaired t-test) {Figure 3-4H}.  

Figure 3-4 Box-plots showing metrics of Paeds-v1 and Paeds-v2 panels. (A-D) Paeds-v1 metrics and 
(E-H) Paeds-v2 metrics. The parameters shown include quality metrics including number of reads, mean 
depth, percentage of duplicates and percentage of unique reads on target separated by DNA integrity: 
fragmented DNA samples from formalin-fixed paraffin embedded samples (FFPE) and high molecular 
weight DNA from fresh frozen tissue and cell lines (HMW). The thick line within the box is the median, 
mean is shown as “+”, the whiskers are drawn down to the 10th percentile and up to the 90th, points below 
and above the whiskers are drawn as individual points. All p-values are based upon unpaired t-test 
****p<0.00001, ***p<0.0001, **p<0.001, ns p>0.05. 
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3.2.2.2 Limit of detection 

The limit of detection was determined using the cancer SNVs and indels present in 

the cell blends at known variant allele frequency (VAF) by ddPCR. The pipeline 

detected all SNVs for both assays (61 for v1 and 76 for v2), including SNVs with an 

expected VAF of 4-5% (33 for v1 and 40 for v2). Similarly, 15/17 indels were detected 

for v1 and 25/25 for v2, including indels with an expected VAF of 4-5% (5 for v1 and 

9 for v2). Of the two indels not detected using v1, one was 18 bp in length at an 

expected VAF of 4.2%, whilst the other was 2 bp at 5% VAF. The correlation of VAF 

for SNVs and indels between ddPCR and the panels was r2=0.969 [95%CI:0.8910-

0.9670] for v1 {Figure 3-5A} and r2=0.9628 [95%CI: 0.8685 to 0.9393] for v2 {Figure 

3-5B}. Therefore, a minimum threshold of 5% VAF in the analysis pipeline was

established, which allows for detection of a heterozygous mutation when >10% 

neoplastic cells are present in the tumour sample. 

Figure 3-5 Correlation of known variant allele frequencies (VAFs) by droplet digital PCR (x axis) against 
VAF obtained by NGS (y axis) for all cancer-specific variants using (A) Paeds-v1 and (B) Paeds-v2. 
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3.2.2.3 Assessment of precision 

To measure precision, I took advantage of natural variants present as intrinsic 

“background” SNVs and indels in the captured regions from the four cell blends. 

Precision was assessed by comparing the alterations expected with those detected 

to obtain within-run precision (repeatability), and between-run precision data 

(intermediate precision). Variants ≤ 5% AF in all four blends and within poor 

performing regions were excluded leaving a total of 528 SNVs (132 variants in 4 

blends) and 108 indels (27 indels in 4 blends) for v1 analysis and 1272 SNVs (318 

variants in 4 blends) and 141 indels (47 indels in 4 blends) for v2 analysis. 100% of 

SNVs were detected for v1 and 99% for v2. By contrast, 83.3% indels were detected 

for v1 and 96% for v2.  

Repeatability. Pairwise correlation of VAF was: v1 r2=0.994 [95%CI:0.991-0.996] for 

SNVs {Figure 3-6A-B} and r20.785 [95%CI:0.652-0.919] for indels {Figure 3-6C-

D}; v2 r2=0.985 [95%CI:0.982-0.988] for SNVs {Figure 3-6E-F} and r2=0.897 

[95%CI:0.844-0.949] for indels {Figure 3-6G-H}. These results indicate that both 

panels accurately reproduce data from independently prepared samples on the same 

run. 

Intermediate precision. Pairwise correlation for each of the four samples between two 

independent runs for v1 was r20.995 [95%CI:0.993-0.997] for SNVs {Figure 3-7A} 

and r20.827 [95%CI: 0.716-0.937] for indels {Figure 3-7B} while overall correlation 

for was r20.996 [95% CI: 0.995-0.997] for SNVs {Figure 3-7C} and r20.875 

[95%CI:0.829-0.921] for indels {Figure 3-7D}. Pairwise correlation for v2 was: 

r20.986 [95%CI:0.984-0.989] for SNVs {Figure 3-7E} and r20.916 [95%CI: 0.874-

0.959] for indels {Figure 3-7F} while overall correlation was r20.990 [0.989-0.991] 

{Figure 3-7G} for SNVs and r20.937 [95%CI:0.919-0.953] for indels {Figure 

3-7H}.These results indicate that both panels accurately reproduce data from repeat

samples on different runs. 
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Figure 3-6 Repeatability of Paeds-v1 and Paeds-v2 panels validation. Consistency of single nucleotide variants (SNVs) and insertions-deletions (indels) allele frequency in the 
four HD blends with identical background variants for (A-D) Paeds-v1 and (E-H) for Paeds-v2: (A) SNVs run_user1_v1, (B). SNVs run_user2_v1 (C), indels run_user1_v1, (D) 
indels run_user2_v1, (E) SNVs run_user1_v2, (F) SNVs Run_user2_v2, (G) run_user1_v2 and (H) Indels Run_user2_v2. 
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Figure 3-7 Intermediate precision of Paeds-v1 and Paeds-v2 panels validation. Pairwise correlation of variant allele frequency for each of the four HD blends between the two 
runs (x axis corresponds to run_user1 and y axis to run_user2) (A-D) for Paeds-v1 and (E-H) for Paeds-v2. (A) SNVs for v1, (B) indels for v1, (E) SNVs for v2, (F) indels for v2. 
Overall correlation of variant allele frequency for the HD blends between the two runs analysing the four samples together (x axis corresponds to run_user1 and axis to run_user2) 
(C) SNVs for v1, (D) indels for v1, (G) SNVs for v2, and (H) indels for v2.
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3.2.2.4 Assessment of sensitivity and specificity 

To determine sensitivity, the same background variants (v1=528 SNVs and 108 

indels; v2=1272 SNVs and 188 indels) together with the known cancer-specific 

variants (v1=61 SNVs and 17 indels; v2=76 SNVs and 25 indels) from the four cell 

blends were used. SNVs and indels were called and their presence was compared to 

the list of variants expected in the capture regions from the cell blends. The sensitivity 

for detection of SNVs was ≥98% [95%CI:0.98-1] for v1 and ≥99.8% [95%CI: 0.99=1] 

for v2. The sensitivity of detection of indels was ≥83% [95%CI:0.761-0.897] for v1 and 

≥98.5% [95%CI: 0.97-1] for v2.  

For v1, all 589/589 SNVs were detected as True Positives (TP), resulting in the 

absence of any False-Negatives (FN). For indels, 105/125 TPs were detected, with 

20/125 FNs. The undetected indels were manually checked on Integrative Genomics 

Viewer (IGV). I observed that 12 of 20 were located +4 bp upstream of the exon (our 

bed file covers ±5 bp), four had poor coverage, two fell in highly repetitive regions 

and one was a long indel (18 bp). For v2, the FN rate was 17/1331 for SNVs, and 

15/213 for indels. The undetected indels and SNVs were manually checked on 

Integrative Genomics Viewer (IGV). 25/35 of the cancer-specific SNPs and indels 

present at 5% by ddPCR by random sampling effect were detected <5% by 

sequencing. Using a cut-off of 5% VAF these variants would not be reported. 

To determine specificity, the cancer-specific data from the four cell blends were used 

harbouring a total of 61 TP and 87 true negative (TN) SNVs for v1 and 76 TP and 100 

TN for v2. There were insufficient TN for v1 and v2 to determine specificity for indels 

(n=3). SNVs were called and their presence was compared to the list of variants 

expected in the capture regions from the cell blends. The specificity of cancer-specific 

SNVs was ≥98% [95%CI:0.946-1] for v1 and ≥99% [95%CI: 0.953-1] for v2. Positive-

Predictive Value (PPV) was ≥98% [95%CI:0.926-1] for v1 and ≥99% [95%CI:0.94-1] 

for v2. Negative-Predictive Value (NPV) was ≥98% [95%CI:0.946-1] for v1 and ≥99% 

[95%CI:0.953-1] for v2. 

3.2.2.5 Performance and variant detection comparison in paired FF-

FFPE clinical samples 

To assess the performance of v1 panel on FFPE clinical samples, 15 paired DNA 

samples isolated from both FF and FFPE paediatric samples were sequenced. This 
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was done by comparing samples QC, variant detection as well as correlation of VAF. 

Due to poor quality of one FFPE sample, a paired case was excluded for metric 

analysis. There was no difference between the number of reads for FFPE 

(9.1x106±3.1 x106) compared to FF cases (7.8x106±1.2 x106) (p=0.2047, paired t-test) 

{Figure 3-8A}. There was no difference for overall mean depth between FFPE 

(829±297) and FF cases (985±145) (p=0.1344, paired t-test) {Figure 3-8B}. As 

expected, percentage of duplicates were substantially higher in FFPE (53%±8.5%) 

compared to FF cases (30%±7.1%) (p<0.0001, paired t-test) {Figure 3-8C}. The 

overall percentage from unique reads on target was lower for FFPE (47.5%±2.3%) 

compared to FF cases (43.8%±2.1%) (p=0.0009, paired t-test) {Figure 3-8D}.There 

were no difference for the average of targeted positions covered at 250x depth 

between FFPE (84.6%±11.7%) and FF cases (91.1%±1.9%) (p=0.0758, paired t test) 

{Figure 3-8E}. Pre-capture DNA library-prep fragment size was lower for FFPE 

(280bp±19bp) compared to FF (325bp±25bp) (p=0.0003, paired t-test) {Figure 3-8F}. 

Figure 3-8 Box-plots showing quality metrics of paired FFPE and FF samples. Quality control metrics 
are separated by DNA integrity formalin-fixed paraffin embedded (FFPE) and fresh frozen (FF) matched 
samples (n=15). Metrics included (A) number of reads, (B) mean depth, (C) percentage of duplicates, 
(D) percentage of unique reads on target, (E) percentage of targeted positions covered at 250X, and (F)
insert size of pre-capture library in base-pairs. The thick line within the box is the median, mean is shown
as “+”, the whiskers are drawn down to the 10th percentile and up to the 90th, points below and above
the whiskers are drawn as individual points. All p-values are based upon paired t-test. ****p<0.00001,
***p<0.0001, ns p>0.05.
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VAFs found in the paired FF-FFPE samples were compared, obtaining an overall 

correlation of r2=0.983 (95%CI: 0.984-0.985; p<0.0001) {Figure 3-9}. A total of 42.3% 

(5562/13146) variants were detected in FF but not in FFPE, of which 78.1% 

(4346/5562) had VAF below 5%, with 17.6% (982/5562) having VAF between 5-10%. 

Less than 5% variants missed in FFPE samples were present in FF at VAF above 

10%. Conversely, a total of 8.2% (1084/13146) variants were detected in FFPE but 

not in FF, of which 50.8% (551/1084) had VAF below 5%, with 33.2% (360/1084) 

having VAF between 5-10%, and the remaining 16.0% (173/1084) were present in 

FFPE only at VAF above 10%. 

Figure 3-9 Overall correlation of variant allele frequencies (VAFs) found between the 15 formalin-fixed 
paraffin embedded (x axis) and fresh frozen (y axis) paired samples. 

3.2.2.6 Detection of known variants in paediatric samples 

To assess the ability of the v1 to detect known variants in clinical samples, variant 

analysis of 41 paediatric samples with 90 known genetic abnormalities was 

performed. These samples presented 30 variants in 13 cell lines, and 60 alterations 

in 14 FFPE and 14 FF samples with genetic alterations identified by routine testing. 

Of these 50 were SNVs, including point mutations in TP53, ALK, CTNNB1, DDX3X, 

SMARCA4 among others, one duplication (BRAF-T599dup), 7 indels including 

DDX3X and TP53, 13 were amplifications including MYCN and CDK4, and 19 

chromosome losses such as chromosome 9q loss including LOH of PTCH1 and 

TSC1. 100% of the variants interrogated by the panel were successfully detected 

{Table 3-1A} and {Table 3-1B}. Furthermore, to assesses the ability of v2 to detect 

known variants in clinical samples, ten paediatric FFPE cases were sequenced, 

harbouring 62 alterations (60 SNVs and 2 indels), previously run on v1. All the 

mutations were detected obtaining a correlation of VAF of r2=0.9301 [95% CI:0.91-1]. 

{Figure 3-10}. 
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A  B 

Cell line 
ID 

Gene Alteration Detected 
Allele 

frequency 
expected 

Allele 
frequency 
observed 

Be(2)C TP53 p.C135F YES no data available 100% 

Be(2)C MYCN AMPLIFICATION YES no applicable no applicable 

CCA KRAS p.Q61L YES no data available 29% 

IMR32 ATM p.V2716A YES 59% 59% 

IMR32 MYCN AMPLIFICATION YES no applicable no applicable 

KELLY ALK p.F1174L YES 39% 32% 

KELLY MAP2K1 p.A390T YES 48% 47% 

KELLY TP53 p.P177T YES 93% 99% 

KELLY MYCN AMPLIFICATION YES no applicable no applicable 

LAN1 ALK p.F1174L YES no data available 47% 

LAN1 TP53 p.C182* YES no data available 99% 

LAN1 MYCN AMPLIFICATION YES no applicable no applicable 

LAN5 ALK p.R1275Q YES no data available 50% 

LAN5 MYCN AMPLIFICATION YES no applicable no applicable 

NBLS NF1 
splice_acceptor_varian

t c.6705-1G>T 
YES no data available 42% 

RD ATM* p.D273N YES 17% 2% 

RD NF1 p.E977* YES 56% 59% 

RD NRAS p.Q61H YES 68% 61% 

RD TP53 p.R248W YES 100% 100% 

RH30 CDK4 AMPLIFICATION YES no applicable no applicable 

RH41 APC p.M526L YES 60% 59% 

RH41 TP53 p.P152fs YES 100% 100% 

RMS559 FGFR4 p.V582L YES no data available 76% 

SKNAS NRAS p.Q61L YES 45% 46% 

SKNAS RB1 p.L477P YES 47% 31% 

SKNAS TP53 DEL exons 10,11 YES no applicable no applicable 

SKNSH NRAS p.Q61L YES 15% 23% 

SKNSH SMARCA4 p.R973T YES 32% 45% 

SKNSH CHEK2 p.T410fs YES 59% 44% 

SKNSH ALK p.F1174L YES no data available 36% 

*ATM mutation in this cell line is subclonal and variation in AF is expected with on-going passages

Genes with alterations detected by 

other methodologies 
Alteration Tumour Type 

Total 

cases 
expected 

% of 

cases 
detected 

DDX3X SNV and indel Medulloblastoma 6 100 

PTCH1 SNV and indel Medulloblastoma 5 100 

TP53 SNV and indel Medulloblastoma 3 100 

MYCN SNV Medulloblastoma 2 100 

MYCN Amplification 
Neuroblastoma (n=3)  
Medulloblastoma (n=4) 

7 100 

CTNNB1 SNV Medulloblastoma 5 100 

H3F3A SNV Glioma 3 100 

SMARCA4 SNV Medulloblastoma 3 100 

BRAF SNV Glioma 2 100 

ALK SNV Neuroblastoma  1 100 

HIST1H3B SNV Glioma 1 100 

AKT1 SNV Medulloblastoma 1 100 

ACVR1 SNV Medulloblastoma 1 100 

PIK3CA SNV Medulloblastoma 1 100 

MLL2 SNV Medulloblastoma 1 100 

chr 9q - (PTCH1, TSC1) loss Medulloblastoma 5 100 

chr 10- (PTEN, SUFU, FGFR2) loss Medulloblastoma 4 100 

chr 6- (HIST1H3B, HIST1H3C, ROS1, ARID1B) loss Medulloblastoma 2 100 

chr 9- (CDKN2A/B, PTHC1, TSC1) loss Medulloblastoma 2 100 

chr12- (MLL2, CDK4) loss Medulloblastoma 1 100 

ATM LOH loss Medulloblastoma 1 100 

chr 3p- (CTNNB1, STED2) loss Medulloblastoma 1 100 

chr17- (TP53, NF1, HER2, PPM1D) loss Medulloblastoma 1 100 

chr17p- (NF1, TP53) loss Medulloblastoma 1 100 

Total 60 

Table 3-1 Molecular alterations in samples used for Paeds-v1 panel validation. A) Known variants in paediatric cancer cell lines were compared against capture 
sequencing from the Cancer Cell Line Encyclopaedia and other published data. (B) Known variants in paediatric formalin-fixed paraffin embedded (FFPE, n=14) and 
fresh frozen (FF, n=14) samples were compared against other platforms such as RNA seq, 450k array, Sanger Sequencing and FISH. 
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Figure 3-10 Correlation of variant allele frequencies (VAFs) obtained by Paeds-v1 (x axis) and Paeds-
v2 (y axis) for cancer variants in FFPE patient samples (60 SNPs and 2 indels).  

3.2.2.7 Detection of rearrangements 

Five sarcoma FFPE cases were included in the analysis where translocations had 

previously been detected by RT-qPCR involving EWSR1. Rearrangements in EWSR1 

were detected in four out of the five FFPE cases (80%) leading to fusion genes of 

EWSR1 with partners ATF1 (detected in two samples), FLI1 and CREB1 {Figure 

3-11}. The fusion not detected was EWSR1-NR4A3.

Figure 3-11 EWSR1-CREB1 translocation in a sarcoma sample known to be positive for this 
translocation. (A) Integrative Genomics Viewer plot (IGV) identified by the panel showing DNA supporting 
reads of the fusion gene between CREB1 intron 5 to 6 and EWSR1 intron 7 to 8 and (B) 
electropherogram by Sanger sequencing showing cDNA forward sequence in the top and reverse 
sequence in the bottom for the fusion between EWSR1 exon 7 and CREB1 exon 6. 
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3.2.3 Fusion-panel validation 

3.2.3.1 Overall performance and SV identification in trial fusion-panel 

To validate this assay for research purposes, I first tested a pilot panel with a small 

number of reactions to determine if the use of this technology was adequate to detect 

SV in FFPE and FF from pHGG tumours, including large genes such as NTRK1-3. A 

total of eight (FFPE=4, HMW=4) cases, were assessed in two MiSeq runs. Overall 

the fusion-panel had a good performance with over 94.6% (585/618) of ROI achieving 

an average coverage >100 in the 4 HMW and 4 FFPE.  

There was no difference for the average total number of reads between FFPE 1x5x107 

±9.8x106) and HMW cases (1.17x107 ±1.5x106) (p=0.4990, unpaired t-test) {Figure 

3-12A}. The overall mean depth was lower for FFPE (296±138) compared to HMW

cases (597±83) (p=0.0097, unpaired t-test) {Figure 3-12B}. Duplicates were higher 

in FFPE (62.2%±12.09) compared to HMW cases (11.5%±0.4%) (p=0.0002 unpaired 

t-test)  {Figure 3-12C}. Amongst the eight samples included, four (two FFPE and two

HMW) harboured known translocations including ETV6:NTRK3 (n=2), MN1:BEND2 

(n=1) and ALK with unknown partner (n=1). Using MANTA, we were able to detect 

three fusions with high confidence and one (ALK) with medium confidence (3 

spanning read pairs and 13 split-reads) {Table 3 2A}. 

Figure 3-12 Box-plots showing quality metrics for fusion-panel validation. Quality control metrics are 
separated by DNA integrity formalin-fixed paraffin embedded (FFPE) and high molecular weight DNA 
(FF and cell lines). Metrics included (A) number of reads, (B) mean depth and (C) percentage of 
duplicates. The thick line within the box is the median, mean is shown as “+”, the whiskers are drawn 
down to the 10th percentile and up to the 90th, points below and above the whiskers are drawn as 
individual points. All p-values are based upon unpaired t-test ***p<0.0001, **p<0.001, ns p>0.05. 
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3.2.3.2 Fusion-panel optimisation 

There were some intronic regions associated with repetitive sequence elements in 

which probes were not able to be designed, therefore coverage-gaps were observed 

when looking at IGV as well as some regions with bad performance. To overcome 

this issue and avoid false negative detection, optimisation of the library-prep and 

sequencing was performed as well as improvement in the panel design as 

described in Methods section 2.3.2. Longer library fragment sizes (250-500 bp) 

were generated by reducing the fragmentation time (from 30 min to 15 min) as well 

as modifying the ratio of Ampure beads and DNA in the dual-SPRI size selection 

step. The latest step was modified by decreasing the ratio of AMPure-XP beads and 

DNA in the upper-size cut, from 0.7x to 0.5x, as well as by increasing the ratio in 

the lower-size cut, from 0.9x to 0.7x {Figure 3-13}. 

Figure 3-13 Library fragment size optimisation for fusion-panel validation. (A) Library-preparation 
fragment size distribution assessed using Tapestation per enzymatic time condition. (B) Bar-plot of 
average fragment library size per enzymatic time condition. Optimisation was performed in (R077 cell 
line) same sample with the aim to achieve longer fragment size using different enzymatic time: in blue 
30 min, red 20 min and green 15 min. 

To assess if longer library fragment size and longer sequence reads improved the 

performance of the pilot fusion-panel, I used a total of 20 samples consisting of 19 

glioma cases and one non-small cell lung carcinoma (NSCLC). The cases included 

ten FFPE and ten FF, from which seven samples harboured known fusions 

(MN1:BEND2 n=4, ETV6:NTRK3 n=1, ALK n=2 with unknown partners) {Table 3 2B}. 

Longer library-pep average size fragments were obtained for both FFPE (317±57bp) 

and FF (466±17bp). Two FFPE samples had a mean depth <100, and one >1800, 

and were excluded for metrics analysis. The average mean depth was improved for 
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both FFPE (458±565) and FF (857±149). 6/7 expected fusions were detected by 

MANTA as well as one FGFR1 intragenic tandem duplication (ITD) in a patient with 

HGG. The SV not detected was in the NSCLC patient harbouring an ALK fusion. 

The panel covers ALK from exon 20 to 28, with the most common breakpoint 

occurring within intron 19 to 20; the mean depth for ALK intron 19-20 was 1149 and 

no capture gaps were observed {Figure 3-14}. It is possible that the tumour content 

was too low for the fusion detection or the breakpoint was outside the region 

covered by the panel. We subsequently decided to cover the whole gene in the 

updated version. 

Figure 3-14 Integrative genomes viewer (IGV) plot of NSCLC with expected ALK fusion showing the 
coverage for ALK intron 19-20.  

To improve the design, ten underperforming ROI assigned for copy number detection 

were removed and replaced with probes in different genomic regions. We increased 

the capture probe ratio in regions which were observed to be poorly covered 753/2670 

(28,3%) and we included two additional genes (BEND2 and QK1). To test the 

optimised panel, I performed a run with four FFPE cases, harbouring known SVs, in 

a MiSeq sequencer by using the long fragment protocol and one overnight 

hybridisation. Only 2% (14/696) of the ROI had a mean depth of <100x in the four 

FFPE cases. The Inter-Quartile Range (IQR) was calculated and compared with the 

pilot version. The optimised fusion-panel presented a lower IQR indicating a better 

sequencing coverage uniformity (IQR=194 versus IQR=364) {Figure 3-15} and 

{Figure 3-16}. Duplicates were reduced compared to the two-night hybridisation 

protocol from 58.8% to 29.9%. The four structural variants were detected, including 

three with high confidence calls: FGFR1 tandem duplication, MN1:BEND2, 

BRAF:KIAA1549 and one with medium confidence (as previously) ALK:SPECC1L-

ADORA2A {Table 3 2C}.  
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Pilot-trial first test runs 
A 

Sample ID Sample Tumour type Gene Chr Alt Fusion 

QCTB-R061 FF Astroblastoma MN1 chr22 ]chrX:18207283]C MN1:BEND2 

QCTB-R077 CELLS Infant Glioma NTRK3 chr15 AGAT]chr12:12027420] ETV6:NTRK3 

RMH7975 FFPE Infant Glioma NTRK3 chr15 T]chr12:12033406] ETV6:NTRK3 

RMH7977 FFPE Infant Glioma ALK chr2 T]chr22:24732484] ALK:SPECC1L-ADORA2A 

Pilot-trial second test runs 
B 

Sample ID Sample  Tumour Type Gene Chr Alt Structural variant 

QCTB-R061 FF Astroblastoma-Multiregion MN1 chr22 ]chrX:18207283]C MN1:BEND2 

QCTB-R077 CELLS Infant Glioma NTRK3 chr15 AGAT]chr12:12027420] ETV6:NTRK3 

RMH7716 FFPE Astroblastoma-Multiregion MN1 chr22 ]X:18207283]C MN1:BEND2 

RMH7719 FFPE Astroblastoma-Multiregion MN1 chr22 ]X:18207283]C MN1:BEND2 

RMH7724 FFPE Astroblastoma-Multiregion MN1 chr22 ]X:18207283]C MN1:BEND2 

RMH7981 FFPE Infant Glioma ALK chr2 T]chr22:24732484] ALK:SPECC1L-ADORA2A 

HERBY-2411 FFPE High-grade Glioma FGFR1 chr8 chr8:38271163-38277125 ITD- FGFR1 

1609648 FFPE NSCLC ALK chr2 not detected not detected 

Optimised-panel test run 
C 

Sample ID Sample Tumour type Gene Chr Alt Fusion 

HERBY-2411 FFPE High-grade Glioma FGFR1 chr8 chr8:38271163:38277125 ITD- FGFR1 
RMH7719 FFPE Astroblastoma-Multiregion MN1 chr22 ]X:18207283]C MN1:BEND2 

RMH7977 FFPE Infant Glioma ALK chr2 T]chr22:24732484] ALK:SPECC1L-ADORA2A 
RMH9154 FFPE Pilocytic Astrocytoma BRAF chr2 chr7:138538295-140493672 BRAF:KIAA1549 

Table 3 2 List of samples harbouring fusions used to validate the fusion-panel. Type of sample is listed as well as gene nomination by MANTA and Breakdancer, breakpoint 
chromosome position. (A) Pilot trial first runs, (B) pilot trial optimisation steps and (C) updated panel test run.
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Figure 3-15 Coverage histograms of the pilot fusion-panel (left) and optimised fusion-panel (right) fusion 
capture panel. The histograms illustrate the overall coverage distribution by displaying the number of 
ROI covered by mapped sequencing reads at different depths. Read depths (x-axis) and ROI covered 
at each depth on the y-axis. (IQR = Inter-Quartile-Range). 

Figure 3-16 Sashimi coverage plots of pilot fusion-panel and optimised fusion-panel. The plots compare 
underperforming ROI for H2411 (FFPE) using pilot fusion-panel (red) against optimised fusion-panel 
version (blue) of RELA exon 1 and promoter, NTRK1 intron 8-9, BRAF intron 8-9 and MN1 exon 1.
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3.2.4 Paediatric high-grade glioma panel validation 

To validate this assay for research purpose, nine pHGG cases were used across two 

Miseq runs (run 1, HMW =5, run 2, FFPE=5). Overall the pHGG-panel had an 

excellent performance with 99.3% (5086/5125) of ROI achieving an average coverage 

of >100 in the 5 HMW and 4 FFPE cases. 

There was no difference for the average total number of reads between FFPE 

1.8x5x107 ±7.4x106) and HMW cases (1.2x107 ±1.3x106) (p=0.1069, unpaired t-test 

{Figure 3-17A}. There was no differences in the overall mean depth for FFPE 

(400±237) compared to HMW cases (332±27) (p=0.5370, unpaired t-test) {Figure 

3-17B}. Duplicates were higher in FFPE (24.7%±7.3) compared to HMW cases 

(4.5%±0.2%) (p=0004 unpaired t-test) {Figure 3-17C}. The mean depth and number 

of reads was slightly higher for FFPE compared to HMW and this was because there 

was one more case included in the HMW run. The pHGG-panel presented a good 

coverage uniformity as shown in the histogram. As expected, FFPE samples 

presented a higher variation in coverage across the ROI compared to HMW (FFPE-

IQR=277 vs HMW-IQR=191) {Figure 3-18}. 

Figure 3-17 Box-plots showing quality metrics for pHGG-panel validation. Quality control metrics are 
separated by DNA integrity, formalin-fixed paraffin embedded (FFPE) and high molecular weight DNA 
(FF and cell lines). Metrics include (A) number of reads, (B) mean depth and (C) percentage of 
duplicates. The thick line within the box is the median, mean is shown as “+”, the whiskers are drawn 
down to the 10th percentile and up to the 90th, points below and above the whiskers are drawn as 
individual points. All p-values are based upon unpaired t-test. ****p<0.00001, ns p>0.05. 
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Figure 3-18 Coverage histograms of FFPE (left) and HMW (right) validation samples used for pHGG- 
panel. The histograms illustrate the overall coverage distribution by displaying the number of ROI 
covered by mapped sequencing reads at different depths. Read depths (x-axis) and ROI covered at each 
depth on the y-axis. (IQR = Inter-Quartile-Range). 

Eight out of the nine cases had WES data and harboured 317 SNVs, 7 indels and 1 

deletion overlapping molecular alterations between the pHGG and WES. The 

presence of the alterations was manually inspected on IGV and VAF was compared. 

CXJ0016 was a hypermutator case with a total of 269 overlapping variants with WES. 

All the SNPs and cancer variants were detected, including H3.3-K27M (n=2), BRAF-

V600E (n=2), TP53 (7), CDKNA-deletion (n=1) amongst others, obtaining an overall 

VAF correlation of r2=0.7655 [95% CI:0.8789-0.9925] {Figure 3-19}. 

Figure 3-19 Correlation of variant allele frequencies (VAFs) between pHGG-panel (x axis) and whole 
exome sequencing (y axis) of cancer variants in FFPE and HMW patient samples (317 SNPs and 7 
indels).  
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3.3 Discussion 

The implementation of NGS assays in the clinic requires a robust validation in 

clinically-accredited laboratories. In this chapter, I provide evidence of the 

development and implementation of paediatric NGS capture-based assays for 

diagnostic test to accurately detect clinically relevant genomic alterations in FFPE as 

well as FF. The design and validation of Paeds-v1 assay has been part of a 

publication on which I am first author [354]. 

AF for known SNVs and indels were very similar in within-run and between-run 

replicates, demonstrating that the paediatric panel assays are repeatable and 

reproducible. SNVs were detected at a wide range of VAFs simulating the 

heterogeneity expected in cancer samples, including 33 SNVs with an expected VAF 

of 4-5%. The detection of variants at low VAF is crucial, especially in samples with a 

low neoplastic cell content. False-negative calls for v1 were mainly indels at low AF 

and occurring at splice sites (+4bp upstream of the exon). There is currently no 

consensus as to what the most appropriate minimum region of interest to extend the 

intronic sequencing for clinical reporting may be, and in many cases the biological 

meaning of these mutations is unknown. Nevertheless, the latest guidelines 

recommend to assume a disrupted gene function in certain types of variants (e.g., 

nonsense, frameshift, canonical ±1 or 2 splice sites, initiation codon, single exon or 

multiexon deletion) which would be covered with our current pipeline [356]. 

I also compared the performance of paired FFPE-FF specimens obtaining 

comparable quality metrics between both tissue types, as well as a high overall 

correlation when comparing AF of the variants within samples (r2=0.985 95%CI:0.984-

0.985; p<0.0001). The discrepancies of the variants may be explained by variation in 

neoplastic cell content between FF-FFPE and intra-tumour heterogeneity leading to 

sub-clonal alterations [102, 103, 357]. The good correlation is particularly important 

when a large proportion of clinical samples routinely available are derived from FFPE, 

where nucleic acid quality is generally compromised and chemically challenged, 

leading to DNA degradation and potential deamination or oxidation artefacts. 

I verified the accuracy of the NGS capture-based approach in cell lines and clinical 

specimens (FFPE and FF) containing known genetic abnormalities previously 

characterised by other methodologies. We obtained a high concordance when we 

compared the expected alterations to those detected using our assay. Furthermore, 



107 

our data also shows that this method can detect structural variants, including 

amplifications, deletions and chromosomal rearrangements. Only one out of 5 SVs 

involving EWSR1 was not identified by the assay which could be due to the lack of 

coverage at the intronic genomic location of the breakpoint. As expected, this is one 

of the limitations of the methodology, as capturing intronic regions poses challenges 

associated to the presence of repetitive sequence elements that lead to the 

chromosomal breaks. This can be partially overcome by including the breakpoint 

regions of the most common partner genes involved in the translocations. 

In addition, I described optimisation for suitable detection of SV including 

improvements in the capture-based fusion-panel design as well as library preparation. 

Accurate detection of SV in paediatric brain tumours has become indispensable for 

clinical decision-making. For instance, BRAF-KIAA1549 duplication correlates with 

diagnosis (low grade glioma) [358], c11orf95-RELA fusions are presented in a subset 

of supratentorial ependymoma, correlating with dismal prognosis [24] and BCOR 

duplications defining CNS high-grade neuroepithelial tumours [21]. Furthermore, the 

presence of structural variants involving genes such as NTRK1-3, ALK and FGFR1/3 

can help to guide treatment by the use of targeted agents such as larotrectinib 

(NCT02637687), entrectinib (NCT02650401) and erdafitinib (NCT03155620) 

amongst others. The fusion-panel would be able to detect these genetic abnormalities 

and guide clinicians to make an accurate diagnosis and potential use of targeted 

therapies when appropriate.  

In summary, I have developed robust clinical assays that can detect SNVs, small 

indels, copy number variation and SV with high reproducibility and repeatability in 

routine clinical FFPE samples from a variety of centres. These data show that these 

capture DNA-based assays can be an accurate and practical platform for molecular 

stratification and identification of actionable targets required to accelerate 

personalised medicine clinical trials in childhood solid tumours. The paediatric v1 and 

v2 panels were incorporated into a pilot molecular profiling study for paediatric 

patients at the Royal Marsden Hospital (London, UK) and was further extended 

across the UK. The results of this study together with the applications of the fusion-

panel and pHGG-panel are shown in the next chapters. 
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CHAPTER 4 :   Implementation of panel targeted sequencing for

paediatric solid tumours into clinical practise to guide 

targeted treatment 

4.1 Introduction 

In adult malignancies, precision medicine initiatives enabling standardised, high-

throughput molecular profiling and predictive biomarker-based stratification have 

been implemented to maximise clinical efficacy of targeted therapeutics [359-362]. 

There is an urgent need to translate such opportunities to the treatment of childhood 

cancer, which remains the primary cause of death in children after infancy [2].  

While there are now a number of world-wide strategies to support precision medicine 

in paediatric cancer, that was not the case at the start of this PhD. Specifically, in the 

UK the implementation of personalised medicine in childhood cancers had been 

limited by a lack of clinically validated multi-target sequencing approaches specific 

for paediatric solid tumours. This is particularly important to support clinical trials 

that match molecular alterations to targeted therapies, including umbrella and 

basket designs trials such as paediatric eSMART (NCT02813135) and INFORM in 

Europe, and NCI-MATCH (NCT03155620) in US [267, 270]. These trials are 

supported by comprehensive molecular profiling programmes which include 

whole-exome sequencing (WES) and RNA-seq and, in some cases copy number 

analysis, whole-genome sequencing (WGS), expression microarray or methylation 

arrays [254, 265, 267, 269]. However, logistical and financial practicalities 

limit large-scale implementation of this approach in most health-care settings. 

Targeted Next-Generation Sequencing (NGS) panels are typically more cost-

effective, can be tailored to the study population, and standardised 

according to regulatory requirements. Therefore, this may present a more 

suitable alternative for implementation into health-care systems by achieving 

deeper sequencing increasing sensitivity at lower cost than WES and WGS. 

One of the differences between adult and paediatric cancer is that paediatric 

cancers harbour fewer mutations, however the proportion of fusion genes is higher 

than their older counterparts, providing an excellent opportunity for diagnostic and 

predictive biomarkers to targeted agents [10, 11, 363]. Structural variants (SVs) are 

defined as large deletions and insertions, duplications, inversions and translocations 

of at least 
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50 bp. Array Comparative Genomic Hybridization (aGGH) and NGS-based assays 

are typically the methods of choice for SV identification which usually requires the use 

of high-molecular weight DNA and/or RNA [333]. Moreover, the detection of SV can 

be complex and needs specific pipeline algorithms to identify candidates from 

abnormally mapped reads including paired-end mapping, split read, read depth and 

the novo assembly [333, 364].  

The identification of SVs is of particular importance in CNS tumours, in which recent 

studies described them to be diagnostic biomarkers of certain tumour subgroups 

correlating with a distinct prognosis and of potential response to targeted agents [24, 

34, 35, 220, 365-367]. This is exemplified by the new brain tumour entities that have 

emerged from molecular classification of primitive neuroectodermal tumours of the 

central nervous system (CNS-PNETs) [368]. Furthermore, although rare there some 

studies describing the presence of SV genes in pHGG and DIPG including NTRK1/2/3 

(e.g. TPM3:NTRK1, AGBL4:NTRK2, and ETV6:NTRK3), and other receptor tyrosine 

kinase (RTK) genes (e.g. ALK, MET, PDGFRA and ROS1) [22, 75, 369-374]. 

Nevertheless, the identification of SVs might be underpowered due to the detection 

challenges mentioned above. In particular, these studies have shown that pHGG of 

younger age (under 3-5 age), wild-type for the typical driver genes (H3.3/1, BRAF, 

IDH1/2), seem to be driven by single fusion gene events. Interestingly, infant HGG 

appear to have better outcome compared to older children even in patients with 

incomplete resection or without radiation [22, 375, 376]. 

In order to address the lack of molecular profiling in the UK in children with cancer, I 

describe the implementation in the National Health Service (NHS) of the paediatric 

NGS panels developed in Chapter 3. To better integrate the panel sequencing results 

into clinical practise for children with cancer, the study offered panel sequencing in 

prospective or archived tumour tissue, with clinical reporting of results via a formal 

Molecular Tumour Board (MTB). Additionally, the use of the fusion-panel in two 

different cohorts of pHGG led to the discovery of novel internal tandem duplication of 

NTRK2 gene in a non-brainstem pHGG clinical trial (HERBY), which was a phase-II 

trial evaluating bevacizumab in addition to radiotherapy and temozolomide after initial 

surgery [69, 87, 321, 335]. Moreover, we used the fusion-panel in the largest series 

of infant gliomas assembled to date, in order to assess the presence of structural 

variants and identify driving alterations [89]. 
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4.2 Results 

4.2.1 Patient samples and Overall Performance 

A total of 255 cases were submitted from 223 patients enrolled in ten different 

institutions in the UK. DNA isolated from tissue and matched germline DNA was 

subjected to panel sequencing using the Paeds-v1/v2 capture panels described in 

Chapter 3. An overview of the study is given in {Figure 4-1}. Although patients were 

eligible to enrol at any time, 90% of evaluable patients had at least one episode of 

progression/relapse before study enrolment. FFPE tissue from the most recent 

surgery was requested for all but three patients, in which fresh frozen tissue was used. 

Figure 4-1 NGS study overview. Following informed consent, tumour and blood samples were collected. 
DNA was extracted and sequence libraries were prepared using the capture-based paediatric solid 
tumour panel. Following sequencing, samples underwent an in-house data analysis pipeline that detects 
mutations, structural variants and copy number changes. Genomic alterations were manually reviewed 
by two independent scientists and then discussed in a Molecular Tumour Board before a clinical report 
was issued. 
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Adequate coverage for clinical reporting of results was obtained in 82% of submitted 

samples {Figure 4-2A}. Reasons for sample rejection or failure were as follows: 

tumour content less than 10%, DNA less than 20 ng and/or excessive DNA 

fragmentation. The median depth of coverage for all reported cases was 495 

(interquartile range: 264-868). The most common cancers sequenced were glioma 

(38), neuroblastoma (27) and rhabdomyosarcoma (26) {Figure 4-2B}. 

Figure 4-2 Tumour samples submitted for sequencing. (A) Summary of sample flow and total 
number of samples successfully sequenced. (B) Distribution of tumour types among reported cases. 
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4.2.2 Genetic Findings 

A monthly Molecular Tumour Board (MTB) was established for discussion of findings 

from the CCR-4294 pilot study; interpreted results from panel sequencing were then 

reported to the treating clinician. The MTB core members included 

paediatric/adolescent oncologists, experts in early clinical trials, molecular 

pathologists, bioinformaticians and paediatric tumour biologists, from RM, Great 

Ormond Street Hospital and The Institute of Cancer Research, London. OncoKB was 

used as a basis to define tiers of actionability [377]. In addition, COSMIC defined 

mutations/SNV, genetic amplifications, gains or losses, for which a paediatric clinical 

trial was currently recruiting, were also considered, as well as alterations where 

compelling pre-clinical paediatric data existed for that target [378]. Heterozygous 

gene loss and missense mutations outside of defined hotspot regions were defined 

as not actionable. 

At least one genetic alteration was detected in 70% (145/209) samples at an allele 

frequency  5%. The somatic genetic alterations detected, grouped according to 

underlying diagnosis, are summarised in {Figure 4-3} and {Figure 4-4}. In keeping 

with other studies [363], the most frequently mutated gene was TP53 in 36/209 (17%) 

cases; in addition high frequencies of alterations in genes known to be recurrently 

altered in paediatric malignancies such as ATRX, CDKN2A, CTNNB1 in 12/209 

(5.7%), MYCN in 11/209 (5.2%) and H3F3A, PIK3CA in 10/209 (4.3%) were detected. 

Figure 4-3. Illustration of structural variants detected by the Paeds-panels. Snapshot of IGV showing 
spanning reads covering the structural variant region are shown on the top and a cartoon illustration of 
the structural variant is displayed in the bottom. (A) FGFR1 tandem duplication from exon 9 to exon 18 
detected in a patient with glioma. (B) Fusion between exon 2 of c11orf95 and exon 2 of RELA detected 
in a patient with ependymoma. (C) Fusion between exon 5 of SQSTM1 and exon 20 of ALK detected in 
a patient with an inflammatory myofibroblastic tumour. 
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Figure 4-4 Overview of Paeds-panels clinical sequencing results. (A) Oncoprint represents somatic 
mutations and DNA copy number findings. Samples are grouped in columns with genes displayed along 
rows. Samples are arranged according to the tumour type and genes sorted by frequency. Panel version, 
sample type, molecular annotations and diagnosis are provided as bars according to the included key. 
(B) Bar-plot of most recurrent altered genes, sorted by frequency and colour coded according to the
tumour type.
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4.2.3 Clinical Actionability 

Potentially targetable alterations, defined by OncoKB tiers of actionability in addition 

to predictive biomarkers for currently recruiting paediatric clinical trials, were detected 

in 51% of sequenced samples {Figure 4-5A}. Of the 107 tumour samples classified 

as potentially actionable, 42 (39%) had greater than one such alteration detected. For 

each tumour sample, only the alteration for which there was the highest tier of 

evidence for actionability was included. Glioma was the tumour type with more 

defined actionable alterations found, followed by osteosarcoma and 

rhabomyosarcoma {Figure 4-5B}. No tier 1 alterations (FDA recognised biomarker 

predictive of response to an FDA approved drug) were detected, indicative of the lack 

of regulatory approvals for paediatric indications. Only one patient had a tier 2A 

alteration: a patient with an inflammatory myofibroblastic tumour, harbouring an 

ALK:SQSTM1 translocation. The patient had a complete surgical resection and did 

not require systemic therapy.  

As a feasibility study, follow-up data was not routinely collected for all patients. Of the 

57 patients with a tier 2B or 3 alteration and available follow-up data, only four (7%) 

received targeted therapies: Three patients with BRAF-V600E mutations were treated 

with dabrafenib/trametinib combination therapy: patient 1 had a pleomorphic 

xanthoastrocytoma and was commenced on dabrafenib/trametinib following third 

disease progression. The patient remains on treatment with stable disease after 9 

months. Patient 2 had glioblastoma multiforme, and was commenced on 

dabrafenib/trametinib after disease progression. The patient had stable disease for 

13 months before further progression. Patient 3 had multiply-relapsed metastatic 

ameloblastic fibro-odontosarcoma [379]; by day 28 of treatment, there had been a 

partial response but asymptomatic cardiac toxicity required discontinuation of both 

drugs. Upon normalisation of the shortening and ejection fractions, the patient was 

recommenced single-agent dabrafenib and had sustained partial response for 15 

further months {Figure 4-6}. A patient with multiply-relapsed metastatic germinoma 

and PDGFRA/KIT amplification was given dasatinib, who progressed on treatment.  
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Figure 4-5 Clinical actionability of Paeds-panels clinical sequencing results. (A) Somatic alterations were 
defined according to OncoKB levels of evidence. Actionability tiers are described in the key. Distribution 
of actionability tiers for entire sequenced cohort. (B) Distribution of actionability tiers across common 
tumours, colour coded according to tumour type. 

One patient with high grade glioma (patient ID 045-T) had a total of 49 somatic 

mutations (in ~0.18 Mb) consistent with a hypermutator phenotype [380], associated 

with mismatch repair deficiency and predictive of potential sensitivity to immune 

checkpoint blockade [138]. However, the patient was not fit for clinical trial enrolment 

by the time sequencing results were available. 
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Other patients had findings that informed prognosis: a mutation in CTNNB1 was found 

in a patient originally diagnosed with a supra-tentorial primitive neuroectodermal 

tumour (PNET), biologically more in keeping with a WNT-activated medulloblastoma. 

Other examples included a MYOD1 mutation in a patient with embryonal 

rhabdomyosarcoma tumour, associated with distinct clinical features and poor 

prognosis [216], and a RELA:c11orf95 fusion in a supratentorial ependymoma, 

associated with high-risk disease [24]. 

Figure 4-6 Magnetic resonance imaging (MRI) from patient with metastatic ameloblastic fibro-
odontosarcoma. MRI showing of the tumour (A) before and (B) after 8 weeks of BRAF inhibitor treatment. 
A reduction of primary tumour is seen in the skull base (top) and the pulmonary metastases (bottom). 
Tumour areas are highlighted by white arrows. Image kindly provided by Dr Sally George. 

4.2.4 Analysis of paired samples 

For eight patients, paired samples were sequenced at different stages of treatment 

{Figure 4-7}. In six of these, there were differences between the variants detected at 

different time-points. Mutations in PTEN, NF1 and TP53 were observed in a patient 

with high grade glioma (patient 2) after dabrafenib/trametinib treatment but not in the 

pre-treatment sample. The patient subsequently received everolimus but progressed 

after 3 months on treatment. The acquisition of NF1 mutations as a resistance 

mechanism after BRAF inhibition is consistent with findings in BRAF-V600E mutant 

melanoma [381, 382]. Another child with glioma harboured shared alterations in 



117 

H3F3A and TP53 both at diagnosis and progression, whereas PTEN was only present 

at diagnosis and PIK3CA at progression. In a patient with Wilms’ tumour, a potentially 

targetable TSC2 mutation was found in the 3rd relapse sample, which was not present 

in the previous sample. 

Figure 4-7 Comparison of results from paired samples, sequenced at different time points of Paeds-
panels clinical sequencing samples. Venn diagrams compare the genetic findings in eight patients. 
Shared alterations are illustrated by the intersection of the two ovals. Alterations detected at only the 1st 
time point are represented in the pink oval, and alterations identified at the 2nd time point only are 
represented in the blue oval. The size of the oval represents the number of variants identified in each 
patient. 

4.3 Fusion-panel application  

4.3.1 Sample cohort and overall performance 

We next applied the fusion-panel assay to detect structural variants in the context of 

a clinical trial in non-brainstem pHGG (HERBY). This cohort included a total of 68 

tumours (33 FFPE and 35 FF) and 24 blood samples.  

Quality control metrics were performed to assess panel performance. The average 

number of reads was slightly lower for FFPE (1.7x107± 9.4x106) compared for FF 
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cases (2.2x107±9.1x106) (p=0.0187, unpaired t-test) {Figure 4-8A}. The overall mean 

depth was lower for FFPE (642±406) compared for FF cases (995±282) (p=0.0001, 

unpaired t-test) {Figure 4-8B}. Duplicates were higher in FFPE (44%±20%) 

compared to FF cases (14%±2%) (p<0.0001, unpaired t-test) {Figure 4-8C}. There 

was no difference for the percentage of bases from unique reads on target between 

FFPE (46%±13.3%) and FF (48.3%±13.4%) (p=0.5123, unpaired t-test) {Figure 

4-8E}. Only two samples (FFPE) had an average mean coverage below 100 (88 and

90). The average of targeted positions covered at 100x depth was lower for FFPE 

(85%±19%) compared to FF cases (95.1%±1.9%) (p=0.0039, unpaired t-test) {Figure 

4-8F}. As expected, library-prep fragment length was lower for FFPE (346bp±47bp)

than for FF cases (413bp±35bp) (p=0.001, unpaired t-test {Figure 4-8G}. 

Figure 4-8 Box-plots showing quality metrics of Paeds-panel clinical sequencing results samples. Quality 
metrics are separated by DNA integrity, formalin-fixed paraffin embedded (FFPE) and fresh frozen (FF) 
HERBY samples. Metrics include (A) number of reads, (B) mean depth, (C) percentage of duplicates, 
(D) percentage of unique reads on target, (E) percentage of targeted positions covered at 100X and (F)
library fragment size in base-pairs. The thick line within the box is the median, mean is shown as “+”, the
whiskers are drawn down to the 10th percentile and up to the 90th, points below and above the whiskers
are drawn as individual points. All p-values are based upon unpaired t-test ****p<0.00001, ***p<0.0001,
**p<0.001, *p<0.05, ns p>0.05.
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4.3.2 Applying the fusion-panel for fusion identification in HERBY 

We identified SVs in 12 samples {Table 4-1} and {Figure 4-9}, eight of which 

presented novel structural variants involving NTRK2. In particular, 10.3% (7/12) 

harboured novel ITD-NTRK2 and HERBY_106 presented SLC4A4:NTRK2 fusion 

between exon 3 of SLC4A4 (chr4q13.3) to exon 11 of NTRK2 (chr9q21.33). We 

confirmed the ITD-NTRK2 was a somatic event as no reads were present in any of 

the germline DNA samples. The size of the ITD varied from sample to sample (~28-

356 kb) involving exons 11 to 3’-UTR {Table 4-2} and {Figure 4-10}. Six out of seven 

ITD-NTRK2 cases were H3.3 K27M and presented mutations in TP53 as well as 

ATRX truncating mutations in 5/7 cases. On the basis of these findings, David Jones 

(DKFZ/KiTZ, Heidelberg) provided data from a cohort of 59 pHGG samples in which 

RNAseq and/or WGS was available. Two cases (3.4%) were found to harbour ITD-

NTRK2, which represented 2/14 (14.3%) midline H3.3 K27M samples. These findings 

support our discovery of novel ITD-NTRK2 with a potential enrichment in K27M 

positive midline pHGG.  

We identified two cases with novel structural variants involving MN1. HERBY_066 

presented a fusion between exon 1 of MN1 (22q12.1) to exon 2 of ARHGEF6 (Xq26.3) 

and HERBY_052 harboured a fusion between exon 1 of MN1 (22q12.1) to exon 3 of 

CARD6 (5p13.1) {Figure 4-11A}. HERBY_052 was a compact and necrotic tumour 

with perivascular radiating arrangements {Figure 4-11B}, classified by the 

methylation-based classification of central nervous system tumours [20], as high-

grade neuroepithelial tumour with MN1 alteration (CNS HGNET-MN1, score = 0.713) 

using the Illumina 450K methylation array {Figure 4-11C}. An ITD-FGFR1 of exons 8 

to 18 was identified in HERBY_049 {Figure 4-11D}, this finding is in line with the 

methylation classification result of pilocytic astrocytoma and supported by histology 

as anaplastic features were observed. In another sample. Furthermore, we identified 

a duplication between exon 11 of PTPRZ1 (chr7q31.32) to exon 4 of MET (chr7q31.2) 

{Figure 4-11E} which also harboured MET amplification and classified as paediatric 

glioblastoma with receptor tyrosine-kinase activation (GBM_pedRTK). 
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Sample ID Duplicated region Coding bp size Total genome bp size 

HERBY_013 exon 15 to 17 368 146056 

HERBY_015 exon 12 to 14 237 27826 

HERBY_037 exon 13 to 16 438 153746 

HERBY_082 exon 12 to 16 474 135829 

HERBY_084 exon 13 to 21 6954 365628 

HERBY_097 exon 12 to 16 474 195552 

HERBY_118 exon 11 to 16 780 182962 

GBM_012 exon 12 to 21 1013 228798 

GBM_027 exon 12 to 16 474 169734 

Table 4-2 Summary of NTRK2 tandem duplication positive cases, including HERBY and two from 
Heidelberg cohort. Table includes duplicated exonic region and size as bp for the coding and total 
genomic region involving the alteration. 

Sample ID H3.3 status Location Fusion 

HERBY_013 WT Hemispheric ITD-NTRK2 

HERBY_015 K27M Midline ITD-NTRK2 

HERBY_037 K27M Midline ITD-NTRK2 

HERBY_082 K27M Midline ITD-NTRK2 

HERBY_084 K27M Midline ITD-NTRK2 

HERBY_097 K27M Midline ITD-NTRK2 

HERBY_118 K27M Midline ITD-NTRK2 

HERBY_106 WT Hemispheric SLC4A4:NTRK2 

HERBY_049 WT Hemispheric ITD-FGFR1 

HERBY_052 WT Hemispheric MN1:CARD6 

HERBY_066 WT Hemispheric ARHGEF6:MN1 

HERBY_094 WT Hemispheric PTPRZ1:MET 

Table 4-1 List of patient samples from HERBY positive by the fusion-panel. 
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Figure 4-9 Oncoprint representation of an integrated annotation of WES and the fusion-panel. Single 
nucleotide variants, truncating mutations, copy number alterations and structural variants are shown in 
the 12 HERBY cases with structural variants. 
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Figure 4-10 Coverage plot for NTRK2 positive cases. The plot includes the seven HERBY cases harbouring internal tandem duplication. Every patient is divided by line. x-axis 
show NTRK2 genomic location where exons are the blue squares and the lines that joined them represent the intronic region, y-axis represent the coverage, number of reads 
sequenced at a given genomic location. Duplicated region is highlighted in dark red. 



123 

Figure 4-11 HERBY fusion-positive cases examples. (A) Cartoon of a novel MN1:CARD6 gene fusion 
by capture panel sequencing between exon 1 of MN1 and 3 of CARD6. (B) Haematoxylin and eosin 
staining of the case most closely resembling CNS HGNET-MN1. (C) Box-plot of reference methylation 
classifier score for HGNET-MN1 case. (D) Cartoon of the ITD-FGFR1 on the top and below an integrative 
genomic viewer (IGV) snapshot showing the ITD supporting reads in green. (E) Cartoon of the 
PTPRZ1:MET fusion on the top and below an integrative genomic viewer (IGV) snapshot showing the 
fusion supporting reads in green. 

4.3.3 Applying the fusion-panel for fusion identification in infant HGG 

As part of the PhD project of Matthew Clarke in our laboratory, focused on the 

genomic landscape of infant HGG, we have used the fusion-panel together with other 

methodology such as methylation, RNA-seq and WGS to identify SVs in this particular 

cohort of patients [89]. Enough material to perform the fusion-panel was available in 

114/241 of the infant glioma cases included in this study. Out of the 114 cases (n=9, 

cerebral hemispheres n=37, midline n=21 and unknown location n=47), 45% (51/114) 

harboured SVs identified by the fusion-panel. Of these, tumours with genetic 

alterations consistent with distinct CNS entities, were excluded including 

KIAA1549:BRAF (n=22) strongly associated with pilocityc astrocytoma [358], ITD-
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FGFR1 (n=4) as a highly recurrent alteration in dysembryoplastic neuroepithelial 

tumour (DNET) [37], MYB/MYL1 (n=2) commonly found in two distinct tumour entities 

angiocentric gliomas and isomorphic diffuse gliomas [38-40], and MN1 (n=1) which 

defines the novel entity of HGNET-MN1 [21, 355]. Furthermore, cases were excluded 

based on clear Heidelberg classifier matches to other non-glioma CNS or existing 

defined glioma subgroup tumours from methylation array profiling data, as well as, 

expected genetic alteration defining glioma subgroups by panel sequencing or WES 

(IDH1-R132H, H3 K27M). After sample exclusions and integration of the fusion-panel 

with WGS and RNA-seq, 25/41 cases (61%) harboured fusions in either ALK (n=10), 

NTRK1/2/3 (n=1, 5 and 8, respectively), ROS1 (n=2) or MET (n=1), usually in the 

absence of other alterations. 

By using methylation array most of the fusion-positive cases were classified as infant 

hemispheric glioma (IHG, n=21) or low scoring desmoplastic infantile ganglioglioma 

astrocytoma (DIGG/DIAs, n=4) which clustered apart from other glioma subgroups in 

a tSNE projection. When possible, fusions were confirmed by other methods such as 

whole genome sequencing, RNA and/or Sanger sequencing and were frequently 

accompanied by detectable focal DNA copy number breakpoints within the fusion 

partners {Figure 4-12A-D}. There was a trend towards the presence of any fusion 

conferring a longer overall survival compared to those without (p=0.0687, log-rank 

test) {Figure 4-12E}. 



125 

Figure 4-12 Infant HGG fusion-posiitve CNV overview and overall survival comparison. (A) Cartoon 
representation of the fusion ETV6:NTRK3 and (B) ZC3H7:ALK, with reads on either side of the 
breakpoint coloured by gene partner taken form the integrated genome viwer (IGV) on the top. Sanger 
sequencing trace spanning the breakpoint is shown in the middle and on the bottom are copy number 
plots (log2 ratio y-axis) for chormosomal regions spanning the breakpoints (x-axis). Points representing 
copy number gain are coloured in red, blue for loss and grey for no change. The smoothed values are 
overlaid by the purple line. (C) Circos plot of gene fusions targeting NTRK1 (light orange), NTRK2 
(organge) and NTRK3 (dark orange). Lines linking fusion genes parters are represented by ideograms 
arranged around the circle. (D) Circos plot of gene fusions targeting ALK (dark blue). Lines linking fusion 
genes parters are represented by ideograms arranged around the circle. (E) Kaplan-Meir plot of overall 
survival of cases separated by fusion event (n=63) p-value was calculated by the log-rank test (p=0.0687 
for any fusion versus none). 
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4.4 Discussion 

Comprehensive molecular profiling strategies have been shown to be feasible in 

children with cancer and have revealed encouraging results [254, 267, 269]. However, 

wide-scale implementation is impractical in most health-care settings and even if 

resources were unlimited, it is also restricted by the availability of biopsy material. In 

this chapter, I demonstrate the clinical application of capture-based panel sequencing 

assays developed and described in Chapter 3. To do this, I have used three unique 

sample cohorts: an RMH pilot-study CCR4294, a multicentre clinical trial HERBY and 

a retrospective set of infant hemispheric gliomas. From these studies there have been 

three publications where I am co-author [87, 89, 383]. 

Despite the high detection rate of potentially actionable alterations, few patients 

received treatment with targeted agents. The reasons for this were multifactorial and 

include the following: lack of available clinical trials, difficulties accessing novel drugs 

on a compassionate-use basis, and/or clinical deterioration of the patient. In addition, 

although many patients had relapsed/refractory disease, a considerable proportion of 

patients were still on either first-line therapy or proven standard relapse therapies at 

the time of sequencing. A number of patients were also enrolled in available phase 

I/II trials that did not require biomarker screening. 

With the sequencing of paired tumour samples at different times, I show the 

importance of tumour heterogeneity and evolution, adding to the mounting literature 

in support of the clinical importance of biopsy at relapse for children with cancer [63, 

102, 384]. Notably, many tumour mutations emerging at the time of relapse (PTEN, 

NF1, PIK3CA and TSC2) are recognised predictive biomarkers of a targeted 

therapeutic response [385-389]. Cells derived from a BRAF-V600E HGG patient with 

PTEN, NF1 and TP53 mutations at relapse after dabrafenib/trametinib treatment, 

were shared as an international collaboration, with Theodore Nicolaides, a principal 

investigator whose one of his research projects is studying resistance to BRAF 

inhibitor in BRAF-V600E mutant glioma [390]. 

Although capture-based panel sequencing is an excellent tool, it has limitations and 

more comprehensive approaches need to be taken in consideration for the design of 

new clinical trials. Capture NGS panels are able to detect translocations in DNA with 

the ability to determine the single-nucleotide breakpoint, so long as those breakpoints 

occur in or close to a targeted region. We used MANTA to detect spanning pair reads 
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and split reads, thereby identifying fusion gene partners. However, detection of fusion 

genes is inevitably restricted. A more extensive method for detection of SVs is 

required such as the fusion-panel adjusting the region of interest capture to the 

tumour(s) type evaluated. If RNA is available, a promising strategy is the use of 

anchored multiplex PCR-based enrichment to detect fusions, eliminating the need to 

sequence long and complex intronic regions. In addition, methylation profiling is 

particularly relevant for a precise diagnostic classification of CNS tumours [391]. The 

paediatric panel is already routinely carried out for all paediatric solid patients in the 

NHS and supported by the National Institute for Health and Care Excellence (NICE, 

nice.org.uk/guidance/mib133). Finally, the paediatric panel will fit into a more modern 

molecular diagnostics service, Stratified Medicine Paediatrics (SMPaeds), where a 

pipeline to perform RNA-seq, low copy number WGS and methylation is currently 

being validated to support clinical trials including paediatric solid tumours at relapse 

in the UK, such as eSMART [269]. 

By using the fusion-panel in the samples from the HERBY clinical trial, I was able to 

identify novel ITD-NTRK2 predominantly found in thalamic H3.3 K27M tumours. To 

the best of my knowledge this is the first time ITD-NTRK2 have been described in 

paediatric or adult tumours. Similar findings were observed by David Jones, in an 

independent cohort of samples using different sequencing methodology. Interestingly, 

in a pan-cancer study published in 2018 in nature by Gröbner et al., they reported 

SVs in paediatric cancers, and found that 25% of HGG_K27M, 5.6% of HGG_other 

and 2.9% OF PA, presented NTRK2 disrupted by SV breakpoints (Supplementary 

Table19) from [12]. Further work needs to be done to elucidate the functional 

implication of these duplications. Unfortunately, for none of the ITD-NTRK2 positive 

samples live tissue was available, however throughout an international collaboration 

with James Olson (from Seattle), we will evaluate efficacy of TRK inhibitors and 

pathway modulation in a patient-derived in vitro model which is ITD-NTRK2 positive. 

Other findings from this study included a sample carrying an ITD-FGFR1, and two 

patients with MN1 fusion. These patients are likely to be different tumour entities, 

corresponding to pilocytic astrocytoma and CNS HGNET-MN1, respectively. 

Moreover, a patient with a PTPRZ1:MET fusion was identified, an alteration 

previously seen in adult and paediatric HGG and associated with poor prognosis and 

tumour shrinkage upon crizotinib treatment [367, 392]. 

In the infant cohort, a total of 45% patients were found to have SVs detected by the 

fusion-panel. Of those, 29 were consistent with established brain tumours entities and 
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the remaining infant HGG patients appear to have a prevalence of fusions involving 

the receptor tyrosine kinases NTRK1-3 and ALK. Further work, carried by Matt Clarke 

et al, showed that additional fusions were found in NTRK1-3 and ALK but also in MET 

and ROS1 using RNA-seq and WGS [89]. ALK fusion positive cases presented 

sensitivity in vitro and in vivo to ALK inhibition, resulting in tumour volume reduction 

and extension of survival compared to standard treatment of TMZ (data not shown in 

this chapter but the available in [89]). Excitingly, a patient diagnosed of HGG at 1 

month old, was confirmed to harbour a MAD1L1:ALK fusion and at disease 

progression started ceritinib, resulting in stable residual disease for nearly two years 

to date. In addition, through the fusion-panel an NTRK2 fusion was identified in a 1.5 

years old girl diagnosed with an infiltrative high-grade glioma in the spine. The patient 

underwent resection and several cycles of different chemotherapeutic agents 

(following the protocol Baby SFOP). After this, on the basis of the NTRK2 fusion 

found, the patient is being treated with the TRK inhibitor larotrectinib. Currently the 

tumour remains stable (data obtained throughout personal communication from the 

treating cliniclan Dr Lynley Marshall). 

The findings from the fusion-panel represent a unique opportunity that can directly be 

translated in the clinic for the use of targeted agents, and potentially avoid the 

aggressiveness and long-term side-effects of chemotherapy and radiotherapy. Such 

inhibitors are currently in clinical trials and accessible to children (NCT02637687, 

NCT04094610, NCT0265040). Entrectinib and larotrectinib are kinase inhibitors FDA-

approved molecules prescribed for the treatment of any solid cancer harbouring 

NTRK1/2/3 fusion protein, which have shown clinical responses in NTRK fusion-

positive tumours [366, 393].  

In summary, I have shown that using as little as 50 ng of DNA, this technology is 

accurate, reproducible and a practical platform for molecular stratification and 

identification of actionable targets, required to accelerate precision medicine clinical 

trials in childhood tumours. 
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CHAPTER  5 : Exploring the use of liquid biopsy in paediatric

high-grade glioma and DIPG 

5.1 Introduction 

The incorporation of tissue molecular profiling in patients with pHGG and DIPG into 

clinical practise has been demonstrated to be essential to guide treatment decision 

of these patients [15, 394]. However, this implies invasive neurosurgical 

procedures which frequently are associated with a risk of morbidity or mortality [272, 

273, 395]. This is particularly important for tumours located within the brainstem, 

such as DIPG, where biopsy is technically very challenging and is associated 

with considerable complications [272, 273].  

The study of liquid biopsy has emerged as an alternative and/or complementary 

approach to tumour biopsy. Liquid biopsy comprises the study of tumour derived 

material from any biological fluids including blood, cerebrospinal fluid (CSF), urine, 

and saliva. In this context, cell-free DNA (cfDNA), extracted from different sources of 

biofluids, is used to assess tumour-specific alterations in a less invasive manner. 

The fraction of cfDNA derived from tumour cells is known as circulating-tumour 

DNA (ctDNA). One of the benefits of liquid biopsy is its utility to correlate the 

presence of driver mutations with tumour burden and therapy response at multiple 

time-points, preventing the risks, costs and skilled expertise of surgical 

intervention. In this context, many paediatric gliomas are characterised 

by hotspot driver mutations (H3.1/H3.3 K27M, H3.3 G34R, BRAF-V600E, 

IDH1-R132X) [22] or by single fusion events (NTRK:ETV6, BRAF:KIAA1549) 

[220, 358]. This makes them perfect candidates for the use of ctDNA to 

monitor treatment response enabling early detection of tumour progression over 

the course of the disease.  The presence of ctDNA from plasma has been 

demonstrated in paediatric solid tumours including neuroblastoma, osteosarcoma, 

Ewing sarcoma, Wilms tumour and rhabdomyosarcoma [304, 305, 307, 312, 320, 

396]. At the start of this PhD, the use of ctDNA derived from plasma in tumours 

involving the CNS appeared to be more challenging compared to other paediatric 

non-CNS tumours [288]. Despite this, several studies have shown the 

detection of CSF from ctDNA from a mixture of paediatric and adult brain 

tumours [289-292, 334]. In particular, Wang and colleagues found molecular 

alterations in 74% of patients from ctDNA derived from CSF, obtaining  an 

average    of 417 ng of ctDNA in  an  average of 4.8 mL  of CSF   [290].  By    using 
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amplicon NGS methodology (SafeSeqS), they revealed that ctDNA was found in all 

CNS tumours whose tumours were directly adjacent to a CSF reservoir [290].  

In the last three years, similar results have been found in ctDNA derived from CSF in 

patients with pHGG and DIPG by using nested PCR, ddPCR and panel sequencing 

[315-317, 397]. Besides detecting molecular alterations in ctDNA derived from CSF, 

these studies have also demonstrated that CSF-ctDNA levels increase during disease 

progression and at autopsy, as well as after radiation, suggesting the role of 

radiotherapy to disrupt the BBB [316, 317]. The largest study evaluating ctDNA-CSF 

in adult glioma was carried by Miller and colleagues at MSKCC (Memorial Sloan 

Kettering Cancer Center) [398]. Using the MSK-IMPACT capture-based NGS assay, 

they identified ctDNA in 49.4% of patients, with ctDNA levels correlating with disease 

burden and poor outcome [398]. Importantly, they were able to track tumour evolution 

through longitudinal CSF samples, showing loss of EGFR amplification and 

emergence of PDGFRA amplification over the course of the disease [398]. 

Less is known about the utility of plasma ctDNA in brain tumours and in particular in 

pHGG and DIPG. Pan and colleagues showed the detection of ctDNA derived from 3 

mL of plasma in 3/7 paediatric patients with brainstem tumours; of those three, two 

had undetectable mutations in the plasma ctDNA compared to the ctDNA derived 

from the CSF [397]. Conversely, a study from Panditharatna and colleagues showed 

detectable levels of ctDNA derived from 1 mL of plasma in 16/20 patients with diffuse 

midline glioma at diagnosis/upfront therapy [317]. 

To this end, I sought to explore whether molecular alterations could be identified in 

liquid biopsy samples from pHGG and DIPG patients. ddPCR assays were validated 

and applied to quantify ctDNA levels derived from plasma, serum and CSF. A 

secondary aim of this chapter was to correlate DNA concentrations and the presence 

of genetic alterations with tumour burden and multimodal radiological indicators of 

response and tumour progression. For this purpose, longitudinal plasma samples 

from HERBY were used. 
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5.2 Results 

5.2.1 ddPCR assay validation for the detection of ctDNA from liquid 

biopsy 

Liquid biopsy from 32 pHGG and DIPG patients were collected from three different 

cohorts of patients with known molecular alterations, and utilised for this feasibility 

study. These patients harboured genetic alterations in H3F3A (K27M and G34R), 

BRAF (V600E), ACVR1 (G328V), IDH1 (R132H and R132S), TP53 (C238Y and 

R282W) and PIK3CA (E542K and H1047R) as well as one patient with MYCN 

amplification. The first goal was to develop a robust detection method for the genetic 

alterations. To do this, customised and commercially available assays for ddPCR 

were validated for the detection of patient specific molecular alterations. A summary 

of ddPCR workflow is shown in {Figure 5-1}. ddPCR primer and probe sequences 

are shown in {Appendix Table 3}.  

Figure 5-1 ddPCR sample workflow. Droplet generation is performed in a reaction mix containing DNA, 
primers and probes as well as ddPCR master mix, then the reaction is amplified by PCR and loaded in 
the QX200 droplet reader where the droplets are read. 

Each genotyping assay was tested by using a positive sample harbouring the specific 

alteration of interest, and VAF was compared between ddPCR and NGS, with an 

observed correlation of r2=0.9543 {Figure 5-2}. 
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Figure 5-2 Correlation of variant allele frequencies (VAFs) by NGS (x-axis) and ddPCR (y-axis) for 
ddPCR assay validation. 13 assays were tested in samples positive for the mutations analysed (n=18). 
ddPCR assays performed well resulting in a correlation of r2=0.9543. 

The MYCN amplification assay contained two probes, one within the MYCN gene 

(Hs00201049 SNP genotyping assay ID) and one in a control region at chromosome 

5p15.33. The amplification assay was tested by comparing the ratio of copies/µl of 

MYCN to the control gene. Three ctDNA-plasma positive samples by NGS from 

MYCN-neuroblastoma patients were used for the assay validation. Tissue samples 

for each patient were used as a positive control and were run in duplicate. MYCN 

amplification was detected in the DNA derived from the tissue and the ctDNA isolated 

from plasma. The ctDNA samples taken at diagnosis from the three patients showed 

a fold-amplification of 32.7, 115.2 and 110.8 {Figure 5-3}. 

Figure 5-3 MYCN ddPCR assay validation. Example of a neuroblastoma patient with known MYCN 
amplification (previously detected by NGS using the Paeds-v1) was used to validate the ddPCR assay. 
Representative droplet digital plots from the neuroblastoma patient with high level amplification of MYCN 
in (A) FFPE tissue at diagnosis, (B) cfDNA at diagnosis and (C) Non-amplified MYCN DNA sample. 
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To assess limit of detection (LoD) of point mutation detection assays, mutant DNA 

samples were serially diluted in 10-fold dilution with wild-type genomic DNA (1/10, 

1/100, 1/1,000 and 1/10,000). Genomic DNA from tissue was fragmented and a total 

DNA input of 5 ng was utilised to simulate the anticipated low amount of ctDNA. LoD 

was calculated as VAF of neat sample divided by the lowest dilution with detectable 

signal for mutant, with at least two droplets containing mutant DNA. Two different 

H3F3A-K27M assays were assessed, one commercially available from BioRad and 

one reported by Stallard and colleagues [316]. Both assays performed well obtaining 

a good droplet separation between FAM and VIC/HEX labels, with a similar LoD 

(BioRad = 0.793% and custom = 0.791%) {Figure 5-4}. In addition, no mutant 

droplets were observed in any of the wild-type template control DNA included per 

assay in each run. By using 5ng of DNA, LoD ranged from 0.041% to 0.993%, with 

an average of 0.330% {Table 5-1} and {Figure 5-5}. 

Figure 5-4 H3F3A ddPCR assay limit of detection summary. Droplet digital PCR 2D amplitude plots of 
(A) H3.3-K27M tested in HSJD-DIPG007 as positive control by using Bio-rad assay on undiluted (neat)
H3.3-K27M DNA (1760/2226 VAF of 79.3%). (B), Bio-rad assay on 1/100 dilution of H3.3-K27M DNA
with wild-type DNA (10/1564 droplets, VAF of 6.4%). (C) Custom assay on neat H3.3-K27M DNA
(1586/2014 VAF of 79.1%) (D) Custom assay n 1/100 dilution of H3.3-K27M DNA with wild-type DNA
(17/1613 droplets, VAF of 7.7%). H3.3-K27M droplets are shown in blue, H3.3 wild-type droplets are
shown in green, double positive droplets containing H3.3 K27M and wild-type DNA are shown in orange
and empty droplets with no DNA are shown in grey.
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ddPCR assay 
NGS 

VAF 

ddPCR 

VAF 
Dilution 

LoD 

(%) 

Mutant 

droplets 

Mutant 

copies/ul 

WT 

copies/ul 

H3F3A-K27M-BioRad 81 79.3 1/100 0.793 10 0.33 53.22 

H3F3A-K27M-custom* 81 79.1 1/100 0.791 17 0.66 63.63 

H3.3_G34R-BioRad 48 50.3 1/1000 0.050 2 0.07 50.30 

BRAF_V600E-custom 49 50.4 1/1000 0.050 2 0.07 65.30 

IDH1-R132S-custom 13 16.5 1/100 0.165 2 0.07 60.60 

IDH1-R132H-custom 40 43.6 1/1000 0.044 2 0.07 63.20 

IDH1-R132G-custom 45 43.1 1/1000 0.043 4 0.13 72.00 

TP53-C238Y-custom 99.3 100 1/100 0.993 19 0.71 180.61 

TP53-R282W-custom 38.6 37.0 1/100 0.370 2 0.07 74.30 

ACVR1-R328V-custom 54 64.3 1/100 0.643 14 0.52 181.14 

PIK3CA-E542K-custom 5 4.1 1/100 0.041 2 0.07 145.10 

PIK3CA-H1047R-custom 30 24.0 1/100 0.240 5 0.03 92.60 

Table 5-1 ddPCR assays limit of detection (LoD) description. Samples were run in duplicate and merged 
data is shown. Variant allele frequency (VAF) identified by NGS and ddPCR is shown. LoD is calculated 
by dividing ddPCR VAF by the lowest dilution with at least two positive droplets present. * Assay 
described in [316] 
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Figure 5-5 ddPCR assay limit of detection plots. Linear dilutions of mutant DNA in constant background 
of wild-type DNA are shown against number of copies/ul for wild-type and mutant alleles. A total of 5ng 
of total DNA was load in each PCR well. Samples were run in duplicates and merged data is shown. 

5.2.2 Genetic alterations can be detected in ctDNA from CSF and plasma 

in pHGG and DIPG  

To test the feasibility of ctDNA detection in pHGG and DIPG, the validated ddPCR 

methodology was applied in a cohort of 43 liquid biopsy samples from 32 patients, 

which included 27 plasma, 6 serum, 9 CSF and one cyst fluid sample {Figure 5-6A}. 

The average volume of liquid biopsy was 3.14 mL (SD=1. 2) for plasma, 2 mL 

(SD=0.4) for serum, and 1.744 mL (SD=1.5) for CSF {Figure 5-6B}. From patient 

CXJ024, a large volume (350mL) of cystic fluid was collected at time of resection and 

35 mL were used for cfDNA extraction. 
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Figure 5-6 Cohort of pHGG and DIPG samples used for liquid biopsy feasibility study. (A) Summary table 
of samples available where each row represents a patient and each column a sample, cells are coloured 
by molecular alteration assessed and sample availability. (B) Dot plot of liquid biopsy in mL used for 
cfDNA extraction, each sample is represented by a dot, middle line represents the mean and upper and 
bottom line the SD. 
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Molecular alterations were found in a total of 16 ctDNA samples, including those 

derived from plasma (7/27, ~26%), CSF (6/9, ~67%), serum (2/6, 33.4%) and the only 

cystic fluid specimen available. Variants included H3F3A-G34R (n=2), H3F3A-K27M 

(n=7), IDH1-R132H (n=1), PIK3CA-H1047R (n=1), PIK3CA-E542K (n=1), ACVR1-

G328V (n=1), TP53-C238Y (n=1) and TP53-R282W (n=2) {Table 5-2}.  
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013-T H3F3A-K27M Plasma 2.7 2.451 10 398 0.028 1.131 

045-T TP53-R282W CSF 5 49.343 3945 4050 271.913 279.585 

045-T TP53-R282W Plasma 5 0.118 3 2540 0.021 18.313 

054-T H3F3A-G34R Plasma 5 0.468 2 425 0.007 1.561 

106-T IDH1-R132H Plasma 3.5 0.335 11 3272 0.029 8.844 

120-T H3F3A-G34R Plasma 3 1.143 2 173 0.005 0.422 

131-T H3F3A-K27M Cyst 38.5 42.68 10944 14698 367.594 541.671 

131-T H3F3A-K27M Plasma 2 0.85 3 350 0.009 1.048 

15-3381 H3F3A-K27M CSF 1 3.646 7 185 0.044 1.177 

16120B PIK3CA-E542K Serum 2 0.072 7 9674 0.291 472.795 

BIOMEDE-134 H3F3A-K27M Serum 1.3 0.39 2 511 0.015 3.934 

BIOMEDE-276 PIK3CA-H1047R Plasma 2 0.116 2 1727 0.006 5.098 

CXJ026 TP53-C238Y CSF 2.5 2.073 4 189 0.013 0.633 

CXJ028 ACVR1 G328V CSF 1.8 35.737 446 802 1.472 2.662 

I-16-3200 H3F3A-K27M CSF 0.7 0.051 3 5916 0.071 159.274 

I-16-855 H3F3A-K27M CSF 1.5 1.149 9 774 0.054 4.703 

Table 5-2 Summary table of liquid biopsy with detectable ctDNA levels. In the table are shown the 
mutation assessed by ddPCR, type of liquid biopsy and volume used for extraction, variant allele 
frequency (VAF), mutant and wild-type number of droplets as well as mutant and wild-type ng/ml. 

Although not formally significant due to small numbers and high degree of variability, 

average of positive droplets was higher in ctDNA derived from CSF 735.7 (SD=1582), 

than from plasma 4.7 (SD=3.9) and serum 4.5 (SD=3.53) (p=0.5879 and p=0.8167 

respectively, one-way ANOVA, Tukey’s multiple comparisons test) {Figure 5-7A}. 

Equally, the average VAF was higher in ctDNA derived from CSF 15.33% 

(SD=21.54%) than from plasma 0.78% (SD=0.31%) and serum 0.22% (0.16%) 
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(p=0.2867 and p=0.5633 respectively, one-way ANOVA, Tukey’s multiple 

comparisons test) {Figure 5-7B}. The highest number of positive droplets (10,944, 

VAF=42.68%) was found in the cystic fluid. Paired CSF/cyst fluid and plasma/serum 

were available for five patients - of these, two alterations were detected in both liquid 

biopsy sources and for the remaining three cases variants were only identified in the 

CSF. For patient 045-T, who presented with a hemispheric HGG with hypermutator 

phenotype, described in Chapter 4, TP53-R282W was identified in ctDNA derived 

from CSF (VAF=49.34%) and the plasma (VAF=0.12%). In addition, patient-131-T, 

with a right thalamic glioma, H3F3FA-K27M was identified in the cystic fluid 

(VAF=42.68%) and the plasma (VAF=0.85%).  

Although the formal threshold for a positive sample was set as at least two positive 

droplets, it is worth noting that a single positive droplet was found in seven cases, 

including five cfDNA derived from plasma (H3F3FA-K27M n=4, and ACVR1-G325V 

n=1) and two CSF (H3F3FA-K27M n=2). 

Figure 5-7 Dot plot of detectable ctDNA from liquid biopsy samples in pHGG and DIPG samples. 
Samples are separated by ctDNA source, plasma, serum, cerebrospinal fluid (CSF) and cystic fluid. (A) 
Positive droplets (>2) across sample type are shown and (B) variant allele frequency across sample 
type. Each sample is represented by a dot and the red line represents the mean.  

The concentration of cfDNA was calculated from the number of copies/µl (mutant + 

wild-type) detected by ddPCR, following published methods [289]. Mean of cfDNA 

concentration per mL was 5.2 ng/mL (SD=4.4) from plasma samples, 110.8 ng/mL 

(SD=179.9) from serum and 80.33 (SD=184.2) from CSF {Figure 5-8}. 1012 ng/ml 

were obtained from the cyst fluid sample. By assessing the DNA integrity with a 

Tapestation electrophotometric analyser, it was found that 4/6 cfDNA extracted from 

serum presented a smear of fragmented DNA including genomic DNA (gDNA) 
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{Figure 5-9A}. In addition, ctDNA was found in 8/13 samples with a detectable cfDNA 

{Figure 5-9B}. Of note, ctDNA-CSF sample ID I-16-3200 H3.3-K27M positive, 

showed gDNA contamination and had the lowest VAF of CSF-ctDNA samples 

(0.05%) {Figure 5-9C}. 

Figure 5-8 Dot plot of cfDNA concentrations (ng/mL) of liquid biopsy samples. pHGG and DIPG and 
samples are separated by cfDNA source, plasma, serum, cerebrospinal fluid (CSF) and cystic fluid. Each 
sample is represented by a dot, middle line represents the mean and upper and bottom line the SD. 

Figure 5-9 Electropherogram of cfDNA size distribution obtained by using the Tapestation. Genomic DNA 
ScreenTape assay was utilised. The y-axis shows the signal intensity (FU) and the x-axis shows the 
DNA fragment size is represented in base pairs (bp). (A) Example of a highly fragmented DNA-serum 
sample (ID-BIOMEDE-118). (B) Example of a cfDNA-CSF with a high peak of an average size of 222bp 
(ID-045-T). (C) Example of a DNA sample derived from CSF (ID-C15-654) with genomic DNA 
contamination of 19.914bp average size. 
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Moreover, there was a CSF available for an infant glioma (OPBG_INF_035) with a 

known fusion in ETV6:NTRK3. cfDNA was extracted from 4.5mL of CSF and 30 ng of 

cfDNA were used to run the fusion-panel (described in Chapter 3). Library preparation 

and hybridisation, using the fusion-panel, were conducted by Matthew Clarke in my 

laboratory. ctDNA was detected from the infant glioma case exhibiting the 

ETV6:NTRK3 fusion {Figure 5-10}. 

Figure 5-10 Integrative Genomics Viewer plot (IGV) of ETV6:NTRK3 translocation detected from ctDNA-
CSF. The translocation was originally found in the tissue sample from an infant HGG patient by the 
fusion-panel. The translocation in the ctDNA-CSF was also identified by the fusion-panel showing DNA 
supporting reads of the fusion gene between ETV6 coloured in purple and NTRK3 in grey. 

5.2.3 Exploring the use of liquid biopsy in the HERBY clinical trial cohort 

To assess genetic alterations in cfDNA derived from plasma within a clinical context, 

longitudinal samples from the HERBY trial were used. Blood samples were taken at 

5 different time-points during the course of the patient treatment {Figure 5-11}. 

Plasma was isolated at the local centres and sent to our laboratory. cfDNA was 

extracted from 127 plasma aliquots from different time-points, corresponding to 41 

HERBY patients, who harboured genetic alterations in H3F3A, IDH1, BRAF and 

MYCN {Figure 5-12A}. 
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Figure 5-11 HERBY sample collection overview. The illustration shows the two treatment arms in the 
HERBY phase II study of the addition of bevacizumab to radiotherapy and temozolomide in non-
brainstem pHGG. The cartoon includes the different time-point where blood was withdrawn during the 
course of treatment. 

. 

The mean of plasma from which cfDNA was extracted was 0.49 mL (SD=0.35, 

excluding one sample from which 4mL of plasma were used for extraction) {Figure 

5-12B}. DNA integrity was measured by using Tapestation showing four different

types of DNA size distribution: 32 cases presented a detectable cfDNA peak (~160bp) 

{Figure 5-13A}, five cases contained high amount of gDNA (>45.000bp) {Figure 

5-13B}, 13 cases showed detectable cfDNA and genomic DNA peak {Figure 5-13C},

and the remaining 75 cases no DNA size peak was detectable {Figure 5-13D}. Of 

these, the four cases with high amount of gDNA contamination were excluded from 

the DNA concentration comparison. 
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Figure 5-12 Plasma samples available from the HERBY trial. (A) Heatmap of plasma samples available 
sorted by mutation H3.3, IDH1, BRAF and MYCN. (B) Dot plot of the volume of plasma used for cfDNA 
extraction in mL. Each sample is represented by a dot, middle line represents the mean and upper and 
bottom line the SD. Time-point:1=Baseline, 2= week 3, 3=week 7, 4=month 6 and, 5=End of treatment. 
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Figure 5-13 Electropherogram of size distribution from HERBY cfDNA plasma. cfDNA and cellular 
genomic DNA (gDNA) was detected by the Tapestation with the Genomic DNA ScreenTape assay. The 
y-axis shows the signal intensity (FU) and the x-axis shows the DNA fragment size is represented in
base pairs (bp). (A) DNA with detectable levels of cfDNA (~170bp). (B) DNA with only detectable levels
of gDNA (~55.500bp). (C) DNA with detectable levels of cfDNA (~182bp) and gDNA (~6.725bp). (D)
DNA with no detectable peak. RFU, relative fluorescence unit.
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The mean of total DNA extracted from plasma was 2.52 ng (SD=2.83, excluding the 

four cases with high levels of gDNA) {Figure 5-14A}. The mean of total DNA extracted 

per mL of plasma was 5.25 ng (SD=5.21, excluding the four cases with high levels of 

gDNA) {Figure 5-14B}. The DNA samples were run neat and the mean of DNA 

ddPCR input was 1.76 ng (SD=2.04) {Figure 5-14C}.  

Figure 5-14 Dot plot showing cfDNA levels from the HERBY plasma samples. (A) Total cfDNA extracted, 
(B) ng/mL of cfDNA and (C) ddPCR DNA input in ng. Each sample is represented by a dot, middle line
represents the mean and upper and bottom line the SD.

Disappointingly, none of the cfDNA HERBY samples tested for H3F3A-K27M, H3F3A-

G34R, IDH1-R132H/S/G, BRAF-V600E or MYCN amplification, were positive (>two 

mutant droplets for point mutations and >4-fold for MYCN amplification). However, 

there were four cases where one positive droplet was found (H3F3A -K27M n=1, 

H3F3A -G34R n=1 and BRAF-V600E n=2) {Table 5-3}.  

HERBY_ID Mutation 
Time-
point 

Positive 
droplets 

Negative 
droplets 

cfDNA 
ng/mL 

cfDNA 
ddPCR 
input ng 

H3481_RMH9012 H3.3_K27M 1 1 48 0.96 0.46 

H1765_RMH8078 H3.3_G34R 1 1 112 2.15 0.77 

H2921_RMH8095 BRAF_V600E 1 1 609 22.47 6.29 

H3361_RMH8087 BRAF_V600E 1 1 2510 49.4 23.7 

Table 5-3 Summary table of the HERBY sample where one positive droplet was detected by ddPCR. 
Amongst the samples were one H3.3_K27M, two H3.3_G34R and 2 BRAF_V600E. Droplets are divided 
by positive droplets (droplets with mutant), negative droplets (droplets with wild-type DNA only). In 
addition, concentration is shown as ng/mL and the cfDNA ddPCR input in ng. 

cfDNA concentration was compared between molecular subgroups. Although there 

was no significant difference between subgroups at baseline (p=0.1026, one-way 

ANOVA), there was a trend of higher concentration of cfDNA in BRAF-V600E positive 

patients compared to H3F3A-K27M and G34R (p=0.0547 and p=0.0661, respectively, 

one-way ANOVA, Dunnett’s multiple comparisons test) {Figure 5-15}. cfDNA per mL 
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was associated with patient response and tumour burden. To do this, cfDNA 

concentrations were compared across longitudinal specimens over the course of the 

patient disease {Figure 5-16}. Anecdotal variations across time-points were observed 

in four patients. HERBY 2121 and HERBY-3762, both H3F3A-K27M were found to 

have high levels of cfDNA at later time-point (3 and 4 respectively), compared to 

cfDNA-plasma specimens taken at earlier time-points (1 and 2 for both samples). In 

both H3F3A-K27M cases formal progression was observed in the MRI scans 

correlating with higher cfDNA levels. EFS was 5.5 months for HERBY-2121 and 4 

months for HERBY-3762 patients {Figure 5-17A-B}. The opposite was observed for 

two BRAF-V600E patients, HERBY-2921 and HERBY-3361. The levels of cfDNA 

were decreasing at later treatment time-points (3 and 4 for both samples) compared 

to earlier time-points (1 and 2 respectively). In both BRAF-V600E patients, stable 

disease was observed correlating with lower levels of cfDNA in plasma and 

progression was observed at later time-point in the MRI scans than the two H3F3A-

K27M patients. EFS was of 8 months for HERBY-2921 and 10 months for 

HERBY-3361 patients {Figure 5-17C-D}. 

Figure 5-15 Dot plot of cfDNA concentration in plasma (ng/mL). Samples taken at baseline are shown 
divided and colured by molecular subgroup. Each sample is represented by a dot, middle line represents 
the mean and upper and bottom line the SD. 
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Figure 5-16 Graphs showing cfDNA concentration (ng/mL) per sample at different treatment time-points. 
Each dot represents a sample and specimens from the same patient are joined by a line. Data is plotted 
and coloured by molecular subgroup. Time-point:1=Baseline, 2= week 3, 3=week 7, 4=month 6 and, 
5=End of treatment. 
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Figure 5-17 HERBY cfDNA concentration levels at longitudinal samples correlating with 
clinical response. (A-B) Increased levels of cfDNA were observed in two H3F3A-K27M at time 3 
(HERBY-2121) and time 2 and 4 (HERBY-2762) compared to baseline correlating with early 
progression and EFS of 5.5 and 4 months respectively. (C-D) Decreased levels of cfDNA were 
observed in two BRAF-V600E at time 2, 3, 4 (HERBY-2921) and time 3 and 4 (HERBY-3361) 
compared earlier time-points correlating with stable disease and EFS of 8 and 10 months 
respectively. Plasma cfDNA levels in ng/ml are shown in y-axis and time of treatment in days in x-
axis. Axial T2-weighted scans are shown below at different time-points of the patient disease. 
Disease progression is stated for each patient and the white arrows highlight increased of the 
tumoural area at progression. Event free survival is stated below the MRI scans for each patient. MRI 
scans were kindly provided by Dr Tim Jaspan and Dr Daniel Rodriguez. 
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5.3 Discussion 

In this chapter, I describe the validation of different ddPCR assays for the detection 

of point mutations in H3F3A, IDH1, PIK3CA, BRAF, ACVR1 and TP53, as well as 

amplification of MYCN. By applying this methodology to cfDNA, tumour mutations 

were detectable in CSF, cystic fluid, plasma and serum DNA derived from pHGG and 

DIPG patients. In concordance with other studies [289, 292], it was found that ctDNA 

was present at higher percentage and VAF in the CSF compared to plasma and/or 

serum specimens.  

Although this study was done in a limited number of samples, the results support the 

use of CSF over plasma as source of tumour DNA for molecular profiling, which has 

been previously reported in other studies [291, 315, 397-399]. Detectable ctDNA 

derived from CSF was found in ~67% of samples compared to 26% and 33% derived 

from plasma and serum respectively. A similar percentage of ctDNA-CSF has been 

published in pHGG and DIPG, with a detection range of ~66-84% (75% (3/4) [317], 

66% (4/6) [315], 83.8% [397]). The reported levels of ctDNA-plasma in CNS tumours 

present less concordance amongst studies with a wide detection range of 16%-80% 

(16% 3/19 [398], 33% 4/12 [291], 37.5% 3/8 [397], 45% 302/665 [400], 16/20, 80% 

[317]).  

Increasing number of clinical trials require molecular characterisation for specific 

biomarker detection as inclusion criteria. For example, H3F3A-K27M and BRAF-

V600E need to be confirmed in patients to be eligible for ONC201 (NCT03416530) or 

dabrafenib in combination with trametinib (NCT02684058), respectively. This is of 

particular importance for patients such as those with DIPG, where tissue biopsy can 

be a very invasive and often an unsafe procedure [272, 273]. In addition, the use of 

ctDNA can provide a unique opportunity to assess therapeutic response to targeted 

agent. This can be done by collecting liquid biopsies at multiple time-points and 

tracking the VAF through the course of the patient disease. 

Longitudinal plasma samples from HERBY, the largest randomised clinical trial in 

non-brainstem pHGG, represented a unique cohort of trial samples. Due to an 

extraordinary multidisciplinary effort, comprehensive tumour characterisation 

involving pathology, molecular, clinical and radiological features were performed as 

part of the trial [69, 87, 321, 335, 401]. It was unfortunate that no ctDNA could be 

detected in any of the samples assessed as part of my study. At the time the clinical 
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trial began in 2011, the field of cfDNA was just emerging and the sample collection 

was not intended for this type of analysis, hence the volume taken was that small. 

While we were aware of this limitation, it was yet considered to be a valuable resource 

and important question to be addressed. Nevertheless, concentration of cfDNA was 

evaluated and ng/mL were compared across time-points showing and increment of 

cfDNA concentrations in two patients H3F3A-K27M compared to baseline correlating 

with early progression. Contrary to two BRAF-V600E patients in which cfDNA 

concentrations were found to decreased at later-time point treatment compared to 

earlier time-point correlating with stable disease and longer EFS compared to H3F3A 

-K27M tumours. Although this data is limited, cfDNA levels in four patients were

aligned and correlated with clinical response as seen in the MRI scans. 

Circulating tumour DNA represents a small fraction of total cfDNA, and the low yields 

seen in pHGG and DIPG patients represent a major challenge for the detection of this 

potentially useful biomarker. It is thought that the low permeability of the brain-blood 

barrier might prevent ctDNA from spreading into the bloodstream. This is supported 

by the fact that higher ctDNA levels derived from plasma are observed in diffuse 

midline glioma after radiation (72-100h), suggesting that radiotherapy might disrupt 

the BBB allowing the ctDNA to get in the bloodstream [316, 317]. Another reason for 

lower levels of ctDNA isolated from plasma and or serum is the presence of 

background genomic DNA from non-malignant cells. In particular, it was observed 

that no ctDNA was detected in samples presenting highly fragmented cellular DNA, 

presumably derived from cells undergoing necrosis.  

To increase the detection rate of ctDNA, different considerations should be evaluated. 

Firstly, as it was observed from the HERBY cohort, small volumes of plasma have 

major implications in the detection of ctDNA. At least 4 mL of plasma are required for 

clinically approved liquid biopsy test such as Guardant360 ctDNA [402]. Although it is 

understandable that large amounts of whole-blood are not always feasible to drawn 

from young patients, when possible, 9-10 mL of whole-blood to obtain 4-5 mL of 

plasma would be ideal. Furthermore, as cellular DNA contamination can affect the 

sensitivity of ctDNA detection, some studies have applied in-silico and in vitro size 

selection to achieve higher sensitive evaluation of ctDNA [403]. However, this needs 

to be further verified as size selection after cfDNA extraction might contribute to 

potential loss of cfDNA material. Another strategy that Panditharatna and colleagues 

used in their study, which detected ctDNA in 80% of diffuse midline gliomas at 

diagnosis/upfront therapy, was a preamplification step of 9 cycles [317]. This could 
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explain their high detection rate and should be further validated to assess the potential 

false positive rate introduced by pre-amplification. 

While ddPCR is a broad approach used in the clinic to monitor cfDNA, new methods 

need to be assessed to obtain lower limit of detection and therefore increase 

sensitivity of ctDNA detection. To do this, new strategies combining the use of unique 

molecular identifiers (UMIs), to facilitate the identification of single DNA molecules 

from PCR duplicates, with deep sequencing are promising strategies to detect ctDNA 

[404, 405]. In addition, this strategy sequences a list of genes that can be customised 

allowing the detection of multiple genes, which can be valuable to track emergence 

of resistance alterations. In this context, Cell3 Target (Nonacus, oncology) offers a 

confident and sensitive calling of mutations down to 0.1% of VAF from as little as 10 

ng ctDNA input by incorporating UMIs into targeted NGS customised gene panel. This 

methodology is currently been validated by a PhD student in the ICR, Reda 

Stankunaite, who has designed a paediatric panel for ctDNA detection. In particular, 

longitudinal samples from BIOMEDE-257 cfDNA derived from plasma, were run using 

the paediatric ctDNA panel. Mutations and VAF were able to be tracked over the 

course of the patient disease from plasma ctDNA. 

I have shown the potential use of ctDNA to detect molecular alterations in CSF, cyst 

fluid and less often in plasma and serum. The implementation of ctDNA from plasma 

and CSF in routine clinical practice, still requires larger studies to validate these and 

previous studies [289, 315-317, 397]. Further work needs to be done evaluating the 

correlation of ctDNA levels with tumour stage, molecular entity and tumour location. 

In addition, the use of ctDNA as therapeutic biomarker to track tumour evolution in 

response to treatment represents an attractive strategy to identify potential resistance 

mechanisms to targeted therapies. 
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CHAPTER 6  :    Molecular characterization and target 

identification in BIOMEDE, a co-clinical trial in DIPG 

6.1 Introduction 

The survival of children with DIPG remains dismal, and new treatments are desperately 

needed. Until recently the incorporation of molecular biomarkers into clinical practise 

for DIPG was not contemplated, partly due to the high risk associated with performing 

a biopsy, in turn limiting our understanding of the biology of the disease. As 

stereotactic biopsy in DIPG was shown to have a low morbidity [406, 407], tissue 

acquisition allowed for the use of multi-omics profiling techniques leading to the 

identifying of molecular alterations that could potentially be targeted by therapeutic 

agents [22, 76, 128, 408].  

The emergence of patient-specific in vitro and in vivo models represents an excellent 

tool to guide clinical decision-making in the context of personalised medicine. In adult 

oncology, such models, also called “avatars”, are being utilised in co-clinical trials to 

predict patient response and understand chemosensitivity and chemoresistance 

mechanisms (NCT03170180, NCT03283527, NCT03890614, NCT03979170) [409-

415]. In paediatric oncology, recent efforts to establish patient-derived tumour models 

have been made [416-418]. Such initiatives are providing an extraordinary resource 

to characterise cancer driver genes and evaluate treatment strategies by using high-

throughput screening [419, 420]. But yet, the translational use of these models in the 

clinic for paediatric tumours is not as advanced as for adult cancers. 

DIPG are a group of heterogeneous tumours highlighting the need for collecting 

frozen and live tissue at diagnosis. This will allow the profiling of treatment-naive 

tumours, and will enable the establishment of “avatars” that recapitulate intrinsic 

tumour sensitivity capturing the heterogeneity of the original tumour patient. This 

represents a unique opportunity to guide clinical decision-making at diagnosis, and 

additionally allows for the possibility of modelling resistance in parallel, in order to 

anticipate treatment strategies at relapse based upon the biology of the patient. 

The utility of targeted agents in early-phase clinical trials for patients with DIPG is 

currently being explored. This includes the HDAC inhibitor, panobinostat 

(NCT02717455), the dual HDAC and PI3K inhibitor, fimepinostat (CUDC-907), 

PTC596, an inhibitor of the polycomb ring finger oncogene BMI1 (NCT03605550), 
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and the PI3K/AKT inhibitor GDC-0084 (NCT03696355). The use of GD2.CAR-T cells 

(NCT04099797) or the oncolytic adeno-virus DNX-2401 (NCT03178032) are also 

promising treatment strategies in DIPG patients [132, 140]. Furthermore, there are 

clinical trials in DIPG which as inclusion criteria require molecular profiling, such as 

the combination of dasatinib with everolimus in gliomas harbouring PDGFRA 

alterations (NCT03352427), or the dopamine receptor 2/3 antagonist, ONC201, in H3 

K27M positive gliomas (NCT03416530) [130, 421]. Additionally, the clinical benefit of 

using molecular profiling to determine the specific targeted treatment is under 

evaluation in DIPG, including several clinical trials such as DIPG-BATS 

(NCT01182350) and PNOC008 (NCT03739372) [273, 318]. 

BIOMEDE is an adaptive, multicentre, phase-II clinical trial in newly diagnosed DIPG 

comparing the efficacy of three targeted agents, everolimus, dasatinib and erlotinib, 

in combination with radiotherapy (NCT02233049) {Figure 6-1}. The target and drug 

of choice for BIOMEDE were based upon previous studies which had identified EGFR 

gain/amplification or more frequently overexpression, activation of the mTOR 

pathway and PDGFRA gain or amplification in DIPG patients [76, 422-427]. In line 

with these findings, therapeutic agents against those targets have been evaluated in 

children with DIPG and adult glioblastoma including the drugs selected for evaluation 

in the BIOMEDE trial [422, 428, 429]. In particular, in a European study of the ITCC 

(Innovative Therapies for Children with Cancer) consortium, a trend towards an 

improvement in progression free survival and overall survival was observed in EGFR 

positive DIPG tumours treated with erlotinib compared to EGFR negative tumours 

[422]. 

Figure 6-1 BIOMEDE clinical trial overview. BIOMEDE eligibility criteria for the different sub-trials in newly 
diagnose DIPG confirmed by central pathology review. Based on the overexpression of EGFR and PTEN 
loss detected by immunohistochemistry patients were randomised and stratified to study de efficacy of 
three investigational compounds: erlotinib an EGFR-inhibitor, everolimus an mTOR inhibitor and 
dasatinib a multi-kinase inhibitor. 
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Our laboratory was the assigned as the biology reference in the United Kingdom, 

receiving the tissue from the patient biopsy to undertake comprehensive molecular 

characterization. With this unique opportunity, we sought to explore genetic 

dependencies in DIPG patients in the context of a co-clinical trial, with the aim to 

identify rational therapeutic options using individualised preclinical evidence as to 

their efficacy. Throughout the course of my PhD, I have established novel patient-

derived in vitro cultures from biopsy specimens of 11 patients, in both 2D (laminin 

matrix) and 3D (neurosphere) conditions, as well as orthotopic xenografts in vivo, with 

a high concordance in their molecular profile compared to the original tumour 

specimen. Cells were screened against a series of common and bespoke FDA 

approved drugs based upon previous evidence in DIPG and/or the specific molecular 

alterations detected in the original patient sample. In this chapter, I show the feasibility 

in generating patient-specific testable hypotheses that have been clinically translated 

in a subset of patients to guide therapeutic choice of DIPG patients at relapse in a 

prospective clinical trial in DIPG. 

6.2 Results 

6.2.1 Clinical trial samples received 

Up to 14th December 2018 a total of 33 DIPG patients were consented to the in 

BIOMEDE-UK trial. Of these, 27 were randomised into one of the three trial treatments 

(dasatinib n=12, everolimus n=10 and erlotinib n=5). The remaining six patients were 

not allocated to any treatment; of those, four patients were not eligible and two 

patients withdrew consent. Tumour biopsy was collected from 13 different hospital 

sites including 23/27 fresh frozen tissue (FF) and 18/27 live tissue (Hibernate A n=7, 

cryopreserved n=10 and as cells n=1) {Figure 6-2}. 
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Figure 6-2 Sankey plot showing BIOMEDE-UK samples. Specimens were received as FF and/or live 
tissue (Hibernate A n=7, cryopreserved n=10 or as cells n=1) from 13 different centre-sites. 

6.2.2 Clinical reporting in BIOMEDE-UK 

Taking advantage of the technology developed in a CPA accredited laboratory, the 

Paeds-v2 panel was carried out on the 24 biopsy samples (from BIOMEDE-181 a cell 

pellet from p0 was used as fresh frozen sample was not available). The variants were 

reported to the treating clinician with a quick turnaround for clinical-decision making 

of BIOMEDE patients at relapse.  

At least one alteration was detected in all the samples at an allele frequency  5%. 

K27M mutations in the histone H3 genes (20/24) (83%, H3.3 n=17 and H3.1 n=3) 

were the most common alterations, followed by mutations in TP53 19/24, (79%). 

PDGFRA alterations (6/24, 25%) included four amplifications, one of which harboured 

concomitant mutation (PDGFRA-N468S), another with a large in-frame insertion in 

exon 11 of 28 amino acids, and a final patient with a missense mutation (PDGFRA-

N659K). In addition, alterations in the phosphatidylinositol 3-kinase 

(PI3K)/mammalian target of rapamycin (mTOR) (PIK3CA n=4, PTN11 n=3, PIK3R1 

n=3) and MAP-kinase (NF1 n=1 and BRAF n=1) pathways were common, as well as 
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alterations in chromatin modifiers (ATRX n=3, ARID1A/B n=2, KMT2B/C n=2 and 

ASXL1 n=1) {Figure 6-3A}. For BIOMEDE-125 two biopsy samples were profiled, 

overlapping variants in H3.3-K27M, PPM1D-C478* and ATRX-D2136Y were found in 

both tissues, however only in one of the tissue samples a mutation in PTEN (Q171P) 

was identified with an allele frequency of 67%.  

Potentially targetable alterations, classified in accordance to the tier-criteria 

established in Chapter 5, were identified in the 24 patients; of these, 79% (19/24) had 

more than one tier variant. As previously, no Tier 1 alterations were identified (FDA 

recognised biomarker predictive of response to an FDA approved drug). Six 

BIOMEDE patients had Tier 2B alterations, all six involving PDGFRA; four of these 

harboured PDGFRA and KIT co-amplifications (recognised standard of care 

predictive biomarker for drug in response another indication). 18 patients presented 

Tier 3 alterations, the most common being H3F3A, TP53 and PIK3CA (open clinical 

trial for predictive biomarker in paediatric solid tumours) {Figure 6-3B}. 

Recommendations for clinical decision making were reported to the treating clinician 

{Table 6-1}. 
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Figure 6-3 Molecular alterations summary of BIOMEDE patients. (A) Oncoprint representation for 24 
DIPG patients profile using the Paeds-v2 panel. Samples are arranged by columns clustered by gene 
and coloured by genetic alteration. (B) Bar-plot of the somatic alterations coloured type of alteration. Tier 
2B recognised standard of care predictive biomarker for response in another indication, Tier 3: open 
clinical trial for predictive biomarker for paediatric solid tumours and Tier 4: compelling biological 
evidence supports biomarker as being predictive of response to drug. 



158 

Genetic 
alterations 

Targeted Agent Clinical Trial Patients Tier 

PDGFRA 
Dasatinib NCT03352427 

6 2B 
Crenolanib NCT02626364 

H3.3/1 K27M 
Panobinostat NCT02717455 

20 3 
ONC201 NCT03416530 

TP53 AZD1775 NCT02813135 18 3 

PIK3CA 
AZD2014 NCT02813135 

4 3 
LY3023414 NCT03213678 

CDKN2A Ribociclib NCT02813135 2 3 

PIK3R1 
AZD2014 NCT02813135 

2 3 
LY3023414 NCT03213678 

ATRX Olaparib or AZD1775 NCT02813135 1 3 

BRAF 
Trametinib NCT03363217 

1 3 
Binimetinib NCT02285439 

NF1 
Trametinib NCT03363217 

1 3 
Binimetinib NCT02285439 

MYCN 
BMS-986158 NCT03936465 

1 3 
AZD1775 NCT02813135 

ARID1A 
VX-970 NCT03718091 

1 3 
AZD6738 NCT04065269 

ACVR1 Vandetanib + Everolimus N/A 1 4 

Table 6-1 Targetable genetic alterations in the BIOMEDE-UK cohort. Tier 2B, 3 and 4 identified in the 
BIOMEDE-UK cohort with a summary of the clinical recommendations and clinical trials associated. Tier 
2B recognised standard of care predictive biomarker for response in another indication, Tier 3: open 
clinical trial for predictive biomarker for paediatric solid tumours and Tier 4: compelling biological 
evidence supports biomarker as being predictive of response to drug. 

Furthermore, samples were subjected to Illumina methylation EPIC BeadArray 

(n=23). The Heidelberg brain tumour classifier on the methylation data was used to 

assign a molecular subgroup to each of the 23 cases. As expected, the majority of 

the tumours classified as diffuse midline glioma H3 K27M mutant (DMG-K27, n=19), 

with 16 harbouring K27M mutations in the histone genes (H3F3A n=15 and 

HIST1H3C n=1) and three histone wild-type. Three cases classified as glioblastoma 

MYCN-subgroup (GBM_MYCN), of these, BIOMEDE-118 presented a co-

amplification of MYCN/ID2 and surprisingly the other two, BIOMEDE-182 and 

BIOMEDE-184, were K27M positive (HIST1H3B and HIST1H3C respectively). 

BIOMEDE-128 classified as glioblastoma, subclass RTKIII (GBM_RTKIII) with a low 

methylation score (0.11). 
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6.2.3 Establishment of primary patient-derived DIPG models 

Tissue from newly diagnosed DIPG samples was used to generate patient-derived 

primary cell cultures and xenografts (PDX) by implantation of the dissociated tissue 

into the pons of the mice. Established models were subjected to comprehensive 

sequencing as well as a personalised drug screen {Figure 6-4}. 

Figure 6-4 BIOMEDE-UK translational-research schematic illustration. The figure shows the generation 
and characterisation of patient-derived cell cultures (3D as neurospheres and 2D as laminin) and patient 
derived xenograft (PDX) from DIPG patients. Comprehensive models characterisation was performed 
including panel and exome sequencing, methylation arrays, RNA-sequencing, STR profiling, histology, 
magnetic resonance imaging of in vivo models and in vitro drug screen. 

6.2.3.1 In vitro models 

In vitro models were generated from 61% (11/18) live tissue samples including 6/7 

(86%) received in Hibernate A media and 5/10 (50%) as cryopreserved tissue. One 

tissue sample received in Hibernate A, one received as cells and five as 

cryopreserved tissue failed to grow. From 64% (7/11) samples, cultures were initiated 

in two conditions: adherently on a laminin matrix (2D), and in suspension growing as 

neurospheres (3D) {Figure 6-5} and {Figure 6-6}.The remaining four samples only 

generated successful initial cultures under 2D conditions. Subsequent attempts to 

establish these in 3D after expansion on laminin allowed for some loose NS structures 

to form (BIOMEDE-117 and BIOMEDE-121) {Figure 6-6A-B}, however only 

BIOMEDE-186 was successfully maintained in 3D {Figure 6-6H}. The seven 

successfully established 3D cultures consisted of tight uniform spherical 

neurospheres {Figure 6-6D-G} and {Figure 6-6I-K}. All established cultures were 

mycoplasma negative and authenticity was confirmed by STR profiling and SNP 

genotype from methylation arrays {Appendix Table 4} and {Appendix Figure 1}. 
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Figure 6-5 Light microscopy images of eleven primary DIPG cultures derived from BIOMEDE-UK patients grown adherently into laminin coated flasks.
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Figure 6-6 Light microscopy images of eleven primary DIPG cultures derived from BIOMEDE-UK patients grown in suspension as neurosphere (3D). Seven cultures were originally 
originated as 3D from live tissue and four from monolayer culture (2D) from which three failed to be established as 3D.



162 

Doubling times ranged from 3 to 10 days, and the optimal number of cells seeded to 

perform drug assays varied with a range of 3000-10,000 cells/well {Table 6-2} and 

{Figure 6-7} and {Figure 6-8}. Factors influencing the number of cells seeded per

well to obtain, at end-point assay, 90% confluency for 2D or 200-300 μM diameter

for NS were doubling times/proliferation rate and space the cells occupied in the 

well in 2D. As an example of the former, BIOMEDE-193 3D (doubling time of 6-8 

days) required 10,000 cells/well, compared to BIOMEDE-181 3D (doubling time 3-4 

days) which required 4000 cells/well. For the latter, BIOMEDE-169 2D and 

BIOMEDE-181 2D had the same doubling time (3 days) however required a 

different number of cells (5000-6000 and 3000-4000 cells/well, respectively) as the 

BIOMEDE-169 cells of in monolayer were substantially smaller than for 

BIOMEDE-181 {Figure 6-5E-F}.  

Table 6-2 BIOMEDE-UK derived cultures summary. Table indicates if the models were successfully 
established as 2D and/or 3D, number of cells required to be seeded per well as well as proliferation rate 
in days. 

Sample ID Condition 
Cell density 
(cells/well) 

Proliferation rate 
(days) 

BIOMEDE-117 2D 5000 3-4

BIOMEDE-121 2D 8000 4-6

BIOMEDE-128 2D 4000-5000 4 

BIOMEDE-134 
2D 5000 3-4

3D 5000 4-5

BIOMEDE-169 
2D 5000-6000 3 

3D 3000 4 

BIOMEDE-181 
2D 3000-4000 3 

3D 4000 3-4

BIOMEDE-184 
2D 3000 3 

3D 3000-5000 5 

BIOMEDE-186 3D 4000-5000 6-10

BIOMEDE-193 
2D 8000-10000 6 

3D 10000 6-8

BIOMEDE-194 
2D 8000-10000 3-4

3D 10000 5-6

BIOMEDE-198 
2D 10000 4 

3D 8000-10000 6-7
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Figure 6-7 Primary DIPG cultures growth in 2D from BIOMEDE-UK patients. Doubling times (DT) were calculated at two different densities (replicates of 6) on 96-well plates, cell 
viability was measured using CellTiter Glo. Arrows represent the time-points, during the phase of growth was selected to estimate the DT using the formula: PDT = t ln2/ln 
(Xe/Xb), where t is the incubation time in hours, xb luminescence at early incubation time and xe luminescence at late time before the stationary phase.
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Figure 6-8 Primary DIPG cultures growth in 3D from BIOMEDE-UK patients. Doubling times (DT) were calculated at two different densities (replicates of 6) on 96-well plates, cell 
viability was measured using CellTiter Glo. Arrows represent the time-points, during the phase of growth was selected to estimate the DT using the formula: PDT = t ln2/ln 
(Xe/Xb), where t is the incubation time in hours, xb luminesce at early incubation time and xe luminescence at late time before the stationary phase.
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6.2.3.2 In vivo models 

Direct orthotopic injection of live tissue samples into the pontine region of mouse 

brains was carried out by Dr Diana Carvalho, in our lab. Successful PDX 

establishment was achieved for 64% (9/14) samples implanted in NOD.Cg-Prkdcscid 

Il2rgtm1WjI/SzJ (NSG) mice within 12 months, the limit of our Home Office project 

licence at the time. Tumour engraftment rate was 100% (5/5) from tissue received in 

Hibernate A, and 44% (4/9) for tissue received cryopreserved. For BIOMEDE-134 and 

BIOMEDE-169 there was insufficient tissue to establish PDX, therefore cells were first 

expanded in vitro in order to generate cell-derived xenografts (CDX). The mice were 

monitored for the presence of tumour by magnetic resonance imaging (MRI) by Dr 

Jessica Boult, a Senior Scientific Officer in the Division of Radiotherapy and Imaging. 

Overall mice survival varied depending on the models with a range of 83 to 225 days 

{Figure 6-9}. 

Histologically the PDX and CDX were highly heterogeneous {Figure 6-10}. Most of 

the models presented high cellularity with the exception of BIOMEDE-134 CDX which 

did not present neurological symptoms nor presence of tumour by MRI; as per our 

license guidelines, the experiment had to be terminated at day 364. BIOMEDE-134 

was a hypocellular tumour with extensive infiltration to the cerebral hemispheres and 

showed presence of satellitosis {Figure 6-10D}. This model had a long latency, hence 

if the experiment had continued a higher cellularity might have been observed. Some 

models such as BIOMEDE-128, BIOMEDE-193, BIOMEDE-198 and BIOMEDE-184 

showed an extensive infiltration throughout the brain with high number of tumour cells 

present in the cerebral fibre tracts and the hindbrain, but also tracks of cells invading 

to more distant areas such as the midbrain, the hypothalamus, olfactory bulb and 

periventricular cortex were observed. Conversely, BIOMEDE-118 and BIOMEDE-181 

presented more confined tumours into the pons and cerebellum with clearly defined 

margins. 
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Figure 6-9 Overall survival for the patient derived xenografts (PDX) and cell derived xenograft (CDX). 
Engrafted models are coloured per patient from whom they were derived. *CDX-134 were not culled at 
endpoint because e experiment had to be terminated at day 364 as this was the end-point time in the 
licencse protocol.  
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Figure 6-10 Immunohistochemical staining for anti-human nuclei antibody (HNA) of each of the orthotopic patient or cells derived xenograft bearing tumours from BIOMEDE-UK 
patients.
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6.2.4 Credentialing of models 

In order to assess how similar our models were to the original tumour sample from 

which they were derived, DNA and RNA was isolated from cell pellets and PDX/CDX, 

and targeted sequencing using the pHGG-panel, Illumina EPIC methylation array 

analysis, and RNA-seq was performed. The Heidelberg methylation classifier v11b4 

was used to assign scores and a tSNE projection with a pan-glioma reference set of 

1652 brain tumour samples were used. 

Established cell cultures as well as PDX/CDX models clustered closely with the 

methylation classification of the original tumour sample {Figure 6-11}. Nine models 

classified as DMG-K27, seven of which harboured H3.3-K27M mutations and two 

were histone wild-type. BIOMEDE-193 had a low DMG-K27 classification score 

(tumour = 0.52, PDX = 0.39, 2D cells = 0.13 and 3D cells = 0.09), the tumour and the 

models clustered as GBM_MYCN in the tSNE projection. In the same way BIOMEDE-

128 classified poorly with all samples most closely corresponding to a paediatric 

GBM_RTK/MYCN like group. BIOMEDE-118-PDX harbouring MYCN/ID2 

amplification classified and clustered as the original tumour sample corresponding to 

GBM_MYCN. BIOMEDE-184 models (2D-cells and PDX) classified and mapped in 

the same cluster as their original tumour, corresponding to the GBM_MYCN 

subgroup, however no MYCN amplification was present in these samples.  

The mutational profiles were also largely concordant, with models retaining the key 

characteristic genetic alterations present in the tumours {Figure 6-12}. There were 

nonetheless some discrepancies. BIOMEDE-134 tumour harboured a PDGFRA 

amplification, however none of the independent established cultures as 2D-Lam or 

3D-NS presented the gene amplification {Figure 6-12E}. PDGFRA status in the 

BIOMEDE-134 FFPE sample was also assessed by the central trial laboratory in Paris 

using FISH, identifying 43/100 cells to be PDGFRA amplified. Similarly, BIOMEDE-

186 tumour harboured an amplification as well as a mutation in PDGFRA which was 

observed in the 2D culture and the PDX but not in the 3D-NS culture. In addition, I 

identified a MYCN amplification in 3D-NS culture in this sample which was not present 

in the original tumour sample nor the PDX nor the 2D-Lam, at least at the limit of 

detection of the assay {Figure 6-12I}. Interestingly, the 3D-NS culture was 

established from 2D-Lam, which harboured the PDGFRA amplification and did not 

carry the MYCN amplification. In addition, later-passage sequencing was performed 

to assess tumour evolution and potential genomic changes that could take place 
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under culturing conditions. For 9/11 models, no discrepancies were observed in the 

mutations reported from the tissue biopsy by panel sequencing between early 

(~passage 5) and later passage (~passage 11-25). BIOMEDE-184 2D did not harbour 

the PIK3R1-N564D nor the SF3B2-R330G mutations at later passage (passage 12) 

{Figure 6-12G} and NF1-E78fs was not identified in BIOMEDE-184 2D (passage 5, 

passage 14) nor 3D (passage 14) {Figure 1-12H}. These three alterations appear to 

be sub-clonal in the patient samples with a VAF of 18%, 17% and 20% respectively. 

By contrast, a missense mutation in NF1 emerged in BIOMEDE-184 3D (I1824S) 

found at passage 5 at VAF of 65 % and at passage 14 at a VAF of 75%. 

Figure 6-11 t-SNE projection of BIOMEDE-UK models t-static based stochastic neighbour embedding (t-
SNE) projection of a combined methylation dataset comprising of the tumour sample, in vivo models 
(PDX/CDX) and in vitro models (2D-cells as LAM and 3D shown as NS) (circled) plus a reference set of 
glioma sub-types (n=1652). The first two projections are plotted on the x and y axes, with samples 
represented by dots coloured by sub-type according to the key provided.
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Figure 6-12 Oncoprint of BIOMEDE-UK models. Representation of an integrated annotation of targeted and whole exome sequencing, methylation arrays. Single nucleotide 
variants, indels, copy number alterations and structural variants are shown. Original tumour and matched models established are arranged by columns and coloured by genetic 
alteration. Clinicopathological, type of sample, molecular annotations are provided as bars according to the included key.
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6.2.5 In vitro drug screening 

From the available models established in vitro, 17 cultures from 11 patients were 

subjected to screening against a range of targeted inhibitors, including six models as 

3D and 2D (n=12), four as 2D-only and one as 3D-only. The screening was comprised 

of six common drugs across the cultures (erlotinib, dasatinib, everolimus, 

panobinostat, olaparib and crizotinib) as well as six compounds chosen targeting 

molecular alterations identified in the original tumour sample. The assay was 

performed as described in the summary workflow {Figure 6-13}. All drugs were tested 

up to 10 µM except for panobinostat, which had a maximum dose of 1 µM, and 

olaparib which was tested up to 30 µM. A heatmap summarising the response of the 

cultures to each of the common compounds tested was generated {Figure 6-14} as 

well as individual drug response curves per patient for all the compounds {Appendix 

Figure 2}. These data were reported to the UK trial PI for feedback to the treating 

physician at relapse.  

Figure 6-13 BIOMEDE-UK drug screen workflow. 2D and/or 3D cells were seeded in 96-well plates 
according to the cell densities previously estimated (In vitro models 1.2.3.1), three days later cells were 
screened against twelve compounds at eight different concentrations. Drug-plates were prepared using 
the Echo acoustic liquid handler. At day eleven cell viability was measured with Cell-Titer-Glo.
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Figure 6-14 Heatmap representation of drug response from the drug screen in the DIPG cultures derived 
from BIOMEDE-UK patients. The drug screen was performed in 17 cultures from 11 patients including 
ten as 2D and seven as 3D versus the 13 most common drugs used in the screening. Activity scores are 
based on AUC normalised values, each drug-response was normalised to the mean of the corresponding 
drug for all the cultures. Treatment allocation, methylation and histone status are provided coloured 
according to the key. 
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Of the drugs used clinically in the BIOMEDE trial, only BIOMEDE-198 showed any 

degree of sensitivity to erlotinib (GI50 of 0.9110 µM compared to an average GI50 of 

9.602 µM for the rest of the cultures), however this patient was randomised to 

everolimus {Figure 6-15A}. BIOMEDE-128 was the only patient from which a model 

was established and was randomised to erlotinib, for this patient, the GI50 was above 

the highest concentration tested (10 µM). The two samples which were most 

sensitive to everolimus, BIOMEDE-184 (2D and 3D) and 198 2D (GI50 of 0.9776 

µM, 0.0305 µM and <0.0083 µM respectively) {Figure 6-15B} did receive 

everolimus in the trial. There was a differential degree of sensitivity for dasatinib 

in the models, in which BIOMEDE-117 BIOMEDE-2D, BIOMEDE-121 

BIOMEDE-2D, BIOMEDE-181 2D and BIOMEDE-194 2D (GI50 of 0.1127µM, 

0.0255µM, 0.09169µM and 0.5569µM, respectively) showed a better response 

than the rest of the cultures (mean GI50-sensitive cultures 0.07140 µM versus 

GI50-insensitive cultures 6.947 µM, p-value=0.0002 unpaired t-test) {Figure 

6-15C}.

Figure 6-15 Dose-response curves to the BIOMEDE trial drugs. The curves show surviving fraction on 
y-axes and drug range 0-10 µM on x-axes. The curves across the models established, are separated by
drug (A) erlotinib (B), everolimus and (C) dasatinib (and by condition (2D left and 3D right).
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Out of the four dasatinib-sensitive cultures, BIOMEDE-121 and BIOMEDE-181 

received dasatinib in the trial. Dasatinib-sensitive cultures were characterise by a 

distinct RNA gene expression pattern with increased gene expression of COL51, 

COL14A1, ANXA1, FGF7, CTGF, DEXI, KCNJ6, THSB1, and down-regulation 

of OLIG1/2, SOX1, C2CD4A/B, THSB4 amongst others {Figure 6-16}. Comparing 

my GI50 values with the Genomics of Drug Sensitivity in Cancer (GSDC2) 

dataset generated at the Wellcome Sanger Institute [430], I observed that the 

BIOMEDE sensitive cultures appeared at the more sensitive end of the spectrum 

of response across 760 cell lines from 50 cancer types {Figure 6-17}. 

Figure 6-16 Differentially gene expression in dasatinib sensitive versus dasatinib resistant BIOMEDE-
UK cultures. Dasatinib sensitivity, gender, material (2D and 3D), histone status and methylation subclass 
are provided as bars according to the including key. 
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Figure 6-17 Integration of cell line GI50 values ranked by sensitivity of the Wellcome Sanger Institute 
(n=760) and the BIOMEDE cohort (n=17). Dots are coloured by sensitivity, green being sensitive and 
red resistant. Bigger size dots represent the BIOMEDE samples. 

6.2.5.1 TP53 truncating mutations confer sensitivity to AZD1775 in DIPG 

in vitro models 

TP53 mutations were found in 8/11 (73%) models - five missense mutations, 

two nonsense and one frameshift {Figure 6-18A}. TP53 gene expression 

was significantly reduced in tumours and corresponding models harbouring stop-

coding and frameshift mutations compared to wild-type and missense mutation 

samples {Figure 6-18C}. These cultures (stop-coding: BIOMEDE-186 3D and 

BIOMEDE-193 2D and 3D; frameshift: BIOMEDE-194 2D and 3D) showed a high 

degree of in vitro sensitivity to the tyrosine kinase WEE1 inhibitor AZD1775 

compared to the wild-type (GI50 of 0.1194-0.2128 µM vs GI50 of 

0.2597-9.5780 µM, excluding BIOMEDE-198, p=0.0015, unpaired two-tailed 

Mann-Whitney test) {Figure 6-18B}. Of note, one TP53 wild-type culture 

(BIOMEDE-198 3D) was also sensitive (GI50 of 0.1345µM). BIOMEDE-193

PDX (TP53-R146*) was used to evaluate the efficacy of AZD1775 in vivo by serial 

xenografting a p0 PDX into the pons of NSG mice (n=4 vehicle controls, n=4 

treated). A tolerability study was performed in healthy NSG animals to determine 

the optimal dose for treatment. Animals were treated continuously for 14 days 

(60 mg/Kg, PO, q.d.) and no signs of toxicity were observed. We started treating 

animals 103 days post-implantation with 60 mg/kg of AZD1775 once daily for 6.1 

weeks (2 weeks on, 1 week off, 5 days on, 2 days off. Although not significant, a 

small extension of survival in the treatment arm was observed (155 days 

versus 160 days, p=0.2129 long-rank test) {Figure 6-18D}. 
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Figure 6-18 TP53 truncating mutations conferring sensitivity to WEE1-inhibitor AZD1775 in DIPG derived 
cells from BIOMEDE-UK patients. (A) Lollipop showing mutations present in the BIOMEDE models. (B) 
Dose-response curves to AZD1775 separated by 2D and 3D and coloured per TP53 mutation status. (C) 
TP53 ranked expression bar plots for 2D, 3D, PDX/CDX and tissue samples coloured by TP53 mutation 
status (D) Survival for BIOMEDE-193 PDX in NSG (n=4 vehicle and n=4 AZD1775) (p-value = 0.2129, 
log-rank Mantel Cox test). 
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6.3 Discussion 

There is an urgent need to find effective treatments and to predict response for 

children with DIPG in order to improve clinical outcomes for this disease. In this 

chapter, I report the use of real time molecular profiling of newly diagnosed DIPG 

patients from the BIOMEDE clinical trial. By using a CPA-accredited targeted panel, 

potential targetable alterations for clinical decision making of DIPG patients at relapse 

were reported. The results revealed alterations in genes for which targeted agents 

are available in early phase clinical trials or with pre-clinical evidence [41, 128, 130, 

270, 431]. Moreover, from limited tumour material faithful in vitro and in vivo models 

were established. The models retained the key driver alterations, resembling the (epi)-

genetics of the original patient tumour sample. This allowed us to identify rational 

therapeutic options by screening the patient-derived primary cells in 2D and 3D 

against a series of common and bespoke FDA-approved drugs.  

A recent study published by A. Tauziède-Espariat and others, in a small number of 

MYCN/ID2 co-amplified HGG-MYCN, suggested these tumours represent a different 

entity with a dismal overall survival, even shorter than H3 K27M [432]. Furthermore, 

they preserved the expression of H3K27me3 and presented distinct clinico-

radiological and phenotypic features compared to classical DIPG tumours. In this 

context, BIOMEDE-118 tumour cells harboured co-amplification of MYCN and ID2 

and was classified as HGG-MYCN by methylation, indicating that this patient might 

not represent a ‘true’ DIPG and therefore the inclusion in the trial might be 

questionable. Moreover, BIOMEDE-128 harboured CDKN2A/B and SMARCA2 

deletions, atypical alterations in DIPG, and classified as GBM_pedRTK by 

methylation. BIOMEDE-193 and BIOMEDE-194 were histone wild-type, however they 

classified as H3 K27M by methylation and the pathology reports confirmed 

H3K27me3 loss by IHC. Interestingly, Castel and colleagues have recently reported 

a new subgroup of diffuse midline glioma lacking H3 K27M mutation but presenting 

loss of H3K27me3 and EZHIP overexpression associated with dismal prognosis 

[433]. In this context, overexpression of EZHIP was seen in BIOMEDE-193 but not in 

BIOMEDE-194. Conversely, BIOMEDE-182 (HIST1H3B K27M) and BIOMEDE-184 

(HIST1H3C K27M) classified as HGG-MYCN by methylation. Unpublished data from 

our laboratory have identified this to be a common feature observed in some H3.1 

K27M DIPG, suggesting that this might represent a distinct epigenetic profile to H3.3 

K27M. In this line, Castel and colleagues have reported differences at the 



transcriptome and epigenome level between H3.1 and H3.3 K27M diffuse midline 

glioma, suggesting these tumours might arise from different precursor cell or from 

distinct epigenetic cell state [95]. 

Double minutes or extrachromosomal DNA (ecDNA) are commonly seen in 

glioblastoma, playing an important role in tumour development and evolution [434-

438]. Previous studies have shown loss of extrachromosomally-amplified genes in 

glioblastoma and neuroblastoma cultures, in particular in MYC and MET genes [439, 

440]. In addition, three patient-derived in vitro DIPG models were established from 

the PNOC003 trial, with one failing to maintain a PDGFRA/KIT copy number gain 

observed in the original tumour patient [318]. In the BIOMEDE in vitro models, 

discrepancies between the cells and the original tumour sample were observed 

specifically with amplification of the oncogenes PDGFRA and MYCN. One hypothesis 

could be that the amplified genes localize to acentric extrachromosomal elements 

and/or were sub-clonal diverting from the original tumour population by clonal 

selection dynamics during cell culture. In addition, two variants in NF1 and PIK3R1, 

which appear to be sub-clonal alterations by the allele frequency observed, were 

negatively or positively selected during cell expansion. These results highlight the 

importance of studying clonal composition during tumour propagation in 

heterogenous tumours, such as DIPG, which can be critical to uncover patient-

specific drug response and resistance development. 

TP53-inactivated tumours lack the G1/S checkpoint and instead rely on G2/M control 

for DNA repair and survival. AZD1775 is a selective inhibitor of the WEE1 kinase, 

which is an important regulator of the G2/M checkpoint, and has been shown to be 

upregulated in pHGG and DIPG [441, 442]. AZD1775 crosses the brain blood barrier 

and preclinical efficacy has been demonstrated in DIPG [442, 443]. Numerous studies 

have shown WEE1 inhibition to be dependent of p53 status [444-447], however, 

Sabine Muller and colleagues did not find such a correlation in HGG [442]. A high 

degree of in vitro sensitivity to AZD1775 (GI50 0.11-0.17 μM) in models harbouring 

frameshift or truncating mutations in TP53 was observed, in addition to a modest in 

vivo efficacy in PDX-BIOMEDE-193 (TP53-R146*). It is to be explored whether 

different treatment window and/or higher dose regimen would show a significant 

prolongation of survival in this type of model. Although these results should be further 

tested by using larger in vivo studies as well as in combination with radiotherapy, it 

provides an excellent opportunity to test whether TP53 loss is a potential biomarker 
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of response to the WEE1 inhibitor in DIPG. AZD1775 is currently being tested in early 

phase clinical trials in DIPG and other paediatric tumours (NCT01922076 and 

NCT02813135), in this context it would be very valuable to correlate the clinical 

response with TP53 status. 

BIOMEDE-PDX models showed a wide range of survival from 70 to over 365 days, 

which creates limitations in establishing the most appropriate treatment window. 

Performing in vivo efficacy studies in order to treat the patient from which the model 

was derived from, can be challenging due to the latency of some these models and 

the lethality of DIPG. Nonetheless these tumours recapitulate what is observed in 

DIPG patients as they are very invasive, highly diffuse and very heterogeneous from 

patient to patient. BIOMEDE PDX models represent a valuable source of well-

characterised tumours and represent a unique opportunity to perform single-patient 

derived multi-arm trials to explore drug sensitivity link to genetic dependencies in 

serial xenografts. In this context, nine PDX have been shared with ITTCC-P4 platform 

(Innovative Therapies for Children with Cancer Preclinical Proof-of-concept Platform) 

to expand the repertoire of DIPG tumours and provide the scientific community with 

the advantage of working with models which have not been exposed to cell culture 

conditions. 

In a prospective clinical trial in DIPG, we are combining comprehensive molecular 

profiling linked to drug screening of patient-derived in vitro and in vivo models. These 

data show the feasibility in generating patient-specific, testable hypotheses that may 

be clinically translated in a subset of DIPG patients.  
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 : MEK1/2 mutations confer resistance to 
trametinib in a DIPG BRAF-G469V model link to proneural-
mesenchymal transition 

7.1 Introduction 

In the era of precision medicine, targeted therapies represent an exciting opportunity 

in the clinical management of patients with cancer. In the last decade, clinical 

responses to targeted agents have been demonstrated in many patients, yet 

resistance can rapidly emerge, playing an important role in treatment failure [448]. 

Therapy-induced resistance can occur from the acquisition of de novo mutations [449, 

450] or from expansion of rare pre-existing resistant cells, also called “persister

clones” [451-453]. Many mechanisms of resistance have been identified and can be

described in four main categories. Of these, modifications affecting the gene targeted

are one of the most common mechanisms. These alterations typically act by impeding

the specific binding of the small molecules to its target or by increasing the levels of

the oncogene (e.g. ALK-F1174L mutation in neuroblastoma patients treated with

crizotinib) [198, 454-457]. Resistance might also occur by restoration of signalling

pathways through upstream or downstream compensatory activation (e.g KRAS

amplification in ALK:EML4-positive non-small cell lung carcinoma (NSCLC) treated

with crizotinib) [458, 459]. Similarly, activation of parallel oncogenic pathways can

bypass specific pathway blockage (e.g MET amplification in EGFR-mutant NSCLC)

[460-462]. A different and less understood mechanism is the role of cell plasticity

enabling reversible lineage transformation in cancer cells in response to treatment

(e.g. the shift from epithelial to mesenchymal phenotype seen in multiple carcinomas

defined by their transcriptional state) [463-465]. Additionally, intra-tumour

heterogeneity has an important role in resistance, making it difficult to discriminate

passenger mutations or neutral clones from functional mutations which through

selective pressure can drive population expansion and lead to resistance [466, 467].

To bypass resistance and compensatory signalling networks, numerous strategies 

have been employed, with the ultimate goal of prolonging durable drug response. In 

this context, new generations of kinase inhibitors, with increased potency, are 

constantly been developed to tackle “gatekeeper” mutations, which modulate the 

accessibility of the kinase ATP-binding pocket. One example is the FDA-approved 
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kinase inhibitor ponatinib, which was developed and successfully used in leukaemia 

patients to overcome resistance in patients harbouring the BCR-ABL T315I 

gatekeeper mutation [468]. In cases where parallel/downstream/upstream pathway 

activation are the responsible for the resistance, a combination of inhibitors 

simultaneously targeting the primary mutation and the secondary compensatory 

mechanism can be used. One of the challenges of combination therapy is the 

associated toxicity with the use of multiple drugs [469].  

Although targeted agents against the mitogen-activated protein kinase (MAPK) 

pathway have revolutionised the field of precision oncology, they are frequently 

associated with the emergence of resistance. The MAPK pathway plays an important 

role in signal transduction regulating cell proliferation, differentiation and cell death 

[470]. Dysregulation of the MAPK signalling pathway is implicated in a wide range of 

cancers as a result of genetic and epigenetic alterations. In adults, BRAF mutated 

tumours include 60% of melanomas, 60% of thyroid cancers, 15% of colorectal and 

5-8% of non-small cell lung cancer, with the most prevalent mutation being BRAF-

V600E [471]. In addition, non-V600E mutations have been identified to be oncogenic 

and can be classified in three types based on their effect of BRAF activity [472, 473]. 

The use of MAPK inhibitors, including BRAF inhibitors (vemurafenib and dabrafenib) 

and MEKi (trametinib), in BRAF-V600E positive melanoma resulted in a moderate 

success of targeted therapies by showing tumour shrinkage and improving patient 

survival [361, 474, 475]. However, durable responses were limited, due to resistance 

to single-agents often mediated by re-activation of MAPK through amplification or 

splice variants in BRAF, mutations in the upstream oncogene NRAS or the 

downstream kinase MAP2K1, as well as PI3K-PTEN-AKT upregulation, amongst 

others [450, 476-479]. This led to the combination of BRAFi and MEKi in clinical trials 

which showed a significant improvement in overall survival compared to single agent 

therapy and subsequently FDA-approved treatment for advanced BRAF-V600 

positive melanoma [480, 481]. However, acquired resistance was observed in 

patients under BRAF and MEK inhibitors, with the identification of MAP2K1 and 

MAP2K2 mutations as one of the main mechanisms [482-485]. 

MAPK pathway alterations are also commonly found in a considerable number of 

childhood tumours and in particular in paediatric low and high-grade gliomas. These 

include pilocytic astrocytoma (KIAA1549:BRAF tandem duplication, RAF fusions, 

NF1, FGFR1, BRAF-V600E) [21, 33, 35], mixed glioneuronal tumours (FGFR1, 
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BRAF-V600, KIAA1549:BRAF) [36, 486], pleomorphic xanthoastrocytomas (BRAF-

V600E) [45, 487], infant pHGG (NTRK1/2/3, ROS1, ALK, MET fusions) [22, 370], non-

brainstem pHGG (FGFR1, NF1, BRAF-V600E, ITD-NTRK2, MET) [22, 87, 367, 488] 

and DIPG (PIK3R1, NF1) [22, 75].  

Despite the recent availability in the clinic of BRAF and MEK inhibitors for pHGG, 

efficacy studies testing the utility of these targeted agents in primary patient-derived 

models linked to genetic vulnerabilities need to be further explored. For instance, first 

generation of BRAF inhibitors are not effective in BRAF non-V600 nor in KIAA1549-

BRAF tumours. Similarly, patients with RAF fusions remain unresponsive to both first 

and second generation of BRAF inhibitors. As previously described, resistance to 

MAPK inhibitors will ultimately emerge, highlighting the need to explore this 

phenomenon in order to offer patients an alternative treatment when disease 

progression occur. 

Interestingly, results from the drug screen described in Chapter 6 showed a 

differential range of sensitivities in response to trametinib in the BIOMEDE patient-

derived cell cultures. I used these models to explore for the first time predictive and 

resistance biomarkers of response to trametinib in the context of DIPG. 

7.2 Results 

7.2.1 MAPK pathway alterations confer sensitivity to trametinib in DIPG 

in vitro models 

The personalised drug screen conducted in Chapter 6 led to the identification of a 

wide range of responses to trametinib in the BIOMEDE patient-derived cell cultures. 

Dysregulation of the MAPK pathway was observed in 3/5 of the trametinib-sensitive 

models {Figure 7-1}. BIOMEDE-169 (2D and 3D) harboured a class II BRAF 

oncogenic mutation (G469V, GI50 of 51 nM and 23 nM, respectively) {Figure 7-2A} 

BIOMEDE-181 3D presented a PIK3R1 hotspot mutation (N564D, GI50 of 50 nM) 

{Figure 7-2B}, and BIOMEDE-184 3D a missense mutation in NF1 (I1824S, GI50 of 

16 nM). In addition, BIOMEDE-198 2D and BIOMEDE-186 3D showed high sensitivity 

to trametinib (GI50 of 50 nM and 16 nM respectively).  
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Figure 7-1 MAPK pathway alterations and sensitivity to trametinib in vitro in the DIPG cultures derived 
from BIOMEDE-UK patients. The effect on cell viability (surviving fraction on y-axes) of trametinib with a 
range of 0-10 µM (x-axes) was assessed (A) in the 2D and (B) in the 3D cultures. The errors bars 
represent the standard error of the mean. Sensitive cultures with MAPK pathway dysregulation are 
highlighted in blue. 

Figure 7-2 Protein structural visualization download from COSMIC-3D web interface 
(https://cancer.sanger.ac.uk/cosmic3d) [489] showing (A) the protein structure of BRAF-G469V mutation 
(B) and PIK3R1-N564D.

An allelic imbalance of PIK3R1-N564D and NF1-I1824S was observed in the 3D but not 

in the 2D cultures. Both 2D and 3D conditions were established and grown independently 

from the original tissue sample taken at diagnosis. The mutant cultures for PIK3R1 and 

https://cancer.sanger.ac.uk/cosmic3d
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NF1 showed a greater response to trametinib than their paired wild-type cultures (3.7-fold 

and 14.2-fold respectively) {Figure 7-3}.  

Figure 7-3 BIOMEDE-184 2D and 3D response to trametinib in vitro. The effect on cell viability (surviving 
fraction on y-axes) of trametinib at a range of 0-10 µM (x-axes) was assessed in (A) BIOMEDE-181 (B) 
and BIOMEDE-184. The errors bars represent the standard error of the mean. Sensitive cultures with 
MAPK pathway alterations are highlighted in blue. 

Panel sequencing was performed at early and later passage in BIOMEDE-184 2D 

and 3D. NF1-I1824S was present in BIOMEDE-184 3D at p5 at a VAF of 65% (93/142 

reads) and at later passage, p14, at a VAF of 75% (43/57 reads). However, the 

mutation was not present in BIOMEDE-184 2D at p4 (0/201) nor at p14 (0/131). 

Panel sequencing showed that PIK3R1-N564D was present in both 2D and 3D 

cultures at p5, exhibiting a VAF of 16% (36/227 reads) and 33% (100/301 reads) 

respectively. Notably, panel sequencing conducted at later passage (p12 for 2D and 

p18 for 3D), showed the 2D culture did not harbour the PIK3R1 mutation (0/342 reads) 

whereas the 3D culture was heterozygous for N564D with a VAF of 49% (195/396 

reads). To confirm these findings, I performed ddPCR at longitudinal passages 

assessing the presence of the PIK3R1 mutation over time (p5, p13, p15 for both 2D 

and 3D as well as p18 for 2D and p17 for 3D). The negative and positive selection of 

PIK3R1-N564D in 2D and 3D independent cultures, respectively, was confirmed 

{Figure 7-4}.  
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Figure 7-4 Variant allele frequency (VAF) of PIK3R1-N564D in BIOMEDE-181 2D and 3D over time. The 
graph shows VAF of PIK3R1-N564D (c.1690 A>G) mutation by droplet digital PCR from 2D (light blue) 
and 3D (dark blue) cultures at different cultures passages. 

To evaluate if the presence of the PIK3R1 mutation affected the tumourigenicity after 

orthotopic engraftment in vivo, BIOMEDE-181 2D p18 (PIK3R1-N564D, VAF of 0.32% 

20/5476 droplets) {Figure 7-5A}, and BIOMEDE-181 3D p17 (PIK3R1-N564D, VAF 

of 50.6% 4919/9727 droplets) {Figure 7-5B}, were injected in 10 NSG mice per 

condition. This was done by Dr Diana Carvalho in the Jones laboratory. No tumours 

were observed in the NSG injected with BIOMEDE-181 2D cells {Figure 7-5C}. 

Conversely 10/10 tumours were generated in the mice injected with BIOMEDE-181 

3D p17 cells {Figure 7-5D}, with a median overall survival of 310 days. 

Figure 7-5 PIK3R1-N564D tumourigenesis assessment in vivo.(A) Droplet digital PCR 2D amplitude plot 
for PIK3R1 wild-type (x-axes) and PIK3R1-N564D mutation (y-axes) for BIOMEDE-181 2D cells, with 20 
mutant droplets out 5476 and a VAF of 0.32% and (B) BIOMEDE-181 3D cells, with 4919 mutant droplets 
out of 9727 and a VAF of 50.6%. (C) Anti-human nuclei antibody (HNA, brown staining) for BIOMEDE-
181 CDX derived from 2D cells showing the lack of tumour and (D) the presence of tumour generated 
from BIOMEDE-CDX derived from 3D cells. 
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BIOMEDE-169 patient was assigned to the mTOR inhibitor everolimus, a summary 

of the patient clinical history is shown in {Figure 7-6A}. After ~7 weeks of everolimus 

in combination with radiotherapy, the patient showed a reduction in tumour size (MRI 

not available). However, at week 12 the patient presented with pseudo-progression, 

and at week 16 progression was confirmed on the basis of symptoms and clear MRI 

changes compared to diagnosis {Figure 7-6B-C}. The patient was given several 

courses of steroids at pseudo-progression and at progression. According to the 

presence of the BRAF-G469V mutation and the sensitivity found to trametinib in vitro, 

the patient was then treated with trametinib on the basis of a compassionate use 

program (0.025 mg/kg/day once daily). During 11 weeks on trametinib, the patient 

was able to be taken off steroid treatment, however at week 12, MRI showed 

progression with the appearance of new metastatic lesions within the brainstem and 

in the lateral ventricles {Figure 7-6D}.  

In parallel, BIOMEDE-169 CDX was used to evaluate the efficacy of trametinib in vivo 

into NSG mice (n=5 vehicle controls, n=5 treated). Non-tumour bearing animals were 

treated continuously for 14 days (1mg/Kg, PO q.d.) and no signs of toxicity were 

observed. Tumour-bearing animals started treatment at day 55 post-implantation with 

1mg/kg of trametinib orally once daily for 53 days (5 days on, 2 days off). There was 

no difference in overall survival observed (p-value=0.7123 log-rank test) {Figure 7-7}. 
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Figure 7-6 BIOMEDE-169 BRAF-G469V clinical intervention (A) Timeline of clinical history, with 
treatment shaded in grey. The red dotted line represents the intervals when the patient was given steroid 
pulses and the star symbol the time-point where magnetic resonance imaging (MRI) are shown. Axial 
(top) and sagittal (bottom) T1-weighted post-gadolinium MRI at (A) diagnosis, (B) week 16 showing 
enlargement of the tumour enhancement area after 15 weeks of everolimus and radiotherapy and (C) 
week 36 after 12 weeks of trametinib, showing the development of new metastatic disease within the 
brainstem and the lateral ventricles as well as diffuse leptomeningeal enhancement of the cord. The 
white arrows show high signal intensity highlighting the tumoural area. 
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Figure 7-7 Survival for BIOMEDE-169 CDX in NSG. (n=5 vehicle and n=5 trametinib) (p-value=0.7123 
log-rank Mantel Cox test).  

7.2.2 MEK1/2 mutations drive resistance to trametinib 

To explore the possible resistance mechanisms that may occur in DIPG, trametinib-

resistant clones were generated in the BRAF-G469V model by exposing the cells to 

trametinib in vitro. Two different strategies were employed for resistance generation, 

either via increasing concentrations of trametinib in an exponential manner, starting 

from the GI50 value (0.05 µM) and ranging up to 1.0 µM (A.T1, A.T2, B.T3, B.T4 

clones), or via exposure to a constant GI80 dose (0.5 µM) (C.T5, C.T6, D.T7, D.T8 

clones) {Figure 7-8}.  

Figure 7-8 Summary of resistance generation methodology. (A) Experimental outline and (B) graph 
representing the concentration of trametinib over time to which the cells were exposed to in the different 
approaches utilised 1) exponential concentrations of trametinib from GI50 value 0.05 µM to 1 µM and 2) 
constant dose corresponding to GI80 value 0.5 µM. 

0 50 100 150 200 250
0

20

40

60

80

100

Time (days)

P
e
rc

e
n
t 
s
u
rv

iv
a
l

Trametinib B169 Efficacy Study

Vehicle

Trametinib



189 

Trametinib sensitivity was assessed at several time-points. By following approach 1, 

a shift in GI50 was observed in A.T1, A.T2 and B.T3 after ~5 months of trametinib 

exposure compared to the BIOMEDE-169 parental line {Figure 7-9A-C}. The 

GI50 shift continued increasing after ~7-9 months of treatment, resulting in a fold-

shift in GI50 values of 64, 167, and 97 in A.T1, A.T2 and B.T3, respectively, 

compared to the parental line. Whilst B.T4 did not show a shift in GI50 value 

after five months of trametinib, sensitivity was re-assessed after ~7 and 9 

months of drug exposure detecting a GI50 fold-shift of 161 {Figure 7-9D}. After 4-5 

months, by using approach 2, a fold-shift in GI50 values of 7, 44, 5.6 and 31 was 

observed in clones C.T5, C.T6, D.T7 and D.T8, respectively, compared to the 

parental line {Figure 7-9E-H}. By continuing trametinib exposure up to 7 months 

in C.T6, a GI50 fold-shift of 56 was achieved compared to the parental line.  

In order to explore what might be underlying the lack of sensitivity in the resistant 

cells, whole exome sequencing was conducted in A.T1, A.T2, B.T3, B.T4 and C.T6. 

Mutations seen in BIOMEDE-169 parental such as H3F3A-K27M, BRAF-G469V and 

TP53-C176Y amongst others were also present in the derived resistant cells at similar 

VAF {Figure 7-10}. There were three variants present in the original tumour sample 

that were not seen in the parental cells, these include SYNDIG1L-G236S, CDN2C-

L58LX and PI4KA-A1727V. The presence of private mutations in each clone was 

seen with 3, 8, 12 and 11 variants identified A.T1, B.T3, B.T4 and C.T6. In particular, 

mutations in MAP2K1 (MEK1) and MAP2K2 (MEK2) were identified in A.T1 (MEK2-

I115N), B.T3 and B.T4 (MEK1-I141S) and C.T6 (MEK1-K57N).  
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Figure 7-9 Trametinib response in BIOMEDE-169 clones. The effect on cell viability (surviving fraction on y-axes) of trametinib (x-axes) was assessed at several time points for 
each of the eight clones by using two different approaches. (A-D) Cell viability of clones under exponential concentration of trametinib with a range of 0-1 µM and (E-H) cell 
viability of clones exposed to constant GI80 (0.5 µM). The errors bars represent the standard error of the mean. 
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Figure 7-10 Heatmap representation of mutations in BIOMEDE-169 tissue, BIOMEDE-169 parental cells 
and the resistant clones A.T1, B.T3, and C.T6. Each column represents one sample and each row is one 
of mutation. The blue intensity is proportional to the variant allele frequency. The presence of MEK1/2 
mutations is coloured per mutation type in the clones A.T1 MEK2-I115N (pink), B.T3 and B.T4 MEK1-
I141S (purple) and C.T6 MEK1-K57N (red). 

To explore whether the resistance was reversible, trametinib was withdrawn for two 

months in A.T1, B.T3 and C.T6 clones. In the absence of the MEK inhibitor, sensitivity 

to trametinib was re-assessed and allele-specific ddPCR assays for MEK1/2 

mutations were performed to evaluate potential changes in MEK1/2 VAF. After the 

“drug holiday” period, resistance was maintained {Figure 1-11A-B}, and the MEK1/2 

VAF did not experience a dramatic variation (A.T1 MEK2-I115N VAF from 12% to 

14.6%, B.T3 MEK1-I141S VAF from 28.2% to 30.5% and C.T6 MEK1-K57N from 26% 

to 24.9%) {Figure 1-11C}. 
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Figure 7-11 Trametinib response and VAF in BIOMEDE-169 resistant clones under trametinib and post-
trametinib withdrawal. Cell viability (y-axes) was evaluated against trametinib concentration (x-axes) for 
BIOMEDE-169 parental cells and the MEK1/2 mutant clones (A.T1, B.T3, B.T4 and C.T6). The errors 
bars represent the standard error of the mean. The effect on cell viability was assessed (A) under 
trametinib exposure and (B) after ~7 months of trametinib treatment and after 2 months of drug holiday. 
(C) MEK1/2 variant allele frequency was evaluated by ddPCR in A.T1, B.T3 and C.T6 clones pre-
trametinib and post-trametinib drug removal.

To evaluate if resistance was selected from pre-existing clones or was acquired in 

response to trametinib, allele-specific ddPCR assays for MEK1/2 resistant mutations 

were conducted in the parental cells as well as in the original tissue sample, and in 

both vehicle- and trametinib-treated BIOMEDE-169 CDX. No mutant droplets were 

found in the parental nor in the original patient sample for any of the three mutations, 
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with an average of droplets containing DNA of 32,165 and 41,083 respectively 

{Figure 1-12A-C}. No mutant droplets were found in any the of xenografts, with an 

average of droplets containing tumour DNA across the ten samples of 6352 {Figure 

1-12D-E}. Whole exome sequencing was conducted to determine potential resistant

alterations responsible of trametinib failure in vivo. While the mutations shared 

between the BIOMEDE169 parental cells and original tumour sample were retained 

in all CDX at similar VAF including H3F3A-K27M, BRAF-G469V and TP53-C176Y, 

no canonical mutations in the MAPK pathway were detected in the treated group. 

Allele-specific MEK1/2 ddPCR assays were then used to track the emergence of 

MEK1/2 mutations from longitudinal passages over the course of the continuous 

exposure experiments. Under both experimental conditions, MEK1/2 VAF increased 

in an exponential manner over-time, however earlier emergence was observed in the 

clone exposed to constant GI80 trametinib concentration (C.T6 MEK1-K57N) {Figure 

7-13A}. GI50 values overtime started shifting, for A.T1, B.T3, B.T4 and C.T6, when

the resistant mutations emerged and the shift was more pronounced as VAF 

increased {Figure 7-13B}. 

I next sought to evaluate MAPK pathway modulation by using a quantitative capillary 

protein platform (WES protein simple). The MAPK pathway showed a sustained up-

regulation in each of the resistant clones, including pMEK1/2 (p217/221) in A.T1 

MEK2-I115N (p<0.0001, one-way ANOVA) {Figure 7-14A}, pERK1/2 (p202/204) in 

B.T3 MEK1-I141S and C.T6 MEK1-K57N (p<0.0044 and p<0.0006, respectively one-

way ANOVA) {Figure 7-14B}, and pAKT (pS473) in B.T3-MEK1-I141S and C.T6-

MEK1-K57N (p<0.0166 and p<0.0074, respectively one-way ANOVA) {Figure 

7-14C}.
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Figure 7-12 MEK1/2 allele specific mutation were assessed by droplet digital PCR in BIOMEDE-169. 2D 
amplitude plot for MEK1/2 wild-type (x-axes) and mutant (y-axes) are shown for the three different 
mutations MEK2-I115N (left), MEK1-I141S (middle) and MEK1-K57N (right). Each mutation was 
assessed in the respective mutant clone (A) A.T1 MEK2-I115N, B.T3 MEK1-I141S and C.T6 MEK1-
K57N) (B), BIOMEDE-169 parental cells (C) BIOMEDE-169 original tissue sample (D), BIOMEDE-169 
CDX vehicle group and (E) BIOMEDE-169 CDX treated group. 
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Figure 7-13 Evolution of MEK1/2 resistant clones over time. (A) MEK1/2 variant allele frequency (VAF) 
was assessed by droplet digital PCR (left y-axes) showing the trametinib concentration exposure (right 
y-axes) at each of the multiple longitudinal passages evaluated (x-axes). (B) Sensitivity to trametinib was
assessed to evaluate the emergence of resistance and GI50 (µM) (y-axes) were calculated different
time-points of trametinib exposure, shown in days (x-axes). Each clone (A.T1, B.T3, B.T4 and C.T6) is
plotted separately and coloured by MEK1/2 mutation type.
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Figure 7-14 Bar-plot showing protein expression of MAPK pathway in BIOMEDE-169 parental cells 
and MEK1/2 resistant clones by western-protein simple. (A) pMEK1/2 (p217/221) normalised to total 
MEK/1/2, (B) pERK1/2 (p202/204) normalised to total ERK1/2 and (C) pAKT (p473) normalised total 
AKT. All p-values are based upon one-way ANOVA test ****p<0.00001, **p<0.001, *p<0.01 and ns 
p>0.05. 

7.2.3 Trametinib-resistant clones showed mesenchymal transition 

phenotype  

To evaluate the expression landscape of the MEK1/2 resistant clones (A.T1, B.T3, 

C.T6), RNA-seq and phospho-/total proteomics were conducted and compared to 

the parental cells. Massively parallel proteome and phosphoproteome quantification 

was performed by using tandem mass tag (TMT) labelling, and 

phosphopeptide enrichment was done using immobilised metal affinity 

chromatography (IMAC). Liquid chromatography with tandem mass spectrometry 

(LC-MS/MS) analysis identified a total of 8,277 proteins and 9,444 unique 

phosphopeptides that mapped 3609 distinct master proteins. The three biological 

replicates samples for full proteome showed an a very good overall correlation 

(mean r2 Parental=0.80, T1=0.85, T3=0.80 and T6=0.88). 

RNA-seq showed 277, 127 and 241 differentially up-regulated genes, and 232, 175 

and 214 down-regulated in A.T1, B.T3 and C.T6 respectively {Figure 7-15A}. Of 

those, a total of 41 genes were shared to be up-regulated and 56 genes to be down-

regulated amongst the three clones {Figure 7-15B} and {Appendix Figure 3A}. 

From the total proteome, 447, 378 and 435 proteins were differentially up-regulated 

and 626, 673, 729 down-regulated in A.T1, B.T3 and C.T6 respectively. {Figure 

7-15C}. Of these, a total of 137 up-regulated and 225 down-regulated proteins were
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common amongst the three clones {Figure 7-15D} and {Appendix Figure 3B}. 

Phosphoproteomics identified a total of 212, 37 and 167 phosphopeptides from 124, 

22 and 106 proteins with increased phosphorylation and 561, 171 and 395 

phosphopeptides from 373, 117 and 221 proteins with decreased phosphorylation in 

A.T1, B.T3 and C.T6 respectively {Figure 7-15E}. Of these, a total of 8 proteins with

increased phosphorylation and 57 with decreased phosphorylation were shared 

amongst the three clones {Figure 7-15F} and {Appendix Figure 3C}. 

Intersection of shared differentially expressed genes / proteins and differentially 

phosphorylated proteins between any of the three clones from RNA-seq, full proteome 

and phosphoproteome is shown in {Figure 7-16} Genes / proteins associated with 

cytoskeleton re-organisation, cell migration, cell polarisation, and cell matrix 

remodelling were found consistent co-activated in the clones. These included the cell-

surface glycoprotein CD44, the p21 activated-kinase PAK1, the tumour endothelial 

marker TNS3, and the transmembrane (type I) heparan sulfate proteoglycan SDC2, 

amongst others (GALS1, ANXA1, PLE, RIN1, LMNA, FLNA, MYH9) {Figure 7-16A}. 

In addition, the mitogen-activated protein kinase 5 (MAP3K5) was found activated in 

A.T1 and B.T3. Depletion of neural and oligodendrocyte markers was seen including

the neural progenitor stem marker NESTIN the transcription factor SOX10, in addition 

to the glial cell adhesion protein HEPACAM, actin-filament associated protein 

AFAPIL2, the kinesin family member KIF26B and the myelin transcription factor 1 

MYT1 {Figure 7-16B}.  

Gene set enrichment analysis (GSEA) from RNA-seq and proteomics showed a high 

concordance of enrichment signatures amongst the clones {Figure 7-17}. Many of 

these were linked with mesenchymal transition (VERHAAK GLIOBLASTOMA 

MESENCHYMAL, ONDER CDH1 TARGETS 2 UP, JECHLINGER EPITHELIAL TO 

MESENCHYMAL TRANSITION UP, REACTOME EXTRACELLULAR MATRIX 

ORGANIZATION), migration (WU CELL MIGRATION) and invasion (SCHUETZ 

BREAST CANCER DUCTAL INVASIVE UP, ANASTASSIOU MULTICANCER 

INVASIVENESS). Archetypal differentially expressed genes / proteins associated 

with the phenotype included CD44, POSTN, MYOF, MXRA5, CDH11, PDGFRB, 

S100A4, EPHA2, collagen family, MMP, FBN1 {Figure 7-18A}. By contrast, proneural 

signatures (VERHAAK GLIOBLASTOMA PRONEURAL) were down-regulated in the 

resistant clones associated with decreased gene / protein expression of OLIG2, 

SOX10 and MYT1 {Figure 7-18B}. Notably, the HUANG DASATINIB RESISTANCE 
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UP signature was identified in the resistant clones revealing an increased expression 

of biomarkers of response to dasatinib including CAV1, ANXA1, PDGFC, EPHA2 

{Figure 7-18C}. Gene ontology analysis showed shared common dysregulated 

molecular functions across the three MEK1/2 resistant clones and the most significant 

are shown in {Figure 7-19}. Some of these were extracellular matrix structural 

constituent, collagen binding, integrin binding, protease binding, calcium ion binding 

and signalling receptor activity amongst others. 

Figure 7-15 Unsupervised hierarchical cluster heatmaps of the MEK1/2 resistant compared to the 
BIOMEDE-169 parental cells. Venn diagrams of differentially expressed genes / proteins and 
phosphorylated proteins are shown on the right. Panels show (A-B) RNA-sequencing, (C-D) Full 
proteome, and (E-F) Phosphoproteome. Colour keys show the log-fold change in each case. 
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Figure 7-16 Integration of RNA-seq (left), full proteome (middle) and phosphoproteome (right) showing 
the most common changes in expression, translation and phosphorylation for each target, both for (A) 
activation and (B) depletion. Targets were selected by log-fold-change greater or less than 1 in all the 
three platforms in any of the three MEK1/2 clones compared to the parental. Colour of the key shows 
the log-fold change in each case.
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Figure 7-17 Gene set enrichment (GSEA) heatmap of the normalised enrichment scores (NES) from 
RNA-sequencing of the MEK1/2 resistant clones compared to BIOMEDE-169 parental. The figure shows 
(A) up-regulated signatures and (B) down-regulated signatures. GSEA signatures are shown in rows and
NES values for each clone are shown in columns. Up-regulated (NES ≥ 1.4) and depleted (NES ≥1.4)
GSEA signatures seen in GSEA from full-proteome are coloured in orange.
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Figure 7-18 GSEA from proteome analysis of MEK1/2 resistant T6 clone compared to BIOMEDE-169 
parental cells.GSEA plots are shown on the left and heatmap of the normalised enrichment scores (NES) 
for each signature of proteins up-regulated (red) or down-regulated (blue) are shown on the right for (A) 
HALLMARK EPITHELIAL MESENCHYMAL TRANSITION, (B) VERHAAK GLIOBLASTOMA 
PRONEUAL and (C) HUANG DASATINIB RESISTANCE UP. The curves show the enrichment score on 
the y-axis and the rank list metric on the x-axis. GSEA p-value are reported for each signature. The 
vertical black lines corresponding to the associated signatures and are ordered by their statistical tests 
of differential analysis between T6 and BIOMEDE-169 parental for each of the GSEA signatures. 
FastGSEA package was used to generate these figures. 
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Figure 7-19 Dot plot of gene ontology (GO) analysis from showing shared molecular functions in the 
MEK1/2 resistant clones. The most significant enriched molecular functions are shown in rows and 
clones in columns. The circle size is equivalent of the number of genes associated to the pathway and 
coloured according to the adjusted p-value. The package clusterProfiler was used to generate this figure. 

Having observed that a dasatinib-sensitive signature was identified in the resistant 

clones, I then sought to compare the GI50 values for trametinib and dasatinib in the 

BIOMEDE cultures obtained from the drug screen performed in Chapter 6. This 

revealed that cultures differentially sensitive to trametinib (GI50 0.016-0.05 µM) were 

conversely insensitive to the kinase inhibitor dasatinib (GI50 5.6-10 µM) and vice 

versa {Figure 7-20}. To identify specific gene expression signatures associated with 

these differential sensitivities, GSEA was applied to the RNA-seq data from the 

BIOMEDE cells. Many of the signatures identified in the A.T1, B.T3 and C.T6 resistant 

clones were present in the inherently trametinib-resistant and dasatinib-sensitive 
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BIOMEDE cultures {Figure 7-21}. These included the signatures associated with 

mesenchymal transition (VERHAAK GLIOBLASTOMA MESENCHYMAL, ONDER 

CDH1 TARGETS 2 UP, JECHLINGER EPITHELIAL TO MESENCHYMAL 

TRANSITION UP) {Figure 7-22A}. By contrast, the VERHAAK GLIOBLASTOMA 

PRONEURAL signature was identified in trametinib-sensitive and dasatinib-resistant 

cultures {Figure 7-22B}, and the HUANG DASATINIB RESISTANCE UP was 

identified in the inherently trametinib-resistant and dasatinib-sensitive cultures 

{Figure 7-22C}. 

In addition, an enrichment of inflammatory/interferon-related gene signatures 

(HECKER IFNB1 TARGETS, SANA TNF SIGNALLING UP, MOSERLE IFNA 

RESPONSE) was observed in the inherently trametinib-resistant and dasatinib-

sensitive cells. Associated genes with IFN signatures included an up-regulation of 

interferon IFN-inducible genes (IFI6, IFI44L, IFIT3, IFIT2, IFIT1, IFI27), CCL2, MX1, 

and MX2 amongst others {Figure 7-22D}. 

Figure 7-20 Box-plot showing log 10 of GI50 (y-axis) for dasatinib and trametinib across the biomede 
cultures (x-axis) where samples cultures are divided by sensitivity to dasatinib and trametinib. The 
whiskers go down to the smallest value and up to the largest, all points the line in the middle represents 
the mean. 
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Figure 7-21 Gene set enrichment analysis (GSEA) heatmap of the normalised enchiment scores (NES) 
for inherently dasatinib and trametinib resistant BIOMEDE-UK cultures. The top 25 signatures up-
regulated and down-regulated are ploted in raws sorted by dasatinib resistant and trametinib resistant 
cultures NES values in columns. GSEA signatures from RNA-seq that were found up-regulated with NES 
≥ 1.4 (within the top 25 signatures) and down-regulated NES ≤1.4 (within bottom 25 signatures) in all 
three MEK1/2 resistant clones (A.T1, B.T3 and C.T6) are coloured in orange. 
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Figure 7-22 Gene set enrichment analysis from RNA-sequencing analysis from inherently trametinib-
resistance compared to trametinib-sensitive cultures and inherently dasatinib-resistance compared to 
dasatinib-sensitive BIOMEDE-UK cultures. GSEA plots are shown on the left and heatmap of the 
normalised enrichment scores (NES) for each signature of proteins up-regulated (red) or down-regulated 
(blue) are shown on the right for (A) HALLMARK EPITHELIAL MESENCHYMAL TRANSITION, (B) 
VERHAAK GLIOBLASTOMA PRONEUAL (C) HUANG DASATINIB RESISTANCE UP and (D) 
HECKER_IFNB1 TARGETS. The curves show the enrichment score on the y-axis and the rank list metric 
on the x-axis. GSEA p-value are reported for each signature. The vertical black lines corresponding to 
the associated signatures and are ordered by their statistical tests of differential analysis between 
resistant and sensitive cultures for each of the GSEA signatures. FastGSEA package was used to 
generate these figures. 
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7.2.4 MEK1/2 resistant clones are sensitive to dasatinib and to dual 

trametinib/dasatinib treatment 

In order to explore rational alternate treatment approaches in the trametinib-resistant 

cells, these clones were treated with upstream (dasatinib, multi-RTK) and 

downstream (ulixertinib, ERK) MAPK pathway inhibitors. No significant 

differential sensitivity to ulixertinib was observed between the BIOMEDE-169 

parental line (GI50 0.8241 µM) compared to A.T1 and B.T3 (GI50 2.271 and 1.060 

µM, p=0.2385 and p=0.7884, one-way ANOVA, multiple comparison Dunnett’s 

test, respectively). However C.T6 was significant less sensitive to the ERK 

inhibitor, with a GI50 ~10 µM (p<0.0001 one-way ANOVA, multiple comparison 

Dunnett’s test) {Figure 7-23A}. Conversely, resistant clones were found to be 

more sensitive to the upstream kinase inhibitor dasatinib A.T1, B.T3 and C.T6 

(GI50 0.0930, 0.0400 and 0.0367 µM, respectively) compared to BIOMEDE-169 

parental cells (GI50 6.369 µM) (p<0.0001 one-way multiple comparison 

ANOVA Dunnett’s test) {Figure 7-23B}.  

Figure 7-23 Ulixertinib and dasatinib drug response BIOMEDE-169 parental cells, and MEK1/2 resistant 
clones. The effect on cell viability (surviving fraction on y-axes) of (A) ulixertinib and (B) dasatinib (x-
axes) was assessed in BIOMEDE-169 parental cells, A.T1, B.T3 and C.T6 cells. The errors bars 
representing the standard error of the mean. 

To further investigate the effect on cell viability, three drug combinations were tested 

by using a 6x10 dose matrix. Combined trametinib and dasatinib, as well as trametinib 

and ulixertinib, were found to be synergistic or additive at lower concentrations of 

trametinib in the parental cells (0.0045-0.0137 µM) compared to the resistant clones 
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(0.12-1.10 µM) {Figure 7-24} and {Figure 7-25}. The most synergistic Bliss 

area score from trametinib and dasatinib combination was greatest in 

BIOMEDE-169 parental cells (19.9) followed by A.T1 (16.16), C.T6 (8.69) and 

B.T3 (7.67). Whilst C.T6 was the least sensitive culture to ulixertinib as a single 

agent, in combination with trametinib it was found to have the highest most 

synergistic Bliss area (45.63) followed by the BIOMEDE-169 parental cells 

(24.59), B.T3 (22.66) and A.T1 (13.92). The third combination evaluated, 

ulixertinib and dasatinib, was the least effective at inhibiting cell viability (most 

synergistic Bliss area scores 3.63-14.35) {Figure 7-26}. 

Figure 7-24 Dasatinib and Trametinib matrix combination in BIOMEDE-169 parental cells, and MEK1/2 
resistant clones. 0-10 µM range dose was used for dasatinib and trametinib. (A) Cell proliferation was 
determined by Cell Titer-glo. (B) Excess above Bliss was calculated and (C) Bliss synergy scores were 
conducted by using synergy.finder. 
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Figure 7-25 Ulixertinib and Trametinib matrix combination in BIOMEDE-169 parental cells, and MEK1/2 
resistant clones. 0-10 µM range dose was used for ulixertinib and trametinib. (A) Cell proliferation was 
determined by Cell Titer-glo. (B) Excess above Bliss was calculated and (C) Bliss synergy scores were 
conducted by using synergy.finder . 
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Figure 7-26 Dasatinib and Ulixertinib matrix combination in BIOMEDE-169 parental cells, and MEK1/2 
resistant clones. 0-10 µM range dose was used for dasatinib and ulixertinib. (A) Cell proliferation was 
determined by Cell Titer-glo. (B) Excess above Bliss was calculated and (C) Bliss synergy scores were 
conducted by using synergy.finder. 
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7.3 Discussion 

In the setting of a co-clinical trial of prospectively-established DIPG patient-derived in 

vitro models, I show the identification of biomarkers of response to trametinib, a 

selective reversible inhibitor of MEK1/2 that binds to the allosteric pocket of MEK. 

Specifically, these involve multiple nodes of the MAPK signalling pathway, and 

include PIK3R1-N564D, NF1-I1824S and BRAF-G469V. These results suggest a 

possible rationale for the use of trametinib in DIPG, such as the ongoing phase II 

clinical trial called TRAM-01 (NCT03363217), which is exploring the use of trametinib 

in paediatric gliomas harbouring MAPK alterations independently of the tumour entity 

[41].  

PIK3R1-N564D is an oncogenic hotspot mutation known to promote cell survival in 

vitro and oncogenesis in vivo [490]. The PIK3R1-N564D hotspot mutation is found in 

various cancers, most frequently in glioma, acute lymphoblastic T cell leukaemia, 

endometrial and colorectal cancers [378, 491, 492]. The mutation lies within the 

regulatory subunit of PI3-kinase resulting in loss-of-function, predicted to destabilise 

protein interaction which may impact tumour suppressive function (FATHMM 

pathogenic score of 0.99) [489, 493]. In line with the results of this chapter, Cheung 

and colleagues identified that PIK3R1 oncogenic mutations activate the MAPK 

pathway and exhibited sensitivity to MAPK inhibitors [494]. NF1-I1824S lies in the 

helix domain and the change replaces isoleucine with serine at codon 1824. The 

isoleucine residue is moderately conserved and there is a large physicochemical 

difference between isoleucine and serine. This variant is a rare missense change, not 

present in population databases such as ExAC, with uncertain impact on protein 

function [495]. To the best of my knowledge this variant has only been reported in one 

individual with neurofibromatosis type 1 [496]. The efficacy of MEK inhibitors has 

previously been shown in NF1-deficient glioblastoma cell lines [497], in addition to 

clinical benefit in refractory neurofibromatosis-associated glioma harbouring NF1 

mutation [498-500]. By stochastic selection, an imbalance of variant allele frequency 

between 3D and 2D cultures was observed in BIOMEDE-181 (PIK3R1-N564D) and 

BIOMEDE-184 (NF1-I1824S). Trametinib sensitivity was only identified in the mutant 

cultures which would support the hypothesis that these mutations were responsible 

of trametinib efficacy in vitro. 
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BRAF-G469V is a class II BRAF mutation within the protein kinase domain, resulting 

in increased kinase activity and downstream MEK and ERK activation [472]. BRAF 

class II mutations have constitutively activated BRAF dimers independent of RAS 

activation [472]. Supporting the results of this chapter, BRAF-G469V has been shown 

to confer sensitivity to trametinib in melanoma and lung cancer [473, 501]. With this 

evidence, the BIOMEDE-169 patient was treated with trametinib at progression, under 

a compassionate use programme, after 15 weeks of being treated with everolimus, 

radiotherapy and several steroid pulses. The patient was treated with trametinib for 

12 weeks, however soon after progressed and succumbed to the disease. Although 

an MRI before progression was not conducted to assess response to the MEK 

inhibitor, it was considered that during the first 9-10 weeks of trametinib, the patient 

had stable disease before progressing. Notably, I did not observe any efficacy of 

trametinib as a single agent in the BIOMEDE-169 orthotopic xenograft in vivo. One 

issue with designing such experiments in models with a long tumourigenic latency 

(167 days) is choosing the treatment window. In this context, different therapeutic 

strategies will be further evaluated with drug intervals (e.g. 2 weeks of treatment and 

1 week of drug holiday) and treatment will continue until end of survival. Another 

explanation however could be the emergence of resistance to the single MEK inhibitor 

as previously described in melanoma or colorectal cancers [482-485].  

To better understand this process in the context of DIPG, I generated BIOMEDE-169 

trametinib-resistant clones in vitro. MEK1/2 mutations were identified in the resistant 

clones resulting in MAPK pathway up-regulation by an increased expression of 

pMEK1/2, pAKT or pERK1/2. By using ddPCR, I demonstrated that MEK1/2 

mutations were acquired over time and the VAF increased with the length of 

trametinib exposure. Furthermore, I provide evidence that the resistance mechanism 

was irreversible, as cells on “drug holiday” for two months remained insensitive to 

trametinib. MEK1 and MEK2 exhibit 85% peptide sequence homology [502]. MEK1- 

K57N lies on the helix-A domain within the N-terminal negative regulatory region and 

is associated with high levels of RAF-independent activation of ERK signalling [476, 

503]. Interestingly, MEK1-K57N has been attributed to cause resistance to BRAF and 

MEK inhibitors in vitro and in melanoma patients [504, 505]. To the best of my 

knowledge neither MEK1-I141S nor MEK2-I115N have been previously detected, and 

both mutations lie within the protein kinase domain. Notably, MEK1-I111N, the 

equivalent of MEK2-I115N, has been demonstrated to confer resistance in vitro to 

allosteric MEK inhibitors [476, 504].  
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Using RNA-seq and phospho-/total proteomics, a drift from a proneural to 

mesenchymal phenotype was observed in the three MEK1/2-mutant resistant clones. 

Mesenchymal transition (MT) was induced by up-regulation of important 

mesenchymal proteins involved in invasion and migration such as CD44, POSTN, 

collagen-family proteins, CDH11 and FBN1 amongst others. MT has been broadly 

reported as a hallmark of metastasis and resistance to multitherapy in cancer. In 

particular, glioma initiating clones displaying drug resistance and radio-resistance 

have been previously linked to proneural-mesenchymal transition [506]. In vitro 

models derived from BIOMEDE patients that were inherently insensitive to trametinib 

displayed a more mesenchymal phenotype compared to trametinib-sensitive cultures, 

which were more proneural. Furthermore, increased expression of biomarkers of 

response to the multi-kinase inhibitor dasatinib were found in the clones as well as in 

the inherently trametinib-resistant cultures. This suggested that trametinib-resistant 

cultures could be sensitive to dasatinib, which I was able to confirm, in both the 

inherently resistant cultures and selected clones. The combination of trametinib with 

dasatinib and the downstream ERK inhibitor ulixertinib synergistically inhibited cell 

proliferation in the parental cells and the MEK1/2-mutant clones. Supporting our 

results, Jing and colleagues found that a proportion of KRAS-mutant cell lines 

resistant to trametinib had a mesenchymal signature associated with increased gene 

expression of FN1, S100A4, VIM, ACTA2 and CSH2 [507]. Interestingly, dasatinib 

has been found to overcome EMT-associated resistance to erlotinib in non-small cell 

lung cancers [508]. In addition, a study has found that dasatinib sensitises KRAS-

mutant cancers to trametinib both in vivo and in vitro [509].  

It remains to be explored whether these combinations will show efficacy in vivo and 

could be further translated in the event of resistance to MEK inhibitors in ongoing 

clinical trials. Or more importantly, these results support the use of an intermittent 

multitherapy regimen to control population dynamics and potentially prevent 

emergence of treatment resistance to begin with. The data shown in this chapter, 

highlights the MAPK pathway as a therapeutic target in DIPG, and show the 

importance of parallel resistance modelling and rational combinatorial treatments 

likely to be required for meaningful clinical translation. 
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 : Discussion 

Remarkable efforts over the last decade have been made to elucidate the genomic 

landscape of childhood cancer [12, 22, 24, 73, 76, 187, 193, 339, 340, 342, 368]. 

These studies have led to the identification of the underlying genetic alterations in 

paediatric tumours revealing diagnostic, prognostic and predictive biomarkers to 

molecularly targeted therapies. The rapid expansion in understanding the biology of 

these tumours have led to world-wide routine genomic testing for many children with 

cancer [254, 265, 267, 510]. However, paediatric cancers are a very heterogenous 

group of tumours with distinct mutation signatures and genetic make-up that require 

further pre-clinical testing in order to identify biomarkers of response to novel 

treatments. To this end, in this thesis I have developed and validated multiple assays 

to identify genetic alterations in paediatric patients which have been directly translated 

into the clinic and are now part of the National Health Service diagnostic service. In 

addition, in an international phase II clinical trial in DIPG called BIOMEDE, I was able 

to establish patient-derived in vitro models identifying biomarkers of response to 

bespoke compounds as well as undertaking parallel resistance modelling to further 

inform novel treatment strategies at tumour relapse. 

In Chapter 3, I describe the design and implementation of targeted sequencing assays 

in a clinically accredited laboratory for children with solid tumours. The capture 

sequencing panels were able to detect accurately genetic alterations including point 

mutations, small insertion and deletions at VAF > 5%, as well as structural variants, 

amplifications and homozygous deep deletions. The design and validation of the first 

version of the paediatric panel led to a manuscript where I am a first author [354]. The 

capture panel covers a total of 78 genes for the first version, and 91 for an expanded 

version. The genes were selected in collaboration with international experts in 

paediatric oncology. This technology was first applied locally in children with cancer 

from the Royal Marsden, and later expanded to the rest of the UK. The clinical 

application of the first 233 patients, described in Chapter 4, has also been published 

in a manuscript on which I am joint first author [383]. The sequencing success rate 

from FFPE samples was 82%, and at least one alteration was detected in 70% of 

sequenced samples with an actionability alteration of 51% of the patients. The 

paediatric panel sequencing assay is now offered to every child from the UK with a 

solid tumour as part of routine diagnostic testing, with a turnaround time of 3-4 weeks 
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from sample dispatch to reporting. The panel has been reviewed by NICE and is 

recommended for the use on clinical biopsy material in children with solid tumours. 

The value of targeted gene sequencing as a practical and cost-effective clinical tool 

to enable improved diagnosis, prognostication and therapeutic stratification for 

children with cancer was demonstrated. 

However, as technology and knowledge of the biology of paediatric cancers evolves, 

more comprehensive genetic characterisation is needed to better define the biology 

of these tumours and obtain the best treatment possible. In this context, the Stratified 

Medicine Programme Paediatrics (SMPaeds), is currently being validated in the UK 

to deliver multi-omics profiling in children and young adults with solid tumours at time 

of relapse or refractory cancers. This approach will support the international 

biomarker-driven trial ESMART. To do this, comprehensive analysis will be performed 

including methylation sequencing using EPIC BeadChip, whole exome sequencing 

(WES), RNA-seq and low coverage whole genome sequencing (lcWGS). These 

approaches complement panel sequencing, with methylation profiling in particular 

critical for accurate diagnostics of brain tumours [20] and increasingly relevant for 

sarcomas [206]. RNA-seq enables the identification of structural variants and 

expression profile assessment, by performing WES alterations in other genes not 

included in the panel would be identified, and lcWGS will is used to detect genome-

wide copy number profile. Furthermore, where sufficient tissue is available, 

concurrent analysis via the National Health Service England WGS programme 

(100,000 Genomes Project) will be compared with SMPaeds genomic and clinical 

data. This approach will provide an unbiased assessment of the clinical utility and cost 

effectiveness of multiple different modalities to enable formal recommendations for 

implementation into routine molecular diagnostics. Similar strategies, (INFORM, 

MAPPYACTS, ITHER, ZERO, and Precision Oncology for Young People Program), 

are conducted by other countries to support national and international precision 

medicine programs for paediatric oncology (INFORM2, ESMART and Paediatric 

MATCH) [267, 269, 270].  

Although precision medicine programmes and specific tumour type trials using novel 

treatment strategies are becoming more available, the lack of “actionable” alterations 

that can be matched to a drug at present remains unfortunately very low. Moreover, 

some of the current trials are not accessible world-wide, which creates an equality 

problem across patients from different geographical locations. Multiple international 
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platforms have emerged to rapidly implement the pre-clinical efforts undertaken into 

the clinic in a systematic manner including the European Innovative Therapies for 

Children with Cancer Paediatric Preclinical Proof of Concept Platform (ITTC-P4) and 

the US Pediatric Preclinical Testing consortium (PPTC). Another challenge that arises 

for the large amount of data generated from multiple platforms is variant interpretation, 

data integration and how to prioritise relevant targets for clinical decision-making. A 

consensus hierarchal algorithm strategy will need to be established to better define 

and assign molecular alterations to targeted therapies.  

The role of genetic predisposition variants in childhood cancer is becoming 

increasingly apparent [13, 14, 253, 363]. Owing to ethical and consent constraints in 

the studies included in this thesis, we were not allowed to report germline variants 

because there was no direct link with a genetics clinic. However, this is extremely 

important and a recognised deficiency of these studies. Ethical approval for 

simultaneous germline variant detection is now in place for routine patient diagnostics 

and is being reported via an accredited genetics clinic at Great Ormond Street 

Hospital so that the appropriate genetic counselling can be provided. 

Through the application of the fusion-panel in the HERBY clinical trial samples, I 

describe in Chapter 4 the identification of a novel internal tandem duplication in the 

NTRK2 gene, predominantly in H3F3A-K27M thalamic glioma. Whilst this alteration 

has not yet been reported in cancer, activating gene alteration through tandem 

duplications are seen involving FGFR1 in paediatric glioma [34] and FLT3 in acute 

myeloid leukaemia [511]. This discovery provides a rationale to examine this type of 

genetic modification in pHGG, supporting the use of NTRK inhibitors for which there 

are existing clinical trials for children with solid tumours with TRK fusions. However, 

as this is a novel variant, further analysis exploring functional characterisation will be 

explored in the Jones lab. In order to decipher the role of NTRK2 tandem duplication, 

gene editing by using CRISPR/Cas9 will be used to knock-out (KO) ITD-NTRK2 in a 

positive-derived model and different isoforms of the ITD-NTRK2 will be knock-in (KI). 

These engineered models will be used to determine pathogenicity, pathway 

modulation and sensitivity to therapeutic agents. For the latter, a high-throughput 

combinatorial screen will be undertaken in collaboration with Mimi Bandopadhayay at 

Dana-Farber Cancer Institute, Boston. In addition, this finding highlights the 

probability that other SVs may be present in these tumours which have up to now 

been missed, which long read sequencing and/or deeper RNA and WGS may help 
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identify. Currently our laboratory is performing a large meta-analysis from 

retrospective data where RNA-seq and/or WGS is available, integrating different 

pipelines of SV detection. 

Whilst sequencing tissue samples of patients is crucial, liquid biopsies offer the 

possibility of a non-invasive source for tumour genotyping and disease monitoring. 

The preliminary findings described in Chapter 5 demonstrate that ctDNA can be 

obtained and tumour variants can be detected in pHGG and DIPG patients from CSF 

and less successfully from plasma. The development of deep sequencing approaches 

with a higher detection rate might increase the utilisation of plasma assessment of 

ctDNA in patients with brain tumours. In this context, in the Hubank lab at the ICR and 

RMH, they are currently developing a bespoke ctDNA panel for paediatric solid 

tumours to be incorporated as part of the diagnostics pipeline. They are using a novel 

technology that combines ultra-deep capture sequencing with unique molecular 

identifiers. By a large-scale validation study, they are comparing tumour and serial 

ctDNA findings in children with cancer to define the clinical utility of ctDNA analysis. 

In my opinion, the incorporation of ctDNA from liquid biopsies in the design of future 

clinical trials will be critical. This has already been applied in adult cancers to monitor 

patient response to treatment and importantly to exploit the emergence of resistance 

alterations to targeted therapies as a consequence of cancer evolution [279, 281, 282, 

284] . Using deep-sequencing of ctDNA at different time-points of the patient disease

will enable clinicians to track the evolution of sub-clonal populations of cancer cell, as 

well as identify acquired mutations that might inform the choice of appropriate 

therapeutics. 

In a prospective biopsy-stratified clinical trial BIOMEDE, which is described in Chapter 

6, the paediatric panel sequencing was used to identify actionable alterations to guide 

therapeutic of choice of DIPG patients at relapse. At least one molecular alteration 

was found in all the patients with 79% patients of the cases with Tier 2B and/or Tier 

3 alterations. Treatment recommendations based on the molecular profiling were 

reported to the treating physician via the UK trial steering group. Currently, the clinical 

information of these patients has not been released to our laboratory, however, as the 

trial data becomes available, patients receiving treatment recommendations 

according to their molecular profile and their clinical outcome will be disclosed as part 

of a future publication. Additionally, although not discussed in the thesis, molecular 

profiling was still performed in patients that were not eligible for the trial and findings 
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still reported to the treating clinician. Notably, in one patient at the Royal Marsden 

Hospital who was ineligible for the trial, HIST2H3A-K27M and ACVR1-G328V 

mutations were identified. Pre-clinical data from the Jones lab has identified in vivo 

efficacy of combined everolimus and vandetanib in ACVR1-mutant DIPG, and Dr 

Fernando Carceller was able to treat this patient with the combination under a 

compassionate use programme. In this patient, the ctDNA panel mentioned above 

has been applied enabling the identification of molecular alterations at longitudinal 

plasma samples. 

The development of patient-specific in vitro and in vivo models in parallel to the patient 

disease allow the testing of molecularly-driven hypotheses in a highly relevant 

biological context. Such pre-clinical initiatives enable the identification and 

confirmation of specific genetic vulnerabilities which may provide novel treatment 

strategies. This has been particularly challenging to do in DIPG as disease 

progression is very rapid and the generation of these models can take a long period 

of time. To expand the scope of personalised medicine, I established patient-derived 

models that recapitulated the original disease from the BIOMEDE trial. Detailed 

molecular profiling (methylation BeadArray, exome, RNAseq) was linked to drug 

screening in newly-established patient-derived models of DIPG in vitro and in vivo 

and is described in Chapter 6. Efficacy to the three compounds of the clinical trial 

(dasatinib, erlotinib and everolimus) was assessed in vitro, resulting to a wide range 

of differential sensitivity across the 2D and 3D models. It remains to be explored 

whether the drug screening conducted in the avatars could have predicted treatment 

efficacy in the original patient. This will be investigated once the clinical data is 

collected and will be incorporated into a manuscript. 

The personalised drug screening evaluated in Chapter 6 was a feasibility study hence 

the low number of drugs tested per patient (n = 11). This is being continuously 

expanded in the Jones lab, currently with a library of 44 compounds, many of which 

are accessible in clinical trials and/or FDA approved. The drugs include a wide range 

of mTOR/PI3K inhibitors, upstream and downstream MAPK inhibitors, cyclin-

dependent kinase (CDK) inhibitors, bromodomain and extra-terminal (BET) inhibitors, 

janus-kinase 2 (JAK2) inhibitors, deacetylases and demethylases inhibitors, MDM2 

inhibitors, and PARP inhibitors amongst others. The drug screening is being 

undertaken in the cultures described in this chapter but also in the more recent models 

that were established from the BIOMEDE trial by other members of the lab. 
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Nevertheless, I was able to identify differential drug sensitivities linked to specific 

genetic vulnerabilities, with such agents currently in clinical trials for children with 

cancer and specifically with DIPG. These include the WEE1 kinase inhibitor 

AZD1775, and the MEK inhibitor trametinib. 

Sensitive models to the WEE1 kinase inhibitor were found to harbour TP53 frameshift 

or stop coding mutations associated with lack of gene expression compared to 

missense or wild-type TP53 cultures. AZD1775 has been described to be a 

radiosensitiser in different tumour types inducing DNA damage [445, 447]. The 

combination of AZD1775 and irradiation will be further explored in vitro and in vivo in 

our DIPG models with distinct TP53 statuses. AZD1775 is a targeted agent included 

the international trial ESMART, with one of the arms including it with the 

chemotherapy agent carboplatin for TP53-mutant tumours. Interestingly, in the 

session “Ordering genomic changes as actionable targets in paediatric cancers” at 

last year’s AACR meeting in Atlanta, some of the results from the ESMART trial were 

presented by Gudrun Schleiermacher. During her talk there was some controversial 

discussion about the utility of TP53 mutation status as biomarker of response to 

AZD1775. I would like to emphasise the importance of validating my findings in a 

larger cohort of samples in order to confirm if the type of TP53 mutation will inform of 

sensitivity to AZD1775 and whether this is associated to a specific tumour type or is 

also observed across any childhood cancer.  

MAPK pathway alterations were found to be biomarkers of response to trametinib, 

including the non-canonical BRAF-G469V mutation, the hotspot PIK3R1-N564D and 

NF1-I1824S. However, treatment of trametinib in the BRAF-G469V CDX model and 

the original patient at relapse failed to elicit a significant response. To better 

understand the mechanism of resistance to trametinib in DIPG, I used the BRAF-

G469V in vitro model to generate resistance to trametinib through continuous drug 

exposure, as described in Chapter 7. To the best of my knowledge this is the first-

time resistant cells have been generated from a patient-derived DIPG model. MEK1/2 

mutations were identified in three independent clones derived from the same parental 

primary culture. Further analysis (RNA-seq and phospho-/total proteomics) identified 

a mesenchymal transition phenotype in the clones which was additionally detected in 

the inherently trametinib-resistant BIOMEDE primary cultures. By contrast, 

glioblastoma proneural biomarkers were enriched in the parental cells as well as in 

the trametinib-sensitive primary cells. Besides the proneural to mesenchymal shift, 
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biomarkers of response to dasatinib were increased in the trametinib-resistant clones 

and trametinib-resistant cultures. This led to the confirmation that there was an 

inverse sensitivity between trametinib and dasatinib cultures as well as inverse 

correlation of their expression profile. I identified a synergistic effect from the 

combination of dasatinib and trametinib as well as ulixertinib and trametinib in the 

resistant clones. This can be promising therapeutic combination for targeting BRAF-

G469V DIPG tumours. There were two other models that also showed sensitivity to 

trametinib harbouring MAPK alterations involving NF1 and PIK3R1, genes that are 

commonly mutated in DIPG. It remains to be explored whether the similar mechanism 

of resistance would emerge in these cultures, and if the combinations found to be 

effective will show a synergistic effect. If this hypothesis can be proved, the 

combinatorial treatment found could be further extended to DIPG tumours with other 

mechanisms of MAPK pathway activation.  

The use of a barcoding library to assign a molecular barcode to each cell has the 

advantage of being able to identify evolutionary processes over time, in response to 

drug treatments for example. This can be used to identify resistant clones, in vitro and 

in vivo, and has the capacity to distinguish if the mechanism was due to pre-existing 

clonal expansion or acquired over time. Unfortunately, although this was a 

methodology I wanted to undertake, due to capacity and time limitations over the 

course of this PhD, I was not able to conduct such experiments. Nevertheless, there 

will be a new PhD student starting in our lab in October 2020 following on from the 

work presented in my thesis, in collaboration with Mimi Bandopadhayay at Dana 

Farber Cancer Institute, Boston. The use of a novel selectable CRISPR-Cas9 

barcoding library (EvoSeq), encompassing 4,000,000 unique guides, will allow for the 

tracking of cell lineages under the challenge of specific targeted-agents including 

MEK inhibitors. The barcodes of the surviving cells from different replicates will be 

compared to the pre-treatment population of cells. If resistance is acquired the 

barcode distribution will be stochastic, however, if resistance emerge from pre-

existing clones the barcode distribution will be very similar amongst the replicates. I 

am currently drafting a manuscript with the results of Chapter 6 and 7, which excitingly 

have been the basis of an awarded grant from Children with Cancer UK to the Jones 

lab. This will allow to expand my work including the implementation of the state-of-art 

methodology described above, CRISPR-cas9 barcoding library, to track resistance in 

vitro and in vitro to MAPK inhibitors. 
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To summarise, I describe the use of panel sequencing in a clinically accredited 

laboratory applied to childhood cancers as well as the use of molecular profiling and 

establishment of patient-derived cell models from several clinical trials in pHGG and 

DIPG. In future clinical trials, the combination of genomic sequencing at biopsy, 

longitudinal liquid biopsy samples to track biomarker of response and identify 

resistance alterations, as well as the establishment of “avatars” to enhance the utility 

of precision medicine will be key strategies towards more successful treatments. With 

the ultimate goal to find cures for children with cancer, the integration of such 

comprehensive studies will be only possible with the collaboration of multidisciplinary 

fields between researchers, pathologists, treating physicians, radiologists, industry 

partners. 
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APPENDIX I 

Appendix Figure 1 Heatmap of SNP genotype from methylation array of the BIOMEDE-UK models. 65 
known commonly variable SNP measured with Minfi are represented from the methylation arrays for 
tumour, in vitro cultures (2D, LAM and 3D NS) and in vivo (PDX and CDX). Models derived from the 
same patient clustered together.  



252 

Appendix Figure 2 Drug response curves of the DIPG cultures derived from BIOMEDE-UK patients. Each 
model derived from one patient is represented in one page (n=11). Surviving fraction is shown on y-axes 
and every drug is represented in each curve (drug range 0-10 µM x-axes) across the models in 2D and/or 
3D. The errors bars represent the standard deviation of the mean, IC50 values for each drug are plotted 
below the graph curve. 
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Appendix Figure 3 Intersection of shared up-regulated and down-regulated targets by RNA-seq, Full 
proteome and phosphoproteomics. (A) Shared differentially expressed genes across the MEK1/2 clones 
compared to the BIOMEDE-169 are shown (left increased expression, righ decreased expression). (B) 
Shared differentially expressed proteins across the MEK1/2 clones compared to the BIOMEDE-169 are 
shown (left increased expression, righ decreased expression). (C) Shared differentially phosphorylated 
proteinsacrossed the MEK1/2 clones compared to the BIOMEDE-169 are shown (left increased 
phosphorylation, decreased phosphorylation). Intersection was done by selecting up-regulated and 
down-regulated genes / proteins and phosprorylation by the log-fold change being greated than 1 and 
less than -1 in any of the three clones for RNA, proteome and phosphoproteome and these three were 
then intersected and shown in the representative heatmps. 
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Appendix Table 1 List of genes included in the Paeds-v1 and Paeds-v2 panels. 

Basis criteria for gene selections are defined according to: Level 1 predictive biomarker, Level 2: 
prognostic biomarker, Level 3: diagnostic biomarker, Level 4: potentially targetable with inhibitors 
available or under development, Level 5: known germline or high-risk SNP, Level 6: research evidence 
only. 

Actionability criteria is defined by: Tier 1: Recognised (FDA/EMA approved) predictive biomarker for 
response to drug in that indication (OncoKB Level 1).Tier 2B recognised standard of care predictive 
biomarker for response in another indication, Tier 3: open clinical trial for predictive biomarker for 
paediatric solid tumours and Tier 4: compelling biological evidence supports biomarker as being 
predictive of response to drug. 

For more detailed information refer to [381] 

Gene v1 v2 Alteration 
Basis 
criteria 

Actionability criteria 

ACVR1 YES YES Mutation Level 2,3,4 4 

AKT1 YES YES Mutation (EK17), amplification Level 4 3 

ALK YES YES Mutation, amplification, translocation Level 1 mutation 3, translocation 2A 

AMER1 YES YES Mutation, deletion Level 3 

APC YES YES Mutation Level 6 

ARID1A YES YES Mutation Level 6 4 

ARID1B YES YES Mutation Level 6 

ASXL1 YES YES Mutation Level 6 

ATM YES YES Mutation/Loss Level 4 3 

ATRX YES YES Mutation, deletion Level 3,4 3 

BARD1 YES NO SNP Level 5 

BCOR YES YES Mutation Level 3,6 

BRAF YES YES Mutation (V600E/K) Level 1,3 2B (V600E, V600K) 

CASC15 YES NO SNP Level 5 

C19MC NO YES Amplification Level 6 

CCND1 NO YES Amplification Level 4 4 

CCND2 NO YES Amplification Level 4 4 

CCNE1 NO YES Amplification Level 4 4 

CDK12 NO YES Mutation Level 6 

CDK4 YES YES Amplification Level 1 3 (amplification) 

CDK6 YES YES Amplification Level 1 3 

CDKN2A YES YES Deletion Level 4 3 

CFL1 YES NO SNP Level 5 

CDKN2B YES YES Deletion Level 4 3 

CHEK2 YES YES Mutation Level 4 3 

CIC NO YES Mutation Level 6 
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CREBBP NO YES Mutation Level 6 

CTNNB1 YES YES Mutation Level 2,4 4 

DAXX NO YES Mutation Level 6 

DDX1 NO YES Amplification Level 6 

DDR2 YES NO Mutation Level 1 3 

DDX3X YES YES Mutation Level 6 

DICER1 YES YES Mutation Level 6 

DROSHA NO YES Mutation Level 6 

EGFR YES YES Mutation, ampflication Level 1 
2B (mutation), 4 
(amplification) 

ERBB2 YES YES Mutation, ampflication Level 1 2B (amplification) 

ERG YES NO Translocation Level 3 

ETV6 YES NO Translocation Level 3 

EWSR1 YES NO Translocation Level 3 3 

EZH2 NO YES Mutation Level 4 3 

FBXW7 YES YES Mutation Level 4 4 

FGFR1 YES YES Mutation, amplification, translocation Level 1 3 

FGFR2 YES YES_ Mutation, amplification, translocation Level 1 3 

FGFR3 YES YES_ Mutation, amplification, translocation Level 1 3 

FGFR4 YES YES_ Mutation, amplification, translocation Level 4 3 

FRS2 NO YES Amplification Level 6 

FUBP1 NO YES Mutation Level 6 

FUS YES NO Translocation Level 3 

GLI2 NO YES Amplification Level 3 

H3F3A YES YES Mutation (K27M, G34R/V) Level 2,3,4 3 

HIST1H3B YES YES Mutation Level 2,3,4 3 

HIST1H3C YES YES Mutation Level 2,3,4 3 

HIST2H3A/C NO YES Mutation Level 2,3,4 3 

HRAS YES YES Mutation Level 4 3 

IDH1 YES YES Mutation (R132X) Level 2,3,4 2B (oncogenic) 

IDH2 NO YES Mutation (R172X) Level 4 2B (oncogenic) 

IGF1R NO YES Amplification Level 4 4 

IGF2 NO YES Amplification Level 6 

IL3 YES NO SNP Level 5 

IL6 YES NO SNP Level 5 

KIT YES YES Mutation, ampflication Level 1 2B 

KMT2D YES NO Mutation Level 6 

KRAS YES YES Mutation Level 4 3 

LMO1 YES NO SNP Level 5 
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MAP2K1 YES YES Mutation Level 4 4 

MAP2K2 YES YES Mutation Level 4 4 

MDM2 YES YES Amplification Level 4 4 

MDM4 NO YES Amplification, mutation Level 6 

MET NO YES Mutation, amplification, translocation Level 1 2B 

MLH1 NO YES Mutation Level 5 

MSH2 NO YES Mutation Level 5 

MSH6 NO YES Mutation Level 5 

MYC NO YES Amplification Level 2,4 4 

MYCL NO YES Amplification Level 6 

MYCN YES YES Amplification, Mutation (P44L) Level 2,4 3 

MYOD1 YES YES Mutation Level 2 

NCOA2 YES NO Translocation Level 3 

NF1 YES YES Mutation, deletion Level 4,5 3 

NF2 NO YES Mutation, deletion Level 4,5 4 

NRAS YES YES Mutation Level 4 3 

OTX2 NO YES Mutation Level 6 

PAX3 YES NO Translocation Level 3 

PAX7 YES NO Translocation Level 3 

PDGFRA YES YES Mutation, ampflication Level 1,2 2B 

PHOX2B YES YES Mutation, SNP Level 5 

PIK3CA YES YES Mutation Level 1 3 

PIK3R1 YES YES Mutation Level 4 3 

PMS2 NO YES Mutation Level 5 

PPM1D YES YES Mutation Level 6 

PTCH1 YES YES Mutation Level 4 4 

PTEN YES YES Mutation Level 4 3 

PTPN11 YES YES Mutation Level 4 

PTPRD YES NO Mutation Level 6 

RB1 YES YES Mutation, deletion Level 3,4 3 

RELA NO YES Translocation Level 2,3,4 

RET YES NO Translocation Level 1 
2B (fusions and oncogenic 
mutations) 

ROS1 YES NO Translocation Level 1 3 (fusions) 

SETD2 YES YES Mutation Level 6 

SMARCA2 NO YES Mutation, deletion Level 6 

SMARCA4 YES YES Mutation, deletion Level 4,5 3 

SMARCB1 YES YES Mutation, deletion Level 4,5 3 

SMO NO YES Mutation Level 1 4 
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SS18 YES NO Translocation Level 3  

SUFU YES YES Translocation Level 3  

TENM3 YES NO Mutation Level 6  

TERT NO YES Mutation, translocation, amplification Level 2  

TP53 YES YES Mutation, deletion Level 2,5 3 

TSC1 YES YES Mutation Level 1 2B 

TSC2 NO YES Mutation Level 1 2B 

WT1 YES YES Mutation Level 3  

YAP1 NO YES Amplification Level 6  

ZHX2 YES NO Mutation Level 6  
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Appendix Table 2 List of the 330 genes included in the pHGG-panel. 

ACVR1 CCNE1 FANCA HIST1H2BD ID1 MDM2 PPM1D SMARCB1 

ADCY1 CCNJ FANCG HIST1H2BE ID2 MDM4 PRKCZ SMARCE1 

AHDC1 CCNK FANCM HIST1H2BF ID3 MET PRKRA SMO 

AKT1 CDC42BPB FBXO10 HIST1H2BG IDH1 MGMT PTCH1 SORBS2 

AKT2 CDK12 FBXW7 HIST1H2BH IDH2 MLH1 PTEN SOX10 

AMER1 CDK16 FEM1A HIST1H2BI IFIH1 MLH3 PTPN11 SRCAP 

APC CDK4 FGFR1 HIST1H2BJ IGF1R MSH2 PTPN12 STAG2 

APOBEC3H CDK6 FGFR2 HIST1H2BK IGF2BP2 MSH5 PTPN23 STAG3 

ARID1A CDKN1B FHOD1 HIST1H2BL IGFBP4 MSH6 PTPRF STMN4 

ARID1B CDKN1C FLT1 HIST1H2BM IGFBP7 MTOR PTPRT SUFU 

ASXL1 CDKN2A FUBP1 HIST1H2BN INO80E MYC PUM1 SUV420H1 

ATF5 CDKN2B GAB2 HIST1H2BO KAT6B MYCN PXDN SUV420H2 

ATG12 CDKN2C GABRP HIST1H3A KDM3A NF1 QKI SUZ12 

ATM CENPB GLI2 HIST1H3B KDM3B NF2 RAB11FIP1 SYVN1 

ATN1 CHAF1A GLI3 HIST1H3C KDM4B NFIB RAB36 TBX3 

ATR CHD5 GNB2L1 HIST1H3D KDM5B NRAS RAD50 TCF7L2 

ATRX CHD7 GOLPH3 HIST1H3E KDM6B NTRK1 RAD51C TEAD2 

AURKB CHEK2 H3F3A HIST1H3F KDR NTRK2 RALGAPB TERT 

AXL CIC HCN1 HIST1H3G KIT NTRK3 RASGRF2 TFR2 

BCOR CNPY4 HDAC1 HIST1H3H KMT2B PALB2 RB1 TLR7 

BCORL1 CRAMP1L HDAC6 HIST1H3I KMT2C PARP10 RERE TOP3A 

BCR CSF1R HECW1 HIST1H3J KMT2D PDGFA RET TP53 

BLM CSPG4 HIST1H1A HIST1H4A KRAS PDGFB ROS1 TP53BP2 

BMP1 CTNNB1 HIST1H1B HIST1H4B LPL PDGFRA RPTOR TSC2 

BMP2 DAXX HIST1H1C HIST1H4C MAFF PIK3AP1 RXFP2 UBA1 

BMP2K DEPDC5 HIST1H1D HIST1H4D MAFK PIK3C2A SALL4 ULK2 

BMP3 DICER1 HIST1H1E HIST1H4E MAP2K4 PIK3C2B SCAF1 UNC80 

BMP8A DROSHA HIST1H1T HIST1H4F MAP2K7 PIK3C2G SETD1A VIL1 

BPTF DSG1 HIST1H2AA HIST1H4G MAP3K1 PIK3CA SETD1B WDR20 

BRAF E2F1 HIST1H2AB HIST1H4H MAP3K13 PIK3CB SETD2 WEE1 

BRCA1 EGFR HIST1H2AC HIST1H4I MAP3K15 PIK3R1 SF3A1 WNT11 

BRCA2 EIF3A HIST1H2AD HIST1H4J MAP3K4 PIK3R2 SF3A2 WNT2 

BRD4 ELMO3 HIST1H2AE HIST1H4K MAP3K6 PIK3R5 SF3A3 WNT7B 

BRIP1 ENC1 HIST1H2AG HIST1H4L MAP3K9 PIM1 SF3B1 WNT8A 

BUB3 EPHB3 HIST1H2AI HIST2H2AA3 MAPK7 PLAGL2 SF3B2 WNT9A 

CBL ERBB2 HIST1H2AJ HIST2H2AA4 MAPKAPK2 PLCG1 SF3B3 ZKSCAN7 

CBX4 ERBB3 HIST1H2AK HIST2H2AB MAPKAPK3 PML SHKBP1 

CC2D1A ERBB4 HIST1H2AL HIST2H2AC MARS PMS1 SHROOM4 

CCNA1 ERCC3 HIST1H2AM HIST2H3C MAX PMS2 SMAD7 

CCNB3 ESPL1 HIST1H2BA HNRNPUL1 MCM2 POLK SMARCA2 

CCND1 ETV6 HIST1H2BB HRAS MCM5 POLQ SMARCA4 

CCND2 EZH2 HIST1H2BC HUWE1 MCM8 POLR1B SMARCA5 
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 Appendix Table 3 List of primers and probes used for ddPCR 

Appendix Table 4 STR profiling of DIPG BIOMEDE-UK samples. The table includes the tissue (FF, fresh frozen), blood and in vivo primary cultures (2D and 3D). 

ID Tyoe D21S11 TH01 TPOX VWA AMEL CSF1PO D16S539 D7S820 D13S317 
D5S81
8 

B117 FF 29, 30 6, 9.3 8 18 XY 12 11, 12 11, 12 11 11 

B117 Blood 29, 30 6, 9.3 8 15, 18 XY 12 11, 12 11, 12 11 11 

B117 2D 29, 30 6, 9.3 8 18 XY 12 11 12 11, 12 11 11 

B117 3D 29,30 6,9.3 8 18 X,Y 12 11,12 11,12 11 11 

B134 FF 28 9.3 8, 9 20 X 10, 12 8, 11 9, 11 9, 13 9, 11 

B134 Blood 28, 29 9.3 8, 9 14, 20 X 10, 12 8, 11 9, 11 9, 13 9, 11 

B134 2D 28, 29 9.3 8, 9 14, 20 X 10, 12 8, 11 9, 11 9, 13 9, 11 

B134 3D 28 9.3 8, 9 20 X 10, 12 8, 11 9, 11 9, 13 9, 11 

Assay FW RV WT-probe Dye Mutant-probe Dye 

H3F3A-K27M GGTAAAGCACCCAGGAAG CAAGAGAGACTTTGTCCC TC+GC+A+A+GA+GT+GC HEX TC+GC+A+T+GA+GTGC FAM 

BRAF-V600E CATGAAGACCTCACAGTAAAAATAGGTGAT TGGGACCCACTCCATCGA CTAGCTACAGTGAAATC VIC TAGCTACAGAGAAATC FAM 

IDH1-R132G CTTGTGAGTGGATGGGTAAAACCTA CACATTATTGCCAACATGACTTACTTGAT AAGCATGACGACCTATG VIC AAGCATGACCACCTATG FAM 

IDH1-R132H CTTGTGAGTGGATGGGTAAAACCTA CCAACATGACTTACTTGATCCCCATA CATCATAGGTCGTCATGC VIC ATCATAGGTCATCATGC FAM 

TP53-R282W GCTTTGAGGTGCGTGTTTGTG CTTTCTTGCGGAGATTCTCTTCCT TGCGCCGGTCTCT VIC TGCGCCAGTCTCT FAM 

PIK3CA-E542K GGGAAAATGACAAAGAACAGCTCAA GCACTTACCTGTGACTCCATAGAAA CCTCTCTCTGAAATCA VIC CCTCTCTCTAAAATCA FAM 

PIK3CA-H1047R GCAAGAGGCTTTGGAGTATTTCATG GCTGTTTAATTGTGTGGAAGATCCAA CCACCATGATGTGCATC VIC CACCATGACGTGCATC FAM 
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B121 FF 29, 30 7, 8 8, 11 15, 16 X 11, 12 9, 11 12 8, 12 11 

B121 Blood 29, 30 7, 8 8, 11 15, 16 X 11, 12 9, 11 12 8, 12 11 

B121 2D 29,30 7,8 8,11 15,16 X 11,12 9,11 12 8,12 11 

B128 FF 28, 32.2 7 8 14, 17 XY 12 11, 12 9 8 11, 12 

B128 Blood 28, 32.2 6, 7 8 14, 17 XY 12 11, 12 9 8 11, 12 

B128 2D 28,30.2 7 8 14,17 X,Y 11,12 11,12 9 8, 11,12 

B169 FF 29,30 7,9 8 16,18 X 10,14 9,11 10,11 11,14 11,12 

B169 Blood 29,30 7,9 8 16,18 X 10,14 9,11 10,11 11,14 11,12 

B169 2D 29,30 9 8 16,18 X 10,13 10,11 10,11 11 11,12 

B169 3D 29,30 9 8 16,18 X 10,14 11 10,11 11 11,12 

B181 Blood 29,32.2 9.3 8,11 15,16 X 12 11 8,9 8,9 12 

B181 2D 29,32.2 9.3 8,11 15,16 X 12 11 8,9 8,9 12 

B181 3D 29,32.2 9.3 8,11 15,16 X 12 11 8,9 8,9 12 

B184 FF 28,31 7 8,11 15,19 X 10,11 9,13 7,11 9,11 12,13 

B184 Blood 28,31 7 8,11 15,19 X 10,11 9,13 7,11 9,11 12,13 

B186 FF 28,29 6 8 16,18 X 12 11,12 8,11 11 11,12 

B186 Blood 28,29 6,7 8 16,18 X 12 11,12 8,11 11 11,12 

B186 2D 28,29 6 8 16,18 X 12 11,12 8,11 11 11,12 

B193 FF 30,35 6 11 15,16 X,Y 7,12 11,12 10 11,12 12,13 

B193 Blood 30,35 6,9 11 15,16 X,Y 7,12 11,12 10 11,12 12,13 

B193 2D 35 6 11 15,16 X,Y 7,12 11 9,10 12 12,13 

B193 3D 35 6 11 15,17 X,Y 7,12 11,12 9,10 12,13 12,13 

B194 Blood 27,30 7 8,11 18,19 X 9,12 11,13 8,10 8,12 12 

B194 2D 27,30 7 8,11 18,19 X 9,12 11,13 8,10 8,12 12 

B194 3D 27,30 7 8,11 18,19 X 9,12 11,13 8,10 12 12 

B198 FF 29,31 7,9 9,11 16,17 X,Y 11,13 9,12 10,12 11 11,14 

B198 Blood 29,31 7,9 9,11 16,17 X,Y 11,13 9,12 10,12 11 11,14 

B198 3D 29,31 7,9 9,11 16,17 X,Y 11,13 9,12 10,12 11 11,14 
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ABSTRACT

The implementation of personalised medicine in childhood cancers has been 
limited by a lack of clinically validated multi-target sequencing approaches specific 
for paediatric solid tumours. In order to support innovative clinical trials in high-risk 
patients with unmet need, we have developed a clinically relevant targeted sequencing 
panel spanning 311 kb and comprising 78 genes involved in childhood cancers. A total 
of 132 samples were used for the validation of the panel, including Horizon Discovery 
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cell blends (n=4), cell lines (n=15), formalin-fixed paraffin embedded (FFPE, n=83) 
and fresh frozen tissue (FF, n=30) patient samples. Cell blends containing known 
single nucleotide variants (SNVs, n=528) and small insertion-deletions (indels 
n=108) were used to define panel sensitivities of ≥98% for SNVs and ≥83% for 
indels [95% CI] and panel specificity of ≥98% [95% CI] for SNVs. FFPE samples 
performed comparably to FF samples (n=15 paired). Of 95 well-characterised genetic 
abnormalities in 33 clinical specimens and 13 cell lines (including SNVs, indels, 
amplifications, rearrangements and chromosome losses), 94 (98.9%) were detected 
by our approach. We have validated a robust and practical methodology to guide 
clinical management of children with solid tumours based on their molecular profiles. 
Our work demonstrates the value of targeted gene sequencing in the development of 
precision medicine strategies in paediatric oncology.

INTRODUCTION

Cancer remains the leading cause of death due 
to disease in children aged >1 year [1]. Cure rates for 
paediatric solid tumours have not substantially improved 
in the past decade with patients having recurrent disease 
performing particularly badly, reflecting the limitations of 
current approaches that employ intensive chemotherapy, 
surgery and radiation [2–4]. In adults, the stratification 
of patients by genetic profiling using high throughput 
sequencing has supported adaptive clinical trials [5, 6], 
and there is an urgent need to translate such opportunities 
to the treatment of childhood disease.

The genomic landscape of paediatric cancer is 
becoming increasingly well-defined leading to the 
conclusion that childhood cancers have in general fewer 
somatic mutations than adults, but that mutations in 
epigenetic regulators occur at a higher incidence [7–
17]. Key recent findings include recurrent mutations 
in the genes encoding histones 3.3 and 3.1 (H3F3A 
and HIST1H3B) as well as the activin A receptor type I 
(ACVR1) that are unique to paediatric high-grade glioma 
(pHGG) and diffuse intrinsic pontine glioma (DIPG) [18–
20]. Similarly, ATRX mutations, TERT rearrangements and 
MYCN amplification define mutually exclusive molecular 
subgroups of neuroblastoma, all of which are associated 
with poor prognosis [21–23]. The newly proposed 
molecular-based medulloblastoma sub-classification 
defines subgroups, each of which potentially requires a 
tailored therapeutic strategy [7, 11, 24].

Despite our improved knowledge of somatic 
alterations in paediatric cancers, precision medicine 
remains unavailable for the majority of patients. For 
example, a small number of early-phase paediatric trials 
are recruiting children whose tumours harbour genetic 
alterations including ALK genomic alterations (mutations, 
amplifications or translocations) that can be treated with 
ALK inhibitors and BRAF V600 mutant tumours that can 
be treated with BRAF or MEK inhibitors.

In addition, there is now an extensive list of 
recurrent genetic alterations with potential diagnostic, 
prognostic or predictive value, and sequential testing 

of single genes using standard methods has become 
unfeasible due to lack of available material and high 
costs. High-throughput sequencing (also known as next 
generation sequencing or NGS) offers a solution to these 
issues. In particular, panel-based NGS assays which 
simultaneously sequence a targeted set of genes with 
recurrent alterations, associated with known clinical 
or biological implications are cheaper, less challenging 
in terms of interpretation and more suited to clinical 
diagnostics than current approaches [25]. Despite this, 
development and validation of high throughput gene 
panel sequencing is challenging. Typically, DNA is 
only available from formalin-fixed, paraffin-embedded 
(FFPE) samples, which yields relatively poor quality 
DNA. DNA extraction and library construction to 
clinical laboratory standards requires optimisation, and 
it is necessary to construct a standardised informatics 
pipeline that identifies and interprets actionable 
mutations. Appropriate and rapid clinical reporting of 
identified variants and incorporation of the results into 
the electronic patient records also need to be considered 
if molecular stratification of childhood cancer is to 
be successfully translated to the clinic [26]. There are 
several examples of validation and implementation 
of targeted sequencing in adult cancer [27–30]. In 
the past two years, several approaches using high-
throughput sequencing have been applied for clinical 
decision-making in children with solid tumours [31–
34], however a clinically validated panel specifically 
targeting recurrent alterations in childhood cancers using 
archival FFPE specimens would significantly assist the 
development of molecular stratification strategies in 
paediatric oncology.

Here we describe the development and validation, 
within an accredited clinical pathology laboratory (CPA 
UK), of a paediatric solid tumour sequencing panel 
for use with either routine FFPE or fresh frozen (FF) 
samples. As part of the validation, we established overall 
performance, sensitivity, specificity, repeatability, 
reproducibility, accuracy and limit of detection, 
following guidelines previously described for validation 
of genetic tests [35].
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RESULTS

Selection of panel content

The panel design covers a total of 78 genes (Table 1), 
either recurrently altered in paediatric cancers or clinically 
actionable in adult cancers and with potential application in 
childhood solid tumours. The genes were selected in wide-
collaboration with national experts in paediatric oncology 
patient care covering all areas of paediatric solid tumours 
(glioma, medulloblastoma, bone sarcomas, soft tissue 
sarcomas, renal tumours and neuroblastoma among others). 
Targets were chosen by consensus based on most clinically 
relevant aberrations including: i) predictive biomarker (level 
1), prognostic biomarker (level 2), diagnostic biomarker (3) 
potentially targetable biomarkers with inhibitors available 
or under development (level 4), known germline or high 
risk single nucleotide polymorphism (level 5) or unclear 
significance, research only (level 6). Factors influencing the 
choice of targets included: childhood tumour type where 
alterations have been reported, molecules targeting these 
genes and clinical trials available for children with solid 
tumours (Supplementary Table 1A). A library of customized 
biotinylated DNA probes was designed to capture a total 
of ~311(kilobase) kb for the detection of single nucleotide 
variants (SNVs), short insertion-deletions (indels), 
copy number variations and structural rearrangements 
(Supplementary Table 1B). Exons were padded with 5 base 
pairs (bp) of intronic sequence to increase exon depth and for 
detection of splice-site variants.

Panel validation

Research use of sequence capture assays has 
become common, but basing clinical care on gene panel 
sequencing results requires confident calling of both 
variant and non-variant sequence, and a full understanding 
of the performance of the assay. Implementation in the 
clinic therefore requires robust validation in an accredited 
laboratory.

To validate the paediatric gene panel, we followed 
the standardised framework for clinical assay validation 
set out by Mattocks et al. [35]. We determined overall 
performance of the panel across the target regions, 
measuring precision, sensitivity and specificity. As 
a standard, we used a set of four Horizon cell blends 
previously characterized by NGS and droplet digital 
PCR (ddPCR) (Supplementary Table 2A and 2B) and 
15 paediatric cell lines with known variants. For further 
validation, we performed capture and sequencing on 83 
FFPE and 30 FF clinical samples (Supplementary Table 3).

Overall performance

Overall, the panel performed well, with over 96% 
of 901 regions of interest achieving specification. Only 

24 (2.7%) regions were classified as underperforming 
across the four cell blends and five FFPE samples, with 
read depth lower than 2 x standard deviation (SD) of the 
mean based on log2 (Supplementary Table 4A and 4B). 22 
of 24 underperforming regions were located within highly 
GC-enriched regions, which are known to be refractory to 
efficient hybridization and/or amplification (Figure 1 and 
Supplementary Table 4C).

Quality and coverage metrics were generated 
across all samples (Supplementary Tables 5 and 6). The 
average total number of reads was 8.8x106 (SD=3.1x106) 
for FFPE and 7.9x106 (SD=3x106) for high molecular 
weight (HMW) samples (FF and cell lines). The 
percentage mapped (96.1±3.9 for FFPE vs 97.3±2.5 for 
high molecular weight samples) and percentage of bases 
from unique reads on target (45.9±3 for FFPE vs 42.7±2.4 
for HMW) was very similar for both FFPE and HMW 
samples. Duplicates were higher in FFPE samples (60.2% 
for FFPE vs 36.1% for HMW). The overall mean depth 
was 698 ± 365 for FFPE vs 899 ± 347 for HMW (Table 2).

Limit of detection

To determine the limit of detection, SNVs present 
in the cell blends at known variant allele frequency (VAF) 
were used. The pipeline detected all 61 SNVs including 
33 SNVs with an expected VAF of 4-5%. 15/17 expected 
indels were detected. Of the two indels not detected, one 
was 18 bp in length at an expected VAF of 4.2%, whilst the 
other was 2 bp at 5% VAF (Figure 2 and Supplementary 
Table 7A). We therefore established a minimum threshold 
of 5% VAF in the analysis pipeline, which allows for 
detection of a heterozygous mutation when >10% 
neoplastic cells are present in the tumour sample.

Assessment of precision

To measure precision, we took advantage of natural 
variants present as intrinsic “background” SNVs and 
indels in the captured regions from the four cell blends. 
Precision was assessed by comparing the alterations 
expected with those detected to obtain within run-
precision (repeatability), and between run-precision data 
(intermediate precision). Variants ≤ 5% in all four blends 
and within poor performing regions were excluded leaving 
a total of 528 SNVs (132 variants in 4 blends) and 108 
indels (27 indels in 4 blends) for analysis. All of the 528 
SNVs and 90 out of 108 (83%) indels were detected 
(Supplementary Table 8).
Repeatability

Pairwise correlation of VAF between runs was 
r2≥0.994 [95%CI:0.991-0.996] for SNVs and r2≥0.785 
[95%CI:0.652-0.919] for indels (Supplementary Figures 1 
and 2) indicating that the panel accurately reproduces data 
from independently prepared samples on the same run.
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Intermediate precision

Pairwise correlation was r2≥0.995 [95%CI:0.993-
0.997] and overall correlation was r2=0.996 [95%CI:0.995-
0.997] for SNV detection. For indels pairwise correlation 
was r2≥0.827 [95%CI: 0.716-0.937] and overall 
correlation was r2≥0.875 [95%CI:0.829-0.921] (Table 3 
and Supplementary Figures 3 and 4) indicating that the 
panel accurately reproduces data from repeat samples on 
different runs.

Assessment of sensitivity and specificity

To determine sensitivity we used the same 
background 528 SNVs and 108 indels, together with the 
known cancer-specific variants (61 SNVs and 17 indels) 
from the four cell blends. SNVs and indels were called 
and their presence was compared to the list of variants 
expected in the capture regions from the cell blends 
(Supplementary Tables 7A and 8). All the SNVs were 
detected, resulting in a sensitivity of ≥98% [95%CI:0.98-
1]. From the 108 background indels, 18 were not detected, 
as were 2 of the cancer-specific indels, obtaining a 
sensitivity of ≥83% [95%CI:0.761-0.897]. True Positive 
(TP) of all SNVs = 589; False-Negative (FN) of all SNVs 

= 0. TPs of all indels = 105; FNs of all indels = 20. The 
undetected indels were manually checked on Integrative 
Genomics Viewer (IGV). We observed that 12 of 20 were 
located +4 bp upstream of the exon (our bed file covers ±5 
bp), four had poor coverage, two fell in highly repetitive 
regions and one was a long indel (18bp).

To determine specificity, we used the cancer-specific 
data from the four cell blends harbouring a total of 61 
true positive and 87 true negative SNVs (Supplementary 
Table 7B). There were insufficient true negatives (n=3) 
to determine specificity for indels. SNVs were called 
and their presence was compared to the list of variants 
expected in the capture regions from the cell blends. 
The specificity of cancer-specific SNVs was ≥98% 
[95%CI:0.946-1]. Positive-Predictive Value (PPV) was 
≥98% [95%CI:0.926-1] and the Negative-Predictive Value 
(NPV) was ≥98% [95%CI:0.946-1].

The range of VAF for the SNVs detected by 
our pipeline, including the background and the cancer 
specific variants (528 + 61 = 589), was 23% at ≥ 50% 
VAF (134/589), 35% at 50-20% of VAF (207/589) and 
42% at < 20% (248/589). The range of VAF for the indels 
detected by our pipeline including the background and 
cancer specific indels (90 + 15 = 105) was 0% at > 50% of 
VAF (0/105), 31% at 50-20% of VAF (33/105) and 69% 

Table 1: Gene panel list including 78 genes recurrently altered in paediatric cancers or clinically actionable

ACVR1 CTNNB1 IL3 PPM1D

AKT1 DDR2 IL6 PTCH1

ALK DDX3X KIT PTEN

AMER1 DICER1 KMT2D PTPN11

APC EGFR KRAS PTPRD

ARID1A ERBB2 LMO1 RB1

ARID1B ERG MAP2K1 RET

ASXL1 ETV6 MAP2K2 ROS1

ATM EWSR1 MDM2 SETD2

ATRX FBXW7 MYCN SMARCA4

BARD1 FGFR1 MYOD1 SMARCB1

BCOR FGFR2 NCOA2 SS18

BRAF FGFR3 NF1 SUFU

CASC15 FGFR4 NRAS TENM3

CDK4 FUS PAX3 TP53

CDK6 H3F3A PAX7 TSC1

CDKN2A HIST1H3B PDGFRA WT1

CDKN2B HIST1H3C PHOX2B ZHX2

CFL1 HRAS PIK3CA  

CHEK2 IDH1 PIK3R1  
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<20% (72/105). The range of VAF for the cancer specific 
variants detected by the NGS panel was in line with the 
manufacturer’s specifications.

Performance and variant detection comparison 
in paired FF-FFPE clinical samples

To assess the performance of the panel on real 
clinical material we compared 15 paired clinical DNA 
samples isolated from both FF and FFPE samples. For 
the FFPE samples, we obtained an average of 93.4% ± 
5.42% and 80.3% ± 20.3% of targeted positions covered 
at depths of ≥ 100x and ≥ 250x respectively. The overall 
mean depth for FFPE was 785 ± 333. Overall percentage 
of bases from unique reads on target for FFPE was 47.6% 
± 2.3%. For FF samples, we obtained an average of 96.6% 
± 0.6% and 90.9% ± 1.9% of targeted positions covered 
at depths of ≥ 100x and ≥ 250x respectively. The overall 
mean depth for FF was 977 ± 142. Overall percentage 
of bases from unique reads on target for FF was 44% ± 
2.2%. As expected, duplicates were substantially lower in 
FF samples (54.5% for FFPE vs 29.9% for FF). Insert size 
for the library pre-capture DNA was 285 bp ± 24 for FFPE 
and 326 bp ± 24 for FF (Table 4).

VAFs found in the paired FF-FFPE samples 
were compared, obtaining an overall correlation of r2 = 
0.983 (95%CI: 0.984-0.985; p<0.0001) (Figure 3 and 
Supplementary Figure 5). A total of 42.3% (5562/13146) 
variants were detected in FF but not in FFPE, of which 
78.1% (4346/5562) had VAF below 5%, with 17.6% 
(982/5562) having VAF between 5-10%. Less than 5% 
variants missed in FFPE samples were present in FF at 
VAF above 10%.

Conversely, a total of 8.2% (1084/13146) variants 
were detected in FFPE but not in FF, of which 50.8% 

(551/1084) had VAF below 5%, with 33.2% (360/1084) 
having VAF between 5-10%, and the remaining 16.0% 
(173/1084) were present in FFPE only at VAF above 
10%.

Detection of known variants in paediatric 
samples

To assess the ability of the panel to detect known 
variants in clinical samples, we performed a variant 
analysis of 41 paediatric samples with 90 known genetic 
abnormalities (30 alterations in 13 cell lines and 60 
alterations in 14 FFPE and 14 FF samples with known 
genetic alterations identified by routine testing): 50 SNVs, 
including mutations in TP53, ALK, CTNNB1, DDX3X, 
SMARCA4, one duplication (BRAF p.Thr599dup), 7 indels 
including DDX3X and TP53, 13 amplifications including 
MYCN and CDK4, and 19 chromosome/gene losses, for 
example chr 9q loss including loss of PTCH1 and TSC1. 
100% of the variants interrogated by the panel were 
successfully detected (Tables 5 and 6 and Supplementary 
Table 9).

Detection of rearrangements

Five sarcoma FFPE samples were included in 
the analysis where translocations had previously been 
detected by RT-qPCR involving EWSR1. Rearrangements 
in EWSR1 were detected in four out of the five FFPE 
samples (80%) leading to fusion genes of EWSR1 with 
partners ATF1 (detected in two samples), FLI1 and 
CREB1 (Supplementary Figure 6). The fusion not detected 
was EWSR1-NR4A3. This is too small a sample to confirm 
validation of the panel for detection of translocations at 
this stage and further work is in progress.

Figure 1: Bar plot showing GC content in the 901 regions captured by the panel. The plot is ordered from low to high GC-
content of each region captured. Red bars highlight the underperforming regions (24/901), mainly located within GC-enriched regions.
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DISCUSSION

Targeted therapies are already the standard of 
care for several molecular subgroups of adult cancers. 
EGFR mutations or ALK rearrangements in lung cancer, 
BRAF V600E mutations in metastatic melanoma and 
breast cancer patients harbouring HER2 amplifications 
are examples of therapeutic biomarkers routinely used 
in the adult population [36–38]. The implementation of 
personalised medicine in paediatric oncology has remained 
challenging partly due to the low incidence of childhood 
cancer, accessibility of drugs and regulatory hurdles [39]. 
Nevertheless, the understanding of genetics in childhood 
cancer over the last decade has improved thanks to 
large sequencing initiatives across the world [31–33]. 
The updated World Health Organization Classification 
(WHO) classification of brain tumours based on molecular 
features is a clear example of the huge impact of applying 
molecular profiling to guide diagnosis and treatment with 
the potential to improve outcomes in childhood cancers 
[40].

We have developed an NGS targeted sequencing 
based diagnostic test to accurately detect clinically 

relevant genomic alterations across 78 cancer genes 
in routine FFPE as well as FF paediatric samples. The 
overall performance of our assay was excellent; from the 
901 regions captured only 24 (<3%) failed the quality 
control metrics mainly as a result of being located in GC-
rich regions, and should be noted for future panel design. 
VAF for known SNVs and indels were very similar in 
within-run and between-run replicates, demonstrating 
that the assay is repeatable and reproducible. SNVs 
were detected at a wide range of VAFs simulating the 
heterogeneity expected in cancer samples including 33 
SNVs with an expected VAF of 4-5%. The detection 
of variants at low VAF is crucial, especially in samples 
with a low neoplastic cell content. Sensitivity was ≥98% 
for SNVs and ≥83% for indels and specificity ≥98% for 
SNVs. False-negative calls were mostly indels at low 
VAF (≤5%) and predominantly occurred at splice sites. 
Variants were analysed in exons and the surrounding 5 
bp, but were not reported by our pipeline if they occurred 
outside ±2 bp of the coding region. This could be solved 
expanding the sequence covered by bed file at intron:exon 
boundaries, but the relevance of these variants remains 
unclear. There is currently no consensus as to the most 

Figure 2: Comparison of known variant allele frequencies by droplet digital PCR (x axis) against variant allele 
frequency obtained by NGS (y axis) for all cancer-specific variants (61 single nucleotide variants, SNVs and 17 
insertion-deletions, indels). Overall correlation was r2=0.969 [95% CI: 0.975-0.990; p<0.0001].

Table 2: Average quality metrics across all samples. Data expressed as means ± standard deviation

 Total reads Percentage of 
reads mapped

Percentage of 
duplicates

Percentage of 
unique on target Mean depth

FFPE (n=83) 8.8x106±3.1x106 96.1±3.9 60.2±13.7 45.9±3 698±365

FF and cell lines 
(n=49) 7.9x106 ±3x106 97.3±2.5 36.1±9.7 42.7±2.4 899±347
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appropriate minimum region of interest to cover at 
splice sites for clinical reporting and in many cases the 
biological meaning of these mutations are unknown. The 
latest guidelines recommend calling likely disrupted gene 
function in nonsense, frameshift, canonical ±1 or ±2 splice 
sites, initiation codon, and single exon or multi-exon 
deletion, all of which would be covered with our current 
pipeline [41].

We also compared the performance of paired FFPE-
FF specimens obtaining comparable quality metrics 
between both tissue types, as well as a high overall 
correlation of VAF. This is particularly important as most 
clinical samples routinely available are derived from FFPE 
tissue where nucleic acid quality is generally compromised 
and chemically challenged, leading to DNA degradation 
and potential deamination or oxidation artefacts. The 

discrepancies of the variants observed between FFPE 
and FF were mainly at low VAF, below or at the lower 
limit of detection of our approach. The discrepancies of 
the variants above 10% could be explained by variation 
in neoplastic cell content between FF and FFPE and intra-
tumour heterogeneity leading to sub-clonal alterations. 
Three of the samples with more striking differences 
were brain tumours which are well known as highly 
heterogeneous tumours [42, 43].

We verified the accuracy of our NGS approach in 
cell lines and clinical specimens (FFPE and FF) containing 
known genetic abnormalities previously characterized by 
other methodologies and obtained a high concordance (r2 = 
0.983). The FFPE and FF samples used for the validation 
were a cohort of specimens from several hospitals across 
the world. We obtained reproducible and accurate results 

Table 3: Pairwise correlation of (A) single nucleotide variants (SNVs) and (B) insertion-deletions (indels) for each of 
the 4 cell blends with identical background variants between the two runs

A Samples Correlation Standard Error Lower 95%CI Upper 95%CI

Tru-Q1-HD728-T 0.995 0.001 0.993 0.997

Tru-Q2-HD729-T 0.996 0.001 0.995 0.997

Tru-Q3-HD730-T 0.996 0.001 0.995 0.998

Tru-Q4-HD731-T 0.997 0.001 0.995 0.998

B Samples Correlation Standard Error Lower 95%CI Upper 95%CI

Tru-Q1-HD728-T 0.912 0.03 0.853 0.971

Tru-Q2-HD729-T 0.905 0.032 0.842 0.969

Tru-Q3-HD730-T 0.858 0.047 0.766 0.951

Tru-Q4-HD731-T 0.827 0.057 0.716 0.937

Figure 3: Overall correlation of variant allele frequency (VAFs) found between the 15 formalin-fixed paraffin 
embedded (x axis) and fresh frozen (y axis) paired samples.
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Table 4: Comparison of quality metrics between formalin-fixed paraffin embedded (FFPE) and fresh frozen (FF) 
matched samples (n=15) 

 Total reads Percentage of 
reads mapped

Percentage of 
duplicates

Percentage of 
unique on target Mean depth

FFPE (n=15) 8.7x107±3.4x106 95.5±2.2 54.5.2±9.2 47.6±2.3 785±333

FF (n=15) 7.7x106 ±1.2x106 98.6±0.7 29.9±6.9 44.2±2.2 977±142

Data expressed as means ± standard deviation.

Table 5: Known variants in paediatric cancer cell lines were compared against capture sequencing from the Cancer 
Cell Line Encyclopaedia and other published data

Cell line ID Gene Alteration Detected Allele frequency 
expected Allele frequency observed

Be(2)C TP53 p.C135F YES no data available 100%
Be(2)C MYCN AMPLIFICATION YES not applicable not applicable
CCA KRAS p.Q61L YES no data available 29%
IMR32 ATM p.V2716A YES 59% 59%
IMR32 MYCN AMPLIFICATION YES not applicable not applicable
KELLY ALK p.F1174L YES 39% 32%
KELLY MAP2K1 p.A390T YES 48% 47%
KELLY TP53 p.P177T YES 93% 99%
KELLY MYCN AMPLIFICATION YES not applicable not applicable
LAN1 ALK p.F1174L YES no data available 47%
LAN1 TP53 p.C182* YES no data available 99%
LAN1 MYCN AMPLIFICATION YES not applicable not applicable
LAN5 ALK p.R1275Q YES no data available 50%
LAN5 MYCN AMPLIFICATION YES not applicable not applicable

NBLS NF1 splice_acceptor_
variant c.6705-1G>T YES no data available 42%

RD ATM† p.D273N YES 17% 2%
RD NF1 p.E977* YES 56% 59%
RD NRAS p.Q61H YES 68% 61%
RD TP53 p.R248W YES 100% 100%
RH30 CDK4 AMPLIFICATION YES not applicable not applicable
RH41 APC p.M526L YES 60% 59%
RH41 TP53 p.P152fs YES 100% 100%
RMS559 FGFR4 p.V582L YES no data available 76%
SKNAS NRAS p.Q61L YES 45% 46%
SKNAS RB1 p.L477P YES 47% 31%
SKNAS TP53 DEL exons 10,11 YES not applicable not applicable
SKNSH NRAS p.Q61L YES 15% 23%
SKNSH SMARCA4 p.R973T YES 32% 45%
SKNSH CHEK2 p.T410fs YES 59% 44%
SKNSH ALK p.F1174L YES no data available 36%

†ATM mutation in this cell line is subclonal and variation in AF is expected with on-going passages.
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from different quality samples processed in different 
pathology laboratories, demonstrating the value of this 
approach for the development of national and international 
clinical trials in paediatric oncology.

Our data shows that this NGS approach can detect 
structural variants, including amplifications, deletions and 
chromosomal rearrangements. These types of variants are 
not generally detected with commercial amplicon-based 
NGS panels, despite being of critical importance for the 
clinical management and diagnosis of paediatric patients 
(e.g. MYCN amplification in neuroblastoma, EWSR1 in 
Ewing’s sarcoma). Only one out of five chromosomal 
rearrangements involving EWSR1 was not identified by 

the assay which could be due to the lack of coverage 
at the intronic genomic location of the breakpoint. As 
expected, this is one of the limitations of the methodology, 
as capturing intronic regions commonly involved in 
translocations poses challenges associated to the presence 
of repetitive sequence elements. This can be partially 
overcome by including capture baits for the breakpoint 
regions of the most common partner genes involved in the 
translocations.

In summary, we have developed a robust clinical 
test that can detect SNVs, small indels, copy number 
variation and with high reproducibility and repeatability 
in routine clinical FFPE samples from a variety of centres. 

Table 6: Known variants in paediatric FFPE (n=14) and FF (n=14) samples were compared against other platforms 
such as RNA seq, 450k array, Sanger Sequencing and FISH

Genes with alterations detected by other 
methodologies Alteration Tumour type Total cases 

expected
% of cases 
detected

DDX3X SNV and indel Medulloblastoma 6 100

PTCH1 SNV and indel Medulloblastoma 5 100

TP53 SNV and indel Medulloblastoma 3 100

MYCN SNV Medulloblastoma 2 100

MYCN Amplification
Neuroblastoma (n=3) 

Medulloblastoma 
(n=4)

7 100

CTNNB1 SNV Medulloblastoma 5 100

H3F3A SNV Glioma 3 100

SMARCA4 SNV Medulloblastoma 3 100

BRAF SNV Glioma 2 100

ALK SNV Neuroblastoma 1 100

HIST1H3B SNV Glioma 1 100

AKT1 SNV Medulloblastoma 1 100

ACVR1 SNV Medulloblastoma 1 100

PIK3CA SNV Medulloblastoma 1 100

MLL2 SNV Medulloblastoma 1 100

chr 9q - (PTCH1, TSC1) loss Medulloblastoma 5 100

chr 10- (PTEN, SUFU, FGFR2) loss Medulloblastoma 4 100

chr 6- (HIST1H3B, HIST1H3C, ROS1, ARID1B) loss Medulloblastoma 2 100

chr 9- (CDKN2A/B, PTHC1, TSC1) loss Medulloblastoma 2 100

chr12- (MLL2, CDK4) loss Medulloblastoma 1 100

ATM LOH loss Medulloblastoma 1 100

chr 3p- (CTNNB1, STED2) loss Medulloblastoma 1 100

chr17- (TP53, NF1, HER2, PPM1D) loss Medulloblastoma 1 100

chr17p- (NF1, TP53) loss Medulloblastoma 1 100

Total   60  
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Our approach has been incorporated into a pilot molecular 
profiling study for paediatric patients at the Royal 
Marsden Hospital (London, UK) and this has now been 
extended across the UK as the METEOR programme, an 
interim step towards the UK's more advanced paediatric 
molecular profiling programme, Stratified Medicine-
Paediatrics (SM-Paeds) which is about to be rolled out 
throughout the UK. The NGS panel will form a key part 
of the SM-Paeds programme, which is underpinning 
UK patient eligibility screening for several clinical trials 
including the highly innovative international ITCC basket 
trial, called ESMART (NCT02813135), where patients 
are enrolled according to molecular alterations found in 
their tumours on biopsy at relapse. This is the first time 
that genomic results are incorporated into the patient’s 
record in paediatric cancer in the UK within a clinically 
relevant timeframe of 3-5 weeks from DNA extraction 
to report generation. Our data shows that this NGS assay 
can be an accurate and a practical platform for molecular 
stratification and identification of actionable targets 
required to accelerate personalised medicine clinical trials 
in childhood solid tumours.

MATERIALS AND METHODS

Validation samples

A representative selection of common, poor risk 
paediatric tumours was used for the validation comprising 
132 samples: i) Four cell blends with validated variants 
(Tru-Q1-4 HorizonDiscovery, Cambridge, UK), ii) 15 
paediatric cell lines iii) 83 FFPE clinical samples and iv) 
30 FF clinical samples (Supplementary Table 3).

Local institutional review board approval was 
obtained for the project in addition to separate approvals 
from the contributing tumour banks (The Children’s 
Cancer and Leukaemia Group Tumour Bank and the 
Queensland Children’s Tumour Bank).

Sample preparation

Assessment from haematoxylin and eosin (H&E) 
stained slides was performed by experienced pathologists 
to mark the region of the section containing tumour and to 
estimate neoplastic cell content, defined as the percentage 
of neoplastic cells out of total nucleated cells in the 
marked area. Tumour cellularity, reflecting the density 
of tumour nuclei, was also estimated. Macro-dissection 
of the marked area was performed when a distinct area 
of neoplastic cells from normal cells was observed in a 
large area and the overall tumour content without macro-
dissection would have been <60%. 24 out of the 83 FFPE 
samples underwent macro-dissection to enrich the tumour 
content. DNA from blood and cell lines, FF and FFPE 
samples was extracted using the QIAamp DNA blood 
mini kit, the QIAamp DNA mini kit and the QIAamp DNA 

FFPE tissue kit (Qiagen, Hilden, Germany), respectively. 
For specimens where DNA was extracted at local centres, 
methods are provided in Supplementary Materials. DNA 
was quantified using Qubit dsDNA High Sensitivity 
Assay Kit with the Qubit 2.0 fluorometer, (Invitrogen, 
Carlsbad, CA). Analysis by TapeStation 2200 using the 
genomic DNA ScreenTape assay (Agilent Technologies, 
Santa Clara, CA) was performed to determine the degree 
of fragmentation of genomic DNA prior to library 
preparation. Based on optimization studies, samples 
yielding DNA with median fragment length > 1000 bp 
were processed using 200 ng DNA. Samples with DNA 
< 1000 bp were processed using 400 ng if there was 
sufficient DNA.

Gene panel capture and sequencing

Library preparation was performed using the KAPA 
Hyper and HyperPlus Kit (Kapa Biosystems, Wilmington, 
MA, USA) and SeqCap EZ adapters (Roche, NimbleGen, 
Madison WI, USA), following the manufacturer’s 
protocol, including dual-SPRI size selection of the 
libraries (250-450 bp). In samples prepared using the 
KAPA Hyper Kit (n=39), DNA was sheared with the 
Covaris M220 (Covaris, Woburn, MA) using supplier 
protocols. KAPA HyperPlus employs enzymatic 
fragmentation and was used in 93 samples. Optimization 
of the process indicated that the change from enzymatic 
fragmentation resulted in a substantial improvement in 
library complexity and unique coverage depth compared 
to sonication [44]. Following fragmentation DNA was 
end-repaired, A-tailed and indexed adapters ligated. 
To optimise enrichment and reduce off-target capture, 
pooled, multiplexed, amplified pre-capture libraries (6 to 
10 cycles according to the DNA input) were hybridized 
twice overnight (up to 13 samples per hybridization, 
consecutive days) using 1 μg of the pooled library DNA 
to a custom design of DNA baits complementary to the 
genomic regions of interest (NimbleGen SeqCap EZ 
library, Roche, Madison, WI, USA). A 5 cycle PCR was 
performed between hybridizations to enrich the captured 
product. After hybridisation, unbound capture baits were 
washed away and the remaining hybridised DNA was 
PCR amplified (12 cycles). PCR products were purified 
using AMPure XP beads (Beckman Coulter, Danvers, 
MA, USA) and quantified using the KAPA Quantification 
q-PCR Kit (KAPA Biosystems, Wilmington, MA, USA). 
Sequencing was performed on a MiSeq (Illumina, San 
Diego, CA, USA) with 75 bp paired-end reads and v3 
chemistry according to the manufacturer’s instructions. 
For samples where germline matched control was 
available (n=23), pools from tumour and control DNA 
libraries were multiplexed separately for hybridization 
and combined prior to sequencing at a ratio of 4:1, 
increasing the relative number of reads derived from 
tumour DNA.
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Data analysis

Primary analysis was performed using MiSeq 
Reporter Software (v2.5.1; Illumina), generating 
nucleotide sequences and base quality scores in Fastq 
format. Resulting sequences were aligned against the 
human reference sequence build GRCh37/Hg19 to 
generate binary alignment (BAM) and variant call files 
(vcf). Secondary analysis was performed in-house using 
Molecular Diagnostics Information Management System 
to generate QC, variant annotation, data visualisation and 
a clinical report. In the Molecular Diagnostics Information 
Management System, reads were deduplicated using 
Picard (http://broadinstitute.github.io/picard/), and metrics 
generated for each panel region. Oncotator (v1.5.3.0) 
(https://portals.broadinstitute.org/oncotator) was used to 
annotate point mutations and indels using a minimum 
variant allele frequency (VAF) of 5% and a minimum 
number of 10 variant reads. Manta (https://github.com/
Illumina/manta) was used for the detection of structural 
variants. Variants were annotated for gene names, nature 
of variant (e.g. missense), PolyPhen-2 predictions, and 
cancer-specific annotations from the variant databases 
including COSMIC, Tumorscape, and published MutSig 
results. Copy number variation (CNV) was assessed using 
the ratio of GC-normalized depth of region of interest 
(ROI) in tumour against GC-normalized read depth of ROI 
in either matched germline DNA (when available) or the 
male cell line G147A (Promega, Madison, WI USA). Any 
ratio below 0.65 fold was defined as a potential deletion 
whereas a ratio above 2.4 was flagged as a potential 
amplification. All potential mutations, structural variants 
and CNVs were visualised using IGV and two individuals 
were required to review the mutation report independently. 
Variant calls from samples with previously known SNVs 
and indels were checked manually on IGV.

Cell blends

The four cell blends contained 163 SNVs and 34 
indels common to all four blends (background variants) 
(Supplementary Table 2A). Additionally, there were 61 
SNVs and 17 indels, cancer variants, which were unique 
between blends, introduced at known VAF, and verified 
by ddPCR (Supplementary Table 2B). The four cell blends 
were used to assess overall performance, repeatability, 
intermediate precision, sensitivity and limit of detection. 
Specificity was determined using 87 true negative 
SNV sites (wild type) where another blend harboured a 
mutation at the corresponding position. The cell blends 
were processed and sequenced in two different runs by 
two independent users.

Overall performance

Four cell blends and five FFPE samples were 
used to measure performance across the capture design. 

The log mean depth across the panel was compared 
to the log depth of each region captured for each gene. 
Regions were classified as underperforming if the 
depth was lower than 2 x SD of the mean based on log2 
[log2(ROI)>mean(log2(ROI))-2xSD(log2(ROI))]. GC 
content and mappability scores were compared against 
each region captured by the panel. Quality and coverage 
metrics were calculated across all the samples including i) 
total reads, ii) percentage of reads mapped to the reference 
sequence, iii) percentage of duplicates, iv) percentage of 
bases from unique reads de-duplicated on target, v) mean 
depth of targeted positions and vi) percentage of targeted 
positions with ≥50x, ≥100x and ≥250x coverage.

Limit of detection

To assess the limit of detection and determine a 
reliable cut off for the analysis we used the unique cancer-
specific set of variants from the four cell blends introduced 
at range of VAFs from 4% to 30%, defined by ddPCR.

Precision

Repeatability (or within-run precision) was 
determined by comparing the cell blend background 
variant data across the 4 different samples in the same 
run for variant detection and VAF. Intra-run pairwise 
correlation was calculated for two runs where the cell 
blends were prepared and sequenced by different users 
generating two sets of repeatability data.

Intermediate precision (or between-run precision) 
was determined by comparing the cell blend background 
variant data between two runs for variant detection and 
VAF. Between-run pairwise correlation was calculated 
from two different runs prepared by different users and 
sequenced on different MiSeq instruments.

Sensitivity and specificity

The sensitivity of the panel was determined by 
separately comparing the cell blend background variants 
and the cancer-specific variants introduced at known VAF. 
Specificity was determined using the cell blend cancer-
specific set of data with known variants and known true 
negative sites. Variants were classified according to the 
different ranges of frequencies of the variants present in 
the DNA blends. We also determined Positive-Predictive 
Value and Negative-Predictive Value.

Correlation between NGS targeted panel and 
other methodologies

13 paediatric cancer cell lines were tested 
harbouring a total of 30 known SNVs, deletions and 
amplifications previously identified by the Cancer Cell 
Line Encyclopaedia using Target Enrichment Sequencing 
(Agilent Technologies, Santa Clara, CA) and other 

http://broadinstitute.github.io/picard/
https://portals.broadinstitute.org/oncotator
https://github.com/Illumina/manta
https://github.com/Illumina/manta
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published data [45–50]. Furthermore 33 samples (FF=14, 
FFPE=19) had a total of 65 known genetic alterations 
including i) SNVs detected by Sanger Sequencing (H3F3A, 
TP53, CTNNB1, HIST1H3B, ALK, BRAF) [51–53] and 
RNA-Seq ii) copy number changes by FISH (MYCN)
[54] and 450k array and iii) rearrangements by Real-
Time Quantitative PCR involving ESWR1 as previously 
described [55, 56] (Refer to Supplementary Materials).

Fresh frozen vs FFPE samples

15 paired FF and FFPE paediatric samples were 
compared for quality control metrics, coverage and the 
distribution of library inserts sizes between FFPE and FF 
paired samples. In addition, we correlated the VAF of the 
total variants found in the paired samples.

Abbreviations

FFPE (formalin-fixed paraffin embedded); FF 
(fresh frozen); SNVs (single nucleotide variants); 
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Abstract Background: For children with cancer, the clinical integration of precision medi-

cine to enable predictive biomarkerebased therapeutic stratification is urgently needed.

Methods: We have developed a hybrid-capture next-generation sequencing (NGS) panel, spe-

cifically designed to detect genetic alterations in paediatric solid tumours, which gives reliable

results from as little as 50 ng of DNA extracted from formalin-fixed paraffin-embedded

(FFPE) tissue. In this study, we offered an NGS panel, with clinical reporting via a molecular

tumour board for children with solid tumours. Furthermore, for a cohort of 12 patients, we

used a circulating tumour DNA (ctDNA)especific panel to sequence ctDNA from matched

plasma samples and compared plasma and tumour findings.

Results: A total of 255 samples were submitted from 223 patients for the NGS panel. Using

FFPE tissue, 82% of all submitted samples passed quality control for clinical reporting. At

least one genetic alteration was detected in 70% of sequenced samples. The overall detection

rate of clinically actionable alterations, defined by modified OncoKB criteria, for all sequenced

samples was 51%. A total of 8 patients were sequenced at different stages of treatment. In 6 of

these, there were differences in the genetic alterations detected between time points.

Sequencing of matched ctDNA in a cohort of extracranial paediatric solid tumours also iden-

tified a high detection rate of somatic alterations in plasma.

Conclusion: We demonstrate that tailored clinical molecular profiling of both tumour DNA

and plasma-derived ctDNA is feasible for children with solid tumours. Furthermore, we show

that a targeted NGS panelebased approach can identify actionable genetic alterations in a

high proportion of patients.

Crown Copyright ª 2019 Published by Elsevier Ltd. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In adult malignancies, precision medicine initiatives

enabling standardised, high-throughput molecular

profiling and predictive biomarkerebased stratification

have been implemented to maximise clinical efficacy of

targeted therapeutics [1e7]. Similar initiatives are ur-
gently needed for childhood cancer, which remains the

primary cause of death in children after infancy [8].

In children, comprehensive molecular profiling pro-

grammes have incorporated whole-exome sequencing

(WES) and RNA sequencing (RNA-seq) and, in some

cases, copy number analysis, whole-genome sequencing

(WGS), microarray or methylation arrays. Such initia-

tives have detected potentially actionable findings in
46e60.9% of patients [9e11]. However, logistical and

financial practicalities limit large-scale implementation of

this approach in most health-care settings. Targeted next-

generation sequencing (NGS) panels are typically more

cost-effective and can be tailored to the study

population and standardised according to regulatory re-

quirements. Therefore, this may present a more suitable

alternative for implementation into health-care systems.

Generic adult cancer gene panels have been used in
children [12,13]; however, the spectrum of mutations

differs between adult and paediatric tumours. For

example, recurrent H3 mutations are a hallmark of

paediatric high-grade glioma [14,15], and rearrange-

ments upstream to the TERT promoter are frequent in

neuroblastoma [16]. These differences necessitate a

tailored approach to determine common and actionable

events; hence, we have developed and clinically vali-
dated a paediatric-specific solid tumour NGS panel for

use in precision medicine [17].

In children with relapsed/refractory cancer, access to

adequate biopsy material remains challenging [18,19].

Therefore, our strategy has been to optimise the paedi-

atric panel for use on formalin-fixed paraffin-embedded

(FFPE) tissue if frozen tissue is unavailable and, in

parallel, begin evaluating more-easily accessible sources
of tumour DNA, such as plasma.

Plasma-derived circulating tumour DNA (ctDNA)

has been shown to be an alternative to repeat biopsy in

common adult malignancies [20e23]. ctDNA analysis is

minimally invasive, amenable to serial sampling and

may also give more representative information
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regarding tumour heterogeneity [24,25]. Limited studies

in children with cancer have detected somatic mutations

in small volumes of plasma [26e30].

Here, we report the development of version 2 of our

paediatric solid tumourespecific NGS panel and the na-

tional implementation of clinical NGS panel sequencing.

We report on assay performance and the clinical relevance

of the findings. In parallel, we evaluate the feasibility of
performing targeted sequencing of ctDNA in a clinical

laboratory setting using a ctDNA-specific NGS panel.

2. Materials and methods

2.1. Patients

A Royal Marsden Hospital (RM) pilot study for patients

aged �24 years with solid tumours treated at our Children

and Young People’s Unit commenced in March 2016 and

was subsequently expanded nationally for children aged
�16 years. Ethical approval was obtained from the Na-

tional Research Ethics Service (reference: 15/LO/07) and

the Biological Studies Steering Group of the Children’s

Cancer and Leukaemia Group (reference: 2015 BS 09).

Participants and/or guardians gave informed consent. Pa-

tients were eligible to enrol at any time including diagnosis

and relapse/progression. Blood was taken for germline

DNA analysis, and archival tissue was retrieved from the
most recent surgery, or if indicated, a repeat biopsy could

be requested at the treating clinician’s discretion.

2.2. Sample preparation and sequencing

Sample preparation, DNA extraction, library prepara-

tion and sequencing were performed according to

established protocols [17,31]. Two different panels were

used: version 1 (v1, 78 genes, 311 kb) and version 2 (v2,
91 genes, 473 kb) (Table S1). The custom hybridisation

panel is capable of detecting single-nucleotide variants

(SNVs), small insertions and deletions (indels), copy

number variations (CNVs) and structural variants for

which we capture the region where the breakpoint oc-

curs, for instance, 50 kb upstream to the TERT pro-

moter [16]. Sequencing output files were processed as

previously reported [31]. Only somatic variants, detected
after subtraction of germline findings, were reported.

Samples were analysed initially using MiSeq Reporter

version 2.5 (http://emea.support.illumina.com/sequencing/

sequencing_software/miseq_reporter/downloads.html).

Analysis was later executed using an in-house devel-

oped pipeline Molecular Diagnostic Information

Management System version 3.0 (MDIMSv3) using the

following bioinformatic software and versions: demul-
tiplexing was performed using bcl2fastq 2.17.1.14,

reads were aligned using BWA 0.7.12, structural vari-

ants were identified using Manta 0.29.6, SNVs and

indels were called with GATK 3.5.0 and variants were

annotated with Oncotator version 1.5.1.0. CNVs were

assessed as previously described [17].

2.3. Gene panel capture version 2, design and validation

Integral to the study design was the ability to update
and adapt the regions included on the panel according

to clinical need and target prioritisation. For v2, genes

were ranked by consensus expert opinion according to

set selection criteria (Table S1). The panel was validated

using four cell blends (Tru-Q1-4 Horizon Discovery,

Cambridge, United Kingdom [UK]) and 10 FFPE

samples with known variants (SNVs Z 554,

indels Z 79). Quality and coverage metrics were calcu-
lated across all the samples including (i) total reads, (ii)

percentage of reads mapped to the reference sequence,

(iii) percentage of duplicates, (iv) percentage of bases

from unique reads deduplicated on target and (v) mean

depth. Sensitivity, specificity and accuracy were deter-

mined by comparing the cell blends and FFPE samples

with known variants and known true negatives.

2.4. Molecular tumour board

A monthly molecular tumour board (MTB) was estab-

lished for discussion of findings, and the interpreted re-

sults were then reported to the treating clinician. The

MTB core members included paediatric/adolescent
oncologists, experts in early clinical trials, molecular

pathologists, bioinformaticians and paediatric tumour

biologists, from the RM, Great Ormond Street Hospital

and The Institute of Cancer Research, London. OncoKB

was used as a basis to define tiers of actionability [32]. In

addition, COSMIC [33]-defined mutations/SNVs, genetic

amplifications, gains or losses, for which a paediatric

clinical trial was currently recruiting, were also consid-
ered, as well as alterations where compelling preclinical

paediatric data existed for that target (Table S1). Het-

erozygous gene loss and missense mutations outside of

defined hotspot regions were defined as not actionable.

2.5. ctDNA extraction and analysis

A total of 12 plasma samples were identified for

sequencing where the corresponding tumour samples

contained at least one genetic alteration present on the

ctDNA panel. The plasma ctDNA sequencing results

were not reported back to the MTB.

About 5 to 10 mL of blood was collected into cell-free

DNA blood collection tubes (Streck, La Vista, United
States of America) and centrifuged twice at 1600 g.

ctDNA extraction and sequencing using a commercially

available hybrid-capture panel (Avenio ctDNA

expanded kit, Roche) was performed according to the

manufacturer’s instructions.
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3. Results

3.1. Version 2 of the paediatric solid tumour panel

v1 of the panel was validated as previously reported [17].
v2 was also validated to Good Laboratory and Clinical

Practice standards and performed well, comparable with

v1, obtaining a similar number of reads and percentage

of unique on-target reads (Figure S1A-C). The poly-

merase chain reaction (PCR) duplicate percentage was

improved (v1 Z 55.3% and v2 Z 20.3%) (Figure S1D).
The sensitivity for detection of SNVs was �99% and

�90% for indels at �5% variant allele frequency (VAF)

(Table S2). The specificity for SNVs was �98% at �5%

Fig. 1. Study overview. After obtaining informed consent, tumour and blood samples were collected. DNA was extracted, and sequence li-

braries were prepared using the capture-based paediatric solid tumour panel. After sequencing, samples underwent an in-house data analysis

pipeline thatdetectsmutations, structural variants and copynumber changes.Genomicalterationsweremanually reviewedby two independent

scientists and then discussed in a molecular tumour board before a clinical report was issued. FFPE, formalin-fixed paraffin-embedded.
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allele frequency. The correlation (r2) of VAF for SNVs
and indels between droplet digital polymerase chain

reaction (ddPCR) and v2 was 0.9527 (Figure S1E) and

between v1 and v2 was 0.9301 (Figure S1F).

3.2. Patient samples and overall performance

An overview of the study is given in Fig. 1. A total of

255 samples were submitted from 223 patients.

Although patients were eligible to enrol at any time,

90% of evaluable patients had at least one episode of
progression/relapse before study enrolment. FFPE tis-

sue from the most recent surgery was requested for all

but 3 patients where fresh frozen tissue was used.

Adequate coverage for clinical reporting of results

was obtained in 82% of submitted samples (Fig. 2A).

Reasons for sample rejection or failure were as follows:

tumour content less than 10%, DNA less than 20 ng

and/or excessive DNA fragmentation. The median
depth of coverage for all reported samples was 495

(interquartile range: 264e868). The most common can-

cers sequenced were glioma (38), neuroblastoma (27)

and rhabdomyosarcoma (26) (Fig. 2B).

3.3. Genetic findings

At least one genetic alteration was detected in 70% (145/
209) of samples at an allele frequency � 5%. The so-

matic genetic alterations detected, grouped according to

underlying diagnosis, are summarised in Fig. 3, Table S3

and Fig S2. In keeping with other studies [34], the most

frequently mutated gene was TP53 in 36/209 (17%); in

addition high frequencies of alterations in genes known

to be recurrently altered in paediatric malignancies such

as ATRX, CDKN2A, CTNNB1 in 12/209 (5.7%),
MYCN in 11/209 (5.2%) and H3F3A, PIK3CA in 10/209

(4.3%) were detected.

3.4. Clinical actionability

Potentially targetable alterations, defined byOncoKB tiers

of actionability in addition to predictive biomarkers for

currently recruiting paediatric clinical trials, were detected

in 51% of sequenced samples (Fig. 4A). Of the 107 tumour
samples classified as potentially actionable, 42 (39%) had

greater than one actionable alteration detected. For each

tumour sample, only the alteration for which there was the

highest tier of evidence for actionability was included.

Fig. 2. Tumour samples submitted for sequencing. Summary of sample flow and the total number of samples successfully sequenced (A).

Distribution of tumour types among reported cases (B). DSRCT, desmoplastic small round cell tumour; CNS, central nervous system.
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Gliomawas the tumour type withmore defined actionable

alterations found, followed by osteosarcoma and rhab-

domyosarcoma (Fig. 4B). No tier 1 alterations (US Food

and Drug Administration [FDA]erecognised biomarker

predictive of response to an FDA-approved drug) were

detected, indicative of the lack of regulatory approvals for

paediatric indications. Only one patient had a tier 2A

alteration: a patient with an inflammatorymyofibroblastic
tumour, harbouring anALK:SQSTM1 translocation. The

patient had a complete surgical resection and did not

require systemic therapy.

As a feasibility study, follow-up data were not

routinely collected for all patients. Of the 57 patients

with a tier 2B or 3 alteration and available follow-up

data, only four (7%) received targeted therapies:

Three patients with BRAFV600E mutations were
treated with dabrafenib/trametinib combination therapy:

patient 1 had a pleomorphic xanthoastrocytoma and was

commenced on dabrafenib/trametinib after third disease

progression. The patient remains on treatment with sta-

ble disease after 9 months. Patient 2 had glioblastoma

multiforme and was commenced on dabrafenib/trameti-

nib after disease progression. The patient had stable

disease for 13 months before further progression. Patient
3 had multiply relapsed metastatic ameloblastic fibro-

odontosarcoma [35]; by day 28 of treatment, there had

been a partial response but asymptomatic cardiac

toxicity, required discontinuation of both drugs. On

normalisation of the shortening and ejection fractions,

the patient was recommenced on single-agent dabrafenib

and had sustained partial response for 15 further months.

A patient with multiply relapsed metastatic germinoma
and PDGFRA/KIT amplification was given dasatinib,

but progressed on treatment.

One patient with high-grade glioma (patient ID 045-

T) had a total of 49 somatic mutations (Table S3) (in

w0.18 Mb) consistent with a hypermutator phenotype,

associated with mismatch repair deficiency and predic-

tive of potential sensitivity to immune checkpoint

blockade [36]. However, the patient was not fit for
clinical trial enrolment by the time the sequencing re-

sults were available.

Other patients had findings that informed prognosis:

a mutation in CTNNB1 was found in a patient originally

diagnosed with supratentorial primitive neuro-

ectodermal tumour (PNET), biologically more in keep-

ing with a WNT-activated medulloblastoma. Other

examples included an MYOD1 mutation in a patient
with embryonal rhabdomyosarcoma, associated with

distinct clinical features and poor prognosis [37], and a

RELA-c11orf95 fusion in a patient with supratentorial

ependymoma, associated with high-risk disease [38].

3.5. Analysis of paired samples

For eight patients, paired samples were sequenced at

different stages of treatment (Fig. 5). In six of these,

there were differences between the variants detected at

different time points. Mutations in PTEN, NF1 and

TP53 were observed in a patient with high-grade glioma

(patient 2) after dabrafenib/trametinib treatment but not

in the pre-treatment sample. The patient subsequently

received everolimus but progressed after 3 months on

treatment. The acquisition of NF1 mutations as a

resistance mechanism after BRAF inhibition is consis-
tent with findings in BRAFV600E-mutant melanoma

[39,40]. in another child with glioma sequenced at

diagnosis and progression, the tumour harboured

shared alterations in H3F3A and TP53, whereas PTEN

was only present at diagnosis and PIK3CA at progres-

sion. In a patient with Wilms tumour, a potentially

targetable TSC2 mutation was found in the 3rd relapse

sample, which was not present in the previous sample.

3.6. ctDNA analysis

ctDNA was sequenced in a cohort of 12 patients with

extracranial tumours, in whom the tumour panel had

detected a genetic alteration that was also covered by a

commercially available ctDNA sequencing panel. In 3
patients, in whom ctDNA and FFPE were sequenced

from the same time point, there was a direct concor-

dance between findings. However, in 5 patients, from

whom plasma was collected after at least one subsequent

relapse, variants were detected in the plasma that were

not detected in FFPE samples (Table 1). For example, in

a patient with neuroblastoma, an ALK F1174L muta-

tion was detected in both tumour and plasma; however,
an additional ALK hotspot mutation was also detected

in the plasma that was not present in the tumour sample.

In addition, of note, in 2 cases, variants detected in

plasma at relapse were only identified at very low levels

in diagnostic tumour samples, below the predefined limit

of detection for clinical reporting.

4. Discussion

Comprehensive molecular profiling strategies have been

shown to be feasible in children with cancer [9e11] and

show encouraging results. However, wide-scale imple-
mentation is impractical in most health-care settings,

and even if resources were unlimited, it is also restricted

by the availability of biopsy material. We show that

using as little as 50 ng of DNA, this assay is an accurate,

reproducible and practical platform for molecular

stratification and identification of actionable targets,

required to accelerate precision medicine clinical trials in

childhood tumours.
We are aware that although capture-based panel

sequencing is an excellent tool, it has limitations. With

our targeted panel approach, only a small portion of the

genome is sequenced, and therefore, it is not always

possible to distinguish between focal gains or deletions
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and larger chromosomal gains or losses. Therefore, in

version 3 of the panel, we are incorporating a new assay

to determine this, which includes probes located across
the chromosomes. In addition, as novel gene discoveries

and/or targeted inhibitors become available, a wider

approach is required for certain indications including a

more extensive method for detection of structural vari-

ants/translocations. Capture NGS panels are able to

detect translocations in DNA with the ability to deter-

mine the single-nucleotide breakpoint, so long as those

breakpoints occur in or close to a targeted region. We
used MANTA to detect spanning pair reads and split

reads, thereby identifying fusion gene partners. However,

detection of fusion genes is inevitably restricted. We are

therefore currently validating a panel using anchored

multiplex PCR-based enrichment to detect fusions from

RNA, removing the need to sequence long and complex

intronic regions. Furthermore, methylation profiling is

particularly relevant for precise diagnostic classification
of central nervous system (CNS) tumours, many of which

harbour few if any recurrent somatic alterations.

Therefore, in the Stratified Medicine Paediatrics

(SMPaeds) national molecular profiling study for chil-

dren with relapsed and refractory cancers, we will retain

the practical advantages of panel sequencing and run

this alongside other more comprehensive profiling mo-

dalities including WES, RNA-seq, low-coverage WGS
and methylation to support biomarker-driven clinical

trials in the UK, such as eSMART [41]. Furthermore,

where sufficient tissue is available, concurrent analysis

via the National Health Service England WGS pro-

gramme will be compared with SMPaeds genomic and

Table 1
Results of ctDNA panel sequencing of matched plasma samples and comparison with tumour panel sequencing for genes covered by both panels,

ordered by the time elapsed between samples.

Diagnosis Days

between

samples

Treatment

position with

FFPE sample

Treatment

position with

blood sample

Isolated

ctDNA

(ng)

Gene Amino

acid

change

AF FFPE

DNA

AF

ctDNA

Sequencing

depth

ctDNA

Sequencing

depth

tumour

Neuroblastoma 5 5th relapse 5th relapse 18.54 TP53 C135F 74.0% 20.30% 13348 393

Wilms tumour 19 Post induction Post

induction

32.22 TP53 G245D 77.0% 7.44% 5498 402

Ewing sarcoma 84 2nd relapse 2nd relapse 50 TP53 C176Y 87.0% 49.90% 3453 70

Neuroblastoma 214 Diagnosis 2nd relapse 7.5 ALK R1275Q N/D 3.11%c 2954 528

ALK F1174L 17.0% 3.88% 2242 354

APC R499* 0.24%a 0.31% 2580 412

Ewing sarcoma 315 Diagnosis Relapse 34.02 TP53 R273C 48.0%b N/D 3557 314

TP53 R337C N/D 31.40%c 5237 391

CDKN2A R80* 3.0%a 25.53% 2064 899

ACC 427 3rd

progression

VGPR to

4th-line

therapy

51.96 CTNNB1 S33Pro 33.00%b N/D 5194 777

RMS 444 Diagnosis 2nd relapse 18.6 TP53 V173M F 11.43% 2782 17

PIK3CA E542K 15.0%b N/D 2166 167

PIK3CA E545K 17.0% 0.56%a 2065 180

Osteosarcoma 514 Diagnosis 2nd relapse 33.96 TP53 R248T 78.0% 11.08% 6334 91

TP53 Y220C N/D 0.29%c 5510 542

Neuroblastoma 738 Post induction 1st relapse 168.6 TP53 R249S N/D 0.05%c 14825 193

ALK D1091N 8.0% 0.03% 22632 308

RMS 954 Diagnosis 2nd relapse 29.52 KRAS G12C 92.0% 0.09%a 3233 1453

Wilms tumour 1211 Diagnosis 3rd relapse 50.76 TP53 R273C 100.0% 23.96% 3961 74

Wilms tumour 1322 Post induction 3rd relapse 19.86 TP53 R181C 86.0% 3.72% 2525 141

TP53 C176Y N/D 3.03%c 2439 174

FFPE, formalin-fixed paraffin-embedded; ctDNA, circulating tumour DNA; RMS, rhabdomyosarcoma; ACC, adrenocortical carcinoma; VGPR,

very good partial response, postinduction, surgical resection after routine induction chemotherapy, AF, allele fraction; F, failed coverage; N/D, not

detected.
a Below limit of detection.
b Detected in tumour only.
c Detected in plasma only.

Fig. 3. Overview of sequencing results. Oncoprint represents somatic mutations and gains, amplification and deletions detected in genes

that are covered by the targeted panel. Samples are grouped in columns with genes displayed along rows. Samples are arranged according

to the tumour type and genes sorted by frequency. Panel version, sample type, molecular annotations and diagnosis are provided as bars

according to the included key (A). Bar plot of most recurrent altered genes, sorted by frequency and colour coded according to the tumour

type (B). FFPE, formalin-fixed paraffin-embedded; DSRCT, desmoplastic small round cell tumour; CNS, central nervous system; FF,

fresh frozen.
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clinical data. This approach will provide an unbiased

assessment of the clinical utility and cost-effectiveness of

multiple different modalities to enable formal recom-
mendations for implementation into routine molecular

diagnostics.

Despite the high detection rate of potentially

actionable alterations, few patients received treatment

with targeted agents. The reasons for this were multi-

factorial and include the following: lack of available

clinical trials, difficulties accessing novel drugs on a

compassionate-use basis and/or clinical deterioration of

the patient. In addition, although many patients had

relapsed/refractory disease, a considerable proportion

of patients were still on either first-line therapy or
proven standard relapse therapies at the time of

sequencing. A number of patients were also enrolled in

available phase I/II trials that did not require

biomarker screening.

This was a pilot study, requiring retrieval of archival

tissue, batching of samples for sequencing and infre-

quent MTBs. However, for the prospective SMPaeds

study, which mandates biopsy at relapse for molecular

Fig. 4. Clinical actionability. Somatic alterations were defined according to OncoKB levels of evidence. Actionability tiers are described in

the key. Distribution of actionability tiers for the entire sequenced cohort (A). Distribution of actionability tiers across common tumours,

colour coded according to the tumour type (B). DSRCT, desmoplastic small round cell tumour; CNS, central nervous system.

S.L. George et al. / European Journal of Cancer 121 (2019) 224e235232



preselection for clinical trials, samples will be processed
in a clinically relevant time frame, which after clinical

feedback is currently 3e4 weeks, with the final goal of

returning data in two weeks. For children with primary

solid tumours (who are not enrolled in SMPaeds), as a

result of this study, NGS panel sequencing on the

paediatric solid tumour panel v2 is now offered in the

UK as part of routine National Health Service diag-

nostic testing with a turnaround time of 4 weeks from
sample dispatch to reporting. Owing to ethical and

consent constraints, we were not permitted to report

germline findings in the present study. However, given

the obvious clinical importance of predisposing muta-

tions in paediatric cancer, we have now obtained suit-

able consents to report germline mutations via an

accredited genetics clinic at Great Ormond Street

Hospital.
The sequencing of paired tumour samples at different

times demonstrates the importance of tumour hetero-

geneity and evolution, adding to the mounting literature

in support of the clinical importance of biopsy at relapse

for children with cancer [19,42]. Notably, many tumour

mutations emerging at the time of relapse (PTEN, NF1,

PIK3CA and TSC2) are recognised predictive bio-

markers of a targeted therapeutic response.

Although sequencing tissue samples of patients is
crucial, liquid biopsies offer the possibility of a non-

invasive source for tumour genotyping and disease

monitoring. Our preliminary findings from a small

number of children demonstrate that high-depth

sequencing of ctDNA can identify actionable somatic

variants. We also identified some discrepancies between

tumour and plasma, most likely a reflection of tumour

heterogeneity and evolution. However, large-scale vali-
dation studies comparing tumour and serial ctDNA

findings in children with cancer are needed to define the

clinical utility of ctDNA analysis, for which a bespoke

ctDNA panel for paediatric solid tumours is currently

being developed to be incorporated as part of the di-

agnostics pipeline.

In summary, we demonstrate the value of targeted

gene sequencing as a practical and cost-effective clinical
tool to enable improved diagnosis, prognostication and

therapeutic stratification for children with cancer.
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SUMMARY

The HERBY trial was a phase II open-label, randomized, multicenter trial evaluating bevacizumab (BEV) in
addition to temozolomide/radiotherapy in patients with newly diagnosed non-brainstem high-grade glioma
(HGG) between the ages of 3 and 18 years. We carried out comprehensive molecular analysis integrated
with pathology, radiology, and immune profiling. In post-hoc subgroup analysis, hypermutator tumors
(mismatch repair deficiency and somatic POLE/POLD1 mutations) and those biologically resembling pleo-
morphic xanthoastrocytoma ([PXA]-like, driven by BRAF_V600E or NF1 mutation) had significantly more
CD8+ tumor-infiltrating lymphocytes, and longer survival with the addition of BEV. Histone H3 subgroups
(hemispheric G34R/V and midline K27M) had a worse outcome and were immune cold. Future clinical trials
will need to take into account the diversity represented by the term ‘‘HGG’’ in the pediatric population.

INTRODUCTION

High-grade gliomas (HGGs) in children, like their adult counter-

parts, continue to have a bleak prognosis, with a median overall

survival (OS) of 9–15 months (Cohen et al., 2011; Jones et al.,

2016; Ostrom et al., 2015). Recent integrated molecular-profiling

initiatives have shown that pediatric HGGs (pHGGs) are biolog-

ically distinct from their adult counterparts, with subgroups of

the disease marked by recurrent mutations in genes encoding

histone H3 variants having different age of incidence, anatomical
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Significance

We validate in the prospective clinical trial setting the biological and clinical diversity of pediatric high-grade glioma previ-
ously described in large retrospective series, underpinned by detailed pathological and radiological analysis. Although add-
ing bevacizumab (BEV) to standard temozolomide/radiotherapy did not improve survival across the whole cohort, we iden-
tify disease subgroupswithMAPK activation to harbor an enhancedCD8+ T cell immune response, whichmay derive benefit
from the addition of BEV. If confirmed in another study, this would represent a useful predictive biomarker for this regimen in
these tumors, and points the way for therapeutic strategies for subgroups of children with high-grade glioma.

Cancer Cell 33, 829–842, May 14, 2018 ª 2018 The Author(s). Published by Elsevier Inc. 829
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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location, clinical outcome, and a range of biological parameters

(Jones and Baker, 2014; Mackay et al., 2017; Paugh et al., 2010;

Schwartzentruber et al., 2012; Sturm et al., 2012;Wu et al., 2012,

2014). Histone wild-type (WT) tumors have widely differing muta-

tional burdens, ranging from infant cases (<3 years) driven by

single gene fusion events through to patients with biallelic

mismatch repair deficiency harboring some of the highest muta-

tional rates in human cancer (Jones and Baker, 2014; Mackay

et al., 2017; Shlien et al., 2015; Wu et al., 2014).

The rapid advances in our understanding of pHGGs have come

predominantly from the accumulation of numerous disparate

retrospective collections, a reflection of the rarity of the disease.

Clinical trial cohorts with ancillary biomarker analyses have

been relatively limited in their scope, and historically have focused

on single-marker analyses. These include the Children’s

Oncology Group ACNS0126 (radiotherapy [RT]/temozolomide

[TMZ]) (Cohen et al., 2011) and ACNS0423 (RT/TMZ followed

by TMZ and lomustine) (Jakacki et al., 2016) studies, which report

on the frequency and clinical correlations of O6-methylguanine-

DNAmethyltransferase (MGMT) expression (ACNS0126) (Jakacki

et al., 2016; Pollack et al., 2006), IDH1 mutation (ACNS0423)

(Pollack et al., 2011), as well as phosphorylated Akt expression

(Pollack et al., 2010a) and microsatellite instability (both)

(Pollack et al., 2010b). The CCG-945 study (‘‘8 in 1’’ chemo-

therapy) (Finlay et al., 1995) reported on the prognostic

significance of p53 expression/mutation (Pollack et al., 2002), in

addition to the presence/absence of 1p19q co-deletion (Pollack

et al., 2003b).

This last study (Pollack et al., 2003b) also highlighted the crit-

ical importance of pathological review in the diagnosis of pHGG,

and subsequent interpretation of clinical trial results (Gilles et al.,

2008; Pollack et al., 2003a), particularly in midline locations

(Eisenstat et al., 2015). It has subsequently become clear that

numerous histological subtypes of HGG can harbor distinct

genetic drivers and have considerably better clinical outcomes,

such as BRAF_V600E mutations in epithelioid glioblastoma

(GBM), anaplastic ganglioglioma, and anaplastic pleomorphic

xanthoastrocytoma (PXA) (Hatae et al., 2016); in the latter two

categories, this mutation is also found in lower-grade entities

lacking obvious anaplasia. Additional histoneWT cases of other-

wise uncontroversial HGGs have been found to be biologically

and clinically more similar to several types of low-grade

glioma (LGG) and PXA (Korshunov et al., 2015), highlighting the

importance of an integrated diagnosis combining molecular

and histological features.

The HERBY trial (study BO25041; clinicaltrials.gov

NCT01390948) was a phase II, open-label, randomized, multi-

center, comparator study of the addition of the anti-angiogenic

agent bevacizumab (BEV) to RT and TMZ in patients between

the ages of 3 and 18 years with newly diagnosed non-brainstem

HGG (Grill et al., 2018). Central confirmation of HGG diagnosis

was mandatory before randomization, followed by consensus

review by five independent expert neuropathologists. Real-

time panel radiological assessment was also incorporated. An

exploratory endpoint of the study was to establish a bio-

specimen repository for correlative molecular profiling. In addi-

tion to its role in tumor angiogenesis, vascular endothelial

growth factor (VEGF) restricts immune cell activity, and BEV

has been demonstrated to facilitate recruitment of T cells to infil-

trate tumors (Wallin et al., 2016), as well as increase the ratio of

CD8+CD3+ T cells in adult GBM specimens (Scholz et al., 2016).

We therefore also sought to explore the immune profile of cases

within the HERBY cohort.

RESULTS

The Translational Research Cohort Is Representative of
the Whole Clinical Trial Population
The total HERBY cohort comprised 121 randomized patients at

diagnosis (3–18 years) plus 3 infant cases (<3 years) at relapse.

Of these, 113 patients consented to the translational research

program (Table S1). Tumor tissue was collected from either
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resection (n = 93) or biopsy (n = 20), although 24 cases failed to

provide sufficient quantity or quality of sample for molecular anal-

ysis. For the remaining 89 cases, material was available in the

form of either fresh-frozen material (n = 36), formalin-fixed

paraffin-embedded pathology specimens (n = 79), or both (n =

26). These were subjected to Sanger sequencing for H3F3A

(n = 89), exome sequencing (n = 86), Illumina 450k methylation

BeadChip profiling (n = 74), CD8 immunohistochemistry (n =

70), methylation-specific PCR for MGMT promoter methylation

(n = 36), a capture-based sequencing panel for common fusion

gene detection (n = 68), and RNA sequencing (RNA-seq) (n =

20) (Figure 1A).

The translational research cohort, representing a subset (91%)

of the randomized trial, displayed equivalent clinical characteris-

tics to the full dataset (Grill et al., 2018), with no difference in the

primary endpoint of 1-year event-free survival (EFS) with the

addition of BEV to the standard therapy of TMZ and RT (median

12.0 versus 8.3 months, p = 0.372, log rank test), with an addi-

tional small (n = 3) infant cohort treated with BEV at relapse (Fig-

ure 1B). The cohort contained 66 (58%) hemispheric and 47

(42%) non-brainstem midline tumors, with the latter location

conferring a significantly shorter EFS (median 8.0 versus

14.7 months, p = 0.00201, log rank test) (Figure 1C). Histone

mutation status was a significant predictor of worse prognosis

Figure 1. Sample Cohort

(A) Flow diagram indicating total HERBY trial cohort (n = 121 randomized plus 3 infants), those patients consenting to the biology study (n = 113) for whom

sufficient formalin-fixed paraffin-embedded (FFPE) or frozen tumor was available (n = 89), and the respective molecular analyses undertaken.

(B–D) Kaplan-Meier plots of event-free survival of cases (y axis) separated by treatment arm (B), anatomical location (C), or H3F3A status (D), with time given in

months (x axis) and the overall p value provided, calculated by the log rank test. Individual pairwise comparisons are provided in the text.

See also Table S1.
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compared with WT (median EFS = 11.3 months) for

H3F3A_K27M (24/89, 27%; median EFS = 7.9 months;

p = 0.0063, log rank test) and also trended toward shorter

survival forH3F3A_G34R/V (7/89, 8%;medianEFS=8.3months;

p = 0.096, log rank test) (Figure 1D).

Integrated Molecular Analysis Defines the Major (Epi)
genomic Alterations in pHGG
We used the Heidelberg brain tumor classifier on Illumina 450k

methylation array data to assign a molecular subgroup to each

of 74 samples for which such data were available (Table S2).

After excluding low-scoring assignments (<0.2), we used a

simplified system to classify tumors as either H3K27M (n = 18),

H3G34R/V (n = 6), or IDH1 (n = 4) (integrating gene mutation

data in low-scoring cases); as resembling PXA-like (n = 9) or

other LGG-like (n = 3); and aggregating the remaining tumors

(HGG-WT, n = 34) (Figure 2A). IDH1 tumors represented the old-

est patients (median = 17.2 years, others = 11.2, p = 0.0107,

t test), with LGG-like representing the youngest category

(median = 5.7 years, p = 0.0098, t test) (Figure 2B). These two

subgroups each had significantly better outcome in terms of

EFS (p = 0.0281 and p = 0.0386, log rank test), although not

OS (p = 0.0935 and p = 0.129, log rank test) (Figure 2C), when

compared individually to the remaining tumors. The PXA-like

showed a trend toward longer OS (p = 0.0867, log rank test)

compared with the rest. When IDH1, PXA-like, and LGG-like

tumors were excluded from the analysis, the significant differ-

ences between histone mutant and HGG-WT groups were ab-

sent (H3K27M, p = 0.257 EFS and p = 0.0746 OS; H3G34R/V,

p = 0.552 EFS and p = 0.116 OS, log rank test). Twelve out of

78 (15%) samples harbored a methylated MGMT promoter,

although this was largely restricted to the H3G34R/V (n = 3,

p = 0.0249, Fishers exact test) and IDH1 (n = 3, p = 0.0062,

Fisher’s exact test) subgroups (Figure S1A), and was not signif-

icantly associated with survival (Figure S1B) in these uniformly

TMZ-treated patients.

We used a 450k methylation array and exome-sequencing

coverage to derive DNA copy-number profiles for 86 pHGG

(Figure S2A), including focal amplifications/deletions, as well

as whole-arm chromosomal gains/losses (Table S3). Taken

with the somatic single-nucleotide variants (SNVs) and small

insertion/deletions from whole-exome sequencing (Table S3),

and candidate gene fusion events from capture-based panel

sequencing (n = 68) and RNA-seq (n = 20) (Table S3), we

derived an integrated map of genetic alterations across the

translational research cohort (Figure 3A). The most common

alteration was TP53 mutation (39/82, 48%), followed by

ATRX deletion/mutation (25/82, 30%), PDGFRA amplification/

mutation (17/82, 21%), and CDKN2A/B deletion (15/82,

18%). Additional recurrent alterations in receptor tyrosine

kinases (EGFR, MET, ERBB3, IGF1R, and NTRK2), phosphati-

dylinositol 3-kinase (PI3K)/mammalian target of rapamycin

(PTEN, PIK3CA, TSC2, and PIK3R1), and MAP-kinase (NF1,

BRAF, PTPN11, and PTPN12) pathways were common, as

were amplifications/mutations in various genes associated

with cell-cycle regulation (RB1, CDK4, MDM2, and CCND2).

Taking a minimum variant allele frequency of 5% as a

threshold, the median number of somatic mutations per sam-

ple was 15 (range = 0–337) (Figure 3B), with the exception of

four cases for whom there were more than 100-fold more,

and were excluded from gene-level counts.

pHGGs Comprise a Diverse Set of Biological and
Clinicopathological Subgroups
Two cases were highlighted from the methylation subgrouping

as potentially representing non-HGG entities. One case classi-

fying as CNS neuroblastoma with FOXR2 activation (CNS NB-

FOXR2, methylation classifier score = 0.617), was found to

have no evidence of FOXR2 alterations. A further case, a

compact and necrotic tumor with perivascular radiating arrange-

ments (Figure S2B), displayed a methylation classifier score

strongly indicative of a high-grade neuroepithelial tumor with

MN1 alteration (CNS HGNET-MN1, methylation classifier

score = 0.713) (Figure S2C). We identified a candidate alteration

in this case fusing exon 1 of MN1 (22q12.1) to exon 3 of CARD6

(5p13.1) (Figure S2D), and thus appearsmost likely to fall into this

categorization.

Three cases classified more closely to either pilocytic astro-

cytoma (n = 2) or desmoplastic infantile ganglioglioma (DIG)

(n = 1) by 450k methylation profiling. The first two harbored

mitogen-activated protein kinase (MAPK) dysregulation in the

form of either BRAF_V600E or intragenic FGFR1 duplication

(Figure S2E). Histologically, after Pathology Committee re-

review, no piloid features were seen, and anaplastic features

were evident (Figure S2F). The DIG-like case was found in the

infant cohort (2.7 years). None of these three patients died dur-

ing the course of follow-up, and, although numbers are small,

were all found in the right frontal and temporo-parietal lobes

with central predominance (Figure S2G).

There were four cases with IDH1 hotspot mutations (Fig-

ure S3A). Three were classified as WHO-grade III anaplastic as-

trocytoma (AA), IDH1_R132-positive by immunohistochemistry,

with concurrent TP53 and ATRX mutations. The remaining

case was originally classified as a mixed oligo-astrocytoma,

which, by virtue of the presence of IDH1_R132 and TERT pro-

motermutation (C228T), aswell as copy-number loss of chromo-

somes 1p and 19q, would be described as an oligodendroglioma

according to WHO 2016 (Figure S3B). Across the whole cohort,

IDH1 mutation conferred a significantly longer EFS (p = 0.0398,

log rank test), although not OS (p = 0.110, log rank test) (Fig-

ure S3C), and were restricted to the frontal lobes (Figure S3D).

After excluding IDH1mutant cases, the remaining H3F3A and

BRAF WT cases (n = 38) represented a heterogeneous mix of

genomic profiles, with recurrent deletions/mutations in the com-

mon pHGG tumor suppressor genes TP53 (n = 11), ATRX (n = 5),

CDKN2A/B (n = 7),NF1 (n = 8), RB1 (n = 7), and PTEN (n = 5), but

also with an enrichment of gene amplifications in PDGFRA

(n = 5, with KIT and KDR, n = 4), CDK4 (n = 7, with MDM2,

n = 4), EGFR (n = 4), MET (n = 2), CCND2 (n = 3), and MYCN

(n = 3) (Figure S3E). The most common methylation subclass

in these cases was designated GBM_RTK_MYCN (n = 6); how-

ever, it included only one of those withMYCN amplification, and

with no other common amplifications or mutations. Seven cases

harbored none of the recurrently altered genes previously

described in pHGG, and clearly represent a subgroup that war-

rants further investigation. Together, these cases had bilateral

hemispheric distribution with predominant deep right cerebral

localization (Figure S3F).
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Figure 2. Methylation-Based Subclassification

(A) Heatmap representation of b values for 74 samples profiled on the Illumina 450k BeadChip platform (red, high; blue, low). Samples are arranged in columns

clustered by probes with the largest median absolute deviation across the 10k predictor subset of probes. Clinicopathological and molecular annotations are

provided as bars according to the included key. CR/PR, complete response or partial response; Stable/NC, stable disease or no change.

(B) Boxplot showing age at diagnosis of included cases, separated bymethylation subclass. The thick line within the box is the median, the lower and upper limits

of the boxes represent the first and third quartiles, and the whiskers 1.53 the interquartile range.

(C) Kaplan-Meier plot of event-free and overall survival of cases (y axis) separated by methylation subclass, time given in months (x axis) and overall p value

calculated by the log rank test.

See also Figure S1 and Table S2.
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H3F3A Mutation Confers Poor Prognosis for Both K27M
and G34R/V Substitutions
Histone mutations have been shown to be present in approxi-

mately half of all pHGGs (Mackay et al., 2017), with a clear

negative impact on survival for K27M (Karremann et al., 2018;

Khuong-Quang et al., 2012; Mackay et al., 2017), although the

situation is less clear for G34R/V mutations (Bjerke et al.,

2013; Korshunov et al., 2015; Mackay et al., 2017).

H3F3A_G34R/V mutant tumors had a tendency to being

diffusely infiltrative with predominant deep left temporo-parietal

involvement (Figure 4A). There were seven cases with

H3F3A_G34 substitutions (six G34R and one G34V), with six

Figure 3. Somatic Mutations

(A) Oncoprint representation of an integrated annotation of somatic mutations and DNA copy-number changes for the 30 most frequently altered genes in 86

samples (n R 3, frequency barplot on the right, excluding hypermutator cases). Selected common fusion events are also shown where available. Samples are

arranged in columns with genes labeled along rows.

(B) Barplots are provided on a log10 scale for numbers of copy-number aberrations and somatic mutations per case. Clinicopathological and molecular

annotations are provided as bars according to the included key. CR/PR, complete response or partial response; Stable/NC, stable disease or no change.

See also Figures S2 and S3 and Table S3.
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Figure 4. H3F3A Mutant Subgroups

(A–D) H3F3A_G34R/V. (A) Radiological tumor lesion map of 7 H3F3A_G34R/V cases. Brighter colored pixels indicate a higher probability of tumor incidence.

(B) Integrated annotation of somatic mutations and DNA copy-number changes in H3F3A_G34R/V cases. Clinicopathological and molecular annotations are

provided as bars according to the included key in Figure 3. (C) H&E (top) and immunohistochemistry (bottom) directed against H3.3G34R for HERBY020. Scale

bars, 50 mm. (D) Kaplan-Meier plot of event-free and overall survival of 55 hemispheric cases (y axis) separated by H3F3A status, time given in months (x axis),

p value calculated by the log rank test.

(legend continued on next page)
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out of seven (86%) cases additionally harboring TP53 and/or

ATRX mutations (five out of seven, 71% both), while five out of

seven (71%) also contained PDGFRA amplification and/or

mutation (Figure 4B). There were no other recurrent mutations,

although isolated instances of mutations in PI3K signaling

(PIK3CA and PTEN) and DNA repair (ERCC1) were observed

(Table S3). Histologically, there were four GBM, two AA with

multinucleated cells, and one HGG, not otherwise specified

(Figure 4C). Tumors were Olig2 negative (7/7) with strong

nuclear accumulation of p53 (6/7). Across all tumors within

this hemispheric subgroup, patients harboring these mutations

trended toward a shorter EFS (median = 8.3 months;

p = 0.0572, log rank test) and had a significantly shorter OS

(median = 12.0 months; p = 0.00765, log rank test) (Figure 4D),

although this association was lost when IDH1, PXA-like, and

LGG-like tumors were excluded (p = 0.440 EFS and p = 0.139

OS, log rank test) (Figure S4A).

By contrast, K27M substitutions were restricted to midline re-

gions (n = 24). Two patients had distinct, separate lesions in the

thalamus and hypothalamus, while the remaining had central

thalamic, midbrain, or cerebellar localization (Figure 4E). Fifteen

out of 21 (71%) exome-sequenced cases carried additional am-

plifications/mutations in the receptor-tyrosine kinase (RTK)-PI3K

pathway across a range of genes (PDGFRA, MET, IGF1R,

FGFR1, PTEN, PIK3CA, and PIK3R1), with five out of six of the

remaining tumors harboring ATRX mutation (Figure 4F; Table

S3). There was strong immunoreactivity for H3K27M in 12/12

cases tested (Figure 4G). Although conferring a worse prognosis

across the whole cohort (above), within midline locations

there was no association with either EFS (median = 7.9 months;

p = 0.482, log rank test) or OS (median = 14.2 months; p = 0.839,

log rank test) (Figure 4H), nor any prognostic value for WHO-

grade in K27M tumors (p = 0.646 EFS and p = 0.762 OS, log

rank test) (Figure S4B).

Immune-Positive Subgroups Are Associated with MAPK
and Benefit from the Addition of BEV
pHGGs with a high mutational burden had previously been

described to have an elevated neoantigen load and a pro-

nounced immune response (Bouffet et al., 2016). Four cases

were classed as hypermutator, with a median somatic mutation

count of 4,848 (range = 2,197–5,332; mutation rate 160–240 mu-

tations/Mb) (Figure 5A, Table S1). Mutation signature analysis

showed predominantly C > T transitions and hotspot somatic

POLE mutations in three cases, and a somatic POLD1 mutation

in the fourth (Figure 5B). They were all categorized as GBM, and,

in one case, the presumed mismatch repair deficiency was

demonstrated by clear loss of MLH1 expression by immunohis-

tochemistry (Figure 5C). This specimen had a heterogeneous

immune phenotype, with a relatively high percentage of CD8+

cells in the central area, and in three or four thin perivascular

cuffs (Figure 5D; Table S4). These hypermutator cases had the

highest percentage of CD8+ cells (p < 0.0001 t test versus rest

excluding PXA-like) (Figure 5E). Notably, PXA-like tumors were

also significantly enriched for CD8+ cells (p < 0.0001 t test versus

rest excluding hypermutator). Of three HGG-WT cases with

relatively high immune infiltrate, two had elevated somatic SNV

counts (100–110 per case), while the third scored highly for the

GBM_LYMPH_HI subgroup by methylation profiling. A formal

histological assessment of tumor-infiltrating lymphocytes (TILs)

confirmed the highest-scoring categories (lymphocytes scat-

tered among tumor cells/in more than 50% of the tumor) to be

almost exclusively present in hypermutator and PXA-like sub-

groups (Figure S5A; Table S4), as were those cases formally

classified as an inflamed immune phenotype (Figure S5B;

Table S4). Histone mutant tumors were notably immune cold

as defined by a lack of CD8 immunoreactivity and an absence

of TILs.

Nine cases classified by 450k methylation profiling as more

similar to PXAs than HGGs. Five out of nine (55%) harbored

BRAF_V600E mutations, with three out of five (60%) also

containing CDKN2A/B deletions and/or TERT amplification or

promoter mutation (C250T) (Figure 6A). Three of four of the re-

maining cases were instead found with somatic NF1 mutation,

often in concert with TP53 (three out of four) and/or ATRXmuta-

tion (two out of four). Upon histological re-review according to

WHO 2016 guidelines by the HERBY Pathology Committee,

BRAF_V600E, cases were all found to comprise the epithelioid

variant of grade IV GBM, while the NF1 cases were all classified

as the giant cell variant (Figure 6B). PXA-like tumors had a high

degree of immune infiltrate, with cases exhibiting several peri-

vascular cuffs of more than three layers of CD8+ T cells, which

were also scattered among tumor cells in more than 50% of

the specimen (Figure 6C). They were found bilaterally restricted

to temporo-parietal regions with a medial hemispheric predom-

inance (Figure 6D).

Gene expression data from RNA-seq were available for a sub-

set of samples, in which a CD8 T effector/T cell signature was

found to correlate with CD8 positivity by immunohistochemistry

(r2 = 0.49138, p = 0.00523), with two hypermutator cases as out-

liers (Figure 7A). Although no PXA-like or BRAF_V600E mutant

cases were included in this subset, these signatures were partic-

ularly evident in cases with predicted MAPK pathway-activating

alterations in NF1 (truncating frameshift/nonsense, disrupting

translocation or predicted damaging missense), NTRK2 (translo-

cation or tandem duplication of kinase domains), and FGFR1

(known activating hotspot mutation) (Figure 7B). Gene set enrich-

ment analysis (GSEA) showed multiple enrichments for gene sets

associated with T cell signaling and the immune response

(e.g., PID_CD8_TCR_ DOWNSTREAM_PATHWAY, enrichment

score = 0.594, nominal p = 0.0020; KEGG_T_CELL_RECEPTOR_

SIGNALING_PATHWAY, enrichment score = 0.532, nominal

p = 0.0297) and inflammatory-related MAPK signaling

(e.g., ST_JNK_MAPK_PATHWAY, enrichment score = 0.466,

nominal p = 0.0332; REACTOME_GRB2_SOS_PROVIDES_

LINKAGE_TO_MAPK_SIGNALING_FOR_INTERGRINS,

(E–H) H3F3A_K27M. (E) Radiological tumor lesion map of 21 H3F3A_K27M cases. Brighter colored pixels indicate a higher probability of tumor incidence. (F)

Integrated data fromH3F3A_K27M cases. Clinicopathological and molecular annotations are provided as bars according to the included key in Figure 3. (G) H&E

(top) and immunohistochemistry (bottom) directed against H3.3K27M for HERBY015. Scale bars 50 mm. (H) Kaplan-Meier plot of event-free and overall survival of

34 midline cases (y axis) separated by H3F3A status, time given in months (x axis), p value calculated by the log rank test.

See also Figure S4.
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enrichment score = 0.581, nominal p = 0.0239) (Table S5), with

mean T effector/T cell signature significantly higher than in cases

without MAPK alterations (p = 0.0039, t test) (Figure 7C). This was

validated in a restricted cohort of n = 59 patients from our retro-

spective analysis designed to approximate the HERBY cohort

(i.e., non-brainstem pHGGs aged 3–18 years), in which we

observed a significantly elevated T effector/T cell gene expression

signature in MAPK-altered samples (p = 0.0018, t test) (Figures

S6A and S6B), further demonstrated by GSEA (e.g.,

PID_CD8_TCR_DOWNSTREAM_PATHWAY, enrichment score =

0.551, nominal p = 0.0099; BIOCARTA_TCR_PATHWAY enrich-

ment score = 0.520, nominal p = 0.0305) (Table S5).

We also explored other immune-related gene expression sig-

natures in the RNA-seq data, and noted a trend toward an

elevated macrophage M2 response in MAPK-altered tumors

(p = 0.0810, t test) (Figures S6C and S6D). We performed

CD68 staining for a limited number of cases with a histologically

defined immune response (n = 11), and found a heterogeneously

distributed tumor-associated macrophages (TAM) component,

comprising either TAM-free tumoral areas, or rich TAM areas

especially around necrotic foci or associated with perivascular

lymphocytes (Figure S6E). BRAF_V600E cases had CD68+

TAM more diffusely intermingled with tumor cells (Figure S6E).

Although the presence of macrophage infiltration has previously

Figure 5. Hypermutator Cases

(A) Circos plots for four hypermutator cases. In each case, plots provide somatic SNVs and insertion/deletions on the outer ring, DNA copy-number changes (dark

red, amplification; red, gain; dark blue, deletion; blue, loss), and loss of heterozygosity (yellow) on the inner rings, and intra- (orange) and inter- (blue) chromosomal

translocations inside the circle.

(B) Mutation signatures. Top: simple stacked barplot representation of the proportion of mutation types observed in individual hypermutator cases and the

remaining accumulated dataset. Base changes given in the key. Bottom: mutation context given for each of the 96 mutated trinucleotides, represented by

heatmap. The base located 50 to each mutated base is shown on the vertical axis, and the 30 base is on the horizontal axis.

(C) H&E (top) and protein expression of mismatch repair proteins (bottom panel, clockwise from top left: MLH1, MSH2, MSH6, and PMS2) as assessed by

immunohistochemistry in a glioblastoma with 5,322 somatic mutations (HERBY102). Scale bars, 100 mm (H&E, MLH1, MSH2) or 50 mm (MSH6, PMS2).

(D) CD8 expression in T cells by immunohistochemistry in HERBY102. Scale bar, 100 mm.

(E) Boxplot of percentage of CD8+ cells in the central tumor region separated by subgroup. The thick line within the box is themedian, the lower and upper limits of

the boxes represent the first and third quartiles, and the whiskers 1.53 the interquartile range. ***p < 0.0001, t test.

See also Figure S5 and Table S4.
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been reported in diffuse intrinsic pontine glioma (Caretti et al.,

2014), we observed no association of the M2 gene expression

signature with K27M midline tumors in our cohort (p = 0.965).

With the primary efficacy analysis failing to demonstrate sur-

vival differences between the two arms, we explored whether

the molecular-profiling data could identify subsets of patients

whomay have benefited from the addition of BEV to the standard

chemoradiotherapy. We performed a univariate Cox regression

analysis on methylation-based molecular subgroups, as well

as individual gene-level alterations, and found none which had

significant difference in outcome between investigational arms

(Figure S7A), although NF1, PDGFRA, and TP53 were adverse

prognostic markers across the whole cohort (Figures S7B–

S7E). Notably, however, while not predictive in the TMZ/RT

arm (Figure 7D), the presence of high levels of CD8+ T cells within

the central tumor area conferred a significantly better OS in chil-

dren receiving the addition of BEV (p = 0.0404, log rank test) (Fig-

ure 7E). Fitting a Cox interaction model (with proportional haz-

ards confirmed by calculating Schoenfeld residuals, p = 0.268),

high CD8 levels trended toward predictivity of response to

TMZ/RT+BEV,with a hazard ratio of 0.360 (p = 0.066). In keeping

with the strong subgroup associations described, 17/18 cases

with high levels of CD8+ T cells are hemispheric (representing

38.6% cases in this location). Within hemispheric tumors

only, there is a significant interaction between high CD8 and

BEV (hazard ratio [HR] = 0.251, p = 0.024).

DISCUSSION

The HERBY trial opened in October 2011, prior to the discovery

of histone gene mutations in 2012 (Schwartzentruber et al.,

2012), and the more extensive genome sequencing published

in 2014 (Wu et al., 2014), and there were no molecular markers

incorporated into trial design. The present correlative biology

study demonstrates the extent of the heterogeneous population

of tumors, with widely differing biological drivers and clinico-

pathological features that were included in the cohort. An impor-

Figure 6. PXA-like Tumors

(A) Integrated annotation of somatic mutations

and DNA copy-number changes in nine samples

classifying as PXA-like. Clinicopathological and

molecular annotations are provided as bars

according to the included key in Figure 3.

(B) H&E staining of an epithelioid (top, HERBY104)

and giant cell (bottom, HERBY098) variant of

glioblastoma. Scale bars, 100 mm.

(C) CD8 immunohistochemistry for the same cases

as (B), marking CD8+ T cells. Scale bars, 100 mm.

(D) Radiological tumor lesion map of PXA-like

cases. Brighter colored pixels indicate a higher

probability of tumor incidence.

tant example is the four adolescent pa-

tients with IDH1 mutation, who had a

significantly better clinical outcome, and

may now be thought of as the lower age

limit of an adult subgroup rather than

pHGGs. Such patients will likely be

included in future IDH1-focussed trials

across adult and pediatric oncology services in order to maxi-

mize the possibility of positive trial outcomes. Similarly, within

the HERBY cohort were seven patients with BRAF_V600E muta-

tions, who would now be candidates for upfront trials of targeted

inhibitors such as vemurafenib (Bautista et al., 2014; Robinson

et al., 2014), and four hypermutator patients, with somatic

POLE/POLD1 mutations and likely harboring biallelic mismatch

repair deficiency syndrome, who may benefit from immune

checkpoint inhibitors such as nivolumab (Bouffet et al., 2016).

In both instances, early clinical data show remarkably promising

results and there would be little justification in their continued in-

clusion in catch-all HGG trials.

Notably, both hypermutator cases, and those biologically

resembling PXAs, the latter of which harbored either BRAF- or

NF1-driven MAP-kinase alterations, were found to be the most

immunogenic in terms of CD8+ T cells/TILs, including a signifi-

cantly elevated CD8 effector T cell gene expression signature.

This is important given reports in adult GBM of an immunosup-

pressive phenotype associated with an elevated CD8+ regulato-

ry T cell immune infiltrate (Kmiecik et al., 2013). The MAPK-

altered hypermutator and PXA-like pediatric cases in the present

cohort were found to benefit from the addition of BEV to TMZ/RT

as regard to overall, although not EFS, the first and only such

predictive biomarker identified in this patient population. The

immunomodulatory effects of anti-angiogenic therapies have

been previously demonstrated in other cancer types (Elamin

et al., 2015), with VEGF-A shown to play an important role in

the induction of an immunosuppressive environment (Gabrilo-

vich et al., 1996), through increasing PD-L1 and other inhibitory

checkpoints involved in CD8+ T cell exhaustion.

An important implication of these observations is the possibil-

ity of overcoming resistance to BRAF/MEK-targeting therapies

by combining them with BEV and/or other immune therapies in

these subgroups, as has been suggested in melanoma (Hu-

Lieskovan et al., 2015). Such a strategy is, however, complicated

by the diverse roles on T cell function played by MAPK signaling.

Although involved in the regulation of T cell proliferation and
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survival (D’Souza et al., 2008), selective BRAF inhibitors have

been shown to increase CD8+ lymphocytes in human metastatic

melanomamodels (Wilmott et al., 2012). Crucially, althoughMEK

inhibition has been demonstrated to block naive CD8+ T cell

priming in a colon cancer model, the number of CD8+ effector

T cells within the tumor were increased, and could potentiate

immune checkpoint therapy (Ebert et al., 2016). A limitation of

the present study is the small numbers in this post-hoc analysis,

and the benefit that patients with these biological subgroups

may derive from an immunomodulatory mechanism of BEV

would need to be tested in the prospective setting. This is a

challenge given that these patients represent approximately

10%–15% of an already rare disease; however, international

collaborative trials groups (such as those in HERBY represent),

already recruit hypermutator and MAPK-altered HGGs in this

population for appropriately targeted therapies (NCT02992964,

NCT02684058). Equally importantly, the histone H3 mutant sub-

groups, which represent a substantial proportion of patients in

this age group (Mackay et al., 2017) were found to be very poorly

immunogenic, confirming a previous study in resectable malig-

nant brainstem gliomas in children and adults with K27M muta-

tions (Zhang et al., 2017), and further negating the likelihood of

clinical response to such therapies.

A key observation is the high prevalence of tumors occurring

outside the cerebral hemispheres harboring histone mutations,

included in the most recent 2016 WHO classification system as

a separate entity called diffuse midline glioma with H3K27M mu-

tation. These represented 27% of the assessed population, and

had a particularly poor outcome, as did histoneWTmidline cases.

These tumors only rarely haveMGMT promoter methylation, and

have consistently proved refractory to TMZ and other chemother-

apeutic agents (Jones et al., 2016). Critically, midline K27M tu-

mors classified histologically as either grade 3 or 4 according to

theWHO 2007 classification had no difference in clinical outcome

within the HERBY cohort, and with the caveat of small numbers,

support the current 2016 guidelines to assign all such tumors as

grade 4 on the basis of their location and molecular findings.

More surprising was the poor outcome observed for patients

with H3F3A_G34R/V mutations. A previous study reported

G34R mutations to convey a better prognosis in respect of OS

Figure 7. Immune Signatures and Response to BEV

(A) Mean T effector/T cell gene expression values (plotted as log2, x axis) were correlated with CD8 immunoreactivity (plotted as log10, y axis) for 18 cases.

Two cases were scored as 0% by immunohistochemistry and were not plotted (expression values �7.37 and �7.58).

(B) Gene expression signatures for CD8 T effector and T cells plotted as a heatmap from 20 cases with RNA-seq data. Hypermutator cases and those with MAPK

alterations including NF1, FGFR1, or NTRK2 are annotated.

(C) Plot of T effector/T cell gene expression values inMAPK-altered samples compared with those without. Horizontal bar represents themean, error bars the SD.

(D) Kaplan-Meier plot of event-free and overall survival of 36 cases (y axis) treated with TMZ/RT, separated by levels of CD8+ T cells, time given in months (x axis),

and p value calculated by the log rank test.

(E) Kaplan-Meier plot of event-free and overall survival of 34 cases (y axis) treatedwith TMZ/RT plus BEV, separated by levels of CD8+ T cells, time given inmonths

(x axis), and p value calculated by the log rank test.

See also Figures S6 and S7 and Table S5.
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(HR = 0.49, p = 0.01), although this was not significant in multi-

variate analysis (p = 0.84) (Korshunov et al., 2015), although

the present study explores this in a consistently treated and

well-annotated clinical trial setting. In the HERBY study, as well

as in published work (Korshunov et al., 2015; Mackay et al.,

2017), the H3F3A_G34R/V mutation is associated with a high

frequency of MGMT methylation. Notably, MGMT promoter

methylation itself was not predictive in this trial cohort of all pa-

tients receiving radiochemotherapy with TMZ, again demon-

strating differences with the adult disease, and questioning the

continued use of protocols extrapolated from the adult setting.

It is clear that histonemutations represent clearly defined entities

within an umbrella HGG classification in the pediatric setting,

and given their profound impact on chromatin modifications,

will require therapeutic development and clinical trials distinct

from histone WT cases.

Within the remaining cases of pHGG were a small proportion

whose methylation profiles were more similar to other lesions.

The LGG-like cases were in young patients with longer EFS,

while two additional cases had methylation classifier scores

strongly suggestive of recently described entities coming from

the study of tumors formally diagnosed as CNS primitive

neuroectodermal tumors (Sturm et al., 2016). Integration with

histological features and determination of the presence of

marker gene fusions events for these entities (CNS HGNET-

MN1, CNS NB-FOXR2) will be key in future studies.

Although there have been several early-phase and anecdotal

studies of BEV in pHGG (Benesch et al., 2008; Friedman et al.,

2013; Gururangan et al., 2010; Narayana et al., 2010; Salloum

et al., 2015), none have included biological information on the

patients treated. Aside from CD8 immunoreactivity, we did not

identify any additional molecular markers of response. In simi-

larly designed adult studies of BEV, gene expression-defined

proneural (Sandmann et al., 2015) or mesenchymal (Sulman

et al., 2013) subgroups of GBM have been reported to confer a

significant OS advantage. Although we have not undertaken

gene expression studies across our cohort, adult and pediatric

cases expressing proneural genes appear to have distinct ge-

netic and epigenetic drivers (Sturm et al., 2012), the mesen-

chymal subclass is rare in children (Sturm et al., 2012), and unlike

the adult studies, we observed no EFS advantage of BEV in

HERBY (Grill et al., 2018).

In conclusion, integrated molecular profiling of the HERBY

sample cohort has demonstrated the biological and clinicopath-

ological diversity of the term HGG in the pediatric setting, sus-

pected but not confirmed at the onset of the trial. While there

are several distinct subgroups for which there is strong rationale

for bespoke future clinical studies, a large proportion of pHGG

cases continue to defy improvements in survival and lack a clear

path forward. Although BEV was not associated with better

outcome in this trial, the extensive biological, pathological, and

radiological ancillary research programs ongoing within HERBY

aim to provide an integrated assessment of disease pathogen-

esis and treatment response.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

DNeasy blood & tissue kit Qiagen 69504

QIAmp DNA FFPE tissue kit Qiagen 56404

RNeasy mini kit Qiagen 74104

QIAquick PCR purification kit Qiagen 28104

BigDye terminator v3.1 mix Thermo Fisher 4337455

SureSelect Human All Exon capture set V6 Agilent 5190-8863

SureSelect RNA Capture, 0.5-2.9Mb Agilent 5190-4944

Deposited Data

Exome and RNA sequencing of new samples This paper EGA: EGAS00001002328

Illumina methylation BeadChip profiling

of new samples

This paper ArrayExpress:

E-MTAB-5552

Sequencing and methylation data This paper cavatica.org

Oligonucleotides

Primer: H3F3A_forward FFPE

TGGCTCGTACAAAGCAGACT

This paper N/A

Primer: H3F3A_reverse FFPE

ATATGGATACATACAAGAGAGACT

This paper N/A

Primer: H3F3A _forward FROZEN

GATTTTGGGTAGACGTAATCTTCA

This paper N/A

Primer: H3F3A _ reverse FROZEN

TTTCCTGTTATCCATCTTTTTGTT

This paper N/A

Antibodies

MLH1 BD Pharmingen G168-728; RRID: AB_395227

PMS2 BD Pharmingen A16-4; RRID: AB_396410

MSH2 DIAG-BIOSYSTEMS 25D12; RRID: AB_10978033

MSH6 DIAG-BIOSYSTEMS 44; RRID: AB_1958490

H3K27M Merck ABE419

H3G34R University of Nottingham richard.grundy@nottingham.ac.uk

CD8 Dako C8/144B; RRID: AB_2075537

CD68 Glostrup KP1; RRID: AB_2661840

Software and Algorithms

Mutation Surveyor SoftGenetics softgenetics.com/mutationSurveyor.php

4Peaks Nucleobytes nucleobytes.com/4peaks/

minfi BioConductor bioconductor.org/packages/release/

bioc/html/minfi.html

conumee BioConductor bioconductor.org/packages/release/

bioc/html/conumee.html

BEDtools University of Utah github.com/arq5x/bedtools2

DNAcopy BioConductor bioconductor.org/packages/release/

bioc/html/DNAcopy.html

CopyNumber450kData BioConductor bioconductor.org/packages/release/data/

experiment/html/CopyNumber450kData.html

MNP DKFZ Heidelberg molecularneuropathology.org/mnp

Bowtie2 Johns Hopkins University bowtie-bio.sourceforge.net/bowtie2/index.shtml

TopHat Johns Hopkins University ccb.jhu.edu/software/tophat/index.shtml

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Chris Jones (chris.jones@icr.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient Samples
All patient samples were collected after signed consent to the HERBY translational research program, under full Research Ethics

Committee approval at each participating center. Tumor material was available from 89 patients (out of a total of 113 providing

consent) from 13 countries: France (n=27, Hospital Pour Enfants De La Timone, Marseille; Hôpital des Enfants, Toulouse; Centre

Hospitalier Régional Universitaire, Tours; CHRU Rennes; CHRU Nancy; Institut Curie, Paris; CHRU Strasbourg; Cancer Research

Center of Lyon; Institut Gustave Roussy, Villejuif; CHRU Clermont-Ferrand; Oscar Lambret Center, Lille; CHRU Angers), UK

(n=17, Royal Victoria Infirmary, Newcastle; NHS Lothian, Edinburgh; Nottingham University Hospital, Nottingham; Great Ormond

Street Hospital, London; Royal Hospital for Children, Bristol; Cambridge University Hospital, Cambridge; Leeds Teaching Hospitals,

Leeds; Alder Hey Children’s Hospital, Liverpool; Royal Marsden Hospital, Sutton), Italy (n=14, Istituto Giannina Gaslini, Genoa;

Istituto Nazionale Tumori, Milan), Spain (n=6, Hospital San Joan de Deu, Barcelona; Hospital Universitari i Politècnic la Fe, Valencia),

Canada (n=5, Hospital for Sick Children, Toronto; Alberta Children’s Hospital, Calgary), Netherlands (n=4, Radboud University

Medical Center, Nijmegen; Erasmus Medical Center, Rotterdam), Czech Republic (n=3, Faculty Hospital, Brno; Charles University

Hospital, Prague), Denmark (n=3, Aarhus University Hospital, Aarhus; Rigshospitalet, Copenhagen), Hungary (n=3, Semmelweis

University, Budapest), Sweden (n=3, University of Gothenburg, Gothenburg; Skåne University Hospital, Lund), Poland (n=2,

Children’s Memorial Health Institute, Warsaw), Austria (n=1, Kepler Universit€atsklinikum, Linz), and Belgium (n=1, Universitaire

Ziekenhuizen, Leuven).

Pathological Review
All patients had their initial local diagnosis of HGG confirmed according to theWHO 2007 classification by a central HERBY reference

neuropathologist prior to enrollment. Subsequently, all specimens were further subjected to a consensus review by the HERBY panel

of five independent expert paediatric neuropathologists, who also applied the diagnostic criteria of the WHO 2016 classification.

Radiological Anatomical Localization
Tumor localization was determined by the HERBY panel of paediatric neuroradiologists. Tumors were assigned to lobar, basal

ganglia, thalamic, non-pontine brainstem or cerebellar locations. As many of the tumors spanned more than one of these locations,

post hoc radiological analysis by one of the HERBYNeuroradiologists was undertaken to determine the epicenter of the tumor origin;

this was used to classify the site of origin of the tumor in each case.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

cufflinks University of Washington ole-trapnell-lab.github.io/cufflinks/cufflinks/

DESeq2 BioConductor bioconductor.org/packages/release/

bioc/html/DESeq2.html

Gene Set Enrichment Analysis Broad Institute http://software.broadinstitute.org/gsea

bwa Sanger Institute http://bio-bwa.sourceforge.net/

Genome Analysis Toolkit Broad Institute oftware.broadinstitute.org/gatk/

Variant Effect predictor Ensembl tools ensembl.org/info/docs/variation/vep

BCBio Harvard TH Chan bcb.io/

ANNOVAR Children’s Hospital of Philadelphia annovar.openbioinformatics.org/en/latest/

ExAc Broad Institute exac.broadinstitute.org/

SIFT J Craig Venter Institute sift.jcvi.org

PolyPhen Harvard genetics.bwh.harvard.edu/pph2

Manta Illumina github.com/Illumina/manta

Oncoprinter Memorial Sloan Kettering cbioportal.org/oncoprinter.jsp

Circos Michael Smith Genome Sciences Center circos.ca

R The Comprehensive R Archive Network r-project.org

Other

Integrated mutation, copy number,

expression and methylation data

This paper and cited sources pedcbioportal.org
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METHOD DETAILS

Nucleic Acid Extraction
DNAwas extracted from frozen tissue by homogenisation prior to following the DNeasy Blood & Tissue kit protocol (Qiagen, Crawley,

UK). DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) pathology blocks after manual macrodissection using the

QIAamp DNA FFPE tissue kit protocol (Qiagen). Matched normal DNA was extracted from blood samples using the DNeasy Blood

& Tissue kit (Qiagen, Crawley, UK). Concentrations were measured using a Qubit fluorometer (Life Technologies, Paisley, UK). RNA

was extracted by following the RNeasy Mini Kit protocol (Qiagen), and quantified on a 2100 Bioanalyzer (Agilent Technologies).

H3F3A Sanger Sequencing
PCR for H3F3A was carried out on 89 cases using primers obtained from Life Technologies (Paisley, UK) (FFPE: for-TGGCTCGTA

CAAAGCAGACT; rev-ATATGGATACATACAAGAGAGACT; FROZEN: for-GATTTTGGGTAGACGTAATCTTCA; rev-TTTCCTGTTA

TCCATCTTTTTGTT). Sequences were analysed using Mutation Surveyor (SoftGenetics, PN, USA) and manually with 4Peaks

(Nucleobytes, Aalsmeer, Netherlands). Only three cases left insufficient DNA for exome sequencing, all of which were found to harbor

K27M mutations, and thus additional Sanger sequencing for genes encoding H3.1 variants were not undertaken.

Methylation Profiling
50-500 ngDNAwasbisulphite-modified and analyzed for genome-widemethylation patterns using the IlluminaHumanMethylation450

BeadChip (450k) platform at either the DKFZor theUniversity College LondonGenomicsCenter, according themanufacturers instruc-

tions. All samples were checked for expected and unexpected genotypematches by pairwise correlation of the 65 genotyping probes

on the 450k array.

MGMT Promoter Methylation
To evaluate the methylation status of the MGMT promoter region, we used either the MGMT_STP27 logistic regression model from

Illumina 450k methylation array data, or methylation-specific (MS-) PCR. For MS-PCR, 300-1500 ng DNA was sodium bisulphite-

treated and PCR products analyzed on an the ABI7900HT instrument (Applied Biosystems, Foster City, CA, USA) to quantify the

copy number of MGMT/ACTB (MDxHealth, Irvine, CA, USA).

Next-Generation Sequencing
50-500 ng DNA from 86 cases was sent for exome sequencing at the Tumor Profiling Unit (ICR, London, UK) using the Agilent

SureSelectXT Human All Exon V6 platform with additional customized coverage of all histone H3 genes and the TERT promoter

(Agilent, Santa Clara, CA, USA), and paired-end-sequenced on an Illumina HiSeq2500 (Illumina, San Diego, CA, USA) with one single

patient-matched tumor/normal pair per lane where possible. The average median coverage was 426x for the frozen tumors (range

351-598x), 321x for the FFPE tumors (range 115-519x) and 163x for normal samples (range 116-464x). A customized panel of

biotinylated DNA probes (NimbleGen) was developed for the detection of structural variants (translocations and duplications) and

potential amplifications. The panel capture a total of 22 genes recently implicated in brain tumors (ALK, BCOR, BRAF, c11orf95,

C19MC, CIC, ETV6, FGFR1-3, FOXR2, KIAA1549, MET, MN1, MYB, MYBL1, NTRK1-3, RAF, RELA, TPM3 and YAP1). Library

preparation was performed using 50-200 ng of genomic DNA using the HyperPlus Kit (Kapa Biosystems, Wilmington MA, USA)

and SeqCap EZ adapters (Roche). Following fragmentation, DNA was end-repaired, A-tailed and indexed adapters ligated. DNA

was amplified, multiplexed and hybridized using 1 mg of total pre-capture library DNA to the design of DNA baits (NimbleGen SeqCap

EZ Developer library, Roche). After hybridization, capture libraries were amplified and sequencing was performed on a NextSeq500

(Illumina) with 2 x 150 bp, paired-end reads following manufacturer’s instructions. RNA from frozen tumors was sequenced on an

Illumina HiSeq2500 as 100 bp paired end reads.

Immunohistochemistry
4 mMsections were stained by an automated Discovery XT (for H3G34R) or Benchmark XT (VentanaMedical Systems, Tucson, USA).

A standard pre-treatment protocol included CC1 buffer (or CC2 for H3G34R) and then a primary antibody incubation for 32 minutes

(92 minutes for MLH1, PMS2, MSH2 and MSH6) at room temperature (37�C for H3K27M and MLH1). Antibodies used were directed

against MLH1 (BD Pharmingen, clone G168-728, 1/300), PMS2 (BD Pharmingen, clone A16-4, 1/150), MSH2 (DIAG-BIOSYSTEMS,

clone 25D12, 1/10), MSH6 (DIAG-BIOSYSTEMS, clone 44, 1/50), H3K27M (Merck, polyclonal, 1/1000), CD8 (Dako, clone C8/144B,

1/100), CD68 (Glostrup, clone KP1, 1/400) and H3G34R (kind gift from Richard Grundy, Children’s Brain Tumor Research Center,

Nottingham, UK, polyclonal; 1/150). Antibody binding was visualized with an Optiview Kit (Roche-Ventana, Tucson, USA). Diamino-

benzidine-tetra-hydrochloride (DAB, Ventana) was used as the chromogen.

Pathological Assessment of Immune Response
CD8 immunoreactivity was assessed as the percentage of the surface area of the tumor covered by CD8+ cells present at a density

belonging to one of four reference bins of increasing density (I0, I1, I2, I3). A further quantitative assessment of the percentage of the

pathologist-defined central tumor area of CD8+ cells was also performed. A qualitative categorization of the tumor as a whole as

either ‘inflamed’, ‘heterogeneous’ or an immune ‘desert’ was also provided. Patients in the upper quartile of central tumor area
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CD8 cell positivity with a heterogeneous or inflamed phenotype were classed as CD8-high. A histologically-defined assessment of

tumor infiltrating lymphocytes (TILs) was carried out according to two distinct schema. Palma et al. (Palma et al., 1978) includes

Category A (several perivascular cuffs of more than three layers of lymphocytes and often lymphocytes also scattered among tumor

cells), Category B (three or four thin perivascular cuffs in the tumor) and Category C (no clear lymphocytes present); Rutledge et al.

(Rutledge et al., 2013) includes Category 0 (absence of lymphocytes), Category 1+ (lymphocytes in less than 50% of the tumor) and

Category 2+ (lymphocytes in more than 50% of the tumor).

QUANTIFICATION AND STATISTICAL ANALYSIS

Sequence Analysis
Exome capture reads were aligned to the hg19 build of the human genome using bwa v0.7.5a (bio-bwa.sourceforge.net), and PCR

duplicates removed with PicardTools 1.5 (pcard.sourceforge.net). Somatic single nucleotide variants were called using the Genome

Analysis Tool Kit v3.3-0 based upon current Best Practices using local re-alignment around InDels, downsampling and base recali-

bration with variants called by the Unified Genotyper (broadinstitute.org/gatk/). Somatic variants were covered by at least 20 reads in

both tumor and normal sequences and carried at least 5 ALT reads in the tumor sequence; unmatched exomes (n=3) were annotated

by ExAc and ANNOVAR. Variants were annotated using the Ensembl Variant Effect Predictor v74 (ensembl.org/info/docs/variation/

vep) incorporating SIFT (sift.jcvi.org) and PolyPhen (genetics.bwh.harvard.edu/pph2) predictions, COSMIC v64 (sanger.ac.uk/

genetics/CGP/cosmic/) and dbSNP build 137 (ncbi.nlm.nih.gov/sites/SNP) annotations. Copy number was obtained by calculating

log2 ratios of tumor/normal coverage binned into exons of known Ensembl genes, smoothed using circular binary segmentation

(DNAcopy, www.bioconductor.org) and processed using in-house scripts. Mutation signatures were ascertained by grouping so-

matic substitutions on the basis of their 30 and 50 bases into 96 possible trinucleotide categories (Shlien et al., 2015). NGS fusion panel

alignment was performed against the human reference sequence GRCh37/Hg19. Quality control (QC), variant annotation, dedupli-

cation and metrics were generated for each sample. Manta (https://github.com/Illumina/manta) and Breakdancer (breakdancer.

sourceforge.net) were used for the detection of structural variants.

Methylation Profiling
Methylation data from the Illumina Infinium HumanMethylation450 BeadChip was preprocessed using the minfi package in R. DNA

copy number was recovered from combined intensities using the conumee package with reference to methylation profiles from

normal individuals provided in the CopyNumber450kData package. We have used the Heidelberg brain tumor classifier (Capper

et al., 2018) (molecularneuropathology.org) to assign subgroup scores for each tumor compared to 91 different brain tumor entities

using a training set built from 2,801 tumors implemented in the MNP R package (v11b2). Simplified methylation subgroup assign-

ments were then made to incorporate cases carrying G34R/V or K27M mutations in H3 histones, IDH1 mutation at R132, low grade

glioma-like profiles (predominantly diffuse infantile ganglioglioma and pilocytic astrocytoma) and those similar to pleomorphic

xanthoastrocytoma (PXA). Low-scoring cases, or those with a high normal cell contamination were assigned to G34, K27 or IDH1

groups if the respective mutation was identified. Wild-type HGG encompassed many other methylation subgroups and were simply

assigned by exclusion with the groups above. Clustering of beta values from methylation arrays was performed using the 10K

probeset from the Heidelberg classifier based upon Euclidean distance with a ward algorithm. Methylation heatmaps show only

the most variable probes of the classifier between simplified methylation subgroups.

RNAseq
RNA sequences were aligned to hg19 and organized into de-novo spliced alignments using bowtie2 and TopHat version 2.1.0

(ccb.jhu.edu/software/tophat). Fusion transcripts were detected using chimerascan version 0.4.5a filtered to remove common

false positives. RNASeq raw count files were used to construct an expression matrix using Roche’s internal pipeline. The expres-

sion matrix was normalized using edgeR and Voom in R (cran.rproject.org/), and a heatmap was created from the absolute gene

expression data using Tibco Spotfire, as previously described (Brouwer-Visser et al., 2018). The mean expression of the signature

genes was used to compare MAPK-altered to non-altered samples and statistical significance calculated using a two-tailed

unpaired t-test. The mean expression was also used to correlate with CD8 positivity by IHC. Gene Set enrichment analysis was

performed using the GSEA java application based upon pairwise comparisons of MAPK altered versus wild-type for curated

canonical gene sets. All data are deposited in the European Genome-phenome Archive (ebi.ac.uk/ega/home) under accession

number EGAS00001002328.

Tumor Lesion Maps
Pre-surgery tumor volume regions of interest (ROIs) were drawn on T2-weighted/Fluid-attenuated inversion recovery (FLAIR)

magnetic resonance (MR) images by an experienced paediatric neuroradiologist (TJ). The images and corresponding ROIs were

affinely registered, using FSL (Jenkinson et al., 2002), to a paediatric template (Left-Right Symmetric, 7.5–13.5 years old) from the

Montreal Neurological Institute (http://www.bic.mni.mcgill.ca/ServicesAtlases/NIHPD-obj1) (Fonov et al., 2011). A further manual

correction step was performed to limit tumor mass effects. Once registered to a common space, overall tumor lesion overlap

maps were created using MRIcron (Rorden et al., 2007).
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Statistical Analysis
Statistical analysis was carried out using R 3.3.0 (www.r-project.org) and GraphPad Prism 7. Categorical comparisons of counts

were carried out using Fishers exact test, comparisons between groups of continuous variables employed Student’s t-test or

ANOVA. Univariate differences in survival were analysed by the Kaplan-Meier method and significance determined by the log-

rank test. Exploratory Cox regression analyses were conducted to assess the impact of molecular prognostic and predictive factors.

Confirmation of proportional hazards was assessed by calculating Schoenfeld residuals. All tests were two-sided and a p value of

less than 0.05 was considered significant.

DATA AND SOFTWARE AVAILABILITY

All newly generated data have been deposited in the European Genome-phenome Archive (www.ebi.ac.uk/ega) with accession

number EGAS00001002328 (sequencing) or ArrayExpress (www.ebi.ac.uk/arrayexpress/) with accession number E-MTAB-5552

(450k methylation).

ADDITIONAL RESOURCES

Curated gene-level copy number, mutation data and RNAseq data are provided as part of the paediatric-specific implementation of

the cBioPortal genomic data visualization portal (pedcbioportal.org). Raw data files are also made available through the Cavatica

NIH-integrated cloud platform (cavatica.org).
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SUMMARY

We collated data from 157 unpublished cases of pediatric high-grade glioma and diffuse intrinsic pontine
glioma and 20 publicly available datasets in an integrated analysis of >1,000 cases. We identified co-segre-
gating mutations in histone-mutant subgroups including loss of FBXW7 in H3.3G34R/V, TOP3A rearrange-
ments in H3.3K27M, and BCOR mutations in H3.1K27M. Histone wild-type subgroups are refined by the
presence of key oncogenic events or methylation profiles more closely resembling lower-grade tumors.
Genomic aberrations increase with age, highlighting the infant population as biologically and clinically
distinct. Uncommon pathway dysregulation is seen in small subsets of tumors, further defining themolecular
diversity of the disease, opening up avenues for biological study and providing a basis for functionally
defined future treatment stratification.

INTRODUCTION

Pediatric glioblastoma (pGBM) and diffuse intrinsic pontine gli-

oma (DIPG) are high-grade glial tumors of children with a me-

dian overall survival of 9–15 months, a figure that has remained

unmoved for decades (Jones et al., 2012). Although relatively

rare in this age group (1.78 per 100,000 population), taken

together, gliomas are nonetheless the most common malignant
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Significance

High-grade and diffuse intrinsic pontine glioma in children are rare, incurable brain tumors with differing biology to adult
cancers. An integrated genomic, epigenomic and transcriptomic analysis of >1,000 cases across all anatomical compart-
ments of the CNS defines robust clinicopathological and molecular subgroups with distinct biological drivers. As modern
classification schemes begin to recognize the diversity of this disease in the pediatric population, we provide a framework
for meaningful further subcategorization and identify subgroup-restricted therapeutic targets.
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brain tumors in children, and represent the greatest cause of

cancer-related deaths under the age of 19 years (Ostrom

et al., 2015). Unlike histologically similar lesions in adults, which

tend to be restricted to the cerebral hemispheres, diffuse high-

grade gliomas in childhood (pHGG) can occur throughout the

CNS, with around half occurring in midline locations, in partic-

ular the thalamus and the pons (Jones and Baker, 2014), where

the lack of available surgical options confers an especially poor

prognosis (Kramm et al., 2011). Numerous clinical trials of

chemotherapeutics and targeted agents extrapolated from

adult GBM studies have failed to show a survival benefit, and

more rationally derived approaches based upon an understand-

ing of the childhood diseases are urgently needed (Jones

et al., 2016).

It has become increasingly apparent that pHGG differ from

their adult counterparts, with molecular profiling studies carried

out over the last 6–7 years having incrementally identified key

genetic and epigenetic differences in pHGG associated with

distinct ages of onset, anatomical distribution, clinical outcome,

and histopathological and radiological features (Jones and

Baker, 2014; Sturm et al., 2014). In particular, the identification

of unique recurrent mutations in genes encoding histones H3.3

and H3.1 (Schwartzentruber et al., 2012; Wu et al., 2012) have

demonstrated the distinctiveness of the pediatric disease, with

the G34R/V and K27M variants appearing to represent different

clinicopathological and biological subgroups. This has been

recognized by the World Health Organization (WHO) classifica-

tion of CNS tumors, with the latest version including the novel en-

tity, diffuse midline glioma with H3K27 mutation (Louis et al.,

2016). Further refinements incorporating other clearly delineated

subsets of the disease in future iterations appear likely andmight

prove clinically useful.
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In addition to these uniquely defining histone mutations,

detailed molecular profiling has served to identify numerous

targets for therapeutic interventions. These include known onco-

genes in adult glioma and other tumors with an elevated fre-

quency in the childhood setting (e.g., PDGFRA) (Paugh et al.,

2013; Puget et al., 2012) or certain rare histological variants

(e.g., BRAF V600E) (Nicolaides et al., 2011; Schiffman et al.,

2010), as well as others seemingly unique to DIPG (e.g.,

ACVR1) (Buczkowicz et al., 2014; Fontebasso et al., 2014; Taylor

et al., 2014a; Wu et al., 2014). Future trials will need to exploit

these targets, but also incorporate innovative designs that allow

for selection of the patient populations within the wide spectrum

of disease who are most likely to benefit from any novel agent

(Jones et al., 2016).

Despite these advances, driven by the efforts of several inter-

national collaborative groups to collect and profile these rare tu-

mors, individual publications remain necessarily modestly sized,

involving a range of different platforms and analytical tech-

niques. This leaves certain subgroups poorly represented across

studies, widely differing individual gene frequencies in different

cohorts, and an inability to draw robust conclusions across the

whole spectrum of the disease. We have gathered together pub-

licly available data, supplemented with 157 new cases, in order

to provide a statistically robust, manually annotated resource

cohort of >1,000 such tumors for interrogation.

RESULTS

Sample Cohort
In total, we obtained data from clinically annotated high-grade

glioma (WHO, 2007, grade III or IV) or DIPG (radiologically diag-

nosed, grades II–IV) in 1,067 unique cases (Figure S1A). These

were predominantly from children but also included young

adults, in order to capture more H3F3A G34R/V mutations, as

well as to explore an otherwise under-studied population. There

was a median age at diagnosis of 9.8 years, and 982 cases aged

21 years or younger (Table S1). These included 910 taken from

20 published series (Barrow et al., 2011; Bax et al., 2010; Bucz-

kowicz et al., 2014; Carvalho et al., 2014; Castel et al., 2015;

Fontebasso et al., 2013, 2014; Grasso et al., 2015; International

Cancer Genome Consortium PedBrain Tumor Project, 2016;

Khuong-Quang et al., 2012; Korshunov et al., 2015; Paugh

et al., 2010, 2011; Puget et al., 2012; Schwartzentruber et al.,

2012; Sturm et al., 2012; Taylor et al., 2014a; Wu et al., 2012;

Wu et al., 2014; Zarghooni et al., 2010) and 157 unpublished

cases. The vast majority of samples were obtained pre-treat-

ment (biopsy or resection, n = 913), as opposed to post-therapy

(relapse or autopsy, n = 146). Samples were classified as occur-

ringwithin the cerebral hemispheres (n = 482), brainstem (n = 323

in pons, of which 322 were DIPG; three additional cases were in

the midbrain and one in the medulla) or other non-brainstem

midline locations (n = 224, predominantly thalamus, but also

cerebellum, spinal cord, ventricles, and others; referred to as

‘‘midline’’ for simplicity throughout) (Figure 1A). There was a sig-

nificant association of anatomical location with age of diagnosis,

with medians of 13.0 years for hemispheric, 10.0 years for

midline, and 6.5 years for DIPG, respectively (p < 0.0001,

ANOVA; all pairwise comparisons adjusted p < 0.0001, t test)

(Figure 1B), in addition to clinical outcome, with a median overall

survival of 18.0 months for hemispheric tumors (2 year overall

survival 32%), 13.5 months for midline (2 year overall survival

21.4%), and 10.8 months for DIPG (2 year overall survival

5.2%; p < 0.0001 for all pairwise comparisons, log rank test) (Fig-

ure 1C). Children 3 years of age and younger had a markedly

improved clinical outcome (p = 0.0028, log rank test), although

this benefit was largely restricted to children 1 year and under

(n = 40, 2 year survival 61%, p < 0.0001, log rank test), with

this association significant in all anatomical locations (p =

0.0402, hemispheric; p < 0.0001, midline; p = 0.00286, pons,

log rank test). There were, however, proportionally fewer midline

and pontine tumors in <1-year-olds compared with 1- to 3-year-

olds (12/40, 30.0% versus 46/85, 45.9%, p = 0.0131 Fisher’s

exact test) (Figures S1B and S1C).

Molecular Subgrouping
Hotspot mutation data for the genes encoding histone H3 were

available or newly generated for 903 cases. At minimum, this

included Sanger sequencing for H3F3A (H3.3) and HIST1H3B

(H3.1); however, the absence of wider screening or next-gener-

ation sequencing data for 310 cases annotated as H3 wild-type

(WT) means we cannot rule out rare variants in other H3.1 or

H3.2 genes in those cases. In total, the cohort comprised 67

H3.3G34R/V (n = 63 G34R, n = 4 G34V), 316 H3.3K27M, 66

H3.1/3.2K27M (n = 62 HIST1H3B, n = 2 HIST1H3C, n = 2

HIST2H3C), and 454 WT. There were profound distinctions in

anatomical location (p < 0.0001, Fisher’s exact test) (Figure 1D),

age at diagnosis (p < 0.0001, ANOVA; all pairwise comparisons

adjusted p < 0.0001, t test) (Figure 1E), and overall survival

(p < 0.0001, log rank test) (Figure 1F). H3.3G34R/V tumors

were almost entirely restricted to the cerebral hemispheres (ac-

counting for 16.2% total in this location, particularly parietal

and temporal lobes), were found predominantly in adolescents

and young adults (median 15.0 years), and had a longer

overall survival compared with other H3 mutant groups (me-

dian 18.0 months, 2 year overall survival 27.3%, p < 0.0001

versus H3.3K27M, p = 0.00209 versus H3.1H27M, log rank

test). H3.3K27M were spread throughout the midline and

pons, where they account for 63.0% DIPG and 59.7% non-

brainstem midline tumors. In all locations (including ten cases

reported to present in the cortex), these mutations conferred

a significantly shorter time to death from disease (overall me-

dian 11 months, 2 year overall survival 4.7%) (Figures S1D–

S1F). H3.1/3.2K27M were highly specific to the pons (21.4%

total) where they represent a younger age group (median 5.0

years) with a significantly longer overall survival (median

15.0 months) than H3.3K27M (p = 0.00017, log rank test)

(Figure S1F). In multivariate analysis incorporating the histone

mutations alongside age, WHO grade, and gender, K27M mu-

tations in both H3.3 and H3.1 are independently associated

with shorter survival (p < 0.0001, Cox proportional haz-

ards model).

BRAF V600E status was available for 535 cases, with mutant

cases (n = 32, 6.0%) present only in midline and hemispheric

locations, and conferring a significantly improved prognosis

(2 year survival 67%, p < 0.0001, log rank test) (Figures S1G–

S1I). There was additional annotation for IDH1 R132 mutation

status in 640 cases (n = 40, 6.25%), representing a forebrain-

restricted, significantly older group of patients (median 17.0

522 Cancer Cell 32, 520–537, October 9, 2017



Figure 1. Clinicopathological and Molecular Subgroups of pHGG/DIPG

(A) Anatomical location of all high-grade glioma cases included in this study, taken from original publications (n = 1,033). Left, sagittal section showing internal

structures; right, external view highlighting cerebral lobes. Hemispheric, dark red; non-brainstem midline structures, red; pons, pink. Radius of circle is pro-

portional to the number of cases. Lighter shaded circles represent a non-specific designation of hemispheric, midline, or brainstem.

(B) Boxplot showing age at diagnosis of included cases, separated by anatomical location (n = 1,011). The thick line within the box is the median, the lower and

upper limits of the boxes represent the first and third quartiles, and the whiskers 1.53 the interquartile range. ***Adjusted p < 0.0001 for all pairwise comparisons,

t test.

(C) Kaplan-Meier plot of overall survival of cases separated by anatomical location, p value calculated by the log rank test (n = 811).

(D) Anatomical location of all cases separated by histone mutation (top, n = 441) and histone WT (bottom, n = 314). Left, sagittal section showing internal

structures; right, external view highlighting cerebral lobes. Blue, H3.3G34R/V; green, H3.3K27M; dark green, H3.1K27M. Radius of circle is proportional to the

number of cases. Lighter shaded circles represent a non-specific designation of hemispheric, midline, or brainstem.

(E) Boxplot showing age at diagnosis of included cases, separated by histone mutation (n = 753). The thick line within the box is the median, the lower and upper

limits of the boxes represent the first and third quartiles, and the whiskers 1.53 the interquartile range. ***Adjusted p < 0.0001 for all pairwise comparisons, t test.

(F) Kaplan-Meier plot of overall survival of cases separated by histone mutation, p value calculated by the log rank test (n = 693). See also Figure S1 and Table S1.
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years, p < 0.0001, t test) with longer overall survival (2 year sur-

vival 59%, p < 0.0001, log rank test) (Figures S1J–S1L).

For 441 cases, Illumina 450k methylation BeadArray data was

available, which provides robust classification into clinically

meaningful epigenetic subgroups marked by recurrent genetic

alterations (Korshunov et al., 2015, 2017). We used the Heidel-

berg brain tumor classifier to assign tumors into following sub-

groups: H3G34R/V (n = 51), H3K27M (n = 119), HGG WT (n =

156), IDH1 (n = 36), low-grade glioma (LGG)-like (n = 27), pleo-

morphic xanthoastrocytoma (PXA)-like (n = 43), and ‘‘other’’

(n = 9) (Figure S2A), visualized by hierarchical clustering (Fig-

ure 2A) (Table S2). As reported previously, these subgroups

have profound differences in anatomical location (Figure 2B),

age at diagnosis (p < 0.00001 ANOVA) (Figure 2C), and overall

survival (p < 0.0001, log rank test) (Figure 2D), with LGG-like

group representing a younger cohort (median 4.0 years, 10/16

infant cases under 1 year, p < 0.0001 Fisher’s exact test) with

excellent prognosis (2 year survival 74%, p < 0.0001 versus

WT, log rank test), while the PXA-like group are enriched for

BRAF V600E mutations (19/34, 56%) and carry an intermediate

risk (median 38 months, 2 year survival 56%, p = 0.00423 versus

WT, log rank test). After removing the PXA- and LGG-like groups,

the remaining histone H3/IDH1 WT tumors had a 2 year survival

of 23.5% (median overall survival 17.2months).MGMT promoter

methylation was significantly enriched in the H3G34R/V (65.1%,

globally hypomethylated) and IDH1 (78.1%, globally hyperme-

thylated) groups, and largely absent from H3K27M tumors

(4.5%, all tests versus rest, p < 0.0001 Fisher’s exact test) (Fig-

ure S2B). Total methylation was lowest in H3G34R/V (median

beta value 0.452), and highest in the IDH subgroup (median

beta value 0.520), as reported previously (Sturm et al., 2012);

however it was also found to be significantly elevated in

PXA-like tumors (median beta value 0.501, p < 0.0001 t test)

(Figure S2C).

DNA Copy Number
High-quality DNA copy-number profiles were obtained from 834

unique cases of pHGG/DIPG, taken from BAC and oligonucleo-

tide arrays (n = 112), SNP arrays (n = 128), 450k methylation ar-

rays (n = 428), and whole-genome or exome sequencing (n =

325) (Table S3). Clustering on the basis of segmented log2 ratios

highlighted some of the defining chromosomal features of the

pediatric disease, including recurrent gains of chromosome 1q,

and losses of chromosomes 13q and 14q (Figure 3A). There

are also a significant proportion of tumors (n = 147, 17.6%)

with few if any DNA copy-number changes, with no bias toward

lower-resolution platforms (p = 0.134, Fisher’s exact test), and

the presence of other molecular markers obviating concerns of

a substantial normal tissue contamination. These cases were

found throughout the CNS, were younger at diagnosis (7.0

versus 10.3 years, p < 0.0001, t test) and had a longer overall sur-

vival (median 18.0 versus 14.0 months, p = 0.0107 log rank test)

(Figure S3A). Common large-scale chromosomal alterations with

prognostic significance included loss of 17p (n = 156), which tar-

gets TP53 at 17p13.1 and confers a shorter overall survival in tu-

mors of all locations and all subgroups (Figure S3B), and gains of

9q (n = 108), more broadly encompassing a region of structural

rearrangement on 9q34 in medulloblastoma (Northcott et al.,

2014), and correlating with shorter overall survival in multiple

pHGG/DIPG subgroups (Figure S3C).

We used GISTIC (genomic identification of significant targets

in cancer) in order to determine subgroup-specific copy-number

drivers based on focality, amplitude, and recurrence of alter-

ations. The most common focal events were the previously

described high-level amplifications (Figure 3B) at 4q12

(PDGFRA/KIT/KDR, n = 77), 2p24.3 (MYCN/ID2, n = 42), chro-

mosome 7 (7p11.2 (EGFR, n = 32), 7q21.2 (CDK6, n = 14), and

7q31.2 (MET, n = 19)) (Figures S3D–S3F), as well as focal

deletions (Figure 3C) at 9p21.3 (CDKN2A/CDKN2B, n = 102)

(Figure S3G). Amplifications conferred a shorter overall

survival, and CDKN2A/CDKN2B deletion a better prognosis,

either across the whole cohort or selected subgroups (Fig-

ures S3B–S3G). In addition, the aggregated data identified

less-frequent alterations, recurrent acrossmultiple studies, iden-

tifying pHGG/DIPG candidates includingNFIB (nuclear factor I B,

9p23-p22.3, n = 4), GAB2 (GRB2-associated binding protein 2,

11q14.1, n = 4), SMARCE1 (SWI/SNF related, matrix associated,

actin dependent regulator of chromatin, subfamily e, member 1,

17q21.2, n = 4), and others (Figures 3B and 3C).

Subgroup-Specific Alterations
When IDH1-mutant tumors were removed and the cohort

restricted to those cases for which histone H3 status was avail-

able, we were able to investigate subgroup-specific DNA copy-

number changes in 705 pHGG/DIPG (Figure 4A). Applying

GISTIC within these case sets revealed specific focal events

enriched within individual subgroups, including AKT1 amplifica-

tions in H3.3G34R/V, MYC and CCND2 amplification in

H3.3K27M, and MYCN/ID2, MDM4/PIK3C2B, and KRAS ampli-

fication in H3WT (Figure 4B) (Table S4). These latter events were

generally restricted to hemispheric tumors, while MYCN/ID2

were enriched in H3 WT DIPG (Figure S4A). H3.1K27M tumors

generally lacked amplifications/deletions, but were instead char-

acterized by frequent gains of 1q and the whole of chromosome

Figure 2. Methylation-based Subclassification of pHGG/DIPG
(A) Unsupervised hierarchical clustering and heatmap representation of b values for 441 samples profiled on the Illumina 450k BeadArray platform (red, high; blue,

low). Samples are arranged in columns clustered bymost variable 1,381 classifier probes. Age at diagnosis is provided below. Clinicopathological and molecular

annotations are provided as bars according to the included key.

(B) Anatomical location of methylation-defined PXA-like (n = 43) and LGG-like (n = 27) cases. Left, sagittal section showing internal structures; right, external view

highlighting cerebral lobes. Dark gold, PXA-like; tan, LGG-like. Radius of circle is proportional to the number of cases. Lighter shaded circles represent a non-

specific designation of hemispheric, midline, or brainstem.

(C) Boxplot showing age at diagnosis of included cases, separated by simplified methylation subclass (n = 440). The thick line within the box is the median, the

lower and upper limits of the boxes represent the first and third quartiles, and the whiskers 1.53 the interquartile range. ***Adjusted p < 0.0001 for all H3 G34R/V

pairwise comparisons, t test; **adjusted p < 0.01 for LGG-like versus WT, t test.

(D) Kaplan-Meier plot of overall survival of cases separated by simplifiedmethylation subclass, p value calculated by the log rank test (n = 307). See also Figure S2

and Table S2.
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2, and the loss of 16q (Figure 4C). PXA-like tumors had frequent

CDKN2A/B deletions and a unique loss at 1q, associated with

shorter overall survival within this group (Figure S4B).

Whole-arm losses were also enriched in H3.3G34R/V tumors,

specifically 3q, 4q, 5q, and 18q, where smallest regions of over-

lap were in some instances able to narrow the common region to

a handful of candidate genes (Figure S4C). On chromosome 4q

this appeared to target FBXW7 at 4q31.3, also aligning with the

GISTIC data (Figure 5A). Across three independent platforms,

gene expression over the whole arm was significantly lower

when 4q was lost (Agilent, p = 0.00231; Affymetrix, p =

0.000102; RNA sequencing (RNA-seq), p = 0.0398; Wilcoxon

signed-rank test) (Figure S5A). (Table S5). There were also four

patients with three different somatic coding mutations identified

(below), two truncating and one missense, three of which were

in hemispheric tumors, and two with H3F3A G34R (Figure 5B).

In cases with 4q loss, median FBXW7 gene expression was

reduced comparedwith thosewith normal copy number (Agilent,

p = 0.029; Affymetrix, p = 0.015; RNA-seq, p = 0.4; Mann-Whit-

ney U test) (Figure 5C).

Within H3.3K27M tumors, we identified a recurrent amplifica-

tion at 17p11.2 (n = 17; 170 kb to 11.96Mb), across multiple plat-

forms and significantly enriched in DIPGs, which appears to

target TOP3A within these tumors (Figure 5D). Where available

(n = 6) (Figure S5B), whole-genome sequencing data reveals

this occurs via complex intra- and inter-chromosomal rearrange-

ments (Figure 5E) leading to increased mRNA expression of

TOP3A in amplified versus non-amplified cases in Agilent

(n = 1), and Affymetrix and RNA-seq (p = 0.011 and p = 0.016,

respectively, Mann-Whitney U test) data (Figure 5F) (Table S5).

In an integrated dataset, TOP3A was the most differentially ex-

pressed gene in the region in amplified cases (adjusted p =

0.00856 Mann-Whitney U test). We further identified a single so-

matic missense mutation (C658Y) in an additional case of DIPG,

and, taken together, TOP3A alterations were mutually exclusive

with ATRX deletion/mutations found in H3.3K27M DIPG (0/13).

Whole-Genome and Exome Sequencing
Out of 372 sequenced cases (n = 118 whole genome, n = 247

exome, 7 both), we were able to retrieve raw data from 351 for

integration of somatic variant calling (Table S6) and DNA copy-

number changes. Of these, RNA-seq data was available for 47,

allowing for candidate fusion gene nomination in 150 cases

(RNA-seq or whole-genome sequencing restricted to high-

confidence nominations in relevant pathway-associated genes,

Table S6). Taking a conservative approach to variant calling

given the disparate sequencing coverage (median 883, range

16–2953), capture platforms, and availability of germline data,

we report a median number of somatic single nucleotide variants

(SNVs) and insertion/deletions (InDels) of 12, with 97% cases in

the range 0–305. DNA copy neutral cases had significantly fewer

somatic mutations (median 8.37 versus 21.32 SNVs/InDels per

case), with those copy neutral cases also having no detectable

mutations falling into the youngest age group (median = 3.9

years). There was only a modestly elevated mutation rate be-

tween samples taken post- compared with pre-treatment (1.5-

fold, p = 0.056, t test) (Figure S6A). However, 11 cases had

a vastly increased mutational burden, described as a hyper-

mutator phenotype (median 13,735 SNVs/InDels, range 852–

38,250), with distinctive mutational spectra from non-hypermu-

tated pHGG/DIPG (Shlien et al., 2015), including three cases

with plausible somatic activating POLE mutations (Figure S6B).

IDH1-mutant cases were again excluded (n = 14), with genetic

profiles identical to that described in adults for astrocytic tumors

(13/14 TP53, 7/14 ATRXmutations), and oligodendroglial tumors

(1p19q co-deletion, TERT promoter, CIC, FUBP1 mutations)

entirely absent (Figure S6C). We were thus left with an integrated

dataset of 326 pHGG/DIPG, providing robust annotation of the

most frequently altered genes across histone H3 subgroups

and anatomical locations (Figure 6A). As well as known associa-

tions such as hemispheric H3.3G34R/V and TP53/ATRX (18/20,

90%; p = 0.0001), midline H3.3K27M and FGFR1 (8/39, 20.5%;

p = 0.212, not significant), pontine H3.1K27M and ACVR1

(28/33, 84.8%; p < 0.0001), and PXA-like GBM with BRAF

V600E (17/28, 60.7%; p < 0.0001), we also identified previously

unrecognized co-segregating mutations including H3.3G34R/V

and ARID1B (2/20, 10%; p = 0.0720), H3.3K27M DIPG and

ATM and ASXL1 (5/93, 10.7%; p = 0.0473), and H3.1K27M

and BCOR (6/37, 16.2%; p = 0.0022, all Fisher’s exact test) (Fig-

ure S6D). We also identified recurrent events in genes such as

PTPN23 (protein tyrosine phosphatase, non-receptor type 23,

n = 5), SOX10 (SRY-box 10, n = 5), SRCAP (Snf2-related

CREBBP activator protein, n = 5),DEPDC5 (DEP domain-contain

5, member of GATOR complex, n = 4), SGK223 (PEAK1-related

kinase activating pseudokinase, n = 4), and others (Figure 6B).

Integrated Pathway Analysis
Many of the rare variants we identified (Figure S6E) were found

in genes associated with intracellular signaling pathways and

processes more commonly targeted by high-frequency events,

often in a mutually exclusive manner. In total, 297/326 (91.1%)

of cases were found to harbor genetic alterations in one or

more of nine key biological processes (Figure 7A). These

included well-recognized pathways such as DNA repair (198/

326, 60.7%), largely driven by TP53 mutations (n = 160), but

also by common mutually exclusive (p < 0.0001, Fisher’s exact

test) activating truncating alterations in PPM1D (n = 18), as well

as heterozygous mutations in a diverse set of genes including

those involved in homologous recombination (ATM, BRCA2,

BLM, ATR, PALB2, RAD50, and RAD51C) and numerous Fan-

comi anemia genes (BRIP1, FANCM, FANCA, and FANCG),

among others (Figure S7A). Although TP53 is almost always

found in concert with H3.3G34R/V in the cerebral hemispheres,

these additional DNA repair pathway mutations were enriched in

Figure 3. DNA Copy-Number Aberrations in pHGG/DIPG

(A) Heatmap representation of segmented DNA copy number for 834 pHGG/DIPG profiled across one or more of seven different platforms (dark red, amplifi-

cation; red, gain; dark blue, deletion; blue, loss). Samples are arranged in columns clustered by gene-level data across the whole genome. Age at diagnosis is

provided below. Clinicopathological and molecular annotations are provided as bars according to the included key.

(B and C) Barplot of all recurrent focal amplifications (B) and deletions (C) across all 834 cases, in order of frequency, and colored independently by both

anatomical location and histone mutation. See also Figure S3 and Table S3.
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H3.3K27M DIPG (36/68, 52.9%). Also co-segregating with

H3.3G34R/V and TP53 is ATRX, although mutations/deletions

of the latter gene are also frequently found in conjunction with

H3.3K27M (28/54, 51.8%). ATRX accounts for a large proportion

of the cases harboring mutations in genes coding for chromatin

modifiers (54/118, 45.8%); however, there is a diverse set of

readers, writers, and erasers also targeted at lower frequency,

especially in DIPG, including the previously mentioned BCOR

(n = 14) and ASXL1 (n = 6) in addition to SETD2 (n = 8),

KDM6B (n = 6), SETD1B (n = 5), and ARID1B (n = 5) among

many others (Figure S7B).

While CDKN2A/CDKN2B deletions were almost entirely ab-

sent from DIPG (1/154, 0.65%), dysregulation of the G1/S

cell-cycle checkpoint was common throughout anatomical loca-

tions and subgroups (82/326, 25.2%), with amplifications of

CCND2 and deletions of CDKN2C predominating in the pons

(n = 5/7 and 5/5 DIPG, respectively), in contrast to recurrent

homozygous RB1 deletions and CDK6 amplifications (n = 6/7

and 4/6 hemispheric) (Figure S4A) (Figure S7C).

Subgroup-specific dysregulation was also observed when

considering discrete components of the RTK-PI3K-MAPK

pathway. In total, 201/326 (61.7%) cases harbored alterations

in any given node; however, for H3.3G34R/V this was predomi-

nantly at the RTK level (11/20, n = 9 PDGFRA) (Figure S7D),

whereas H3.1K27M cases were enriched for PI3K/mTOR alter-

ations (17/37, n = 9 PIK3CA, n = 5 PIK3R1) (Figure S7E), and

H3 WT cases harbored the highest frequency of MAPK alter-

ations (mainly BRAF V600E in PXA-like, n = 5/10 plus one NF1)

(Figure S7F). NRTK1-NRTK3 fusions were enriched in the infant

group (4/6 fusions under 1 year old, median age 3.25 versus 8.5

years, p = 0.00033, t test) (Figure S7D). We further identified

mutations in genes regulating mTOR signaling, including TSC2

(n = 3), RPTOR, andMTOR itself (both n = 2), as well as a diverse

series of SNVs and fusion candidates in MAPKs across all sub-

groups and locations (MAP2K7,MAP3K15,MAP3K4 and others)

(Figure S7F).

BMP signaling was significantly enriched in H3.1K27M DIPG

due to the strong correlation with ACVR1 mutations; however,

alterations in other pathway members such as amplification of

ID2 (n = 10) or ID3 (n = 3) and mutations in BMP3 (n = 5),

BMP2K (n = 3), and others across locations and subgroups, ex-

tends the proportion of tumors for which this pathway may be

relevant (62/326, 18.7%) (Figure S7G). There was also a subset

of cases harboring alterations in members of the WNT signaling

pathway (16/326, 4.9%), includingAMER1, APC (both n = 3), and

WNT8A, WNT9A, PLAGL2, and TCF7L2 (all n = 2) (Figure S7H).

Uniquely, the accumulated data uncovered a series of addi-

tional processes involved in maintenance of DNA replication,

genome integrity, or transcriptional fidelity, targeted by infre-

quent but mutually exclusive alterations in pHGG and DIPG.

These included mutations in splicing factors (SF3A1, SF3A2,

SF3A3, SF3B1, SF3B2, and SF3B3, total n = 10), sister chro-

matid segregation (STAG2, STAG3, and ESPL1, total n = 9),

pre-miRNA processing (DICER and DROSHA, total n = 4), DNA

polymerases (POLK, POLQ, and POLR1B, total n = 4), as well

as genes involved in centromere (CENPB, n = 3) and telomere

maintenance (PML, n = 2; TERT, n = 7) (Figure S7I). TERT pro-

moter mutations were found in 5/326 (1.5%) cases; however,

alternative lengthening of telomeres (ALT) status was only avail-

able for 26 cases, although the 5 ALT-positive samples (19.2%)

were mutually exclusive with TERT alterations.

We incorporated the integrated dataset into a pathway enrich-

ment analysis (significant gene sets, false discovery rate [FDR] <

0.05, visualized as interaction networks by Cytoscape Enrich-

ment Map) in order to gain additional insight into dysregulated

biological processes. In addition to the subgroup-specific differ-

ential targeting of distinct nodes within common signaling path-

ways already described (e.g., RTK, PI3K/mTOR, and MAPK),

additional dysregulated processes across the diversity of the

disease were identified (Figure 7B). This revealed the perhaps

not unexpected dysregulation of numerous developmental and

CNS-associated gene sets (various immature organ systems,

neuronal communication), but also previously unrecognized

areas such as nuclear transport, cell migration, and the immune

response (Table S7), which may provide further insight into dis-

ease biology aswell as represent potential therapeutic strategies

targeting key regulators of tumor phenotype. Indeed, neuronal

communication with pGBM and DIPG cells is a recently demon-

strated microenvironmental driver of pediatric glioma growth

(Qin et al., 2017; Venkatesh et al., 2015).

Histone H3/IDH1 WT Subgroups
Finally, we wanted to explore those cases absent of any histone

H3 or IDH1 mutations in more depth. Using a t statistic-based

stochastic neighbor embedding projection of the 450k methyl-

ation data, we identified three distinct clusters of tumors sepa-

rate from the G34, K27, and IDH1 groups (Figure 8A). Consensus

clustering of the H3/IDH1 WT cases alone confirmed the pres-

ence of three robust subgroups (Figure 8B), which were also

recapitulated by unsupervised hierarchical clustering of the

10,000 probe classifier subset (Figure 8C). These groups

included a largely hemispheric set of tumors containing, but

not restricted to, the PXA- and LGG-like subgroups (WT-A).

These tumors were driven byBRAF V600E,NF1mutations, or fu-

sions in RTKs including MET, FGFR2, and NTRK2,3 (Figure 8D).

Although including many younger patients, the ages varied

widely (Figure 8E). Regardless, this group had the best overall

survival (median = 63 months, p < 0.0001 versus rest, log rank

test) (Figure 8F), with the non-PXA/LGG-like tumors within this

group themselves having an extended median survival time of

Figure 4. Subgroup-specific Copy-Number Changes in pHGG/DIPG

(A) Heatmap representation of segmented DNA copy number for 705 pHGG/DIPG separated for known histone mutation subgroup (dark red, amplification; red,

gain; dark blue, deletion; blue, loss). Samples are arranged in columns clustered by gene-level data across the whole genome. Clinicopathological andmolecular

annotations are provided as bars according to the included key.

(B) GISTIC analysis of focal amplifications and deletions for histonemutation subgroups. Log10 values are plotted across the genome for both amplifications (dark

red) and deletions (dark blue), with significantly enriched events labeled by likely driver genes. Subgroup-specific genes are highlighted by the appropriate color.

(C) Barplot of frequency of whole chromosomal arm gains (red) and losses (blue) for each subgroup. Significantly enriched alterations (p < 0.0001, Fisher’s exact

test) are labeled, with subgroup-specific arm changes highlighted by the appropriate color. See also Figure S4 and Table S4.
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Figure 5. Alterations Targeting FBXW7 in H3.3G34R/V pHGG and TOP3A in H3.3K27M DIPG

(A) Segmented exon-level DNA copy-number heatmaps for 4q loss in H3.3G34R/V tumors (dark red, amplification; red, gain; dark blue, deletion; blue, loss; n =

28). An ideogram of chromosome 4 is provided indicating enlarged genome browser view and genes within common regions targeted across samples (gray).

Clinicopathological and molecular annotations are provided as bars according to the included key.

(B) Cartoon representation of amino acid position for four somaticmutations found in FBXW7, colored by annotated functional domains and numbers provided for

recurrent variants.

(C) Boxplots representing gene expression differences between FBXW7 lost/mutated cases (blue) and those with normal copy/WT (gray) in three independent

gene expression platform datasets. The thick line within the box is the median, the lower and upper limits of the boxes represent the first and third quartiles, and

the whiskers 1.53 the interquartile range.

(D) Segmented exon-level DNA copy-number heatmaps for 17p11.2 amplification in predominantly H3.3K27MDIPG (dark red, amplification; red, gain; dark blue,

deletion; blue, loss; n = 17). Chromosome 17 ideogram is provided indicating enlarged genome browser view and genes within common regions targeted across

samples (gray). Clinicopathological and molecular annotations are provided as bars according to the included key.

(legend continued on next page)
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38 months (p = 0.00928 versus other H3/IDH1 WTs, log rank

test). Taking an integrated gene expression profiling dataset

(Figures S8A–S8E), these tumors were found to have upregula-

tion of gene signatures associated with cytokine signaling and

cell junction organization (Figures S8F andS8G). A second group

of tumors (WT-B) were found in all anatomical compartments,

and were distinguished by chromosome 2 gains (Figure 8C)

and, most notably, by high-level amplifications in EGFR, CDK6,

and MYCN (p = 0.00033, p = 0.0299, p = 0.00037, respectively,

Fisher’s exact test), with an imperfect overlay to the classifier

‘‘GBM_pedRTK’’ and ‘‘GBM_MYCN’’ groups (Figure 8D). This

group had strong upregulation of MYC target genes, and had

the poorest overall survival (median = 14 months) (Figure 8F).

The remaining cases encompassed a methylation classifier

group described as ‘‘HGG_MID,’’ although in fact were split

80:20 hemispheric:midline (WT-C) (Figure 8C). This group was

enriched for chromosome 1p and 20q loss, 17q gain (p =

0.00595, p = 0.0286, p = 0.0478, respectively, Fisher’s exact

test) (Figure 8C), harbored PDGFRA and MET amplifications

(p = 0.0159, Fisher’s exact test) (Figure 8D), and was strongly

associated with the adult GBM-defined ‘‘Proneural’’ gene signa-

ture. These patients had a median survival of 18 months.

Although there remain tumors without detectable genetic al-

terations, we are nonetheless able to assign clinically meaningful

subgroups with plausible driver alterations to the vast majority of

pediatric HGG/DIPG.

DISCUSSION

Integrated molecular profiling has revolutionized the study of

diffusely infiltrating high-grade glial tumors in children, providing

evidence for unique mechanisms of molecular pathogenesis re-

flecting their distinct developmental origins (Baker et al., 2015;

Jones and Baker, 2014). Although they are relatively rare, the

present study accumulates 1,067 unique cases, a number

similar to the aggregated analysis of the The Cancer Genome

Atlas adult LGG/GBM cohorts (n = 1122, with grade III included

in the ‘‘lower-grade’’ series) (Ceccarelli et al., 2016). Although

there are clearly the usual caveats with such retrospective ana-

lyses of inconsistently annotated and treated cases, the cohort

appears to represent a clinically useful approximation of the di-

versity of the pHGG/DIPG population.

In adults, the key distinction is between IDH1mutant (G-CIMP/

ATRX/TP53 or 1p19q co-deleted/TERT promoter mutated) and

WT (classical, mesenchymal, PA-like) (Ceccarelli et al., 2016),

whereas in the childhood setting IDH1mutations were restricted

to a small proportion (6.25%) of tumors mostly in adolescents

(representing the tail end of an overwhelmingly adult disease),

and harbored only rare examples of the common alterations

seen inWT adult GBM (e.g., 4.9% EGFRmutation/amplification).

Instead, most prominent among the differences between pediat-

ric and adult studies is the frequency of hotspot mutations in

genes encoding histone H3 variants: 2/820 (0.2%) in adults

(Ceccarelli et al., 2016) versus 449/893 (50.3%) in the present

pHGG/DIPG series.

The importance of recurrent H3 mutations in the childhood

setting has become increasingly clear since their unexpected

discovery in 2012 (Schwartzentruber et al., 2012; Wu et al.,

2012), with clear clinicopathological differences associated

with distinct variants (Jones and Baker, 2014; Jones et al.,

2016; Sturm et al., 2014), and fundamental insights into mecha-

nisms of epigenetically linked tumorigenesis (Bender et al., 2013;

Bjerke et al., 2013; Chan et al., 2013; Funato et al., 2014). Despite

this, precisely how we can target these mutations clinically

remains elusive (Grasso et al., 2015; Hennika et al., 2017). Data

from such a large series of tumors demonstrates the robustness

of the histone-defined subgroups in terms of anatomical

location, age of incidence, clinical outcome, methylation and

gene expression profiles, copy-number changes, co-segre-

gating somatic mutations, and pathway dysregulation. As most

of the non-histone molecular alterations previously reported in

pHGG/DIPG have been relatively infrequent, it is only through

this accumulated dataset that we have been able to uncover

subgroup-specific genes/processes that may play a role as

diagnostic, prognostic, or predictive markers or drug targets in

these diseases.

H3.3G34R/V-mutant tumors are restricted to the cerebral

hemispheres and co-segregate with ATRX and TP53 mutations;

they are also the only pediatric subgroup to harbor frequent

MGMT promoter methylation (Korshunov et al., 2015). Copy-

number profiling of 63 cases highlighted a significant enrich-

ment of chromosomal arm losses at 3q, 4q, 5q, and 18q, further

refined by smallest region of overlap and GISTIC analyses. At

4q31.3, this identified FBXW7 as a candidate gene target of

the loss. FBXW7 encodes a member of the F box protein family

and is frequently deleted/mutated in cancer, supporting its tu-

mor-suppressive function (Davis et al., 2014); notably in relation

to H3.3G34R/V it has been reported to play a role in MYC/

MYCN stabilization through its action as a component of the

SCF-like ubiquitin ligase complex that targets MYC/MYCN for

proteasomal degradation (Welcker et al., 2004; Yada et al.,

2004). With MYCN upregulated in H3.3G34R/V tumors through

differential H3K36me3 binding (Bjerke et al., 2013), this obser-

vation adds to the mechanisms by which Myc proteins exert

their influence in this subgroup, and provide further rationale

for the observed effects of disrupting these interactions, such

as with Aurora kinase A inhibitors which target the direct inter-

action between the catalytic domain of Aurora A and a site

flanking Myc Box I that also binds SCF/FbxW7 (Richards

et al., 2016).

H3.3K27M tumors are found in two-thirds of DIPG and non-

brainstem midline pHGG alike, where they are associated with

a shorter overall survival in both locations, as well as in the small

number of cases reported in the cortex. Although presumably re-

flecting a common or overlapping origin, the pattern of co-segre-

gating mutations differ, e.g., PDGFRA alterations predominating

(E) Sequencing coverage (top) and log2 ratio plot (bottom) for chromosomes 7, 17, and 20 for two cases, showing complex intra- or inter-chromosomal re-

arrangements leading to specific copy-number amplification of TOP3A.

(F) Boxplots representing gene expression differences between TOP3A amplified cases (red) and those with normal copy (gray) in three independent gene

expression platform datasets. The thick line within the box is the median, the lower and upper limits of the boxes represent the first and third quartiles, and the

whiskers 1.53 the interquartile range. See also Figure S5 and Table S5.
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Figure 6. Somatic Mutations in pHGG/DIPG

(A) Oncoprint representation of an integrated annotation of somatic mutations and DNA copy-number changes for the 30 most frequently altered genes in 326

pHGG/DIPG (n R 6, frequency barplot on the right). Selected common fusion events are also shown where available. Samples are arranged in columns with

genes labeled along rows. Age at diagnosis is provided below. Underneath, barplots are provided on a log10 scale for numbers of copy-number aberrations and

somatic mutations per case. Clinicopathological and molecular annotations are provided as bars according to the included key.

(B) Barplot of all recurrent somatic mutations across all 326 cases, in order of frequency, and colored independently by both anatomical location and histone

mutation. See also Figure S6 and Table S6.
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in the pons, and FGFR1 variants being largely restricted to the

thalamus (Fontebasso et al., 2014). Our analysis of more than

300 cases further identifies differential amplification of CCND2

(DIPG) and CDK4 (non-brainstem midline), and, most strikingly,

an amplification at 17p11.2 involving TOP3A in H3.3K27M

DIPG. This complex rearrangement often involves loss of the

more distal part of 17p involving TP53, along with intra- or

inter-chromosomal translocations to deliver an increase in

TOP3A copy number and gene expression. TOP3A encodes

DNA topoisomerase III alpha, which forms a complex with

BLM (Wu et al., 2000), has an important role in homologous

recombination (Yang et al., 2010), and has been implicated in

maintenance of the ALT phenotype (Temime-Smaali et al.,

2009). Notably, TOP3A amplification/mutation was found to be

mutually exclusive with ATRX mutation in H3.3K27M DIPG,

with depletion by small interfering RNA reducing ALT cell survival

(Temime-Smaali et al., 2008), and therefore represents a poten-

tial therapeutic target in this subgroup.

Figure 7. Integrated Pathway Analysis of pHGG/DIPG

(A) Oncoprint-style representation of an integrated annotation of somatic mutations and DNA copy-number changes in one or more of nine commonly targeted

pathways in 326 pHGG/DIPG (nR 6, frequency barplot on the right). Samples are arranged in columnswith pathways labeled along rows. Clinicopathological and

molecular annotations are provided as bars according to the included key.

(B) Pathway enrichment analysis of pHGG/DIPG subgroups. Distinct pathways and biological processes between the subgroups are colored appropriately (FDR

q< 0.01). Nodes represent enriched gene sets, which are grouped and annotated by their similarity according to related gene sets. Node size is proportional to the

total number of genes within each gene set. The illustrated network map was simplified by manual curation to remove general and uninformative sub-networks.

See also Figure S7 and Table S7.
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Figure 8. Integrated Analysis of H3/IDH1 WT pHGG/DIPG

(A) t Statistic-based stochastic neighbor embedding (t-SNE) projection of the combined 450k methylation dataset (n = 441). The first three projections are plotted

in the x, y, and z axes, with samples represented by dots colored by histone H3G34 (blue), H3K27 (green), IDH1 (red), PXA-like (dark gold), LGG-like (tan), and

‘‘others’’ (gray).

(B) Kmeans consensus clustering on the H3/IDH1WT cases highlights three stable clusters (left, black/brown [WT-A], gray/pink [WT-B], and dark cyan [WT-C]) as

the most robust subdivision of the data (right, area under the curve analysis for different cluster numbers).

(C) Unsupervised hierarchical clustering and attendant heatmap of the H3/IDH1 WT cases (n = 219). Samples are arranged in columns clustered by the most

variable 1,521 classifier probes. Age at diagnosis is provided below. Clinicopathological and molecular annotations are provided as bars according to the

included key.

(D) Oncoprint representation of an integrated annotation of somatic mutations and DNA copy-number changes for the H3/IDH1 WT cases (n = 50). Samples are

arranged in columns with genes labeled along rows. Age at diagnosis is provided below. Clinicopathological and molecular annotations are provided as bars

according to the included key.

(E) Boxplot showing age at diagnosis of H3/IDH1WT subgroups, separated by anatomical location (n = 190). The thick line within the box is the median, the lower

and upper limits of the boxes represent the first and third quartiles, and the whiskers 1.53 the interquartile range.

(F) Kaplan-Meier plot of overall survival of H3/IDH1 WT subgroups separated by anatomical location, p value calculated by the log rank test (n = 150). See also

Figure S8 and Table S8.
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H3.1K27M tumors by contrast are restricted to the pons, pa-

tients are younger and with a slightly longer survival (Castel

et al., 2015), and are largely defined at the copy-number level

by whole chromosomal arm gains and losses (Taylor et al.,

2014a). They have the well-recognized association with ACVR1

mutation (Taylor et al., 2014b); however, we also identify an

enrichment of downstream PI3K pathway mutations (PIK3CA

and PIK3R1) in comparison with the largely upstream RTK alter-

ations present in H3.3K27MDIPGs, important in designing strat-

ified trials and combinatorial therapies. Further association with

mutations of the BCL6 repressor gene BCOR, commonly altered

in medulloblastomas, neuroepithelial tumors, and sarcomas,

highlights a further avenue for interventional study through its

regulation of the SHH pathway (Tiberi et al., 2014).

In H3/IDH1 WT cases, methylation profiling refines the hetero-

geneous collection of tumors, particularly identifying two pre-

dominantly hemispheric intermediate risk subgroups that clas-

sify alongside other entities (PXA- and LGG-like) in a larger

series of better outcome tumors (WT-A). These had already

been strongly linked with dysregulation of the MAPK pathway

(BRAF V600E) (Korshunov et al., 2015) along with CDKN2A/

CDKN2B deletion (Nicolaides et al., 2011). However, with molec-

ular markers such as losses at 1q and 17p appearing to confer a

worse outcome theremay bemore than one subgroupwithin this

entity, and a co-clustering group of H3/IDH1 WT tumors ap-

peared distinctly driven by somatic NF1 mutation. The LGG-

like tumors generally occur in very young patients, where the

appearance of few genetic alterations and a significantly better

prognosis is shared by the majority of infant HGG. Gene fusion

events, including those targeting NTRKs1-NTRK3, are common

in this age range. Notably this enhanced survival is restricted to

patients diagnosed under 12 months of age, and is not recapit-

ulated in the 1–3 year age group, although this is the common

clinical definition of ‘‘infants’’ in many centers.

Excluding these morphologically high-grade but biologically

and clinically low-grade tumors, the remaining H3/IDH1 WT

cases can be further split into two poor-outcome groups driven

by EGFR/MYCN/CDK6 (WT-B) or PDGFRA/MET (WT-C) or am-

plifications. These groups overlap with other methylation-based

classification groups (PDGFRA versus EGFR versusMYCN (Kor-

shunov et al., 2017); ‘‘GBM_pedRTK’’ versus ‘‘GBM_MYCN’’

versus ‘‘HGG_MID’’ (molecularneuropathology.org/mnp), how-

ever, are uniquely defined here spanning anatomical locations

and integrated with sequencing data. Further exploration of

these heterogeneous subgroups in order to refine integrated

molecular diagnostics to prioritize patient subpopulations for

stratified treatment remains a priority.

The remarkable biological diversity spanning pediatric malig-

nant glioma is finally demonstrated by the <5% tumors with a hy-

permutator phenotype, some of the greatest mutational burdens

in all human cancer, and candidates for immune checkpoint

inhibitors (Bouffet et al., 2016). Previously unrecognized pro-

cesses altered in small subsets of tumors identified through

this meta-analysis, such as the splicing machinery, miRNA regu-

lation, and the WNT pathway offer further areas for exploration.

The thorough cataloging of dysregulated molecular pathways

across the whole spectrum of pediatric diffusely infiltrating gli-

omas in the present study provides the basis for novel therapeu-

tic development.
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ATATGGATACATACAAGAGAGACT

This paper N/A
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GGGCAGGAGCCTCTCTTAAT

This paper N/A

Primer: HIST1H3B _ reverse
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This paper N/A
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Mutation Surveyor SoftGenetics softgenetics.com/mutationSurveyor.php

4Peaks Nucleobytes http://nucleobytes.com/4peaks/
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html/limma.html
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aroma.affymetrix The Comprehensive
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cran.rstudio.com/web/packages/aroma.

affymetrix/index.html

aroma.cn The Comprehensive

R Archive Network

cran.r-project.org/web/packages/aroma.cn/

index.html

minfi BioConductor bioconductor.org/packages/release/bioc/

html/minfi.html

conumee BioConductor bioconductor.org/packages/release/bioc/

html/conumee.html

BEDtools University of Utah github.com/arq5x/bedtools2

DNAcopy BioConductor bioconductor.org/packages/release/bioc/

html/DNAcopy.html

gviz BioConductor bioconductor.org/packages/release/bioc/
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CopyNumber450kData BioConductor bioconductor.org/packages/release/data/

experiment/html/CopyNumber450kData.html

MNP DKFZ Heidelberg molecularneuropathology.org/mnp
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Chris

Jones (chris.jones@icr.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient Samples
All new patient material was collected after informed consent and subject to local research ethics committee approval. We collated

and profiled 157 unpublished cases of HGG in children and young adults up to the age of 30 years at diagnosis obtained from

the Royal Marsden, St Georges and Kings College Hospitals, (n=39, all London, UK), Chinese University of Hong Kong (n=24,

Continued
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tSNE The Comprehensive

R Archive Network

cran.r-project.org/web/packages/Rtsne/

index.html

rgl The Comprehensive

R Archive Network

cran.r-project.org/web/packages/rgl/

index.html

affy BioConductor bioconductor.org/packages/release/

bioc/html/affy.html

Bowtie2 Johns Hopkins University bowtie-bio.sourceforge.net/bowtie2/

index.shtml

TopHat Johns Hopkins University ccb.jhu.edu/software/tophat/index.shtml

cufflinks University of Washington ole-trapnell-lab.github.io/cufflinks/

cufflinks/

DESeq2 BioConductor bioconductor.org/packages/release/

bioc/html/DESeq2.html

Gene Set Enrichment Analysis Broad Institute http://software.broadinstitute.org/gsea

bwa Sanger Institute http://bio-bwa.sourceforge.net/

Genome Analysis Toolkit Broad Institute oftware.broadinstitute.org/gatk/

Variant Effect predictor Ensembl tools ensembl.org/info/docs/variation/vep

ANNOVAR Children’s Hospital of Philadelphia annovar.openbioinformatics.org/en/latest/

ExAc Broad Institute exac.broadinstitute.org/

BCBio Harvard TH Chan bcb.io/

SIFT J Craig Venter Institute sift.jcvi.org

PolyPhen Harvard genetics.bwh.harvard.edu/pph2

ChimeraScan University of Michigan omictools.com/chimerascan-tool

Breakdancer Washington University of St Louis breakdancer.sourceforge.net

ASCAT Francis Crick Institute rick.ac.uk/peter-van-loo/software/ASCAT

Oncoprinter Memorial Sloan Kettering cbioportal.org/oncoprinter.jsp

ProteinPaint St Jude pecan.stjude.org/#/proteinpaint

Circos Michael Smith Genome

Sciences Center

circos.ca

MSigDB Broad Institute http://software.broadinstitute.org/gsea/

msigdb

CytoScape National Institute of

General Medical Sciences

cytoscape.org

R The Comprehensive

R Archive Network

r-project.org

Other

Processed DNA copy number profiles This paper and cited sources dipg.progenetix.org

arraymap.org

Integrated mutation, copy number,

expression and methylation data

This paper and cited sources pedcbioportal.org
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Hong Kong, China), Qilu University Hospital (n=23, Jinan, China), Farhad Hatched Hospital (n=14, Sousse, Tunisia), Federal Univer-

sity of São Paolo (n=14, São Paulo, Brazil), Morozov Children’s and Dmitri Rogachev Hospitals (n=12, Moscow, Russia), Queensland

Children’s Tumor Bank (n=8, Brisbane, Australia), Hospital San Joan de Déu (n=8, Barcelona, Spain), City Hospital #31 (n=6, St Pe-

tersburg, Russia), Barretos Cancer Hospital (n=4, Barretos, Brazil), Centre Hospitalier Régional et Universitaire Hautepierre (n=3,

Strasbourg, France), and Our Lady Children’s Hospital Crumlin (n=2, Dublin, Ireland). A full description of the samples included

are provided in Table S1.

METHOD DETAILS

Nucleic Acid Extraction
DNAwas extracted from frozen tissue by homogenisation prior to following the DNeasy Blood & Tissue kit protocol (Qiagen, Crawley,

UK). DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) pathology blocks after manual macrodissection using

the QIAamp DNA FFPE tissue kit protocol (Qiagen). Matched normal DNA was extracted from blood samples using the DNeasy

Blood & Tissue kit (Qiagen, Crawley, UK). Concentrations were measured using a Qubit fluorometer (Life Technologies, Paisley,

UK). RNA was extracted by following the RNeasy Mini Kit protocol (Qiagen), and quantified on a 2100 Bioanalyzer (Agilent

Technologies).

Sanger Sequencing of H3F3A / HIST1H3B

PCR for H3F3A and HIST1H3B was carried out using primers obtained from Life Technologies (Paisley, UK). Products were purified

using the QIAquick PCR purification kit (Qiagen), subjected to bidirectional sequencing using BigDye Terminator mix 3.1 (Applied

Biosystems, Foster City, CA, USA), with capillary sequencing was done on an ABI 3100 genetic analyzer (Applied Biosystems, Foster

City, CA, USA). Sequenceswere analysed usingMutation Surveyor (SoftGenetics, PN, USA) andmanually with 4Peaks (Nucleobytes,

Aalsmeer, Netherlands).

Methylation Profiling
50-500 ng DNA was bisulphite-modified and analyzed for genome-wide methylation patterns using the Illumina

HumanMethylation450 BeadArray (450k) platform at either the DKFZ or the University College London Genomics Centre, according

the manufacturer’s instructions. All samples were checked for expected and unexpected genotype matches by pairwise correlation

of the 65 genotyping probes on the 450k array.

Exome and RNA Sequencing
50-500 ng DNAwas sequenced at the Tumor Profiling Unit, ICR, London, UK using the SureSelect Human All Exon capture sets V4 or

V5 (Agilent, Santa Clara, CA, USA), and paired-end-sequenced on an Illumina HiSeq2000 (Illumina, San Diego, CA, USA) with a

100 bp read length. Coverage ranged from 29-295x (median=105x). RNA was sequenced at the ICR Tumor Profiling Unit after

SureSelect RNA capture on an Illumina HiSeq2500 with a 125 bp read length.

QUANTIFICATION AND STATISTICAL ANALYSIS

Published Data Sources
These data were combined with those obtained directly from the authors or from public data repositories representing 20 published

studies (Barrow et al., 2011; Bax et al., 2010; Buczkowicz et al., 2014; Carvalho et al., 2014; Castel et al., 2015; Fontebasso et al.,

2013, 2014; Grasso et al., 2015; International Cancer Genome Consortium PedBrain Tumor Project, 2016; Khuong-Quang et al.,

2012; Korshunov et al., 2015; Paugh et al., 2010, 2011; Puget et al., 2012; Schwartzentruber et al., 2012; Sturm et al., 2012; Taylor

et al., 2014a; Wu et al., 2012; Wu et al., 2014; Zarghooni et al., 2010) with the following accession numbers: EGA -

EGAS00001000226, EGAS0000100192, EGAS00001000575, EGAS00001000720, EGAS00001001139; the Gene Expression

Omnibus (www.ncbi.nlm.nih.gov/geo/) - GSE19578, GSE26576, GSE21420, GSE34824, GSE36245, GSE36278 GSE50022,

GSE50021, GSE50024, GSE55712; ArrayExpress - E-TABM-857 , E-TABM-1107 . The full cohort included a total of 1254 molecular

profiles from 955 samples across 12 platforms, which after quality control and manual annotation to remove duplicates, and supple-

mentedwith targeted sequencing of an additional 158 cases, resulted in a total dataset comprised of 1067 individual patients. The full

dataset comprises genomic profiles from DNA copy number arrays (Agilent 44K, n=127; Affymetrix 500K, n=100; Affymetrix SNP6.0,

n=78; 32k BAC, n=61), Illumina 450k methylation arrays (n=441), whole exome (n=254), genome (n=125), targeted (n=212) and RNA

sequencing (n=82), as well as gene expression from Affymetrix U133Plus2 (n=102) and Agilent WG2.5 (n=67) platforms.

DNA Copy Number
DNA copy number data was obtained as array CGH (Agilent 44k and 32K BAC), SNP arrays (Affymetrix 500k and SNP6.0), 450k

methylation arrays (Illumina) and/or sequencing data (whole genome and exome). Two color aCGH data was read and normalized

using the R packages limma and marray. Log intensity data from Affymetrix SNP arrays was derived using the aroma.affymetrix

and aroma.cn package. Combined log2 intensity data from Illumina 450K methylation arrays was processed using the R packages

minfi and conumee. For sequenced samples, coverage of aligned reads was binned into known genes and exons with BEDTools and
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log2 ratios of median coverage in tumor and normal sequences were processed with in-house scripts. To combine copy number plat-

forms, median log2 ratios were recovered within all known genes and exons and normalized such that the median displacement of X

in male:female comparisons was rescaled to an average of -1. Exon-level median log ratios and smoothed values were then com-

bined across platforms and thresholded to call gains and losses above and below log2 ratios of ±0.3 with a contig of �1MB and

amplifications and deletions above and below a threshold of ±1.5 with a minimum of 3 contiguous exons.

CBS binary segmentation from the DNAcopy package was applied to each dataset to provide smoothed log2 ratios. Genes within

common CNVs in normal individuals were excluded from further analysis with reference to the CNVmap of the human genome. DNA

copy number data was clustered based upon categorical states (deep deletion, loss, no change, gain and amplification) based upon

the Euclidean distance method with a Ward algorithm. Gains and losses in chromosomal arms were called based upon contiguous

regions covering more than one third of the exonic regions within each arm. For regions of focal copy number change cases carrying

copy number alterations were ranked according to the length of the largest CNA in each case and are plotted as heatmaps aligned to

precise genomic coordinates alongside genomic tracks based upon hg19 made with the R package gviz. Minimal regions of copy

number alteration were assigned based on the frequency of categorical states within each region. Focal amplifications and deletions

were identified in CBS segmented data using the GISTIC algorithm in MATLAB on the exon-level data, with thresholds for gain and

loss of 0.3 and gene-level filters to remove regions of common copy number variation in normal individuals based on the CNVmap of

the human genome.

DNA Methylation
Methylation data from the Illumina Infinium HumanMethylation450 BeadChip was preprocessed using the minfi package in R. DNA

copy number was recovered from combined intensities using the conumee package with reference to methylation profiles from

normal individuals provided in the CopyNumber450kData package. We have used the Heidelberg brain tumor classifier

(molecularneuropathology.org) to assign subtype scores for each tumor compared to 91 different brain tumor entities using a training

set built from more than 2000 tumors implemented in the MNP R package. Simplified methylation subgroup assignments were then

made to incorporate cases carrying G34R/V or K27Mmutations in H3 histones, IDH1mutation at R132, low grade glioma-like profiles

(predominantly diffuse infantile ganglioglioma and pilocytic astrocytoma) and those similar to pleomorphic xanthoastrocytoma (PXA).

Wild-type HGG encompassed many other methylation subgroups and were simply assigned by exclusion with the groups above.

Clustering of beta values from methylation arrays was performed using the 10K probeset from the Heidelberg classifier based

upon Euclidean distance with a ward algorithm. Methylation heatmaps show only the most variable probes of the classifier between

simplified methylation subgroups. Overall methylation was calculated as the mean of the 10K classifier probeset for each subgroup

and MGMT promoter methylation was calculated based upon the MGMT-SPT27 model implemented in the MNP package. t- sto-

chastic neighbor embedding (tSNE) was used to project the methylation clustering in three dimensions using the Rtsne package.

A Pearson correlation matrix of the 10K probeset was subjected to tSNE using a theta value of zero over 10,000 iterations as previ-

ously described and plotted using the rgl package.

mRNA Expression
Gene expression data was obtained from Agilent WG2.5, Affymetrix U133Plus2.0 or RNA sequencing platforms. Gene expression

was processed from two color Agilent microarrays using the R packagesmarray and limma and from single channel Affymetrix arrays

using the affy package. Differential expression was assigned for microarray data using the limma package based upon a false dis-

covery rate of 5%. RNASeq was aligned with Bowtie2 and TopHat and summarized as gene level fragments per kilobase per million

reads sequenced using BEDTools and cufflinks/cuffnorm. Following rlog transformation and normalization, differential expression

was assigned with DESeq.2. Known Ensembl genes were further filtered to remove low abundance genes in all three datasets whose

maximal expression was within the lowest 20% of all expression values based upon probe intensities or read depth. Replicate

probes/features for each gene were removed by selecting those with the greatest median absolute deviation (MAD) in each dataset.

Following centering within each dataset, log-transformed expression measures were combined and further normalized using pair-

wise loess normalization. Gene Set Enrichment Analysis was performed using the GSEA java application based upon pairwise com-

parisons of the major subgroups in the merged dataset. Heatmaps of gene expression across chromosomal arms were made using

centered expression values rescaled across each chromosomal arm based upon the median absolute deviation of each probe. Dif-

ferential expression analysis of TOP3A and FBXW7 was based on a Mann-Whitney U test of centred expression values between

cases with and without losses and amplifications respectively in each case.

Sequence Analysis
Sequencing data was available as whole genome and/or whole exome (predominantly using Agilent’s SureSelect whole exome cap-

ture sets v4 and v5) Short read sequences fromwhole exome or whole genome sequencing were aligned to the hg19 assembly of the

human genome using bwa. Following duplicate removal with Picard tools variants were called using the Genome Analysis toolkit

according to standard Best Practices (Broad) including local re-alignment around Indels, downsampling and variant calling with

the Unified Genotyper. Variants were annotated with the variant Effect predictor v74 from Ensembl tools and ANNOVAR to include

annotations for variant allele frequency in 1000 genomes dbSNP v132 and the ExAc database as well as functional annotation tools

SIFT andPolyphen). Depth of coverage varied from16-295x (median 88x), with the greatest variation unsurprisingly in the exomedata

(whole genome range 50-150x, median=85x). Somatic variants were identified in regions covered by at least 10 reads in normal and

Cancer Cell 32, 520–537.e1–e5, October 9, 2017 e4

http://molecularneuropathology.org


tumor sequences carrying at least 3 variant reads in the tumor and less than 2 in normal sequences. Hotspot TERT promoter muta-

tions C228T and C250Twere incidentally captured by the various exome platforms as they are located only 114 and 146 bp upstream

of the translation start site, and were called even if only covered by a few reads. Mutation signatures were ascertained by grouping

somatic substitutions on the basis of their 30 and 50 bases into 96 possible trinucleotide categories.

Candidate Fusion Gene Nomination
Structural variants were called from whole genome data using Breakdancer (breakdancer.sourceforge.net) filtered to remove

commonly multi-mapped regions to identify somatic breakpoints separated by a minimum of 10 kbp involving at least one Ensembl

gene. Fusion transcripts were detected from RNAseq data using chimerascan version 0.4.5a filtered to remove common false pos-

itives. To minimize unverified false positives, reporting of nominated fusions was restricted to genes within the core functional path-

ways and processes identified through integrated DNA copy number and somatic variant calling.

Inferred Tumor Purity
Weused determined the somatic allele-specific copy number profiles using read depth fromwhole genome / exome sequencing, and

used ASCAT (rick.ac.uk/peter-van-loo/software/ASCAT) to provide for an estimate of the non-neoplastic cell contamination of the

sample as well as the overall ploidy of the tumor. Values ranged from 36-100%, with a median of 83%.

Integrated Analysis of Driver Events
Somatic non-synonymous coding mutations were filtered to remove common passenger mutations, polymorphisms and false pos-

itives in exome sequencing. Data were integrated with focal DNA copy number calls by GISTIC to provide gene-level binary alteration

calls which were further selected for putative drive status on the basis of functional annotation. Oncoprint representations of inte-

grated mutations, gene-level copy number alterations and fusion events were made using the online tool available at cBioportal

(cbioportal.org). For the most commonly mutated genes mutations were mapped to the canonical transcript and plotted according

to their predicted protein position using the Protein Painter (pecan.stjude.org). Integrated views of copy number alterations, structural

variants and somatic mutations were made using CIRCOS (circos.ca) and rearrangements within TOP3A amplified regions in whole

genome sequenced cases were identified using Breakdancer and aligned with copy number breakpoints in R.

Pathway Analysis
Pathway assignments weremade for all genes carrying copy number alterations, structural variations or somatic mutations based on

pathways in theMSigDBmolecular signatures databases (Broad) as well as Gene Ontologies for Biological Processes andMolecular

Functions (Gene Ontology consortium) and canonical pathways from KEGG, NetPath and Reactome. Genes within known CNVs and

common false positives in exomic sequencing were excluded with reference to large scale genome profiling studies (CNVmap, ExAc,

BCBio) Pathway analysis of genes carrying mutations, gene fusions and copy number aberrations was based on the pathways

defined by these combined databases and subjected to enrichment analysis using the EnrichmentMap module within CytoScape.

Statistical Analysis
Statistical analysis was carried out using R 3.3.1 (www.r-project.org). Categorical comparisons of counts were carried out using

Fishers exact test, comparisons between groups of continuous variables employed Student’s t-test, Wilcoxon signed –rank test,

ANOVA or Mann-Whitney U test. Differences in survival were analysed by the Kaplan-Meier method and significance determined

by the log-rank test. All tests were two-sided and a p value of less than 0.05 was considered significant. Multiple testing was ac-

counted for using false discovery rate q values or the Bonferroni adjustment.

DATA AND SOFTWARE AVAILABILITY

All newly generated data have been deposited in the EuropeanGenome-phenome Archive (www.ebi.ac.uk/ega) with accession num-

ber EGAS00001002314 (sequencing) or ArrayExpress (www.ebi.ac.uk/arrayexpress/) with accession number E-MTAB-5528 (450k

methylation).

ADDITIONAL RESOURCES

Processed copy number profiles are hosted as a disease-specific project within the Progenetix framework for annotated genomic

analyses (dipg.progenetix.org) (Cai et al., 2014), and represented in the arrayMap resource (arraymap.org) (Cai et al., 2012). Curated

gene-level copy number and mutation data are provided as part of the pediatric-specific implementation of the cBioPortal genomic

data visualisation portal (pedcbioportal.org). Newly-generated raw data files are housed alongside published datasets made avail-

able to the Cavatica NIH-integrated cloud platform (www.cavatica.org).
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Infant high grade gliomas comprise multiple subgroups characterized 

by novel targetable gene fusions and favorable outcomes 
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Abstract  
 
Infant high grade gliomas appear clinically distinct from their counterparts in older 

children, indicating that histopathologic grading may not accurately reflect the biology 

of these tumors. We have collected 241 cases under 4 years of age, and carried out 

histological review, methylation profiling, custom panel and genome/exome 

sequencing. After excluding tumors representing other established entities or 

subgroups, we identified 130 cases to be part of an ‘intrinsic’ spectrum of disease 

specific to the infant population. These included those with targetable MAP-kinase 

alterations, and a large proportion of remaining cases harboring gene fusions 

targeting ALK (n=31), NTRK1/2/3 (n=21), ROS1 (n=9) and MET (n=4) as their driving 

alterations, with evidence of efficacy of targeted agents in the clinic. These data 

strongly supports the concept that infant gliomas require a change in diagnostic 

practice and management.  

 
 

Statement of Significance 
 
Infant high grade gliomas in the cerebral hemispheres comprise novel subgroups, 

with a prevalence of ALK, NTRK1-3, ROS1 and MET gene fusions. Kinase fusion-

positive tumors have better outcome and respond to targeted therapy clinically. Other 

subgroups have poor outcome, with fusion-negative cases possibly representing an 

epigenetically-driven pluripotent stem cell phenotype.  
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Introduction 

The prognosis of paediatric high grade gliomas (HGG) remains dismal, with a 5-year 

survival rate of only ~20% for children aged 0-14 years (1). They are strongly 

associated with unique location-dependent mutations in histone H3 variants H3.3 

(H3F3A) and H3.1 (HIST1H3B/C) including two recurrent amino acid substitutions 

(K27M and G34R/V) (2,3) which together account for nearly half of all paediatric 

HGG and identify robust biological subgroups (4,5). Histone wild-type cases are 

comprised of a highly diverse set of tumors, ranging from those with some of the 

highest somatic mutational burdens in human cancer (patients with biallelic mismatch 

repair deficiency syndrome) (6,7) to others seemingly driven by single genetic events, 

often gene fusions (8). The latter are particularly found in cases originally diagnosed 

as high grade glioma at an infant age (9).  

 

The definition of an infant used in paediatric neuro-oncology varies, but typically 

refers to children under 3-5 years (10); congenital cases are generally defined as 

being present at birth (11). The most frequent types of infant brain tumor are 

medulloblastoma, ependymomas and low grade gliomas (LGG) (12). The latter 

include the relatively common pilocytic astrocytomas, but also other rarer entities 

such as desmoplastic infantile ganglioglioma/astrocytoma (DIGG/DIA) (13). Tumors 

reported as HGG appear to be associated with significant differences in clinical 

outcome, with infant HGG (even with incomplete resection and without irradiation) 

showing a significantly improved survival compared to those in older children (8,14-

17), which may indicate the presence of a distinct, overlapping group of tumors 

where histopathologic grading may not be representative of clinical behavior.  

 

Treatment outcomes also reflect these differences; the Baby POG I study found four 

children under 3 years of age who were diagnosed with a malignant glioma and 

underwent 24 months of chemotherapy without radiation treatment, and did not 
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develop recurrent disease (10). A 5-year overall survival rate of 59% was reported in 

infants with HGG after prolonged chemotherapy treatment alone, and in another 

study, 16 patients diagnosed with HGG and treated with focal radiation therapy 

showed a 5-year overall survival rate of 66% (11). Five reported cases of congenital 

glioblastomas who survived surgery (with only one patient receiving a gross total 

resection) all showed a better outcome than expected (18), whilst two infant cases 

who both underwent subtotal resection of their tumors and did not receive any 

adjuvant therapy post-operatively saw regression of the residual tumors (19). The 

improved outcome both with chemotherapy and with surgery alone is particularly 

significant in this age group when considering the risk of declining cognition (13) and 

the development of leukoencephalopathy post radiation treatment (11). 

 

Previous studies have hinted at different histological features within infant high grade 

gliomas. High densities of ‘minigemistocytic shaped’ cells with abundant mitoses and 

absent necrosis were described (20), with others showing moderately hypercellular, 

mitotic and necrotic tumors with cellular monotony and a lack of significant 

pleomorphism, and some showing a more spindled appearance (18,19).  

 

Current molecular data is limited, but epidermal growth factor receptor (EGFR) and 

platelet-derived growth factor receptor A (PDGFRA) expression is reported as 

uniformly low in congenital glioblastomas (GBM), with a low level or absence of copy 

number alterations in these genes (18,21). TP53 and PTEN mutations, CDKN2A/B 

deletions, and other copy number alterations often seen in older children are also not 

typically found in infant HGG (22). Occasional BRAF V600E mutations are found, 

particularly in DIGG/DIA (23), while histone and IDH1 mutations are rare. Methylation 

profiling indicates that the infant group may display a more LGG-like methylation 

pattern, with a 2-year survival of 74% (8). The most common somatic alterations 

seen in infants appear to be gene fusion events, particularly NTRK1/2/3. Although 
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not specific to brain tumors (24), these were found to span both LGG and HGG in 

large-scale studies in children, with novel QKI-NTRK2 and NACC2-NTRK2 fusions 

found in pilocytic astrocytomas (25,26), and AGBL4:NTRK2, TPM3:NTRK1, and 

ETV6:NTRK3 fusions found in HGG patients aged less than 3 years (9). More 

recently, several case reports have identified additional receptor tyrosine kinase 

(RTK) gene fusions in infant glioma of differing histologies (17,27-35). 

 

In the present study, we collected the largest series of infant gliomas (exclusive of 

pilocytic astrocytomas) assembled to date and present a classification system based 

on integrated methylation profiling, fusion gene analysis, mutation detection, and 

histological review, with preclinical and clinical evidence of effective targeting of the 

driving alterations in these unique entities. 
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Results 

Refinement of an intrinsic set of infant hemispheric gliomas 

We collected a unique series of 241 gliomas, from patients under the age of four 

years at diagnosis from multiple centres around the world, with a view to exclude a 

priori pilocytic astrocytomas and other well characterised, low grade lesions with 

clear molecular markers (Figure 1A). To ensure this, we searched for pathognomonic 

structural variants using a variety of sequencing platforms including whole genome, 

exome, RNAseq and a novel custom capture panel (Figure 1B). We identified 28 

cases to be excluded, mostly due to presence of KIAA1549:BRAF fusions (n=22), the 

vast majority of which were collected as an otherwise unspecified cerebellar 

astrocytoma (Supplementary Table S1). We also identified three cases of FGFR1 

tandem duplication (including glioneuronal tumors), two MYB/MYBL1 fusions, and a 

case with MN1:BEND2 (representing the novel entity of HGNET-MN1 (36)). Of the 

remaining 213 cases, a further 13 were excluded based on clear Heidelberg 

classifier matches to other non-glioma CNS tumors from methylation array profiling 

data (Figure 1C). These included two ependymomas, two HGNET-BCORs, an ETMR 

and others (Supplementary Figure S1). A further 9 cases failed array QC and were 

excluded from further analysis. Finally, our series of 191 cases were projected onto a 

reference set of gliomas comprising multiple entities. Sixty-one of these infant 

samples most readily clustered with a known high or low grade subtype, leaving us 

130 infant gliomas for further analysis that we define as our ‘intrinsic set’ (Figure 1D), 

as they comprise a novel grouping of tumours with key clinical and molecular 

features in common, as we describe below. 

 

The infant glioma cases excluded on the basis of methylation profiling (n=61) were 

found to have arisen in anatomical areas of the CNS appropriate for the relative 

subgroup assignment, such as diffuse midline glioma K27M mutant cases in the 

pons, pilocytic astrocytoma-like cases in the cerebellum, and PXA-like cases in the 
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cerebral hemispheres (Figure 1E), and were often accompanied by the expected 

genetic alteration. Interestingly, the remaining intrinsic set included the vast majority 

of those patients diagnosed under the age of 1 year (49/63, 78%; overall median of 

intrinsic set = 7.2 months). These cases scored most highly as two named subgroups 

in the current version (v11b4) of the methylation classifier – desmoplastic infantile 

ganglioglioma / astrocytoma (DIGG/DIA) and the poorly defined infant hemispheric 

glioma (IHG)  (Supplementary Table S2). The vast majority of these cases were 

found in the cortex, DIGG/DIAs particularly in the frontal lobe. These cases were 

found to have a significantly improved outcome compared to cases classified as high 

grade gliomas (HGG), with a median overall survival similar to those considered as 

low grade gliomas (LGG) (Figure 1F), with the important caveat that detailed 

treatment information was not available across the cohort. The HGG subtype 

exclusions were predominantly >1 year old and showed a tendency towards a worse 

outcome than the other infant tumors (p=0.0567, log-rank test). This remaining 

intrinsic group of tumors formed a continuum which clustered clearly apart from other 

glioma subgroups in a tSNE projection based upon methylation array data from the 

glioma reference set (n=1652) (Figure 1G). Many of these cases did not 

unequivocally classify as either IHG or DIGG/DIA despite their tight clustering, 

suggesting that the reference classes for these tumors likely needs expanding and 

updating.  

 

Infant hemispheric gliomas are defined by presence or absence of receptor tyrosine 

kinase fusions 

Additional gene sequencing (panel, exome or genome) was available for 65 cases, 

including 41 of the intrinsic set, all of whom had fusion analysis by panel or RNAseq. 

Samples excluded as representing other glioma subtypes were found to harbor 

mutations consistent with such tumors, including IDH1 R132H, H3F3A and 

HIST1H3B K27M, as well as common co-segregating variants in TP53, NF1, PTEN, 
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PIK3CA and ACVR1, deletions of CDKN2A/B and amplification of PDGFRA (Figure 

2A). These were almost entirely absent from the intrinsic set. Instead, 25/41 cases 

(61%) harbored fusions in either ALK (n=10), NTRK1/2/3 (n=2, 2 and 8, respectively) 

ROS1 (n=2) or MET (n=1), usually in the absence of other alterations (Figure 2B). 

The fusion-positive cases were mostly classified as IHGs (n=21) or low-scoring 

DIGG/DIAs (n=4). Although ALK fusions were restricted to the intrinsic set, we 

observed NTRK fusions in other glioma subtypes (especially NTRK2, n=3). We 

additionally observed an FGFR1:TACC1 fusion in the IDH1 / TP53 case (Figure 2A). 

High-scoring DIGG/DIAs and ‘DIGG/DIA-like’ tumors were found with BRAF V600E 

(n=3) or PIK3R1 mutations and isolated mutations in bromodomain-containing genes 

(BRD8, BRD4, BRD2) and others (Figure 2B). A single case harbored amplifications 

in both MYC and MYCN, in addition to TP53 and PIK3CA mutations. Although a 

proportion (<25%) of tumors were found with whole-arm DNA copy number changes, 

the majority of intrinsic cases harbored few if any large-scale copy number 

alterations (Supplementary Figure S2A) (Supplementary Table S3).  

 

There were no differences in the number of copy number changes between fusion-

positive and fusion-negative cases (p=0.567, t-test) (Supplementary Figure S2B). 

Notably, the only significant focal differences were those marking common gene fusions 

at the ALK and NTRK3 loci (Supplementary Figure S2C). A novel and refined copy 

number analysis from the methylation array data identified such breakpoints in either 

intra-chromosomal (short gains or losses) or inter-chromosomal (imbalances) RTK 

fusion events in 53/71 (75%) cases across the whole cohort (Figure 3A-C). Across 

the intrinsic set as a whole, 65/130 (50%) cases were found to harbor structural 

variants targeting ALK, NTRK1/2/3, ROS1 or MET (46/80, 57.5% IHGs), compared 

with 18 of the other 111 cases in the original series (16%; p<0.0001, Fisher’s exact 

test) (Supplementary Figure S3A-C) (Supplementary Table S4). Where possible, 

these were validated through a combination of genome, RNA and/or Sanger 
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sequencing, and were frequently accompanied by detectable focal DNA copy 

number breakpoints within the fusion partners, as exemplified for ETV6:NTRK3 

(Figure 3D) and the novel ZC3H7A:ALK fusions (Figure 3E).  The most commonly 

targeted genes in the intrinsic set included NTRK1/2/3, predominantly ETV6:NTRK3, 

but also recurrent EML4:NTRK3 and TPM3:NTRK1 fusions (Figure 3F). NTRK2 was 

found with numerous novel partners (e.g. KCTD16:NTRK2 and AGBL4:NTRK2) but 

were largely seen in other glioma subtypes occuring in the appropriate anatomical 

locations (e.g. H3K27M in midline regions) (Supplementary Table S4), suggesting an 

important difference in NTRK2 compared to NTRK1/3 fusion-positive cases. ALK 

fusions were the most common (n=39), were largely restricted to the intrinsic set, and 

included both intra- and inter-chromosomal rearrangements (Figure 3G), including 

both previously reported (PPP1CB:ALK, EML4:ALK, HIP1:ALK, PRKAR2A:ALK, 

SPTBN1:ALK) and novel fusions (MAD1L1:ALK, MAP2:ALK, MSI2:ALK, 

SPECC1L1:ALK, SYNDIG1L:ALK, ZC3H7A:ALK, CLIP2A:ALK) (Supplementary 

Table S4). Within the intrinsic set, there was a trend towards the presence of any 

fusion conferring a longer overall survival compared to those without (p=0.0687, log-

rank test) (Figure 3H).  

 

With whole genome sequencing of fusion-negative cases failing to identify consistent 

genetic drivers of this subtype of the disease (Supplementary Figure S4), we turned 

to the methylation data in order to further explore the heterogeneity within infant 

HGG. Hierarchical clustering on the basis of differential probes associated with the 

most common genetic alterations found, resulting in the separation of distinct sets of 

IHG subgroups in addition to clear DIGG/DIA and ‘DIGG/DIA-like’ tumors 

(Supplementary Figure S5A). Despite the presence of recurrent NTRK fusions, these 

infant gliomas clustered apart from mesenchymal tumors harbouring ETV6:NTRK3, 

including infantile fibrosarcoma and congenital mesoblastic nephroma (37) 

(Supplementary Figure S5B). Running methylation-based gene ontology analysis on 
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the differentially methylated regions (Supplementary Table S5) highlighted little 

overlap between ALK fusion, NTRK fusion and fusion-negative cases (total 9.5%) 

(Supplementary Figure S5C). ALK fusion cases were significantly associated with 

dysregulation of genes associated with glutamate receptors, synapses, signal 

transduction and morphogenic stages of development (Figure 4A), whilst NTRK 

fusion cases were linked with genes controlling neuronal differentiation and the 

earliest stages of embryogenesis, as well as signalling via the JNK cascade (Figure 

4B). By contrast, fusion-negative cases were predominantly associated with the 

response to multiple endogenous stimuli, particularly the TGF pathway, and the 

regulation of stem cell pluripotency and cell fate (Figure 4C). Although only 

exploratory due to the small sample sizes, and needing independent validation in an 

independent cohort, as exemplars of the differential epigenetic regulation of key 

genes controlling these processes in the distinct subgroups, we observed consistent 

reduction in methylation at CpG sites governing expression of WNT5A in ALK fusion 

cases (Figure 4D), STAT1 in NTRK fusion cases (Figure 4E) and TP63 in fusion-

negative samples (Figure 4F) (Supplementary Table S5). This resulted in differential 

protein expression as assessed by multi-labeled immunofluorescence with antibodies 

directed against these targets, with representative examples shown for WNT5A and 

STAT1 in ALK-fusion (Figure 4G) and NTRK-fusion (Figure 4H) cases respectively. 

Using a NanoString assay for the 30 most differentially methylated genes between 

subgroups, we were able to distinguish ALK- / NTRK- fusion positive and -negative 

subgroups in a series of 21 infant HGG for which we had sufficient material (Figure 4I). 

Notably, we did not observe TP63 protein expression in any of our samples, although  

differential overexpression of the transcript was observed for fusion-negative cases. 

 

Histological examination of those tumors classified as IHG revealed highly cellular 

astrocytic tumors with cells arranged in uniform sheets throughout the section 

(Supplementary Figure S6A,B,C). Cytologically, spindled nuclei (Supplementary 
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Figure S6D), an occasional ganglion cell component (Supplementary Figure S6E), or 

gemistocyte-like cells (Supplementary Figure S6F) could be seen either focally or 

throughout the tumor. Tumors frequently showed a superficial hemispheric location 

often involving the meninges, and had a well-defined border with adjacent normal 

brain. Palisading necrosis (Supplementary Figure S6G), microvascular proliferation 

and mild-moderate nuclear pleomorphism were almost universally seen. In some 

cases, a more nodular architecture was observed (Supplementary Figure S6H,I). 

Rarely, some showed less cellularity (Supplementary Figure S6J), and mineralisation, 

calcification or xanthomatous change could be observed (Supplementary Figure 

S6K). Consistent with these features, 67/80 (84%) of IHG cases were originally 

diagnosed as a high-grade glioma, although a variety of other diagnoses were 

included in the original pathology reports (Supplementary Figure S6L). A summary of 

the histological findings is given in Supplementary Table S6, with no statistically 

significant difference of features assessed between fusion-positive and-negative 

subgroups. The number of mitoses observed was highly variable, and proliferation as 

assessed by Ki67 staining highlighted cases presenting with both frequent 

(Supplementary Figure S6M) and sparsely positive nuclei (Supplementary Figure 

S6N). There was a significantly elevated Ki67 index in NTRK fusion-positive 

compared to fusion-negative IHG cases (p=0.0479, t-test), though not for ALK 

(p=0.3622, t-test) (Supplementary Figure S6O). Notably, the NTRK (median=22.5) 

and ALK (median=15.6) fusion-positive indices are at the upper end of values 

reported (38) for older patients with grade IV (median=15.8) and grade III 

(median=11.8) glioblastomas and anaplastic astrocytomas, with fusion-negative 

cases (median=5.6) closer to grade II astrocytomas (median=3.0).  

 

Generation and pre-clinical testing of an ALK fusion-driven in vivo model 

To assess the tumorigenic potential of the most commonly detected ALK gene fusion 

variant (PPP1CB:ALK) in a model system, we attempted to generate an in vivo 
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model using two complementary somatic gene transfer-based methods (RCAS/Ntv-a 

viral gene transfer and in utero electroporation (IUE)) (Figure 5A). When using the 

RCAS approach with injection of cells producing PPP1CB:ALK-containing virus at p0 

on a Cdkn2a null background, tumor formation was rare (2/19 mice), and only after 

300 days. By contrast, in utero electroporation at E14.5 with PPP1CB:ALK alone was 

able to generate consistent tumour formation with 100% penetrance, albeit with a 

relatively long latency of more than 250 days. Although not commonly found in the 

human disease, when combined with CRISPR/Cas9-mediated knockout of either 

Trp53 or Cdkn2a for practical purposes, we observed highly efficient tumor formation 

with a median survival of 32 and 52 days, respectively (Figure 5B). PPP1CB:ALK 

mice +/- Cdkn2a-ko gave rise to tumors which reflected the human setting, including 

the typical foci of palisading necrosis, mitotic activity, glial cytology and/or clear 

astrocytic differentiation (Supplementary Figure S7A). All tumors would be classified 

as high-grade astrocytomas or glioblastomas. Staining for the HA epitope tag 

included at the C-terminus of the ALK fusion protein in the IUE/Cdkn2a-ko setting 

indicated widespread expression of the fusion protein, with invasion of individual 

tumor cells into the brain parenchyma (Supplementary Figure S7B).   

 

To test the potential efficacy of targeted ALK inhibition in the context of this tumor 

model, we first dissociated tissue from a murine tumor into a single-cell suspension 

for growth in neurosphere (serum-free, non-adherent) conditions. Four different ALK 

inhibitors were then tested for in vitro growth inhibitory effects (crizotinib, ceritinib, 

alectinib, lorlatinib), representing different generations of inhibitor either approved for 

clinical use or currently in trials. Whilst all inhibitors showed a significant growth 

inhibitory effect at nanomolar concentrations (17) (Supplementary Figure S7C), there 

were differences in potency between the different compounds (Supplementary Table 

S7).  
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Due to its clear in vitro efficacy and reportedly good blood-brain barrier penetration 

(an important consideration for clinical translation for brain tumors), lorlatinib was 

chosen as the primary candidate for in vivo testing in our preclinical ALK fusion 

model. For this purpose, adult CD1 mice were allografted with short-term in vitro-

cultured PPP1CB:ALK;Cdkn2a-/- cells and monitored for tumor growth using 

bioluminescence imaging (BLI). At the start of treatment (14 days after injection), 

mice were stratified into temozolomide (standard chemotherapy), vehicle control or 

lorlatinib arms, based on consecutive ranking (highest BLI signal to lorlatinib, 2nd 

highest to control, 3rd highest to temozolomide and so on). Whilst temozolomide was 

found to slow tumor growth in comparison with vehicle control, all tumors in these 

two treatment arms continued to grow. In contrast, all but one lorlatinib-treated 

animal displayed a significant reduction in BLI signal compared with the pre-

treatment baseline (Figure 5C,D). This imaging response corresponded with a 

significant increase in survival in the lorlatinib-treated group compared with the two 

control arms (p<0.0001; although all tumors re-grew after stopping treatment after 28 

days, with all mice ultimately needing to be sacrificed due to onset of tumor 

symptoms) (Figure 5E). No significant difference in body weight was observed 

between mice on the different treatment arms (data not shown), and the compounds 

were generally well tolerated. A similar experiment was performed using lorlatinib 

versus temozolomide in mice transplanted with cells from an ALK fusion-only mouse 

tumor. This also revealed a significant tumour regression (Supplementary Figure 

S7D) and survival increase with lorlatinib (p=0.004, log-rank test), with one animal 

showing prolonged survival at last follow-up, 8 months post injection (~6 months after 

end of treatment) (Supplementary Figure S7E). Overall, these findings provide a 

strong pre-clinical rationale for the potential use of targeted ALK inhibition in a clinical 

setting. For one of the cases in our study, DKFZ_INF_307, we have been able to 

demonstrate this directly. Here, a 1 month old boy underwent a left craniotomy with 

gross total resection, and was diagnosed as glioblastoma (WHO grade IV). He 
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underwent successive rounds of HIT SKK / ACNS and temozolomide chemotherapy, 

eventually showing progressive disease after both. He was found to have a 

MAD1L1:ALK fusion and was started on ceritinib, resulting in stable residual disease 

for nearly two years to date (Figure 5F). 

 

Patient-derived models and clinical experience with NTRK inhibitors 

Finally, we explored the utility of treating RTK fusion-positive infant gliomas with 

targeted inhibitors. We established two primary patient-derived cell cultures from 

infant glioma specimens with either TPM3:NTRK1 or ETV6:NTRK3 fusions (Figure 

6A) and compared their in vitro sensitivities to three small molecule inhibitors of 

TrkA/B/C with two fusion-negative paediatric glioma cultures (Figure 6B). NTRK 

fusion-positive cells were more sensitive to entrectinib, crizotinib and milciclib, with 

differential sensitivities ranging from 2-9 fold over fusion-negative cells (p=0.0253, 

crizotinib; p=0.0786, entrectinib; p=0.0141, milciclib) (Supplementary Table S7), and 

reduction in downstream signalling via phospho-Akt and phospho-Erk 

(Supplementary Figure S7F). The infant glioma models were not tumorigenic after 

multiple orthotopic implantation experiments in immunodeficient mice, precluding in 

vivo assessment (data not shown).  

 

Clinical treatment with Trk inhibitors was given to two patients in our cohort with 

ETV6:NTRK3 fusions. The first case, OPBG_INF_035 was a girl diagnosed with a 

large frontal mass at 36 weeks’ gestation (Figure 6C). It was a large, heterogenous 

mass with solid, cystic and haemorrhagic components. A biopsy was performed after 

birth and it was diagnosed histologically as a glioblastoma (WHO grade IV). The child 

subsequently received chemotherapy (methotrexate, vincristine, etoposide, 

cyclophosphamide, thiotepa) before undergoing a subtotal resection 3 months later. 

An ETV6:NTRK3 fusion was identified in the DNA from both the biopsy and resection 

specimens, and four months post-surgery, the child was commenced on crizotinib. 
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An MRI scan performed after 9 months of treatment with crizotinib showed a 56% 

reduction in the size of the remaining solid component of the tumor compared to the 

post-surgery MRI scan (RANO criteria size reduction of >50% and stable). After an 

additional 3 months treatment with larotrectinib, the remaining solid component 

showed a further reduction in size now reaching 73% (Supplementary Figure S8A). 

Clinically, the child remains well. The second patient, MSKC_INF_006, presented 

with a generalized seizure aged 11 months (Figure 6D). An MRI scan revealed a 

pontine mass with central haemorrhage. The child underwent surgery and a gross 

total resection was achieved. Histologically the tumor was diagnosed as a low grade 

neuroepithelial neoplasm. The child developed a recurrence, at which point 

vincristine and carboplatin were commenced and a complete response was achieved. 

However, the tumor progressed two years after the original resection; a further gross 

total resection was achieved and the child treated with larotrectinib after an 

ETV6:NTRK3 fusion was identified, with the aim of preventing further recurrence. To 

date, the child remains well with no evidence of recurrence after 12 months of 

treatment.  

 

Notably, the patients from whose tumors our primary cell lines were derived have 

both only received surgery to date, and remain well. QCTB_INF_R077 was 

diagnosed with a tumor in the left fronto-parietal lobe in utero and underwent biopsy 

and subsequent resection shortly after birth . Histologically, the tumor was reported 

as a primary neuro-epithelial tumor. The child was not treated with any adjuvant 

therapy. At 5.5 years old, there has been no progression or relapse and the child has 

stable disease (Supplementary Figure S8B). The second patient, QCTB_INF_R102 

aged 8 months, presented with a tumor in the left temporal lobe aged 8 months. He 

subsequently received a gross-total resection, with the tumor diagnosed as a 

ganglioglioma (WHO grade I). He also did not receive any adjuvant therapy post 
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resection and is currently 4 years old and remains stable under regular surveillance 

(Supplementary Figure S8C). 

 

In summary, diffuse infant gliomas represent distinct disease entities marked by 

characteristic  clinicopathological profiles and in most cases clinically actionable 

gene fusions (Figure 7).  
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Discussion 

Malignant glioma presenting in infancy represents a specific clinical challenge, 

involving diagnostic uncertainty and a hesitancy to aggressively treat given the 

reported superior outcomes compared with older children, coupled with the high risk 

of neurocognitive deficits (39). This is compounded by a lack of biological 

understanding due to the rarity of these tumors. The present international 

collaborative study brings together the largest collection of tumors originally reported 

as high grade or diffuse gliomas in this age group, by contrast with another recent 

multi-institutional study which was predominantly comprised of low grade tumours 

(17). Our study uniquely includes methylation and gene expression data, and allows 

for refinement of subgroups within the malignant spectrum of disease with important 

clinical management implications; we also present experience of clinical responses 

with targeted agents even after progression on standard chemotherapies. 

 

A first key finding relates to the difficulty of differential diagnoses in these very young 

children, with ~10% cases unequivocally classifying as other tumor entities on the 

basis of methylation profiling (40) or the presence of pathognomonic gene fusions 

(36), even after discounting mis-diagnosed or mis-assigned pilocytic astrocytomas. 

Often this uncertainty is reflected in the original pathology report, with atypical 

features highlighted. However, the highly heterogeneous nature of high grade glial 

tumors provides for a broadly inclusive category in the current WHO classification, 

which in many cases may result in what is considered to be a relatively 

uncontroversial histological diagnosis despite widely varying morphologies. Similarly, 

combined genetic and epigenetic analyses reveal a third of remaining cases to be 

biologically identical to known high or low grade glioma subtypes, with substantially 

different prognoses reflective of the known clinical course of the relevant tumor 

categories. Together, these data make the important points that histopathologic 

evaluation alone is insufficient to predict outcome, and that high grade gliomas 
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predominantly occuring in older childhood may also present in the infant population 

with little survival benefit from standard treatment protocols.  

 

After these exclusions, there remains what we define as an intrinsic set of infant 

gliomas, which are largely restricted to the cerebral hemispheres and occur in the 

youngest patients, usually under 12 months old. These patients, despite more than 

three-quarters unequivocally reported as WHO grade III or IV astrocytoma, have an 

overall survival more akin to lower grade tumors, yet lack the key molecular features 

of both HGG and LGG. They appear to form a biological continuum of disease 

between the recognized MAPK-driven desmoplastic lesions (DIGG/DIA), which may 

respond clinically to targeted BRAF V600E inhibitors, even after previous 

chemotherapy (41), and a novel assignation of diffuse infant hemispheric glioma. 

This latter end of the spectrum is strikingly defined by nearly two-thirds of tumors 

harboring fusions in genes encoding the receptor tyrosine kinases ALK, NRTK1/2/3, 

ROS1 and MET. Although structural variants involving these genes within the age 

group have been described in case reports (27-35) and a recent larger study (n=29) 

(17), the current report represents a uniquely powerful study of these rare tumors, by 

accumulating a series of 82 infant cases with RTK fusions with full methylation 

profiles. 

 

Molecularly, these events included interstitial microdeletions such as those at 

chromosome 2p23 resulting in the fusion of CCDC88A or PPP1CB  and ALK (17,34) 

and at 6q21 fusing ROS1 and GOPC (previously known as FIG, and originally 

described in an adult GBM cell line (42)); additional focal DNA copy number losses 

targeted MET at 7q31 (43). There were multiple instances of inter-chromosomal copy 

number gains fusing ALK to a series of novel partners, including MAD1L1 (7p22), 

ZC3H7A (16p13), MSI2 (17q22), SYNDIG1 (20p11) and SPECC1L (22q11), as well 

as the intra-chromosomal EML4:ALK fusion that is well-characterized in non-small 
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cell lung cancer and others (44). The NTRK genes had a variety of inter-

chromosomal partners, with around half of cases marked by a DNA copy imbalance 

at either locus. Notably, NTRK2 fusions (also described in LGG (25,26,45)) were 

largely found in tumors classifying as other glioma subtypes, as were the previously 

described FGFR:TACC fusions (46).  

 

Histopathologically, within the context of HGGs, certain common features of the 

intrinsic infant hemispheric gliomas could be recognized. Cases tended to have a 

relatively uniform architecture, with marked pleomorphism. There was an enrichment 

of gemistocytic-like cells, as has been reported for a case with ZCCHC8:ROS1 

fusion (29); a predominance of spindle cell differentiation, reminiscent of 

mesenchymal tumors with NTRK fusions (47), and also described in an 

ETV6:NTRK3 infant glioma (35). Our NTRK fusion cases in the present study 

clustered distinctly from ETV:NTRK3-positive infantile fibrosarcoma and congenital 

mesoblastic nephroma, however, suggesting a distinct origin. Several cases also had 

ependymal differentiation, consistent with two cases with ALK fusions (KTN1:ALK 

and CCDC88A:ALK) reported as not easily fitting the established WHO brain tumor 

entities (34). Notably, CCDC88A:ALK cases have been reported clinically as both 

low- and high- grade glioma, however the same study found tumours generated by 

overexpressing the fusion in xenografted immortalized human astrocytes to have a 

high proliferative index, glial marker expression and pseudopallisading necrosis (17), 

suggestive of high grade lesions in common with our in utero electroporation 

modelling approach. A further case report described a KIF5B:ALK fusion in an infant 

with microglial proliferation, spindle cells with scattered mitotic figures, and a mixed 

inflammatory infiltrate of scattered lymphocytes, plasma cells and eosinophils, 

indicating potential microglioma or gliofibroma (31). The recognition of tumors in this 

series that biologically resemble DIGG/DIA (WHO grade I) is compatible with their 

histology, in that some cases have been described as presenting with a poorly 

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 24 

differentiated component (39). The case with ZCCHC8:ROS1 fusion was also 

described to display a cellular element within a fusocellular desmoplastic component 

(29), and we noted focal ganglion cells in our series. However, despite these 

differences, it is still not possible at the present time to define clear histology-only 

criteria which can reliably distinguish between these molecularly-defined intrinsic 

infant tumors and other glioma subtypes in the same age group. 

 

The presence of recurrent ALK/NTRK/ROS1/MET fusions represent clearly 

targetable alterations, in common with subgroups of adult epithelial tumors (48,49), 

and their identification through screening approaches and routine diagnostic 

sequencing panels (50-53) makes them amenable to selection for clinical trials 

despite their rarity. The distinct morphological variants, the restricted spatial and 

temporal patterns of presentation, and the specificity of oncogenic events largely in 

the absence of other mutations or large-scale chromosomal rearrangements 

suggests an exquisite developmental susceptibility for transformation which would 

account for this rare subgroup of tumors. 

 

Multiple ALK partners are associated with synapse formation and activity (CCDC88A, 

HIP1, SYNDIG1), neuronal cytoskeletal reorganisation (CCDC88A, SPECC1L) and 

microtubule assembly (MAP2, PRKAR2A, EML4), as well as PI3K/MAPK signalling 

(PPP1CB, CCDC88A, SPECC1L) and cell cycle progression (MAD1L1) (54-62). 

Thus in addition to the activated kinase activity of the ALK receptor itself, these 

fusions likely disrupt key regulatory processes in neurodevelopment, as exemplified 

by the differential methylation of genes controlling these processes we observed. 

The most common ALK fusion, PPP1CB:ALK, was found to be tumorigenic when 

introduced in prenatal, though largely not postnatal mice, further demonstrating the 

importance of developmental context associated with the oncogenicity of these 

alterations.  
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ALK fusion-positive tumors were found to be sensitive to targeted ALK inhibition in 

vitro and in vivo, resulting in tumor shrinkage and extension of survival in the latter in 

contrast to the standard chemotherapeutic agent temozolomide. Excitingly, this 

experience was mirrored in the clinic, whereby a child diagnosed at 1 month old 

experienced stable disease for nearly two years on targeted therapy after 

progressing on two successive chemotherapy protocols, including temozolomide.  

Critically, NTRK fusion cases were also found to respond to targeted inhibitors in 

patient-derived models in vitro as well as in children treated clinically, in common 

with isolated reported cases (35), whereby for example a 3-year-old girl who had 

failed multiple therapies including chemotherapy and radiotherapy showed near total 

resolution of primary and metastatic lesions after treatment with larotrectinib. If 

validated in larger trials, such agents may represent attractive options in order to 

spare the long-term sequalae of chemotherapy and radiotherapy, whilst maintaining 

the generally good prognosis of these patients (27,30,33).  

 

Despite the frequency of alterations identified, not all of the intrinsic infant gliomas 

were found to harbor RTK fusions. These fusion-negative cases (at least on the 

basis of the platforms used in this study) had a lower proliferation index compared to 

NTRK-positive cases, but a worse prognosis under standard treatment. Although we 

could identify no apparent recurrent genetic driver of this subgroup, even with whole 

genome sequencing of a subset of cases, there were clear epigenetic differences 

compared to fusion-positive cases, with dysregulated gene networks associated with 

the regulation of stem cell pluripotency, plausibly suggesting an immature progenitor 

cell phenotype for these genetically bland lesions. By contrast, NTRK-fusion cases 

were associated with an embryonic, neuronal developmental programme, and ALK-

fusion cases with later AMPA-receptor synaptic plasticity signatures.  
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Further work is needed to explore all intrinsic infant glioma subgroups, in particular 

the fusion-negative cases. However, it is clear that these tumors harbor unique 

biology with associated clinicopathological differences, and should no longer be 

diagnosed or treated in the same way as their older counterparts. Maximal safe 

surgical resection remains the aim of treatment, regardless of subtype (17). However, 

our study has shown that RTK fusions can be found across all subgroups (although 

more frequently seen in the IHG group) and so screening (initially via copy number 

profiling with subsequent validation) will help to identify patients who may be eligible 

for targeted therapy or clinical trials. 
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Methods 

 

Cases 

All patient samples included were classified as gliomas (WHO grade II, III or IV) aged 

<4 years old (including congenital cases) from all CNS locations (including spinal 

tumors). Cases were excluded if they had been diagnosed as a pilocytic astrocytoma 

with a known BRAF fusion or mutation. Ependymal, embryonal, mesenchymal and 

germ cell tumors were also excluded. Samples were received from national (Great 

Ormond Street Hospital, London, n=33; King’s College Hospital, London, n=21; 

University Hospitals Bristol, n=9; Newcastle Royal Infirmary, n=6; St George’s 

Hospital, London, n=4) and international collaborators (German Cancer Research 

Center (DKFZ), n=86; Ospedale Pediatrico Bambino Gesù, n=37; St Jude Children’s 

Research Hospital, Memphis, n=17; Memorial Sloan Kettering Cancer Center, New 

York, n=6; Queensland Children’s Tumor Bank, Brisbane, n=5; Universitätsklinikum 

Hamburg-Eppendorf, n=5; Children’s Cancer Institute, Sydney, n=2; Children’s 

Hospital of Wisconsin, n=2; Emory University Hospital, Atlanta, n=1; St. Petersburg 

Hospital No. 6, n=1; Wake Forest School of Medicine, Winston-Salem, n=1; The 

Chinese University of Hong Kong, n=1; Children’s National Medical Centre, 

Washington DC, n=1; Chaim Sheba Medical Center, Tel Aviv, n=1; Oregon Health & 

Science University, Portland, n=1; University of Ljubljana, n=1). Where possible an 

H&E slide, 10 unstained sections, formalin-fixed paraffin-embedded (FFPE) tissue 

rolls, or frozen tissue was provided for each case. In some cases, data alone was 

provided. A total of 241 cases were entered into the study. Eight cases from King’s 

College and St George’s Hospital London (8), and ten cases from St Jude Children’s 

Hospital Memphis (9) have been previously published. All patient samples were 

collected under full Research Ethics Committee approval at each participating centre. 
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Nucleic acid extraction 

DNA was extracted from frozen tissue by homogenisation prior to following the 

DNeasy Blood & Tissue kit protocol (QIAGEN, Hilden, Germany). DNA was extracted 

from formalin-fixed, paraffin-embedded (FFPE) pathology blocks after manual 

macrodissection using the QIAamp DNA FFPE tissue kit protocol (QIAGEN). 

Concentrations were measured using a Qubit fluorometer (Life Technologies, Paisley, 

UK). RNA was extracted by following the RNeasy Mini Kit protocol (QIAGEN), and 

quantified using a Nanodrop 2000 Spectrophotomer (Thermo Scientific). 

 

Methylation profiling 

The quantity and quality of DNA varied between cases with FFPE samples yielding 

less (range for FFPE: 11.0 – 2960.0ng, range for fresh frozen: 211.0 - 5358.0ng). 

Methylation analysis was performed when >150ng of DNA was extracted, using 

either Illumina 450K or EPIC BeadArrays at DKFZ (Heidelberg), University College 

London (UCL) Great Ormond Street Institute of Child Health or St. Jude Children’s 

Research Hospital. Data from Illumina 450k or EPIC arrays was pre-processed using 

the minfi package in R (v11b4). DNA copy number was recovered from combined 

intensities using the conumee package. The Heidelberg brain tumor classifier 

(molecularneuropathology.org) (40) was used to assign a calibrated score to each 

case, associating it with one of the 91 tumor entities which feature within the current 

classifier (v4). Clustering of beta values from methylation arrays was performed 

based upon correlation distance using a ward algorithm. DNA copy number was 

derived from combined log2 intensity data based upon an internal median processed 

using the R packages minfi and conumee to call copy number in 15,431 bins across 

the genome. Gene ontology analysis of differentially methylated regions was carried 

out using methylGSA (rdrr.io/bioc/methylGSA/), adjusting the number of CpGs for 

each gene by weighted resampling and Wallenius non-
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central hypergeometric approximation in methylgometh (63). Ontology networks were 

constructed using ShinyGO (bioinformatics.sdstate.edu/go/). 

 

 

Fusion panel 

A custom fusion panel consisting of 22 genes associated with fusions in paediatric 

brain tumors (ALK, BCOR, BRAF, c11orf95, C19MC, CIC, ETV6, FGFR1-3, FOXR2, 

KIAA1549, MET, MN1, MYB, MYBL1, NTRK1-3, RAF, RELA, TPM3 and YAP1) was 

designed with a library of probes to ensure adequate coverage of the specified 

regions (Roche Sequencing Solutions) (64). Where available, 100-200ng of DNA 

was used for library preparation using KAPA Hyper and HyperPlus Kit (Kapa 

Biosystems) and SeqCap EZ adaptors (Roche). Following fragmentation, DNA was 

end-repaired, A-tailed and indexed adaptors ligated. DNA was amplified, multiplexed 

and hybridized using 1ug of the total pre-capture library DNA. After hybridisation, 

capture libraries were amplified and sequencing was performed on a MiSeq and 

NextSeq (Illumina). Quality control (QC), variant annotation, deduplication and 

metrics were generated for each sample. The raw list of candidates provided by 

Manta (https://github.com/Illumina/manta) were filtered for more than 2 reads 

covering both genes, common false positive base pairs (bp) positions/fusions outside 

of the capture set at both ends, common breakpoint/false positives within 10 bp, 

common false positive gene pairs, fusions within the same gene and homologous 

sequences greater than 10bp. Breakdancer was used to confirm all the breakpoints 

in all samples. Sequences either side of the break points were annotated to look for 

repetitive elements. A BLAT score was obtained to remove loci which were not 

uniquely mapped. Integrative Genomics Viewer (IGV) was used to view the fusions.  
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DNA and RNA sequencing 

DNA was sequenced either as whole genome or captured using Agilent SureSelect 

whole exome v6 or a custom panel of 329 genes known to present in an unselected 

series of paediatric high grade glioma (8). Library preparation was performed using 

50-200 ng of genomic DNA. Following fragmentation, DNA was end-repaired, A-

tailed and indexed adapters ligated. DNA was amplified, multiplexed and hybridized 

using 1 µg of total pre-capture library. After hybridization, capture libraries were 

amplified and sequencing was performed on a NextSeq500 (Illumina) with 2 x 150bp, 

paired-end reads following manufacturer’s instructions. Ribosomal RNA was 

depleted from 500-2000 ng of total RNA from FF and FFPE using NEBNext rRNA 

Depletion Kit. Following First strand synthesis and directional second strand 

synthesis resulting cDNAs were used for library preparation using NEBNext Ultra II 

Directional RNA library prep kit for Illumina performed as per the manufacturers 

recommendations. Exome capture reads were aligned to the hg19 build of the 

human genome using bwa v0.7.12 (bio-bwa.sourceforge.net), and PCR duplicates 

removed with PicardTools 1.94 (pcard.sourceforge.net). Single nucleotide variants 

were called using the Genome Analysis Tool Kit v3.4-46 based upon current Best 

Practices using local re-alignment around InDels, downsampling and base 

recalibration with variants called by the Unified Genotyper (broadinstitute.org/gatk/). 

Variants were annotated using the Ensembl Variant Effect Predictor v74 

(ensembl.org/info/docs/variation/vep) incorporating SIFT (sift.jcvi.org) and PolyPhen 

(genetics.bwh.harvard.edu/pph2) predictions, COSMIC v64 (sanger.ac.uk/ 

genetics/CGP/cosmic/), dbSNP build 137 (ncbi.nlm.nih.gov/sites/SNP), ExAc and 

ANNOVAR annotations. RNA sequences were aligned to hg19 and organized into 

de-novo spliced alignments using bowtie2 and TopHat version 2.1.0 

(ccb.jhu.edu/software/tophat). Fusion transcripts were detected using chimerascan 

version 0.4.5a filtered to remove common false positives.  
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PCR / Sanger sequencing validation 

PCR to validate fusion breakpoints was carried out using primers obtained from 

Integrated DNA Technologies (Illinois, USA). PCR products were cleaned using the 

ExoProStar S 20 (Sigma-Aldrich) and were sent for Sanger sequencing (DNA 

Sequencing and Services, University of Dundee, UK). Sequences were analysed 

manually with 4Peaks (Nucleobytes, Aalsmeer, Netherlands). 

 

NanoString gene expression analysis 

The top 30 genes with the most differentially methylated regions between ALK-fusion, 

NTRK-fusion and fusion negative cases were selected for an mRNA expression 

analysis using a custom nCounter platform and nDesign (NanoString, Seattle, WA, 

USA).  Specimen RNA was mixed in hybridization buffer with CodeSets and 

hybridized  overnight at 65°C. Samples wash reagents and imaging cartridge were 

processed on the nCounter Prep Station and imaged on the nCounter Digital 

Analyzer according to the manufacturer’s instructions. Data were normalised with 

NanostringNorm v1.2.1 using variance stabilizing normalization (VSN). Heatmaps 

were made by clustering the median centred expression values or a correlation 

matrix based on Euclidean distance using a Ward D2 algorithm.  

 

Immunofluorescence 

Paraffin-embedded tissue sections were deparaffinized in three changes of xylene 

and ethanol. Heat-mediated antigen retrieval was performed (Dako S1699, pH 6.0) 

and tissue slides were permeabilized with 0.5% Triton X-100 solution for 10 min at 

room temperature and then blocked with appropriate serum according to the species 

of secondary antibody for 1 h at room temperature. For STAT1 staining (AHO0832, 

Invitrogen, 1:800), Alexa Fluor 488 Tyramide Super Boost Kit was used (B40941, 

Invitrogen) and antibody was incubated at 37 °C for 30 min. For WNT5A (MA5-
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15502, Invitrogen, 1:800) and TP63 (39692, Cell signalling, 1:900) staining, samples 

were incubated at 37 °C for 30 min. Sample slides were then washed in PBS three 

times and incubated with DyLight 649 (DI-2649, Vector, 1:100) and Alexa Fluor 555 

(A31572, Invitrogen, 1:300) -conjugated secondary antibodies for an hour at room 

temperature. Nuclei were counterstained with DAPI and samples mounted with 

Vectashield (H1000, Vector Laboratories) and examined using Zeiss Axio Scan.Z1 

automated Fluorescence slide scanner.  

 

 

Histology and immunohistochemistry 

Histological review was undertaken according to the WHO Classification of Tumors 

of the Central Nervous System (2016) (65). Each case was reviewed blinded to the 

molecular features with a predetermined set of criteria to assess for the presence of 

histological features characteristic of gliomas such as necrosis, mitotic figures, 

stromal and astrocytic morphology. Any unusual features not previously associated 

with these tumors, including unusual nuclear morphology was noted. These features 

were then re-reviewed in the context of any molecular results identified. 

Immunohistochemistry for Ki67 (M7240, DAKO, 1:100) was carried out using 

pressure-mediated antigen retrieval and the EnvisionTM detection system (DAKO 

K5007). Slides were mounted using Leica CV Ultra mounting medium, imaged using 

the high throughput-scanning microscope AxioScan Z1 and quantified using 

Definiens software. 

 

Novel ALK fusion mouse model 

A PPP1CB:ALK fusion construct was cloned into either an RCAS or a pT2K vector 

using RNA from a human glioma sample as template. After cDNA synthesis and 

PCR amplification, the ends of the product were cut with EcoRI and XhoI (for cloning 

into pT2K) or NotI and ClaI (for RCAS) and ligated into the target vector using the 
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Takara Ligation mixture (Clontech). Bacterial amplification and QIAprep® Spin 

Miniprep kit (QIAGEN) were performed according to manufacturer’s instructions to 

isolate the cloned plasmid. The DNA was sequenced using Sanger Sequencing at 

GATC Biotech (Heidelberg, Germany) and protein expression was confirmed on 

Western Blot after transfection of DF-1 cells with the vector. 

 

In utero electroporation: After confirming that the expression vector contained the 

right inserts, embryos of CD1 mice were injected with plasmid into the fourth ventricle 

and electroporated in utero at E14.5. The PPP1CB:ALK fusion plasmid was used 

alone or in combination with CRISPR guide RNAs against Cdkn2a. Due to the 

incorporated IRES-Luciferase reporter on the pT2K vector, mice with successful 

integration of the transgene could be assessed at postnatal day 3 using 

bioluminescence imaging on an IVIS imager (PerkinElmer). Mice were sacrificed 

upon first signs of tumor-related symptoms according to humane endpoint criteria. 

H&E and IHC staining was performed according to standard protocols on 3µm 

sections. 

 

RCAS: Four days before the calculated birth date, early passage DF-1 fibroblasts for 

virus production were plated at 2-3x105 cells/ T25 flask in 5ml DMEM with 10% FCS 

+ 1% Penicillin/Streptomycin (P/S) + 1% Glutamax at 5% CO2 at 39°C. One day after, 

the cells were transfected with the RCAS construct as follows: 4µg of the RCAS 

plasmid was incubated in 200µl of room-temperature Optimem and 10µl FuGene 

transfection reagent. After a 15-minute incubation time, this mixture was slowly 

added to the settled DF-1 cells, mixed well by gently moving the flask and placed 

back in the incubator. An RCAS-GFP plasmid was always run in parallel in a 

separate flask to check for transfection success. On the day of birth, the transfected 

DF-1 cells were harvested using 10x Trypsin-EDTA and counted using the 

automated cell counter TC20™. 4x105 cells in 1µl were used for injection into 
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newborn Ntv-a;Cdkn2a-/-;Ptenfl/fl pups at p0. The required amount of cells, depending 

on the size of the litter, was eluted in DMEM culture medium. The pups were taken 

out of the cage in a sterile hood and injected into the striatum with 1µl of the DF-1 

cell solution using a 10µl Hamilton syringe. Mice were sacrificed upon first signs of 

tumor-related symptoms according to humane endpoint criteria. All animal protocols 

were approved by the relevant authority (Regierungspräsidium Karlsruhe) under 

registration numbers G-212/16 and G-168/17.  

 

In vitro culture and compound testing of murine tumor cells 

Murine ALK fusion-positive tumors were dissected immediately post mortem, 

mechanically dissociated and then filtered through a 40µm cell strainer. Cells were 

then plated in vitro in 10cm dishes and grown as spheres in a 1:1 mix of Neurobasal-

A and DMEM/F-12 media containing 1% 1M HEPES buffer solution, 1% 100mM 

sodium pyruvate MEM, 1% 10mM MEM non-essential amino acids solution, 1% 

GlutaMAX and 1% antibiotic-antimycotic supplemented with 2% B27, 2µg/ml heparin 

solution, 10ng/ml H-PDGF-AA, 20ng/ml recombinant human bFGF and 20ng/ml 

recombinant human EGF. For splitting, cells were dissociated with Accumax at 37°C 

for 5 minutes. 

 

For in vitro drug testing, primary sphere culture cells were plated at 1x104 cells/well in 

80µl growth factor-containing medium/well in 96-well plates. Triplicates per drug 

concentration (20µl total volume for each) were added 24 hours after seeding the 

cells. The drug concentrations ranged between 1nM and 30µM. Corresponding 

DMSO concentrations were plated as controls, to which the treated wells were 

normalized. The ALK inhibitors crizotinib, alectinib, ceritinib and lorlatinib were used. 

All compounds were purchased from Selleck Chemicals and initially diluted in DMSO 

to either a 10mM or 1mM stock, which were stored at -80°C. A CellTiter-Glo assay 

(Promega) was used as a readout of compound efficacy. This assay was conducted 
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72 hours after drugs were added to the cells. For this purpose, 50µl of CellTiter-Glo 

substrate were added to each well using a multichannel pipette, and plates were 

incubated for 15 minutes whilst shaking in the dark. After that time, the luminescence 

signal per well was measured using a Mithras LB940 microplate reader. The 

respective DMSO control value was subtracted from the drug’s value to normalize 

the readout. The GI50 curves show the mean ± SD of the triplicates per condition 

measured. Representative results from duplicate experiments are shown. 

 

Western blot analysis 

Cells were incubated in complete media with vehicle or increasing concentrations of 

Entrectinib (0.1, 1, 10 µM) and protein was collected 4h post-treatment. Samples 

were lysed by using lysis buffer (CST) containing phosphatase inhibitor cocktail 

(Sigma, Poole, UK) and protease inhibitor cocktail (Roche Diagnostics, Burgess Hill, 

UK). Following quantification using Pierce BCA Protein Assay Kit (Thermo Fisher), 

cell extracts were loaded for Western blot analysis. Membranes were incubated with 

primary antibody (1:1000) overnight at 4 °C, and horseradish peroxidase secondary 

antibody (Amersham Bioscience, Amersham, UK) for 1 h at room temperature. Signal 

was detected with ECL Prime western blotting detection agent (Amersham 

Biosciences), visualised using Hyperfilm ECL (Amersham Biosciences) and analysed 

using an X-ray film processor in accordance with standard protocols. Primary 

antibodies used were phospho-AKT (Ser473) (CST# 4060), phospho-p44/42 

(Thr202/Tyr204) (CST#4370), AKT (CST#9272), p44/42 (CST#9102), GAPDH 

(CST#2118), all Cell Signalling (Danvers, MA, USA). 

 

In vivo compound testing 

To test the effectiveness of ALK inhibition in vivo, 6 week old CD1 mice were 

intracranially allografted with 5x 105 mouse PPP1CB:ALK tumor cells (see above) in 

order to give a more standardized latency of tumor formation and to ensure avoid 
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having to administer treatment to very young animals. The chosen inhibitor was 

lorlatinib based on the in vitro results, as well as HCl and temozolomide as vehicle 

control and standard-of-care, respectively. Dosing and treatment schedules were as 

previously described (66). Tumor growth was monitored using bioluminescence 

imaging on an IVIS imager (PerkinElmer). The tumors were allowed to develop for 

two weeks before animals were stratified into three treatment groups based on their 

luciferase signal (rank 1, 4, 7 etc. being assigned to lorlatinib, rank 2, 5, 8 etc. to 

temozolomide, and rank 3, 6, 9 etc. to vehicle control). Animals were monitored daily 

for symptoms or abnormal behavior and weighed three times a week, and were 

sacrificed upon first signs of tumor-related symptoms according to humane endpoint 

criteria. 

 

Novel patient-derived NTRK fusion models 

Each cell culture was initiated using the following method; tissue was first minced 

using a sterile scalpel followed by enzymatic dissociation with LiberaseTL for 10 min 

at 37°C. Cells were grown under stem cell conditions, as two-dimensional (2D) 

adherent cultures on laminin and laminin/fibronectin. Cells were cultured in a serum-

free medium, Tumor Stem Media (TSM) consisting of 1:1 Neurobasal(-A), and 

DMEM:F12 supplemented with HEPES, NEAA, Glutamaxx, sodium pyruvate and 

B27(-A), human bFGF (20ng/mL), human-EGF (20ng/mL), human PDGF-AA 

(10ng/mL) and PDGF-BB (10ng/mL) and heparin (2ng/mL). Control lines QCTB-

R006 (9.5 years, male, frontal lobe GBM, wildtype) and QCTB-R059 (10.4 years, 

female, thalamic, H3F3AK27M mutant) were also grown as adherent cultures 

(laminin and laminin-fibronectin). Cells were dissociated enzymatically with accutase 

and counted using a Beckman-Coulter ViCell cell viability analyser.  

 

For intracranial implantation, all experiments were performed in accordance with the 

local ethical review panel, the UK Home Office Animals (Scientific Procedures) Act 
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1986, the United Kingdom National Cancer Research Institute guidelines for the 

welfare of animals in cancer research and the ARRIVE (Animal Research: Reporting 

In Vivo Experiments) guidelines (67,68). Single cell suspensions were obtained 

immediately prior to implantation in NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ (NSG) mice 

(Charles River, UK). Animals were anesthetized with intraperitoneal ketamine 

(100mg/kg)/xylazine(16mg/kg) and maintained under 1% isoflurane (0.5L/min). 

Animals were depilated at the incision site and Emla cream 5%(lidocaine/prilocaine) 

was applied on the skin. A subcutaneous injection of buprenorphine (0.03mg/Kg) 

was given for general analgesia. The cranium was exposed via midline incision 

under aseptic conditions, and a 31-gauge burr hole drilled above the injection site. 

Mice were then placed on a stereotactic apparatus for orthotopic implantation. The 

coordinates used for the cortex were  x=-2.0, z=+1.0, y=-2.5mm from bregma. 

300,000 cells in 5µL were stereotactically implanted using a 25-gauge SGE standard 

fixed needle syringe (SGE™ 005000) at a rate of 2μl/min using a digital pump 

(HA1100, Pico Plus Elite, Harvard Apparatus, Holliston, MA, USA). At the completion 

of infusion, the syringe needle was allowed to remain in place for at least 3 minutes, 

and then manually withdrawn slowly to minimize backflow of the injected cell 

suspension. An intraperitoneal (IP) injection of the reversing agent atipamezole 

(1mg/kg) diluted in Hartmann’s solution for rehydration was administered. Mice were 

monitored until fully recovered from surgery and given Carprofen (analgesia) in a gel 

diet for 48 hours post-surgery. Mice were weighed twice a week and imaged by 1H 

magnetic resonance imaging (MRI) on a horizontal bore Bruker Biospec 70/20 

system (Ettlingen, Germany) equipped with physiological monitoring equipment (SA 

Instruments, Stony Brook, NY, USA) using a 2cm x 2cm mouse brain array coil. 

Anaesthesia was induced using 3% isoflurane delivered in oxygen (1l/min) and 

maintained at 1-2%. Core body temperature was maintained using a thermo-

regulated water-heated blanket.  
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In vitro compound testing of patient-derived cells 

Cells were seeded (3000-5000 cells per well) into laminin or laminin-fibronectin 

coated 96-well plates and treated with different Trk inhibitors at concentration ranging 

from 0 to 20uM for 8 days. The drugs used were entrectinib (RXDX-101, 

Selleckchem), crizotinib (PF-02341066, Selleckchem) and milciclib (PHA-848125, 

Selleckchem). Each assay was performed in three independent biological replicates 

of three technical replicates each. Cell viability was assessed with Cell Titer-Glo 

using a FLUOstar Omega plate reader (BMG, LABTECH). Data was analysed and 

IC50 values were calculated using GraphPad Prism software. 

 

Statistics 

Statistical analysis was carried out using R 3.5.0 (www.r-project.org) and GraphPad 

Prism 7. Categorical comparisons of counts were carried out using Fishers exact test, 

comparisons between groups of continuous variables employed Student’s t-test or 

ANOVA. Univariate differences in survival were analysed by the Kaplan-Meier 

method and significance determined by the log-rank test. All tests were two-sided 

and a p value of less than 0.05 was considered significant. 

 

Data availability 

All newly generated data have been deposited in the European Genome-phenome 

Archive (www.ebi.ac.uk/ega) with accession number EGAS00001003532 

(sequencing) or ArrayExpress (www.ebi.ac.uk/arrayexpress/) with accession 

numbers E-MTAB-7802 and E-MTAB-7804 (methylation arrays). Curated gene-level 

copy number, mutation data and RNAseq data are provided as part of the paediatric-

specific implementation of the cBioPortal genomic data visualization portal 

(pedcbioportal.org).   

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 40 

Acknowledgments 

This work was supported by the CRIS Cancer Foundation and the INSTINCT 

network funded by The Brain Tumour Charity, Great Ormond Street Children's 

Charity and Children with Cancer UK, Cancer Research UK. The authors 

acknowledge NHS funding to the National Institute for Health Research Biomedical 

Research Centre at The Royal Marsden and the ICR, the NIHR Great Ormond Street 

Hospital Biomedical Research Centre, research nurse funding by the Experimental 

Cancer Medicines Centre (ECMC) Paediatric Network, as well as CRUK support to 

the Cancer Imaging Centre  at the ICR and Royal Marsden in association with the 

MRC and Department of Health (England) (C1060/A16464). Further funding support 

was provided by the German Children’s Cancer Foundation (DKKS, project “MNP2.0 

– Improving the Diagnostic Accuracy of Pediatric Brain Tumors”, and support for the 

German Brain Tumor Reference Center of the DGNN, grant 2014.17) and the 

PedBrain Tumour Project contributing to the International Cancer Genome 

Consortium, funded by German Cancer Aid (109252) and by the German Federal 

Ministry of Education and Research (BMBF, grant #01KU1201A), and the DKFZ-

MOST Cooperation Program. We would like to thank Laura von Soosten (DKFZ) for 

technical assistance and Richard Buus (ICR) and the Breast Cancer Now NanoString 

facility for conducting the NanoString gene expression profiling. The authors thank 

Brain UK for provision of cases and clinical information. The authors thank the Cure 

Brain Cancer Foundation, Australian Lions Childhood Cancer Research Foundation 

and Lions Club International Foundation (LCIF). Some of the results are in part 

based upon data generated by Lions Kids Cancer Genome Project (LKCGP) 

Partners. The authors thank the German Cancer Research Center (DKFZ) Genomics 

and Proteomics Core Facility and the Hartwell Center at St. Jude Children’s 

Research Hospital for technical support. The authors acknowledge funding from the 

American, Lebanese and Syrian-Associated Charities (ALSAC). The Queensland 

Children’s Tumour Bank is funded by the Children’s Hospital Foundation 

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 41 

(Queensland). This work was funded in part by the Marie-Josée and Henry R. Kravis 

Center for Molecular Oncology and the National Cancer Institute Cancer Center Core 

Grant No. P30-CA008748. We gratefully acknowledge the members of the Memorial 

Sloan Kettering Molecular Diagnostics Service in the Department of Pathology. MSn 

acknowledges funding from the Friedberg Charitable Foundation, the Making 

Headway Foundation and the Sohn Conference Foundation. AK is supported by the 

Helmholtz Association Research Grant (Germany). MV is a CwCUK Fellow (grant 

number 16-234). SJB acknowledges funding support from the NIH (CA096832). 

 
  

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 42 

References 
 

1. Jones C, Perryman L, Hargrave D. Paediatric and adult malignant glioma: close 
relatives or distant cousins? Nat Rev Clin Oncol 2012;9(7):400-13 doi 
10.1038/nrclinonc.2012.87. 

2. Schwartzentruber J, Korshunov A, Liu XY, Jones DT, Pfaff E, Jacob K, et al. Driver 
mutations in histone H3.3 and chromatin remodelling genes in paediatric 
glioblastoma. Nature 2012;482(7384):226-31 doi 10.1038/nature10833. 

3. Wu G, Broniscer A, McEachron TA, Lu C, Paugh BS, Becksfort J, et al. Somatic 
histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and non-brainstem 
glioblastomas. Nat Genet 2012;44(3):251-3 doi 10.1038/ng.1102. 

4. Jones C, Baker SJ. Unique genetic and epigenetic mechanisms driving paediatric 
diffuse high-grade glioma. Nat Rev Cancer 2014;14(10) doi 10.1038/nrc3811. 

5. Sturm D, Witt H, Hovestadt V, Khuong-Quang DA, Jones DT, Konermann C, et al. 
Hotspot mutations in H3F3A and IDH1 define distinct epigenetic and biological 
subgroups of glioblastoma. Cancer Cell 2012;22(4):425-37 doi 
10.1016/j.ccr.2012.08.024. 

6. Bouffet E, Larouche V, Campbell BB, Merico D, de Borja R, Aronson M, et al. 
Immune Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme Resulting 
From Germline Biallelic Mismatch Repair Deficiency. J Clin Oncol 2016;34(19):2206-
11 doi 10.1200/JCO.2016.66.6552. 

7. Shlien A, Campbell BB, de Borja R, Alexandrov LB, Merico D, Wedge D, et al. 
Combined hereditary and somatic mutations of replication error repair genes result in 
rapid onset of ultra-hypermutated cancers. Nat Genet 2015;47(3):257-62 doi 
10.1038/ng.3202. 

8. Mackay A, Burford A, Carvalho D, Izquierdo E, Fazal-Salom J, Taylor KR, et al. 
Integrated Molecular Meta-Analysis of 1,000 Pediatric High-Grade and Diffuse 
Intrinsic Pontine Glioma. Cancer Cell 2017;32(4):520-37 e5 doi 
10.1016/j.ccell.2017.08.017. 

9. Wu G, Diaz AK, Paugh BS, Rankin SL, Ju B, Li Y, et al. The genomic landscape of 
diffuse intrinsic pontine glioma and pediatric non-brainstem high-grade glioma. Nat 
Genet 2014;46(5):444-50 doi 10.1038/ng.2938. 

10. Duffner PK, Horowitz ME, Krischer JP, Burger PC, Cohen ME, Sanford RA, et al. The 
treatment of malignant brain tumors in infants and very young children: an update of 
the Pediatric Oncology Group experience. Neuro Oncol 1999;1(2):152-61 doi 
10.1093/neuonc/1.2.152. 

11. Lafay-Cousin L, Strother D. Current treatment approaches for infants with malignant 
central nervous system tumors. Oncologist 2009;14(4):433-44 doi 
10.1634/theoncologist.2008-0193. 

12. Isaacs H, Jr. Perinatal (fetal and neonatal) astrocytoma: a review. Childs Nerv Syst 
2016;32(11):2085-96 doi 10.1007/s00381-016-3215-y. 

13. Gelabert-Gonzalez M, Serramito-Garcia R, Arcos-Algaba A. Desmoplastic infantile 
and non-infantile ganglioglioma. Review of the literature. Neurosurg Rev 
2010;34(2):151-8 doi 10.1007/s10143-010-0303-4. 

14. Dufour C, Grill J, Lellouch-Tubiana A, Puget S, Chastagner P, Frappaz D, et al. High-
grade glioma in children under 5 years of age: a chemotherapy only approach with 

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 43 

the BBSFOP protocol. Eur J Cancer 2006;42(17):2939-45 doi 
10.1016/j.ejca.2006.06.021. 

15. Geyer JR, Finlay JL, Boyett JM, Wisoff J, Yates A, Mao L, et al. Survival of infants 
with malignant astrocytomas. A Report from the Childrens Cancer Group. Cancer 
1995;75(4):1045-50. 

16. Grundy RG, Wilne SH, Robinson KJ, Ironside JW, Cox T, Chong WK, et al. Primary 
postoperative chemotherapy without radiotherapy for treatment of brain tumours 
other than ependymoma in children under 3 years: results of the first UKCCSG/SIOP 
CNS 9204 trial. Eur J Cancer 2010;46(1):120-33 doi 10.1016/j.ejca.2009.09.013. 

17. Guerreiro Stucklin AS, Ryall S, Fukuoka K, Zapotocky M, Lassaletta A, Li C, et al. 
Alterations in ALK/ROS1/NTRK/MET drive a group of infantile hemispheric gliomas. 
Nat Commun 2019;10(1):4343 doi 10.1038/s41467-019-12187-5. 

18. Macy ME, Birks DK, Barton VN, Chan MH, Donson AM, Kleinschmidt-Demasters BK, 
et al. Clinical and molecular characteristics of congenital glioblastoma. Neuro Oncol 
2012;14(7):931-41 doi 10.1093/neuonc/nos125. 

19. Takeshima H, Kawahara Y, Hirano H, Obara S, Niiro M, Kuratsu J. Postoperative 
regression of desmoplastic infantile gangliogliomas: report of two cases. 
Neurosurgery 2003;53(4):979-83; discussion 83-4. 

20. Haberler C, Slavc I, Czech T, Prayer D, Pirker C, Budka H, et al. Malignant 
predominantly minigemistocytic glioma in two infants: a distinctive glioma variant? 
Neuropathol Appl Neurobiol 2007;33(2):169-78 doi 10.1111/j.1365-
2990.2006.00823.x. 

21. Gielen GH, Gessi M, Buttarelli FR, Baldi C, Hammes J, zur Muehlen A, et al. Genetic 
Analysis of Diffuse High-Grade Astrocytomas in Infancy Defines a Novel Molecular 
Entity. Brain Pathol 2015;25(4):409-17 doi 10.1111/bpa.12210. 

22. Anestis DM, Tsitsopoulos PP, Ble CA, Tsitouras V, Tsonidis CA. Congenital 
Glioblastoma Multiforme: An Unusual and Challenging Tumor. Neuropediatrics 
2017;48(6):403-12 doi 10.1055/s-0037-1601858. 

23. Wang AC, Jones DTW, Abecassis IJ, Cole BL, Leary SES, Lockwood CM, et al. 
Desmoplastic Infantile Ganglioglioma/Astrocytoma (DIG/DIA) Are Distinct Entities 
with Frequent BRAFV600 Mutations. Mol Cancer Res 2018;16(10):1491-8 doi 
10.1158/1541-7786.MCR-17-0507. 

24. Amatu A, Sartore-Bianchi A, Siena S. NTRK gene fusions as novel targets of cancer 
therapy across multiple tumour types. ESMO Open 2016;1(2):e000023 doi 
10.1136/esmoopen-2015-000023. 

25. Jones DT, Hutter B, Jager N, Korshunov A, Kool M, Warnatz HJ, et al. Recurrent 
somatic alterations of FGFR1 and NTRK2 in pilocytic astrocytoma. Nat Genet 
2013;45(8):927-32 doi 10.1038/ng.2682. 

26. Zhang J, Wu G, Miller CP, Tatevossian RG, Dalton JD, Tang B, et al. Whole-genome 
sequencing identifies genetic alterations in pediatric low-grade gliomas. Nat Genet 
2013;45(6):602-12 doi 10.1038/ng.2611. 

27. Aghajan Y, Levy ML, Malicki DM, Crawford JR. Novel PPP1CB-ALK fusion protein in 
a high-grade glioma of infancy. BMJ Case Rep 2016;2016 doi 10.1136/bcr-2016-
217189. 

28. Chmielecki J, Bailey M, He J, Elvin J, Vergilio JA, Ramkissoon S, et al. Genomic 
Profiling of a Large Set of Diverse Pediatric Cancers Identifies Known and Novel 

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 44 

Mutations across Tumor Spectra. Cancer Res 2017;77(2):509-19 doi 10.1158/0008-
5472.CAN-16-1106. 

29. Cocce MC, Mardin BR, Bens S, Stutz AM, Lubieniecki F, Vater I, et al. Identification 
of ZCCHC8 as fusion partner of ROS1 in a case of congenital glioblastoma 
multiforme with a t(6;12)(q21;q24.3). Genes Chromosomes Cancer 2016;55(9):677-
87 doi 10.1002/gcc.22369. 

30. Kiehna EN, Arnush MR, Tamrazi B, Cotter JA, Hawes D, Robison NJ, et al. Novel 
GOPC(FIG)-ROS1 fusion in a pediatric high-grade glioma survivor. J Neurosurg 
Pediatr 2017;20(1):51-5 doi 10.3171/2017.2.PEDS16679. 

31. Maruggi M, Malicki DM, Levy ML, Crawford JR. A novel KIF5B-ALK fusion in a child 
with an atypical central nervous system inflammatory myofibroblastic tumour. BMJ 
Case Rep 2018;2018 doi 10.1136/bcr-2018-226431. 

32. Nakano Y, Tomiyama A, Kohno T, Yoshida A, Yamasaki K, Ozawa T, et al. 
Identification of a novel KLC1-ROS1 fusion in a case of pediatric low-grade localized 
glioma. Brain Tumor Pathol 2019;36(1):14-9 doi 10.1007/s10014-018-0330-3. 

33. Ng A, Levy ML, Malicki DM, Crawford JR. Unusual high-grade and low-grade glioma 
in an infant with PPP1CB-ALK gene fusion. BMJ Case Rep 2019;12(2) doi 
10.1136/bcr-2018-228248. 

34. Olsen TK, Panagopoulos I, Meling TR, Micci F, Gorunova L, Thorsen J, et al. Fusion 
genes with ALK as recurrent partner in ependymoma-like gliomas: a new brain tumor 
entity? Neuro Oncol 2015;17(10):1365-73 doi 10.1093/neuonc/nov039. 

35. Ziegler DS, Wong M, Mayoh C, Kumar A, Tsoli M, Mould E, et al. Brief Report: Potent 
clinical and radiological response to larotrectinib in TRK fusion-driven high-grade 
glioma. Br J Cancer 2018;119(6):693-6 doi 10.1038/s41416-018-0251-2. 

36. Sturm D, Orr BA, Toprak UH, Hovestadt V, Jones DT, Capper D, et al. New Brain 
Tumor Entities Emerge from Molecular Classification of CNS-PNETs. Cell 
2016;164(5):1060-72 doi 10.1016/j.cell.2016.01.015. 

37. Koelsche C, Mynarek M, Schrimpf D, Bertero L, Serrano J, Sahm F, et al. Primary 
intracranial spindle cell sarcoma with rhabdomyosarcoma-like features share a highly 
distinct methylation profile and DICER1 mutations. Acta Neuropathol 
2018;136(2):327-37 doi 10.1007/s00401-018-1871-6. 

38. Johannessen AL, Torp SH. The clinical value of Ki-67/MIB-1 labeling index in human 
astrocytomas. Pathol Oncol Res 2006;12(3):143-7 doi PAOR.2006.12.3.0143. 

39. El-Ayadi M, Ansari M, Sturm D, Gielen GH, Warmuth-Metz M, Kramm CM, et al. 
High-grade glioma in very young children: a rare and particular patient population. 
Oncotarget 2017;8(38):64564-78 doi 10.18632/oncotarget.18478. 

40. Capper D, Jones DTW, Sill M, Hovestadt V, Schrimpf D, Sturm D, et al. DNA 
methylation-based classification of central nervous system tumours. Nature 
2018;555(7697):469-74 doi 10.1038/nature26000. 

41. van Tilburg CM, Selt F, Sahm F, Bachli H, Pfister SM, Witt O, et al. Response in a 
child with a BRAF V600E mutated desmoplastic infantile astrocytoma upon 
retreatment with vemurafenib. Pediatr Blood Cancer 2018;65(3) doi 
10.1002/pbc.26893. 

42. Charest A, Lane K, McMahon K, Park J, Preisinger E, Conroy H, et al. Fusion of FIG 
to the receptor tyrosine kinase ROS in a glioblastoma with an interstitial 

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 45 

del(6)(q21q21). Genes Chromosomes Cancer 2003;37(1):58-71 doi 
10.1002/gcc.10207. 

43. International Cancer Genome Consortium PedBrain Tumor P. Recurrent MET fusion 
genes represent a drug target in pediatric glioblastoma. Nat Med 2016;22(11):1314-
20 doi 10.1038/nm.4204. 

44. Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa S, et al. 
Identification of the transforming EML4-ALK fusion gene in non-small-cell lung 
cancer. Nature 2007;448(7153):561-6 doi 10.1038/nature05945. 

45. Qaddoumi I, Orisme W, Wen J, Santiago T, Gupta K, Dalton JD, et al. Genetic 
alterations in uncommon low-grade neuroepithelial tumors: BRAF, FGFR1, and MYB 
mutations occur at high frequency and align with morphology. Acta Neuropathol 
2016;131(6):833-45 doi 10.1007/s00401-016-1539-z. 

46. Singh D, Chan JM, Zoppoli P, Niola F, Sullivan R, Castano A, et al. Transforming 
fusions of FGFR and TACC genes in human glioblastoma. Science 
2012;337(6099):1231-5 doi 10.1126/science.1220834. 

47. Davis JL, Lockwood CM, Stohr B, Boecking C, Al-Ibraheemi A, DuBois SG, et al. 
Expanding the Spectrum of Pediatric NTRK-rearranged Mesenchymal Tumors. Am J 
Surg Pathol 2018 doi 10.1097/PAS.0000000000001203. 

48. Farago AF, Azzoli CG. Beyond ALK and ROS1: RET, NTRK, EGFR and BRAF gene 
rearrangements in non-small cell lung cancer. Transl Lung Cancer Res 
2017;6(5):550-9 doi 10.21037/tlcr.2017.08.02. 

49. Pietrantonio F, Di Nicolantonio F, Schrock AB, Lee J, Tejpar S, Sartore-Bianchi A, et 
al. ALK, ROS1, and NTRK Rearrangements in Metastatic Colorectal Cancer. J Natl 
Cancer Inst 2017;109(12) doi 10.1093/jnci/djx089. 

50. Davare MA, Henderson JJ, Agarwal A, Wagner JP, Iyer SR, Shah N, et al. Rare but 
Recurrent ROS1 Fusions Resulting From Chromosome 6q22 Microdeletions are 
Targetable Oncogenes in Glioma. Clin Cancer Res 2018;24(24):6471-82 doi 
10.1158/1078-0432.CCR-18-1052. 

51. Gatalica Z, Xiu J, Swensen J, Vranic S. Molecular characterization of cancers with 
NTRK gene fusions. Mod Pathol 2019;32(1):147-53 doi 10.1038/s41379-018-0118-3. 

52. Johnson A, Severson E, Gay L, Vergilio JA, Elvin J, Suh J, et al. Comprehensive 
Genomic Profiling of 282 Pediatric Low- and High-Grade Gliomas Reveals Genomic 
Drivers, Tumor Mutational Burden, and Hypermutation Signatures. Oncologist 
2017;22(12):1478-90 doi 10.1634/theoncologist.2017-0242. 

53. Okamura R, Boichard A, Kato S, Sicklick JK, Bazhenova L, Kurzrock R. Analysis of 
NTRK Alterations in Pan-Cancer Adult and Pediatric Malignancies: Implications for 
NTRK-Targeted Therapeutics. JCO Precis Oncol 2018;2018 doi 
10.1200/PO.18.00183. 

54. McArthur GA, Laherty CD, Queva C, Hurlin PJ, Loo L, James L, et al. The Mad 
protein family links transcriptional repression to cell differentiation. Cold Spring Harb 
Symp Quant Biol 1998;63:423-33. 

55. Gripp KW, Aldinger KA, Bennett JT, Baker L, Tusi J, Powell-Hamilton N, et al. A 
novel rasopathy caused by recurrent de novo missense mutations in PPP1CB closely 
resembles Noonan syndrome with loose anagen hair. Am J Med Genet A 
2016;170(9):2237-47 doi 10.1002/ajmg.a.37781. 

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 46 

56. Dehmelt L, Halpain S. The MAP2/Tau family of microtubule-associated proteins. 
Genome Biol 2005;6(1):204 doi 10.1186/gb-2004-6-1-204. 

57. Saadi I, Alkuraya FS, Gisselbrecht SS, Goessling W, Cavallesco R, Turbe-Doan A, et 
al. Deficiency of the cytoskeletal protein SPECC1L leads to oblique facial clefting. Am 
J Hum Genet 2011;89(1):44-55 doi 10.1016/j.ajhg.2011.05.023. 

58. Wilson NR, Olm-Shipman AJ, Acevedo DS, Palaniyandi K, Hall EG, Kosa E, et al. 
SPECC1L deficiency results in increased adherens junction stability and reduced 
cranial neural crest cell delamination. Sci Rep 2016;6:17735 doi 10.1038/srep17735. 

59. Kalashnikova E, Lorca RA, Kaur I, Barisone GA, Li B, Ishimaru T, et al. SynDIG1: an 
activity-regulated, AMPA- receptor-interacting transmembrane protein that regulates 
excitatory synapse development. Neuron 2010;65(1):80-93 doi 
10.1016/j.neuron.2009.12.021. 

60. Metzler M, Li B, Gan L, Georgiou J, Gutekunst CA, Wang Y, et al. Disruption of the 
endocytic protein HIP1 results in neurological deficits and decreased AMPA receptor 
trafficking. EMBO J 2003;22(13):3254-66 doi 10.1093/emboj/cdg334. 

61. Nakai T, Nagai T, Tanaka M, Itoh N, Asai N, Enomoto A, et al. Girdin phosphorylation 
is crucial for synaptic plasticity and memory: a potential role in the interaction of 
BDNF/TrkB/Akt signaling with NMDA receptor. J Neurosci 2014;34(45):14995-5008 
doi 10.1523/JNEUROSCI.2228-14.2014. 

62. Enomoto A, Murakami H, Asai N, Morone N, Watanabe T, Kawai K, et al. Akt/PKB 
regulates actin organization and cell motility via Girdin/APE. Dev Cell 2005;9(3):389-
402 doi 10.1016/j.devcel.2005.08.001. 

63. Ren X, Kuan PF. methylGSA: a Bioconductor package and Shiny app for DNA 
methylation data length bias adjustment in gene set testing. Bioinformatics 
2019;35(11):1958-9 doi 10.1093/bioinformatics/bty892. 

64. Mackay A, Burford A, Molinari V, Jones DTW, Izquierdo E, Brouwer-Visser J, et al. 
Molecular, Pathological, Radiological, and Immune Profiling of Non-brainstem 
Pediatric High-Grade Glioma from the HERBY Phase II Randomized Trial. Cancer 
Cell 2018;33(5):829-42 e5 doi 10.1016/j.ccell.2018.04.004. 

65. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee 
WK, et al. The 2016 World Health Organization Classification of Tumors of the 
Central Nervous System: a summary. Acta Neuropathol 2016;131(6):803-20 doi 
10.1007/s00401-016-1545-1. 

66. Infarinato NR, Park JH, Krytska K, Ryles HT, Sano R, Szigety KM, et al. The 
ALK/ROS1 Inhibitor PF-06463922 Overcomes Primary Resistance to Crizotinib in 
ALK-Driven Neuroblastoma. Cancer Discov 2016;6(1):96-107 doi 10.1158/2159-
8290.CD-15-1056. 

67. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience 
research reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol 
2010;8(6):e1000412 doi 10.1371/journal.pbio.1000412. 

68. Workman P, Aboagye EO, Balkwill F, Balmain A, Bruder G, Chaplin DJ, et al. 
Guidelines for the welfare and use of animals in cancer research. Br J Cancer 
2010;102(11):1555-77 doi 10.1038/sj.bjc.6605642. 

 
 
 
 

Research. 
on April 6, 2020. © 2020 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 1, 2020; DOI: 10.1158/2159-8290.CD-19-1030 

http://cancerdiscovery.aacrjournals.org/


 47 

Legends for Figures 

 

Figure 1 – Defining an intrinsic set of infant gliomas. (A) Flow diagram providing an 

overview of the inclusion and exclusion criteria for the assembled cohort of 241 

samples from patients under the age of 4 years. (B) Fusion gene analysis by a 

variety of means allowed for the identification of 28 fusions marking clearly defined 

entities that were subsequently excluded from further analysis. (C) Methylation array 

profiling and analysis by the Heidelberg classifier excluded a further 12 cases closely 

resembling non-glioma entities or failing quality control (n=9). (D) t-statistic based 

stochastic neighbor embedding (tSNE) projection of the remaining cases highlighted 

61 samples which clustered with previously reported high or low grade glioma 

subtypes, leaving an intrinsic set of 130 infant gliomas for further characterisation by 

more histopathological assessment and in-depth sequencing. (E) Anatomical location 

of infant gliomas after exclusion of pathognomonic fusions and non-glioma entities by 

methylation profiling (n=130). Left – sagittal section showing internal structures; right 

– external view highlighting cerebral lobes. Each circle represents a single case and 

is colored by the glioma subgroup it most closely clusters with, defined by the key 

below. (F) Kaplan-Meier plot of overall survival of cases separated by methylation 

subgroups DIGG (desmoplastic infantile ganglioglioma / astrocytoma), IHG (infant 

hemispheric glioma), LGG (other low grade glioma subgroups) and HGG (other high 

grade glioma subgroups) (n=102).  P value is calculated by the log-rank test 

(p=0.0566 for HGG versus rest). (G) t-statistic based stochastic neighbor embedding 

(t-SNE) projection of a combined methylation dataset comprising the intrinsic set of 

the present study (n=130, circled) plus a reference set of glioma subtypes (n=1652). 

The first two projections are plotted on the x and y axes, with samples represented 

by dots colored by subtype according to the key provided.  
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Figure 2 – Mutations in infant gliomas. (A) Oncoprint representation of an integrated 

annotation of single nucleotide variants, DNA copy number changes and structural 

variants for infant gliomas excluded as other subgroups (n=24). (B)  Oncoprint 

representation of an integrated annotation of single nucleotide variants, DNA copy 

number changes and structural variants for infant gliomas in the intrinsic set (n=41).  

Samples are arranged in columns with genes labelled along rows. 

Clinicopathological and molecular annotations are provided as bars according to the 

included key.  

 

Figure 3 - Copy number-associated fusion genes in infant gliomas. (A) Segmented 

DNA copy number heatmap for ALK breakpoint cases, plotted according to 

chromosomal location. Pink, gain; blue, loss. (B) Segmented DNA copy number 

heatmap for ROS1 breakpoint cases, plotted according to chromosomal location. 

Pink, gain; blue, loss. (C) Segmented DNA copy number heatmap for MET 

breakpoint cases, plotted according to chromosomal location. Pink, gain; blue, loss. 

(D) ETV6:NTRK3. Cartoon representation of the fusion structure, with reads on either 

side of the breakpoint colored by gene partner and taken from an Integrated Genome 

Viewer (IGV) snapshot. Below this is a Sanger sequencing trace spanning the 

breakpoint. Underneath are copy number plots (log2 ratio, y axis) for chromosomal 

regions spanning the breakpoints (x axis). Points are colored red for copy number 

gain, blue for loss, and grey for no change. The smoothed values are overlaid by the 

purple line. (E) ZC3H7A:ALK. Cartoon representation of the fusion structure, with 

reads on either side of the breakpoint colored by gene partner and taken from an 

Integrated Genome Viewer snapshot. Below this is a Sanger sequencing trace 

spanning the breakpoint. Underneath are copy number plots (log2 ratio, y axis) for 

chromosomal regions spanning the breakpoints (x axis). Points are colored red for 

copy number gain, blue for loss, and grey for no change. The smoothed values are 

overlaid by the purple line. (F) Circos plot of gene fusions targeting NTRK1 (light 
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orange), NTRK2 (orange) and NTRK3 (dark orange). Lines link fusion gene partners 

according to chromosomal location, represented by ideograms arranged around the 

circle. (G) Circos plot of gene fusions targeting ALK (dark blue). Lines link fusion 

gene partners according to chromosomal location, represented by ideograms 

arranged around the circle. (H) Kaplan-Meier plot of overall survival of cases 

separated by fusion event (n=63).  P value is calculated by the log-rank test (p=0.085 

for any fusion versus None).  

 

Figure 4 – Epigenetic alterations in fusion-positive and -negative infant gliomas. (A) 

Differential methylation-based gene ontology analysis for ALK-fusion cases, 

represented in barplots of -log10 p value for labelled highest scoring categories (top) 

and aggregated ontology networks (bottom). (B) Differential methylation-based gene 

ontology analysis for NTRK-fusion cases, represented in barplots of -log10 p value 

for labelled highest scoring categories (top) and aggregated ontology networks 

(bottom). (C) Differential methylation-based gene ontology analysis for fusion-

negative cases, represented in barplots of -log10 p value for labelled highest scoring 

categories (top) and aggregated ontology networks (bottom). Node size is 

proportional to the number of genes, shading represents -log10 p value (darker is 

higher). Thickness of connecting lines reflects the percentage of overlapping genes. 

(D) Genome browser view of the WNT5A locus, with lower methylation, provided as 

barplots, in selected ALK-fusion (blue) cases compared to NTRK-fusion (orange) and 

fusion-negative (grey) cases. (E) Genome browser view of the STAT1 locus, with 

lower methylation, provided as barplots, in selected NTRK-fusion (orange) cases 

compared to ALK-fusion (blue) and fusion-negative (grey) cases. (F) Genome 

browser view of the TP63 locus, with lower methylation, provided as barplots, in 

selected fusion-negative (grey) cases compared to ALK-fusion (blue) and NTRK-

fusion (orange) cases. Chromosomal ideograms are provided with the red bar 

indicating the cytoband in which the locus is found. Differentially methylated probes 
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are highlighted by the red box. (G) Immunofluorescent staining of an antibody 

directed against WNT5A (white) in an EML4:ALK fusion infant glioma case, 

UOLP_INF_001. DAPI is used as a counterstain. Scale bar = 200µM. (H) 

Immunofluorescent staining of an antibody directed against WNT5A (green) in an 

ETV6:NTRK3 fusion infant glioma case, GOSH_INF_007. DAPI is used as a 

counterstain. Scale bar = 200µM. (I) Heatmap representing gene expression values 

from a NanoString assay of 30 most differentially methylated genes between ALK-

fusion (blue), NTRK-fusion (orange) and fusion-negative (grey) cases. Expression 

values are colored according to the scale provided.  

 

Figure 5 - Pre-clinical modelling of ALK-fused glioma. (A) Schematic representation 

of the in vivo modelling workflow. IUE, in utero electroporation; KD, kinase domain. 

(B) Kaplan-Meier curve of injected animals using IUE and p0-RCAS method – 

PPP1CB:ALK only IUE, PPP1CB:ALK + Trp53-ko IUE, PPP1CB:ALK + Cdkn2a-ko 

IUE and PPP1CB:ALK p0-RCAS only. *, p<0.05, **, p<0.01 (C, D) Effect of targeted 

ALK inhibition on growth of allografted PPP1CB:ALK + Cdkn2a-ko mouse tumor cells 

in vivo. p.i., post injection. (E) Targeted inhibition significantly prolonged the survival 

of PPP1CB:ALK + Cdkn2a-ko allografted mice compared with temozolomide or 

vehicle controls. Two mice in the lorlatinib group were sacrificed due to technical 

complications with drug delivery, with no tumor being evident upon dissection of the 

brain. ***, p<0.001. (F) Clinical history of DKFZ_INF_307, with confirmed 

MAD1L1:ALK fusion. Timeline of clinical interventions is provided below, with 

treatment shaded in grey. Axial T2 MRI scans from diagnosis and successive 

surgeries and chemotherapeutic regimens are provided, in addition to treatment with 

the ALK inhibitor ceritinib, with tumor circled in red. 
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Figure 6 – Preclinical and clinical experience with Trk inhibitors in fusion-positive 

infant glioma. (A) Light microscopy image of two patient-derived infant glioma cell 

cultures, harboring either TPM3:NTRK1 (QCTB-R102, light orange) or ETV6:NTRK3 

(QCTB-R077, dark red) fusions. (B) Concentration-response curves for three Trk 

inhibitors tested against two NTRK fusion-positive infant glioma cell cultures (QCTB-

R102, TPM3:NTRK1, light orange; QCTB-R077, ETV6:NTRK3, dark red) and two 

fusion-negative glioma cultures (QCTB-R006, light grey; QCTB-R059, dark grey). 

Concentration of compound is plotted on a log scale (x axis) against cell viability (y 

axis). Mean plus standard error are plotted from at least n=3 experiments. (C) 

Clinical history of OPBG_INF_035, with confirmed ETV6-NTRK3 fusion. Timeline of 

clinical interventions is provided below, with Trk inhibitor treatment shaded in grey. 

Diagnosis, post-biopsy, pre/post-surgery, post-crizotinib and post-larotrectinib axial 

T2 MRI scans are provided, with tumor circled in red. (D) Clinical history of 

MSKC_INF_006, with confirmed ETV6:NTRK3 fusion. Timeline of clinical 

interventions is provided below, with Trk inhibitor treatment shaded in grey. 

Diagnosis and post-larotrectinib post-contrast axial T1 MRI scans are provided, with 

tumor circled in red.   

 

Figure 7 – Summary of infant HGG subgroups.  
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