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Abstract……> 
Cancer is a continuation of the evolutionary process on a cellular scale. The 

mutations that define this evolutionary process show a marked variety of 

complexity, which I have explored in this work.  

First, I have explored the genomics of osteoblastoma, a rare benign bone tumour. 

This work, for the first time, demonstrates that osteoblastoma and the related 

entity, osteoid osteoma, are defined by structural rearrangements in the AP-1 

family of genes, FOS and FOSB. This original work is the first report of a FOS 

mutation in a human bone-forming tumour since its discovery as one of the 

archetypal proto-oncogenes, forming the basis of a much-needed diagnostic test.  

Giant cell tumours (GCTs) of bone are characterised by an H3.3 gene mutation. 

I have explored a group of benign (GCTs), benign metastasising and malignant 

bone tumours which possess this mutation. Methylation profiling and evolutionary 

analysis suggest that malignant tumours have transformed from GCTs, acquiring 

replicative immortality or an additional epigenetic regulatory mutation. In contrast, 

my analyses show that benign metastatic disease can occur without any 

additional mutational changes. 

Finally, I have studied complex mutational events more broadly in cancer and 

benign neoplastic disease. I reported chromothripsis and chromoplexy in 

malignant GCTs and osteoblastoma respectively for the first time. I explored the 

detection, frequency and evolutionary onset of chromoplexy in a collection of 

2,626 human tumours. Found across almost all cancer types, the particularly 

striking and novel finding was the high frequency of chromoplexy in thyroid 

cancers, creating many of the known driver fusions. 

Altogether, focusing on primary bone tumours, I have demonstrated how both 

simple and complex mutational events can define the earliest steps in tumour 

evolution. The analysis of complex patterns of mutation can also give new 

insights into the patterns of progression of both malignant and metastatic disease.  
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Impact Statement 
Every cell in the body is defined by a blueprint within it, its genetic code. Cancer 

is a disease caused by errors in that genetic code. Some errors already reside in 

the code inherited from any individual’s parents, but errors continue to develop 

throughout an individual’s lifetime. The acquisition of these errors marks every 

cell as unique but setup a process of competition between cells for survival. This 

same competitive selection has also guided the evolution of species. Cancer 

develops when a collection of these errors allows a cell to replicate unrestrained, 

forming a tumour that can damage the tissues around it and spread to other parts 

of the body. The work presented in this thesis explores some of the patterns in 

those errors and how they have arisen in cancer, with a specific focus on primary 

bone tumours. 

For the first time, in this work, I have analysed the genetic code of a rare bone 

tumour called osteoblastoma. This affects younger people and can cause 

significant pain and disability. Making an accurate diagnosis is critical to treat the 

tumour properly. Prior to this work, there could be difficulty in distinguishing 

osteoblastoma from osteosarcoma, another primary bone tumour but which, by 

contrast, is highly aggressive, requiring toxic chemotherapy to control systemic 

disease. I have defined a genetic error (mutation) in one of two related genes, 

FOS or FOSB that is found in virtually all cases of osteoblastoma. This will lead 

to further work to understand how these errors cause osteoblastoma to grow. 

This finding has also led to the first diagnostic test, helping to distinguish it from 

osteosarcoma. 

In another disease called giant cell tumour of bone, I have explored some of the 

genetic differences that underlie more aggressive and potentially life-threatening 

behaviour of these tumours. Analysing the genetic changes in more aggressive 

tumours, which have the same mutation as giant cell tumours of bone, I have 

provided further evidence that they reflect a spectrum of the same disease. I have 

also uncovered the family of changes that allow these life-threatening tumours to 

change in behaviour, features which could, if confirmed in further studies, provide 

tests to guide the right treatments for patients. 
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Finally, I was the first to explore and time chromoplexy, a specific type of highly 

complex error that was originally identified in prostate cancer. I explored this in a 

large collection of 2,626 cancers, spanning 27 cancer types. I found it to be 

widespread across cancer types, including prostate cancer where these events 

were found to have developed early in tumour development. They also generated 

lots of the crucial mutations in thyroid cancers. These chromoplexy mutations 

produce a lot of the errors that cause a cancer to grow and are likely produced in 

one evolutionary leap. Recognising these events, as presented here, should 

instigate further work to find out how they occur and understand if there is a way 

to predict or potentially prevent them happening, thereby preventing some 

cancers from developing. 
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Chapter 1. Introduction 

Life expectancy in the developed world now exceeds the span optimised by 

natural selection (ONS, 2015, DeGregori, 2011). Concomitant with this has been 

the increasing incidence of cancer and neurodegenerative diseases, becoming 

leading causes of death (ONS, 2017). Billions of dollars have been invested in 

cancer research, however the greatest impact on outcomes across cancer types 

has been yielded from the introduction of safe surgery, radiotherapy and 

conventional chemotherapy. These improvements were largely introduced based 

on empirical observations alone (Mukherjee, 2011). Insights into numerous facets 

of cancer biology, such as the relationship of the microbiome, host immune 

response, the tumour microenvironment and cancer cellular metabolism have 

instigated new therapeutic research and delineated the divergence of the 

phenotype of a cancer from its host (Weinberg, 2014). Fundamentally however, 

cancer is a disorder of genotypic divergence and its progression is a continuation 

of evolutionary processes on a cellular scale.  

This thesis aims to explore the range of complexity in changes to the tumour 

genome and how they define tumour evolution. A focus will be on bone tumours, 

which, though rare, exhibit much of the spectrum of mutational patterns seen 

across other cancer types. 

1.1. Cancer as a genetic disease 

The genetic basis of cancer is now widely accepted (Lawrence et al., 2019, 

Weinberg, 2014, Kumar, 2015). Our current genetic understanding of cancer can 

be traced to four landmarks that span a century, beginning at the turn of the 20th 

century. Theodor and Marcella Boveri’s observations, in their 1914 monograph 

‘The Origin of Malignant Tumours’, localised the root of malignant tumour 

behaviour to the nucleus and to specific combinations of chromosomes (Boveri 

and Boveri, 1914, Boveri, 2008): 

“We begin by assuming that the properties of malignant cells are due to an inherent 
defect… we have compelling reasons for assuming that the individual 
chromosomes of metazoan nuclei have different properties. Their differences are 
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not only quantitative, as appears to be the case in protozoa, but also qualitative. 
They are specialised in different ways and can only maintain the normality of the 
cell if they are present in a certain specific combination.” 

The elucidation of the molecular structure of the chromosomes, their constituent 

DNA, by Crick, Franklin, Watson and Wilkins (Watson and Crick, 1953, Franklin 

and Gosling, 1953, Wilkins et al., 1953) paved the way to understand the nature 

of the nuclear changes underlying cancer. The first specific example that changes 

in host DNA could underlie malignant transformation was provided by Harold 

Varmus and Michael Bishop in 1976. This stemmed from work 65 years earlier 

by Peyton Rous discovering the Rous Sarcoma Virus (RSV), a transmissible 

element that could induce sarcoma in chickens (Rous, 1910). Bishop and Varmus 

discovered that the viral RSV gene responsible for tumour growth, v-src was 

highly homologous to normal avian DNA (Stehelin et al., 1976). This avian gene 

was named c-src, with its homologue in humans, SRC. Finally, a quarter of a 

century later, the completion of the human genome project in 2003 provided the 

full genome map to delineate the genetic changes in cancer. 

The full catalogue of genetic changes or mutations that cause cancer is still far 

from complete. There are however several different methods by which they can 

be classified, either guided by their genomic appearance, which is implicitly 

influenced by how they are detected, or by their functional impact on the cell.  

1.1.1. The detection of mutations 

The study of mutation has advanced immeasurably in both scale and resolution 

since the observations made by Boveri and others regarding aberrant 

chromosome numbers in cancer cells. These early findings were made using 

plain light microscopy, predominantly in model organisms such as nematodes 

and sea urchins. For much of the 20th century, genetic discoveries were guided 

by three principle approaches: direct cytogenetic observations, low-resolution 

linkage analyses and focussed biological assay of genetic sequence of interest.  

Cytogenetic observations, with improvements in microscopy resolution, and DNA 

labelling techniques, such as fluorescent-in situ hybridisation, could define 

changes in individual cancer cells but only at the scale of the chromosomes. This 

could clearly define critical recurrent translocations. Most famous is the 
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Philadelphia chromosome which creates the BCR-ABL1 fusion as one half of the 

reciprocal balanced t(9;22)(q34;q11) translocation, seen in 90% of chronic 

myeloid leukaemia (Nowell and Hungerford, 1960, Rowley, 1973).  

Linkage analysis localised cancer genes inherited in familial syndromes but 

required markers that were physically mapped in the genome. For a long while 

these were restriction fragment length polymorphisms (RFLPs) but they required 

extensive manual laboratory work (Strachan and Read, 2010). They have 

become replaced by single nucleotide polymorphisms (SNPs), assayed by array 

hybridisation with the potential to interrogate millions of loci in one experiment. 

Informed by such low-resolution techniques, painstaking techniques could 

identify sequence variants and their functional impact but only at very local scale. 

Next-generation sequencing techniques have transformed the ability to identify 

cancer variants from the human reference genome. This could now be performed 

at the scale of the whole genome and across large numbers of individuals 

(Meyerson et al., 2010). Most studies have restricted the genomic resolution to 

panels of genes of interest or coding sequences (exome) but decreasing cost 

allows large datasets of whole cancer genomes to be collated (Priestley et al., 

2019, Turnbull, 2018, PCAWG, 2020). Accompanying approaches have 

extended analysis to other layers or scales of genetic changes including: non-

sequence mediated heritable changes (the epigenome) (Li and Tollefsbol, 2011, 

Feinberg et al., 2006), the expressed genome or the transcriptome, larger blocks 

of the genome with linked-read and long read sequencing (Viswanathan et al., 

2018), or at the individual cellular scale with single-cell sequencing (Wang et al., 

2014, Navin, 2015). 

Accompanying the technical ability to sequence the genome has been the raft of 

computational tools required to analyse this wealth of data. These have 

continuously improved but still require expert use, frequent adaptation and 

multiple tools to generate the catalogue of mutations for any sequenced sample 

(Methods 2.7).  
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1.1.2. The types of mutation 

The genetic changes underlying cancer are either inherited and therefore present 

in every cell or acquired in individual somatic cells and passed onto their progeny. 

Tumour evolution relies on the accumulation of new mutations, this thesis 

focuses on somatic variants, though the following classification applies broadly 

to both. The classification of mutations by their type is implicitly influenced by 

historical methods to detect them. Based on current sequencing methods they 

can be divided into larger scale copy number and structural variants, sequence-

level substitutions and small insertions/deletions (indels), and epigenetic 

changes. 

Structural variants 

Gross chromosomal changes were the first variants to be recognised as they 

could be directly visualised with microscopy during metaphase and are the basis 

of cytogenetics. In next-generation sequencing analysis, structural variants are 

identified using sequenced fragments not aligned to the reference genome as 

expected (Cameron et al., 2019) (Figure 1). Paired-end sequencing provides 

sequence information (reads) at the ends of DNA fragments. If paired reads align 

to different parts of the genome they are ‘discordant’ and most structural variant 

detection rely on this information. Individual reads that partially align to two 

different parts of the genome, are called ‘split’ or ‘spanning’ reads, and these 

therefore inform about the exact basepair position of a structural variant. Many 

structural variant callers will also conduct de novo assembly of all reads mapping 

nearby a structural variant to identify new sequence; inserted or deleted at the 

breakpoint. Structural variants are usually subclassified into four main classes: 

translocations, which are inter-chromosomal structural variants, tandem-

duplications, deletions and inversions. All of these have relevance to cancer 

because they can have a marked impact on the sequence and regulation of 

genes. This can either be deleterious to gene function by disrupting or deleting 

them, amplify the gene’s function by increasing the copy number or changing its 

promoter or enhancer function, or alternatively by creating entirely new fusion 

gene sequences. 
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Figure 1 Schematic of Structural Variant Types. Each rearrangement type is shown 
both with its appearance relative to the reference genome and the true derivative 
genome. Note the derivative genome is also inferred from the reference. Reads have an 
orientation indicated whether the sequence required reverse-complementation during 
alignment (red (+) reads are reference sequence while blue (-) reads were reverse 
complemented). Reads that only partially align will be ‘clipped’ (shown in grey), but this 
sequence will be interpreted either from chimeric alignment or assembly, depending on 
the aligner and rearrangement caller respectively. Note that both the inversion and 
translocation examples, as shown, are unbalanced unless there are further 
rearrangements detected: BD and RC respectively. 

Copy number alterations 

Aneuploidy, which is any deviation from the normal chromosomal contingent, is 

frequent in cancer. Changes in the number of copies of chromosomes or parts of 

chromosomes are primarily informed by the number of sequencing reads 

(coverage) aligning at any one location (Figure 2). The copy number of each 

chromosomal allele can be inferred from the relative frequency of single 

nucleotide polymorphisms (SNPs) which were inherited in a heterozygous 

fashion; the B-allele frequency (BAF). Amplifications of oncogenes and deletions 

of tumour suppressors (Introduction 1.1.3), either of both copies (homozygous) 
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or in combination with another deleterious mutation, are frequent in cancer 

genomes.  

 
Figure 2 Copy number example. A copy number workflow using the Battenberg 
algorithm (Methods 2.7). Top to bottom: Normal and tumour coverage across the whole 
genome, LogR (log normalised ratio of tumour:normal coverage) plot for selected 
chromosomes, the B-Allele frequency for SNPs across these selected chromosomes 
(the SNPs are coloured according to the parental allele on which they are carried), the 
average whole genome copy number plot, with total copy number (orange) and minor 
allele (black). Note that chromosome 7 is predominantly allelically imbalanced (2+1) but 
7q has LOH (2+0) with a wider BAF separation because of the greater allelic imbalance 
(not at 1/0 because of normal tissue contamination) and lower LogR. Chromosome 14p 
is allelically balanced but genome duplicated (2+2) with a BAF of 0.5 while 14q has LOH 
(2+0). 
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In most, but not all circumstances, rearrangements involve copy number changes 

and vice-versa, therefore copy number analyses can integrate pre-computed 

structural rearrangements (Dentro et al., 2018). There are significant exceptions 

to this overlap and technical reasons why both methods do not always detect 

them. 

Rearrangements can result from DNA damage that is conservatively repaired and 

therefore involve no genomic loss; commonly seen in reciprocal translocations 

(Results 5.3.6). Alternatively, copy number calling methods are relatively 

insensitive to short copy number changes (Results 5.3.3) that may still be 

detectable by rearrangement methods. Conversely whole chromosomal or whole 

genome level copy number changes will not have associated structural 

rearrangements. 

Substitutions 

Single nucleotide variants (SNVs) are the most common variants seen in cancer 

genomes, typically ranging from 0.1-100 SNVs/MB (Lawrence et al., 2013). 

These are relatively simply detected as differences from the reference genome 

but require extensive filtering to exclude technical sequencing artefacts or normal 

genetic variation (Figure 3). Common normal variants are easily filtered but 

others are excluded by sequencing a paired ‘normal’ tissue specimen. The impact 

of SNVs is best understood in the coding genome where they may induce a 

change in the protein amino acid sequence (non-synonymous). This can have a 

functional impact on the gene, for example the classical KRAS:p.G12D 

substitution causing constitutive activation in many colorectal cancers 

(Valenzuela and Groffen, 1986, Bos et al., 1987).  
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Figure 3 Substitution example. Image of sequencing reads (from the genomics 
browser, JBrowse) showing the sequencing reads supporting the H3F3A G34W mutation 
in PD30982a (Results 4.3.1). Reference sequence and location are shown at the top as 
well as the multiple alternative transcripts for the H3F3A gene. The substitution can be 
seen by the multiple red bars seen in multiple reads of both orientation (red and blue 
read colouring). These are seen in the tumour sample (PD30982a) but not the paired 
normal/germline sample (PD30982b). 

Insertions/Deletions (Indels) 

Indels, typically of <50bp are detected using read-pairs in which one read is 

initially unmapped. The remaining read is remapped in fragments and then the 

assembly of the remaining unmapped fragments can reconstruct the indel, this is 

done in part by both primary aligners and specialist indels callers (Figure 4). 

Indels are challenging to detect but less frequent in cancer, though they can also 

lead to significant changes in the coding genome, particularly where they induce 

a frameshift in the coding sequence. This is a frequent mechanism of inactivation 
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of tumour suppressor genes (Introduction 1.1.3) (Zehir et al., 2017, Nik-Zainal 

et al., 2016). 

 
Figure 4 Indel example. Figure format is as for Figure 3. The small deletion of the 
sequence ‘CTAT’ is shown in multiple reads by the grey bars in the tumour sequencing 
reads (PD4922e). This deletion was not a normal variant as it was not seen in the 
germline sample (PD4922d). 

Epigenetic variation 

The epigenome, defined as the catalogue of non-sequence-related heritable 

traits, is also susceptible to important variants in cancer. Epigenetic states are 

preserved during cell division and therefore may be transmitted through a lineage 

of cells. Components of epigenetic regulation are themselves genetically 

encoded and therefore susceptible to genetic mutation. For example, point 

mutations in the genes encoding an essential chromatin-associated proteins, the 

histones, are mutated in all giant cell tumours of bone (Results 4.1.3). Histone 

modifying enzymes, such as SETD2, are also frequently mutated (Dalgliesh et 
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al., 2010). Epigenetic dysregulation can have a significant functional impact in a 

cancer cell, through the regulation of gene expression, but may not have 

associated sequence changes and therefore represents a class of variation in its 

own right. The best studied is direct DNA covalent modification by methylation or 

covalent modification by methylation or acetylation of the chromatin-associated 

proteins, the histones. DNA methylation is in general associated with the 

repression of gene expression, while the impact of histone modifications depend 

on the type of modification and the exact protein residue affected (Flavahan et 

al., 2017). For example the tumour suppressor genes MLH1 (Esteller et al., 1998) 

and CDKN2A (Merlo et al., 1995) have both been found to be silenced by the 

methylation of their sequence.  

1.1.3. The impact of mutations 

Mutations can also be considered from the perspective of their impact on cell 

function. Those that are irrelevant to cell function, are considered passengers. 

These mutations can still be highly informative to understand the clonal 

relationship of cells, because unless a locus is deleted, all progeny of a cell will 

possess its mutations (Introduction 1.2.1). Conversely, mutations that denote a 

functional advantage to a cell, contributing to its ability to outcompete its 

neighbours and develop into a tumour, can be considered ‘drivers’. Driver genes 

can be further subdivided into those that once mutated promote tumour growth, 

oncogenes, or those that ordinarily repress tumour growth, tumour suppressors. 

Once again, such a division was foreseen by Boveri, albeit considered at the level 

of the chromosome (Boveri and Boveri, 1914, Boveri, 2008): 

“...there are chromosomes that stimulate cell multiplication…The unrestrained 
proliferation of malignant tumour cells would then be due to a permanent excess 
of these stimulatory chromosomes” 

 “Another possibility is that there is a specific inhibitory mechanism in every normal 
cell that only permits cell division to take place when this mechanism is overcome 
by some special stimulus. It would accord with our basic concept if one assumed 
that there were specific chromosomes that inhibited cell division…A tumour cell 
that proliferated without restraint would be generated if these `inhibitory 
chromosomes' were eliminated” 
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The functional capabilities of a tumour are clearly more diverse than merely the 

ability to proliferate ‘without restraint’ and include the ability to invade and 

metastasise. The various capabilities, endowed by genetic and epigenetic 

mutation are known as the ‘hallmarks of cancer’ (Hanahan and Weinberg, 2011). 

These ten hallmarks are each fields of study in themselves and their broad 

discussion is beyond the scope of this thesis. Particularly relevant hallmarks are 

the ability to generate genome instability and mutation, which is likely responsible 

for the development of tumour aneuploidy (Results 4.3.2), and replicative 

immortality (Results 4.3.1). 

1.1.4. The patterns of mutation 

A further classification of mutations, much of which this thesis is focussed upon, 

is their pattern in the genome. Thus far most mutations have been considered in 

isolation, with regards their type or functional impact on the cell. Clearly the 

assortment of potential mutations within and between tumours is highly varied, 

as once again Boveri already described: 

“The fact that there may be countless different abnormal chromosome 
combinations, of which the vast majority are, in our view, incompatible with the 
survival of the cell, provides us with a simple explanation for the varied nature of 
the malignant tumours that arise in the one tissue of origin” 

Increasingly, mutations are recognised to be acquired either as a result of a 

distinct process or in complex and simultaneous patterns. Mutational signatures 

have been defined as patterns of particular mutations with common features. 

Most explored are substitution signatures, which are often defined by their 

sequence change and trinucleotide sequence context (Alexandrov et al., 2013). 

They have been identified from large datasets, using non-negative matrix 

factorisation (NMF), to identify a number of co-occurring mutational types, 

labelled a signature. Experimental validation has attributed processes causing 

some of these mutational signatures, for example spontaneous deamination 

occurring in all cells, producing C>T at CpG contexts, C>A mutations caused by 

benzopyrenes in cigarette smoke and C>T mutations creating pyrimidine dimers 

by UV radiation (Petljak et al., 2019). Equivalent mutation signatures now exist 

for dinucleotide substitutions, indels, as well as structural variants and copy 
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number changes (Alexandrov et al., 2019, Li et al., 2020, Steele et al., 2019, 

Macintyre et al., 2018, Nik-Zainal et al., 2016). Distinct from this are complex 

patterns of mutation, normally occurring in close genomic proximity. The number 

of mutations within these clusters is too great for them to occur independently, 

therefore they are thought to result from a single event. The earliest pattern 

described was the breakage-fusion-bridge cycle, initially described by Barbara 

McClintock in Maize (McClintock, 1938). These cycles, thought to occur after 

telomere erosion and end-to-end chromosomal joining, lead to patterns of 

duplication, inversion and potentially inter-chromosomal translocation and 

develop over a small number of cell cycles. These events have been found in 

human cancers, contribute to chromosomal instability and induce driver 

amplification (O'Hagan et al., 2002, Rudolph et al., 2001).  

Patterns of co-localised substitution and structural rearrangements have also 

been observed. Substitution clusters, named kataegis, ordinarily involve the 

same change in DNA sequence and are often associated with nearby 

breakpoints. Most kataegis is thought to result from the aberrant activity of the 

single-stranded DNA cytosine deaminases of the APOBEC family (Taylor et al., 

2013, Swanton et al., 2015, Nik-Zainal et al., 2014, Nik-Zainal et al., 2012b). 

There are two patterns of clustered structural rearrangements both of which have 

particular relevance to cancer and this thesis, and are introduced further in 

Chapter 5. Chromothripsis is a pattern of clustered rearrangements on one, or a 

small number of chromosomes, associated with an alternating pattern of copy 

number, and a random pattern of rearrangements. This pattern was initially 

discovered in a single case of chronic lymphocytic leukaemia but has been 

observed across many cancer types including a significant proportion of the 

malignant bone tumour, osteosarcoma (Stephens et al., 2011, Maher and Wilson, 

2012, Govind et al., 2014, Behjati et al., 2017). Chromothripsis also can combine 

with breakage-fusion-bridge cycles in well-differentiated and dedifferentiated 

liposarcoma to create neochromosomes containing the highly amplified 

oncogenes MDM2 and CDK4 (Garsed et al., 2014). Finally, chromoplexy, the 

focus of Chapter 5, is a seemingly less random pattern of rearrangements that 

was initially reported in prostate cancer. Multiple rearrangements often involving 
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genes and spanning multiple chromosomes are thought to result from a series of 

simultaneous double stranded DNA breaks which are erroneously repaired (Baca 

et al., 2013). When considered with respect to the reference genome 

chromoplexy can appear as a chain or cycle of rearrangements, though in reality 

these represent distinct inter-chromosomal translocations. The resultant 

karyotype would possess a series of derivative chromosomes that result from 

these translocations. 

1.2. Cancer as an evolving disease 

Genetic changes are the basis of variation on which natural selection acts. 

Cancer results from the inevitable continuation of genetic evolution at the cellular 

level within an individual. Hypothetically, an evolutionary family tree could be 

traced from the earliest primordial self-replicating molecule, through the 

development of species and down to the cells within an individual. The somatic 

cellular evolution that occurs within an individual organism is largely disregarded 

from one generation to the next. Each organism contributes only a single cell, the 

gamete, to the generation of a new organism therefore most somatic 

diversification is lost. This also highlights the one genetic process at play in the 

evolution of species that does not impact on cellular evolution, namely genetic 

recombination through sexual reproduction. 

The application of evolutionary theory to cancer was first proposed by Peter 

Nowell (Nowell, 1976). This has two essential components: all cancers have a 

clonal origin, that is their ancestry can be traced back to a single cell of origin and 

their cellular composition is guided by the evolutionary principles of variation and 

selection. It is important to recognise, that evolution of tumours cells does not 

occur in isolation but in competition and interaction with other cells in its micro-

environment.  
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1.2.1. The dynamics of cancer evolution 

The clonal origin of tumours 

The evidence for the clonal origin of tumours existed prior to Nowell’s theory in 

1976. Three observations of tumour cells support their clonal ancestry. Tumour 

cells often share a number of aberrations unlikely to have been acquired 

independently, such as the Philadelphia chromosome in CML (A A Sandberg and 

Hossfeld, 1970). The inactivation of an X chromosome in females is normally 

random in somatic tissues however cancers that arise in females have the same 

copy of an X chromosome inactivated (Linder and Gartler, 1965). Finally, somatic 

recombination and hypermutation of the immunoglobulin locus generates huge 

diversity of immunoglobulin repertoire. Immunoglobulins are therefore unique to 

a clonal lineage of somatic cells. Malignancies that produce immunoglobulins all 

produce the same immunoglobulin (Preud'homme and Seligmann, 1972).  

Clonal expansions occur in normal tissues with a surprising frequency, likely 

reflecting the high rate at which the early precursors of cancer arise. The 

prognostic significance of these populations is not always certain. Martincorena 

et al. (Martincorena et al., 2015, Martincorena et al., 2018) identified multiple 

clonal expansions of cells containing mutations in TP53, NOTCH1 and other 

recognised cancer genes, in both normal sun-exposed eyelids and in aging 

normal oesophagus. Interestingly, in two studies of normal oesophagus 

(Martincorena et al., 2018, Yokoyama et al., 2019), mutations were much more 

common in NOTCH1 than TP53, the inverse of the pattern seen in oesophageal 

cancer. This suggests a number of interesting interactions between these two 

gene mutations, including that early NOTCH1 mutations may protect against 

subsequent TP53 mutation and cancer development. Demeulemeester et al. 

(Demeulemeester et al., 2016) analysed epithelial cells found in bone marrow 

aspirates of breast cancer patients, identifying cells with copy number aberrations 

that were completely distinct from the primary breast cancer and therefore from 

an unknown origin. Gao et al. (Gao et al., 2016) also detected similar aberrant 

cells, in tissue adjacent to breast tumours, which were once again unrelated to 

tumour cells. Clonal expansions of haematopoietic cells containing leukaemia-
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associated mutations are well recognised in the circulation of otherwise healthy 

adults (Xie et al., 2014, Genovese et al., 2014). These confer an increased risk 

of a subsequent haematological malignancy, though many do not arise (Welch et 

al., 2012, Gibson and Steensma, 2018, Abelson et al., 2018). 

Ongoing genetic divergence - intratumour heterogeneity 

The evolution of tumour cells requires ongoing genetic variation. Nowell surmised 

this from the correlation of genetic aberration with more aggressive and advanced 

malignancies (Levan and Mitelman, 1975). Many morphological and phenotypic 

observations of more advanced malignancies were essentially circumstantial. 

Evidence supporting genetic variation within tumours has essentially accrued in 

two phases. Initially this was based on gross morphological and cytogenetic 

observations of heterogeneity within tumours. Pathologists have long noted the 

histological variation in morphological appearance in tumours (Fitzgerald, 1986, 

Hirsch et al., 1983, Kruger et al., 2003, Van Der Poel et al., 1997). Clinical 

decision making only reflects the most aggressive appearing part of the tumour 

(Ignatiadis and Sotiriou, 2008). FISH and karyotyping demonstrated that gross 

genetic differences reflect the degree of morphologic heterogeneity (Farabegoli 

et al., 2001, Maley et al., 2006, Mora et al., 2001, Pantou et al., 2005, Roka et 

al., 1998, Sauter et al., 1995, Coons et al., 1995). 

In the last decade, next generation sequencing has enriched the evidence of 

intra-tumoural heterogeneity and begun the much more detailed process of 

describing how mutations mark the evolutionary process. This has demonstrated 

heterogeneity at the cellular level using single cell sequencing (Eirew et al., 2015, 

Navin et al., 2011, Gao et al., 2016, Kim et al., 2018, Zhang et al., 2018a, Voet 

et al., 2013) and across tumour regions and metastases (Campbell et al., 2010, 

Yachida et al., 2010, Gerlinger et al., 2012, Gundem et al., 2015). This has 

benefitted from economic, technical and computational advances in the 

application of next-generation sequencing. The decreasing cost of sequencing 

has made possible sequencing of large numbers of regions of tumours both 

across space and time. Initial studies of individual tumours have progressed to 

large scale programmes to detail tumour evolution (Abbosh et al., 2017, Jamal-

Hanjani et al., 2017, Mitchell et al., 2018, Turajlic et al., 2018a, Turajlic et al., 
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2018b). These have demonstrated that genetic heterogeneity is widespread in 

tumours, though can be of various different patterns. Many tumours demonstrate 

spatially segregated regions that represent distinct branches in evolution 

(Campbell et al., 2010, Yachida et al., 2010, Gerlinger et al., 2012). Others 

demonstrate intermixed subclonal populations, more consistent with an early 

evolutionary divergence, the so-called ‘big bang’ model (Sottoriva et al., 2015, 

Navin et al., 2010).  

Most significant in recent technical advances has been the ability to explore 

changes within individual tumour cells at the genetic, epigenetic and 

transcriptomic levels, sometimes simultaneously (Wang and Navin, 2015, Navin 

and Hicks, 2011, Van Loo and Voet, 2014, Navin, 2014). High throughput 

techniques, which are most advanced for transcriptome sequencing, have 

developed for analysing large numbers of single cells (Zheng et al., 2017). 

Exciting high-throughput approaches are now emerging for other ‘omic layers 

(Zahn et al., 2017) or to analyse multiple layers simultaneously (Macaulay et al., 

2015, Macaulay et al., 2017, Dey et al., 2015) but current applications are still 

costly. These ‘multi-omic’ approaches are likely to significantly improve the 

interpretation of non-genetic cellular heterogeneity. This is otherwise confounded 

by heterogeneity among non-tumour cells, which results from the variety of cell 

types and states (Ryser et al., 2018, Bian et al., 2018).  

Critical computational and bioinformatic frameworks have developed to harness 

the richness of information yielded by sequencing experiments for evolutionary 

analysis. At the simplest level this has used the frequency at which variants are 

detected in sequencing data to understand the proportion of cells that possess 

them (Campbell et al., 2008, Nik-Zainal et al., 2012b, Dentro et al., 2017).  

Integrating different levels of information, copy number and allele frequency, has 

allowed mutations to be ordered in time (Mitchell et al., 2018, Gerstung et al., 

2018, Jolly and Van Loo, 2018). Reconstructed phylogenies can then be 

compared across tumours, either manually (Turajlic et al., 2018b, Turajlic et al., 

2018a, Jamal-Hanjani et al., 2017) or potentially with the application of machine 

learning (Caravagna et al., 2018) to infer conserved paths in evolution. 
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The pressure of selection  

Shaping the process of evolution are selective pressures; promoting the survival 

of cells acquiring advantageous mutations and driving to extinction those with 

relatively deleterious mutations. Some degree of heterogeneity clearly derives 

from mutational drift in populations, which can result in subpopulations defined 

by mutations with only neutral survival impact (Williams et al., 2016). The degree 

to which this occurs in cancer is still a matter for debate (Tarabichi et al., 2018, 

Heide et al., 2018), however it is undeniable that selection does shape the 

majority of tumour evolution. A study of selection by Martincorena et al. 

(Martincorena et al., 2017), using the normalised ratio of non-synonymous to 

synonymous mutations (dN/dS), demonstrated a marked preponderance of 

positive over negative selection. As would be expected, all known cancer genes, 

whether oncogenes or tumour suppressors are found to be under positive 

selection. This approach has identified a large number of genes, many not yet 

recognised as cancer genes, that are positively selected in cancer. These 

candidate cancer genes require further validation. The lack of genes under 

negative selection suggests that relatively few genes, if mutated, are deleterious 

to tumour growth. This enormous resilience of the genome in part results from 

the redundancy created by haplosufficiency in a diploid genome. As expected, 

negative selection of genes was noted when one copy has already been lost by 

deletion. In addition it suggests that cells either have enormous intrinsic resilience 

or that a pre-existing driver mutation renders most new mutations irrelevant 

(Bakhoum and Landau, 2017). For example, most mutations predicted to 

generate presentable neoantigens are not negatively selected, probably because 

tumours already have a mechanism of immune evasion that renders them 

invisible (Van den Eynden et al., 2019).  

Co-evolution with the tumour micro-environment 

Tumour cells exist not merely with each other but in complex relationships with 

their host tissues which are comprised of numerous different cell types (Hanahan 

and Coussens, 2012). As an example, Chapter 4 explores a tumour type which 

is characterised by the presence of a non-tumour osteoclast-like giant cell in the 
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tumour environment, though its function is not entirely clear (Results 4.1.1). 

Interactions with the tumour environment are contrasting and dynamic, imposing 

both selective pressures on the evolution of tumour cells, as well as being 

manipulated by them. The numerous cell types involved, including fibroblasts, 

immune cells, endothelial cells and pericytes, can all control tumour growth as 

well as facilitate it. For example, immune cells can provide a chronic inflammatory 

environment conducive to tumour cell growth and invasion (Qian and Pollard, 

2010, Grivennikov et al., 2010, DeNardo et al., 2010) as well as an effective anti-

tumour response (Galon et al., 2006). Adaptive immunity provides a powerful 

selective pressure (Zhang et al., 2018b, Milo et al., 2018), resulting in tumour cell 

adaptations to evade it (Rosenthal et al., 2019, McGranahan et al.). These 

interactions may also not be merely intrinsic but influenced by exogenous 

exposures. For examples cigarette smoke is not only a powerful mutagen but 

also has a complex affect on the bronchial environment in which tumour cells 

grow (Wu et al., 2016).  

Interactions with the microenvironment vary at different stages of tumour 

evolution, most visibly between the primary tumour and the metastatic niche, 

requiring further adaptation.  

The evolution of bone tumours, around which this thesis centres, is almost 

entirely unexplored. There are three reasons to consider bone tumours of 

particular interest. First, the mesenchymal tissues from which they arise have one 

of the lowest cell replication rates, presumed to explain much of the low incidence 

of these tumours. This is likely to produce the lowest rate of intrinsic mutation and 

tumour development but this is largely unknown beyond the most common 

malignant tumour, osteosarcoma (Wu et al., 2016). Second the 

microenvironment of the bone is complex but radically different from that of either 

the sites of common epithelial tumours or haematological malignancies which are 

only partly located amidst the bone marrow. Finally, the environmental factors to 

which the bone is exposed are clearly distinct from those in other sites and 

potentially more limited. The net effect of these on bone tumour evolution is 

unknown, and though it is likely to still reflect common evolutionary patterns with 

other tumours, the dynamics may differ and warrant further investigation. 
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1.2.2. The clinical relevance of cancer evolution 

The biological insights yielded from considering the cancer genome in an 

evolutionary framework have many potential clinical benefits. These range from 

the clinical management and monitoring of established cancers to the prediction 

and prevention of cancer. 

Evolution-guided therapy 

The heterogeneity within tumours and their ability to evolve in response to 

therapy has proved a major hurdle to the implementation of personalised 

medicine (Dagogo-Jack and Shaw, 2018, Swanton et al., 2011). Appreciating this 

challenge might allow it to be overcome. Targeting mutations present in all 

tumour cells (clonal mutations) will clearly have the greatest chance of tumour 

eradication. Targeted therapies, proven effective to date, have implicitly relied on 

this principle because they have often targeted mutations that are highly 

prevalent between tumours. These are also likely to be early events in 

tumorigenesis and are therefore likely to be clonal.  

Monotherapy, even targeting clonal mutations, invariably results in the acquisition 

of treatment resistance. Resistance arises through multiple mechanisms which 

have been well explored in the context of hormone therapies in breast and 

prostate cancer (Jeselsohn et al., 2015, Watson et al., 2015, Gundem et al., 

2015). Resistance mutations may pre-exist or appear subsequent to the therapy, 

or relate to non-genetic factors. Pre-existing mutations might be rare, potentially 

found in only a single cell, and therefore undetectable by present assays. 

Treatment creates selective pressure allowing resistant cells to increase in 

relative terms. This might be true even for conventional cytotoxic therapies (Kim 

et al., 2018). Resistance mutations may also occur de novo after treatment 

exposure, perhaps induced through iatrogenic mutagenesis (Alexandrov et al., 

2013, Szikriszt et al., 2016). It is, however, difficult to exclude that these mutations 

did not exist prior to treatment at a very low and undetectable frequency. Non-

genetic resistance may either be related to cell state plasticity or a specific 

molecular resistance pathway, such as aurora kinase activation in anti-EGFR 

treated lung cancer (Sharma et al., 2018, Shah et al., 2019) but are generally not 
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well understood. The widespread evolution of resistance suggests that clonal 

monotherapies are unlikely to achieve permanent tumour control or cure. For 

those patients with slow-paced advanced disease, or who would not tolerate 

more intensive therapy, single agents will continue to play an important role. Most 

responses to targeted therapies, however, are both incomplete and short-lived 

and require improvement.  

A combination of clonal-targeted therapies might reduce the emergence of 

resistance. In addition to oestrogen dependency, many breast cancers have cell 

cycle dysregulation (Dean et al., 2010), and the addition of CDK4/6 inhibition to 

aromatase inhibition can prolong treatment response. This can delay the use of 

cytotoxic chemotherapy but increases toxicity (Cristofanilli et al., 2016). 

Conversely resistance to BRAF inhibitors in metastatic melanoma was thought to 

result from downstream MEK activation (Nazarian et al., 2010, Johannessen et 

al., 2010), however MEK and BRAF inhibition only demonstrated modest clinical 

benefit (Long et al., 2014, Moriceau et al., 2015). Resistant tumours often have 

multiple different detectable MAPK mutations, suggesting convergent evolution 

(Wagle et al., 2014). Development of effective combination therapies requires 

more comprehensive understanding of mutation clonality and resistance 

mechanisms. Ideally, larger numbers of drivers could be targeted simultaneously 

or sequentially, depending on the pace and nature of the evolutionary response 

of the tumour.  

Predicting a tumour’s evolutionary response to a therapy might allow pre-emptive 

measures to prevent resistance, most likely involving combination therapies. For 

example, preclinical combination of ABL1 inhibitors in models of chronic myeloid 

leukaemia can pre-empt the emergence of resistant subclones and results in 

durable responses (Wylie et al., 2017).  

Adaptive therapy may also be a way of increasing the duration of response to 

therapy (Enriquez-Navas et al., 2016, Gatenby et al., 2009). This relies on the 

principle that tumour cells compete with one another for survival. Resistance 

mutations, in the absence of a relevant therapy, are intrinsically disadvantageous. 

In an adaptive approach, sensitive subclones are treated to the point at which 

tumour size is reduced or growth is suppressed to achieve symptomatic benefit 
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(Figure 5). Thereafter, treatment is reduced or withdrawn. This allows the 

competitive suppression of resistant subclones by sensitive subclones, that in the 

absence of therapy have a growth advantage. This approach is currently under 

evaluation in metastatic prostate cancer, using individualised serum Prostate 

Specific Antigen (PSA) thresholds to guide the use of the CYP17A1 inhibitor, 

Abiraterone (Zhang et al., 2017). Small numbers of patients have been treated 

with this approach with good clinical outcome and reduced cumulative exposure 

to medication. 

 
Figure 5 Schematic of adaptive therapy. A schematic of the relative proportions of 
different clonal and subclonal cell populations. Colours display populations of cells 
defined by a common set of mutations, set apart by the initial acquisition of a positively 
selected driver. The ellipse above represents a combination therapy against the drivers 
defined by colour. The maroon population, which increases in proportion to other cells 
during treatment is resistant to therapy but has a relative survival disadvantage in its 
absence. Figure adapted from (Fittall and Van Loo, 2019). 

Effective pharmacological options for targeting driver mutations are relatively 

limited and many tumours have few detected clonal drivers, therefore require 

alternative approaches (Turajlic et al., 2018b, Turajlic et al., 2018a, Jamal-

Hanjani et al., 2017). Some drivers may be targetable indirectly by synthetic 

lethality, a treatment approach that exploits a cellular vulnerability exposed by a 

clonal driver mutation. As an example, BRCA mutations increase genomic 

instability, which produces variation during tumorigenesis, but increases their 

reliance on other DNA repair mechanisms. Therapeutic inhibition of the single-

stranded DNA repair PARP enzymes (Lord and Ashworth, 2016, Ashworth, 2008) 

causes the accumulation of lethal DNA damage specifically in tumour cells. 

PARP inhibition resistance can still emerge via the somatic reversal of BRCA 

mutation (Patch et al., 2015, Weigelt et al., 2017, Christie et al., 2017). 
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Alternatively, collateral lethality has been proposed to harness susceptibilities 

created by the loss of genes genomically adjacent to deleted tumour suppressors 

(Muller et al., 2015, Muller et al., 2012). Finally, the adaptive anti-tumour immune 

response released by immunotherapy may exploit the antigenicity of clonal 

passenger neoantigen mutations. One of the potential predictive markers of 

response in non-small cell lung cancer and melanoma is the clonal neoantigen 

load (McGranahan et al., 2016, Snyder et al., 2014), highlighting the need to 

detail fully a tumour’s genomic diversity to plan optimal treatment.  

Evolutionary monitoring  

Monitoring the dynamics of different tumour cell populations may substantially 

enhance the treatment of advanced disease. Liquid biopsies are non-invasive 

assays, easily repeated over time, and therefore ideal for this purpose. They are 

already proposed to reduce the invasiveness of clinical assays used for diagnosis 

(Newman et al., 2014, Beaver et al., 2014), prognosis (Bettegowda et al., 2014, 

Khan et al., 2018), molecular profiling (Oxnard et al., 2016) and response 

assessment (Dawson et al., 2013, O'Leary et al., 2018b, Spina et al., 2018, 

Barault et al., 2018, Agarwal et al., 2019). Circulating tumour DNA (ctDNA) is 

relatively stable and simple to handle, and its sequence content can be analysed 

using a variety of approaches (Henao Diaz et al., 2016). Monitoring subclonal 

evolution, to date, has focused on evaluating somatic point mutations in ctDNA. 

Murtaza et al. detected an increasing level of mutations private to a subclone, 

responsible for the progression of a chest wall breast cancer metastasis (Murtaza 

et al., 2015). O’Leary et al. were able to use ctDNA to both predict longer 

progression-free intervals (O'Leary et al., 2018b) and detect emerging resistant 

subclones (O'Leary et al., 2018a) in a small proportion of metastatic breast 

cancer patients, treated with the CDK 4/6 inhibitor, palbociclib. Abbosh et al. 

(Abbosh et al., 2017) could detect ctDNA 10-346 days (median 70 days) prior to 

clinical detection of relapsed lung cancer.  

ctDNA monitoring is principally limited by cost and biases. Abbosh et al. (Abbosh 

et al., 2017) estimated that a limited bespoke monitoring panel would cost USD 

1,750 per patient, though clearly this will continue to reduce with declining 

sequencing costs. Biological biases may be more challenging to overcome. It is 
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likely that highly vascular and necrotic tumours will contribute more ctDNA than 

those in cryptic sites, such as the central nervous system (De Mattos-Arruda et 

al., 2015). Cell-free DNA is predominantly generated by apoptotic nuclease 

activity of nucleosome-associated DNA (Thierry et al., 2010, Giacona et al., 1998), 

resulting in distinct chromatin-associated patterns and a genomic bias. Most 

approaches also introduce technical biases. As exemplified by Abbosh et al. 

(Abbosh et al., 2017), they often only search for mutations already detected in 

the primary tumour. This, by definition, means that de novo mutations that arose 

subsequent to the sampling of the primary tumour, will not be detectable in 

circulation. 

As an alternative, circulating tumour cells (CTCs) hold prognostic information 

(Khan et al., 2018, Barault et al., 2018) and can be analysed using single cell 

sequencing. The rarity of these tumour cells, however, requires significant 

enrichment and is likely to introduce other biases, resulting in low sensitivity even 

for clonal tumour populations (Alix-Panabieres and Pantel, 2014, Krebs et al., 

2014). 

Cancer prevention, screening and stratification 

Reducing the burden of cancer deaths and morbidity will be best served by 

reducing incidence, the proportion of late stage diagnoses, and focusing 

surveillance of those at highest risk of relapse. Understanding tumour evolution 

may help achieve this through understanding preventable factors and optimising 

screening and risk stratification. Central to this effort are methods that 

recapitulate the early evolution of cancers using sequencing information from 

late-stage cancers alone (Jolly and Van Loo, 2018). In general terms, these utilise 

the number of copies of mutations on gained chromosomal segments to infer 

whether these mutations happened before or after that gain. For example, if a 

whole chromosome has been duplicated and mutations are found on two copies 

then it is likely that the mutations occurred first and were duplicated with the 

chromosomal gain. Wedge et al. (Wedge et al., 2018) have been able to 

retrospectively identify chromosomal changes from sequencing data, that 

developed earlier in prostate cancer tumorigenesis. These findings, such as the 

early gain of chromosome 8q, recapitulated those previously found in prostate 
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intraepithelial neoplasia (PIN), thought to be a precursor of prostate 

adenocarcinoma (Jung et al., 2016).  

These approaches have also been applied to invasive cancers with less well-

characterised precursor lesions (Mitchell et al., 2018, Jamal-Hanjani et al., 2017). 

Recently, the Pan-Cancer Analysis of Whole Genomes (PCAWG) initiative 

leveraged whole-genome sequencing data to infer evolutionary timelines across 

cancer types (Gerstung et al., 2018). This reproduced and refined classic models 

of mutational progression such as colorectal cancer, in which APC mutations 

precede KRAS and TP53 mutations.  

Identifying preventable environmental, or infectious predisposing factors for 

cancer has previously relied on a combination of epidemiological and biological 

evidence. Mutational signatures can give direct evidence of the impact of some 

of these preventable factors on the genome (Introduction 1.1.4), exploring the 

impact of known factors and potentially identifying new ones (Nik-Zainal et al., 

2012a). Combining signature deconvolution and timing methods can infer their 

activity throughout tumour evolution. This approach in lung cancer demonstrated 

a reduction in relative smoking signature activity later in tumour evolution, despite 

ongoing smoke exposure, because of the increased relative activity of other 

processes, including the activity of the APOBEC family of cytidine deaminases 

(Swanton et al., 2015, de Bruin et al., 2014). Conversely, inherited defects in DNA 

repair, such as deficient mismatch repair seen in Lynch syndrome, can lead to 

steady and ongoing mutational activity throughout a tumour’s lifetime (Campbell 

et al., 2017). The aetiology of many mutational signatures has not yet been 

identified but understanding their activity in tumorigenesis may identify new 

preventable factors.  

A deeper and more comprehensive understanding of tumour evolution should 

allow us to understand why and how a cancer or pre-invasive lesion will behave 

in the future. This has specific implications for both screening programmes and 

the risk stratification of established cancers. To date, risk stratification has relied 

almost exclusively on histological staging and grading. Overtreatment of lesions, 

unlikely to cause morbidity results in unnecessary cost, harm and anxiety 

(Esserman et al., 2013). A number of different studies have suggested that 
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features of intratumour heterogeneity or the evolutionary trajectory may carry 

significant prognostic information, and thereby aid in this decision making 

(Turajlic et al., 2018b, Jamal-Hanjani et al., 2017, Turajlic et al., 2018a, Karlsson 

et al., 2018). More refined and individualised cancer predictions will require 

complex computational tools and models (Caravagna et al., 2018, Gerhauser et 

al., 2018). Much as weather forecasting models require vast amounts of 

measured data from the real world, cancer evolution models will require many 

more cancers to have their evolution profiled by sequencing. Ultimately, this will 

allow these forecasts to guide the optimal management for each patient. 

1.3. Bone tumours as a case study of the patterns of mutation in 
tumour evolution 

Much of this thesis is based on the study of the genomics of rare primary tumours 

of bone which posed clinically important questions amenable to genomic and 

evolutionary analyses. Osteoblastoma (Chapter 3) is a rare benign bone tumour 

of which the genomic cause is unexplored. Occasionally it poses a diagnostic 

challenge in distinction from another osteoblastic tumour, osteosarcoma. It 

provides an example of a benign disease, which may have a simple mutational 

basis, and identifying this may be of clinical benefit. H3.3-mutated bone tumours 

already have an identified simple and pervasive mutation, however the rare 

phenomena of metastasising ‘benign’ tumours or true malignant progression are 

not understood (Chapter 4). The genomic features of this evolution are unknown 

and might provide useful clinical prognostic information. 
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Disease Malignancy Genetics (% affected) 

Chondrogenic   
Osteochondroma Benign EXT 1/2 mutation (Bovee et al., 1999) 
Chondroma: 

Enchondroma 
Periosteal chondroma 

Benign IDH 1/2 mutation (Amary et al., 2011) 

Osteochondromyxoma Benign Familial syndrome, Carney complex – 
PPKAR1A mutation (Carney et al., 
2001) 

Subungual exostosis Benign COL12A1 and COL4A5 rearrangement 
(Storlazzi et al., 2006) 

Bizarre parosteal 
osteochondromatous proliferation 

Benign Unknown, t(1;17) reported (Nilsson et 
al., 2004) 

Synovial chondromatosis Benign FN1-ACVR2A fusion (Amary et al., 
2019b) 

Chondromyxoid fibroma Benign  
Atypical cartilaginous tumour / 
chondrosarcoma grade I 

Intermediate IDH 1/2 mutation (Amary et al., 2011) 

Chondroblastoma Intermediate H3.3 pK36M (Amary et al., 2016) 
Malignant 
Chondrosarcoma 
    Grade II, grade III 

Malignant IDH 1/2 (59%), COL2A1 (37%), RB1 
pathway (33%) (Tarpey et al., 2013). 
Peripheral chondrosarcoma: EXT 1/2 
mutation (Bovee et al., 1999) 

Dedifferentiated chondrosarcoma Malignant As for malignant chondrosarcoma 
Mesenchymal chondrosarcoma Malignant HEY1-NCOA2 fusion (Wang et al., 

2012) 
Clear cell chondrosarcoma Malignant H3.3 p.K36M (rare) (Amary et al., 2016) 
Fibrogenic   
Desmoplastic fibroma of bone Intermediate CTNNB1 mutation (Song et al., 2018) 
Fibrosarcoma of bone Malignant NTRK3 fusion (Yamazaki et al., 2019) 
Fibriohistiocytic   
Benign fibrous histiocytoma / non-
ossifying fibroma 

Benign KRAS (64%), FGFR1 (14%), or NF1 
(3%) mutations (Baumhoer et al., 2019) 

Myogenic, Lipogenic or Epithelial 
Lipoma of bone Benign LPP-HMGA-2 fusion(Petit et al., 1998) 
Liposarcoma of bone Malignant MDM2 amplification (Szuhai et al., 

2007) 
Leiomyosarcoma of bone Malignant RB1 deletion (Verelst et al., 2004) 
Adamantinoma Malignant Unknown (Taylor et al., 2012) 
Notochordal   
Benign notochordal tumour Benign Unknown (Du et al., 2019) 
Chordoma Malignant T (brachyury) duplication germline or 

sporadic (27%) (Tarpey et al., 2017) 
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Disease Malignancy Genetics (% affected) 

Osteoclastic   
Giant cell tumours of bone Intermediate H3.3 G34 mutations (Behjati et al., 

2013) 
Giant cell tumours of the small 
bones 

Intermediate H3.3 G34 mutations (Behjati et al., 
2013) 

Malignancy in giant cell tumours 
of bone 

Malignant Unknown 

Osteogenic Malignant  
Osteoma Benign Unknown 
Osteoid Osteoma Benign Unknown 
Osteoblastoma Intermediate Unknown 
Conventional Osteosarcoma: 

Chondroblastic 
Fibroblastic 
Osteoblastic 

Low-grade central osteosarcoma 
Telangiectatic osteosarcoma 
Small cell osteosarcoma 
Secondary osteosarcoma 
Parosteal osteosarcoma 
Periosteal osteosarcoma 
High-grade surface osteosarcoma 

Malignant Complex and unexplained. TP53 
(40%), IGF amplifications (7-14%), 
MDM2 amplification  (Behjati et al., 
2017, Kovac et al., 2015) 

Vascular   
Haemangioma Benign Unknown (van Ijzendoorn and Bovee, 

2017) 
Epithelioid Haemangioma Intermediate FOS and FOSB rearrangements 

(Antonescu et al., 2014, Huang et al., 
2015) 

Epithelioid 
haemangioendothelioma 

Malignant WWTR1-CAMTA1 fusion (Errani et al., 
2011) 

Angiosarcoma Malignant PTRB (26%) (Behjati et al., 2014) 
Undefined or miscellaneous 
Aneurysmal bone cyst Intermediate USP6 fusions (Panagopoulos et al., 

2008) 
Langerhans cell histiocytosis Intermediate BRAF.pV600E or other MAPK mutation 

(Abla et al., 2019) 
Erdheim-Chester disease Intermediate BRAF.pV600E (60%) (Cohen-Aubart et 

al., 2018) 
Ewing sarcoma Malignant EWRS1-ETS fusions (Anderson et al., 

2018) 
Table 1 Classification of bone tumours. Adapted from the WHO classification of bone 
tumours (Fletcher et al., 2013). Haematopoietic tumours have been excluded. The most 
comprehensive and recent characterisation of genetically ‘unknown’ diseases are 
referenced. 

Osteoblastoma, and H3.3-mutant bone tumours are examples of a wide spectrum 

of primary bone tumours classified broadly by their morphological appearances 

but specific subtypes have become refined by molecular characteristics (Table 
1). Bone tumours, as with soft tissue tumours are frequently defined by highly 

recurrent mutations. Many of these mutations are gene fusions, assumed to have 
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a simple genetic basis. The finding of chromoplexy underlying many of the 

canonical EWRS1 fusions in Ewing sarcoma (Results 5.1.3), suggests that more 

detailed genomic analysis is warranted. This may identify mechanisms 

generating these rearrangements, which may subsequently be amenable to 

better prediction or prevention.  

1.4. Thesis aims and objectives 

The aim of this thesis is to explore the changes that occur in the tumour genome, 

their complexity and how they define tumour evolution. Bone tumours exhibit 

many of the mutational patterns seen across other cancer types, though there 

are still subtypes that remain unexplored. They also present a number of unmet 

clinical needs, ranging from diagnostic challenges to a paucity of therapeutic 

options in advanced disease. 

The specific objectives are: 

• Evaluate the genomic landscape of a previously unexplored disease, 

osteoblastoma, to identify simple genomic changes underpinning the 

earliest stages in tumour evolution. 

• Explore the genomic patterns underlying clinical features of metastatic 

and/or malignant progression of histone H3.3 mutated bone tumours. 

• Delineate the role of the complex mutational pattern of chromoplexy 

across cancer evolution. 
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Chapter 2. Materials & Methods 
2.1. Chapter specific analysis flows 

Experiments and analysis conducted on samples are represented in the following 

flow diagrams (Figure 6 - Figure 11). The paragraph references for accounts of 

the detailed methodology are shown in parentheses. Unless otherwise stated all 

analysis was conducted by me alone. 

2.1.1. Chapter 3 methods 

 
Figure 6 Chapter 3 discovery cohort. The discovery cohort of samples were subjected 
to DNA and RNA sequencing with workflows as described above. In addition, the RNA 
was used to create cDNA for fusion validation. 
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Figure 7 Validation cohort analysis. Validation involved two steps: validation of the 
findings in a broader group of osteoid osteoma/osteoblastoma (left panel) involving 
Flourescence In-Situ Hybridisation (FISH) and Immunohistochemistry (IHC) – note not 
all samples were available for all analyses (Appendix 7.1.7), and in related malignant 
sarcomas (right panel). 

2.1.2. Chapter 4 methods 

 
Figure 8 H3.3 mutated tumour sequencing analysis. Whole genome sequencing 
alone was conducted for the initial cohort of H3.3 mutated tumour. 
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Figure 9 Methylation analysis. Methylation array analysis involved a broader panel of 
tumours including chondroblastoma, as a K27M mutated tumour, and osteosarcoma, as 
a malignant bone tumour without a histone mutation. Initial analysis for all arrays was in 
common. 

  
Figure 10 SNP array analysis. Limited numbers of tumours were subjected to SNP 
array analysis to confirm the trends seen in copy number profiles between benign and 
malignant tumours. Note the samples of benign metastasizing tumours were all taken 
from primary tumours. 

2.1.3. Chapter 5 methods 

 
Figure 11 Chromoplexy workflow. The complex structure of this workflow 
demonstrates the reliance of each step on collaborative working groups. The aligned 
genomic sequences were utilised for both deletion bridge detection and PCAWG 
structural variant classification. 
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2.2. Patient samples 

Patients provided their written and informed consent to provide samples for the 

work detailed in chapters 3 and 4 via the UCL Musculoskeletal biobank, based at 

the Royal National Orthopaedic Hospital. This was approved by the National 

Research Ethics Service (NRES) Committee Yorkshire & The Humber – Leeds 

East (15/YH/0311). Pathology review of selected cases was conducted by 

specialist bone pathologists, Adrienne Flanagan, Roberto Tirabosco, and 

Fernanda Amary.  

2.3. DNA and RNA extraction  

Fresh frozen tumour samples were embedded in Tissue-Tek OCT and sectioned 

on a cryostat. Haematoxylin and Eosin (H&E) stained sections were reviewed for 

tumour type and uniformity, to ensure a tumour content of greater than 50%. DNA 

was extracted using an automated magnetic bead extraction and purification 

system according to the manufacturer’s protocols (Prepito DNA Tissue10 Kit, 

Perkin Elmer Ltd, Bucks, UK). Matched normal DNA was acquired from blood 

using a column-based system (Qiamp DNA Blood Maxi kit, Qiagen, Manchester, 

UK). DNA concentration and quality were assessed by a fluorometric assay 

(Picogreen, Thermofisher Scientific, Paisley, UK) and a PCR assay followed by 

gel electrophoresis. Only DNA that was of suitable concentration (minimum 

500 ng total) was used for whole genome sequencing. Total RNA was isolated 

from frozen tissues using the Zymo Direct Zol RNA isolation kit according to 

manufacturers’ recommendations that included the on-column DNase 

digestion. All nucleic acid extraction and preparation was performed by staff in 

the UCL musculoskeletal biobank at the Royal National Orthopaedic Hospital. 

2.4. SNP array analysis 

Extracted DNA was prepared using the Illumina Array platform pipeline by the 

UCL genomics core facility. SNP Array analysis was performed on Illumina 

Infinity Omnia 2.5 chips. Raw data were quality controlled and converted into 
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normalised LogR and B-Allele Frequency tracks using Illumina Genome Studio 

(2.0.4). Copy number profiles were produced using ASCAT (2.5.1) (Van Loo et 

al., 2010). The segmentation parameter was adjusted to 200 to reduce artefactual 

segmentation noted on comparison with samples also subjected to copy number 

analysis from whole genome sequencing.  

2.5. Sequencing 

For whole genome sequencing the Illumina (Illumina, Chesterford, UK) no-PCR 

library protocol was used to construct short insert 500 bp libraries, prepare 

flowcells and generate clusters. Whole genome sequencing was performed using 

the Illumina HiSeq 2000 or 2500 platform, using 100 bp paired-end libraries. 

Whole genome sequencing for malignant H3.3 mutant bone tumours (Chapter 4: 

PD30981-5, PD37332, PD3788, PD3795, PD38328, PD38329, PD4915, 

PD4922) was performed using the XTen platform using 150 bp paired-end 

libraries. Poly-A RNA was sequenced on an Illumina HiSeq 2000 using 75 bp 

paired-end libraries. All sequencing was performed by the genomics facility at the 

Wellcome Trust Sanger Institute. 

2.6. Data analysis 

General data analysis was performed in R (3.5.3 and 3.6.0) in RStudio (1.1.383), 

with bespoke scripts.  

2.7. Whole genome sequencing alignment and variant detection 

The algorithms used for alignment and variant detection, with standard settings, 

are detailed in the table below. 
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Function Name Ch. 3 Ch. 4 Reference 
WGS Alignment Burrows Wheeler Aligner 

(BWA mem) 

2.0.54 2.0.54 (Li and Durbin, 

2009) 

Substitutions Cancer Variants through 
Expectation Maximisation 

(CaVEMan) 

1.11.0 1.11.0 (Jones et al., 2016) 

Indels cgpPindel 2.1.0 2.2.4 (Ye et al., 2009) 

Copy Number Allele Specific Copy 

Number Analysis of 

Tumours (ASCAT) NGS 

4.0.0  (Van Loo et al., 

2010) 

Copy Number Battenberg (with SVs from 

BRASS) 

 2.2.8 (Dentro et al., 2017, 

Nik-Zainal et al., 

2012b) 

Structural 
Variants 

Breakpoints via Assembly 
(BRASS) 

5.3.3 5.3.2 https://github.com/ 
cancerit/BRASS 

RNAseq 
Alignment and 
Fusion calling 

Spliced Transcripts 

Alignment to a Reference 

(STAR) 

2.0.42  (Dobin et al., 2013) 

Fusion Calling TopHat2  2.1.0  (Kim et al., 2013) 

Fusion Calling deFuse 0.7.0  (McPherson et al., 

2011) 

RNAseq counts HTSeq 0.6.1  (Anders et al., 2015) 

 
Table 2 Sequencing algorithms.  

2.8. Variant validation 

The precision of Cancer Genome Project (Wellcome Trust Sanger Institute) 

variant calling pipeline has been determined in multiple studies (Nik-Zainal et al., 

2016). I confirmed this through manual inspection of raw sequencing reads for 

up to 100 variants of each type from all samples. The precision of all variants was 

>95% in all cases. Additional post-processing filters were applied to substitutions 

to achieve this precision: median alignment score (ASMD) of variant reads >90 

(100bp paired end) and >140 (150bp paired end) and median number of clipped 

bases in variant supporting reads (CLPM) of 0. Sample PD37332 (Chapter 4) 

was noted to have a large number of structural variants supported by minimal 
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numbers of locally discordantly mapping reads, therefore for this sample only, 

structural variants were only considered if they were possible to map to base-pair 

resolution. All copy number profiles were manually scrutinised for the requirement 

of refitting, however in all cases the first solution was optimal. 

2.9. Analysis of mutations in cancer genes  

Variants were analysed using a defined strategy. Variants were considered as 

potential drivers if they presented in established cancer genes (Chapter 3 

COSMIC v82, Chapter 4 COSMIC v85). Tumour suppressor coding variants were 

considered if they were annotated as functionally deleterious by the VAGrENT 

algorithm (http://cancerit.github.io/VAGrENT/). Disruptive rearrangements or 

homozygous deletions of tumour suppressors were also considered. Additionally, 

homozygous deletions were required to be focal (<1 Mb in size). Mutations in 

oncogenes were considered driver events if they were located at previously 

reported hot spots (point mutations) or amplified the intact gene. Amplifications 

also had to be focal (<1 Mb) and result in at least 5 copies in diploid genomes, or 

4 copies more than the modal major copy number in genome duplicated samples.  

2.10. Fusion detection (Chapter 3) 

Rearrangements in FOS and FOSB were analysed using the DNA structural 

rearrangement caller, BRASS and the RNA fusion detection algorithms deFuse, 

TopHat2 and STAR fusion. Fusions were considered if breakpoints and 

orientations were supported by both BRASS and at least one RNA-based 

algorithm. All DNA and RNA reads supporting the breakpoints were manually 

inspected. In sample PD13482, in which neither algorithm identified the fusion, 

both split reads and discordant read pairs spanning the fusion were identified in 

the DNA- and RNA-Seq data. In PD7525, additional rearrangements were 

identified mapping to sequences with homology across chromosome 16. The 

breakpoint location was selected on the basis of the greatest number of 

supporting discordant and split reads after manual local assembly.  
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FOS fusion partner breakpoints were all intergenic or intronic and therefore not 

normally represented in RNA sequencing libraries. The per-base coverage in 

these regions therefore reveals a clear peak, present only in that tumour sample, 

demonstrating expression of aberrant transcripts (normalised by the mean of 

HTSeq counts x103; Figure 15). For schematic purposes, horizontal line 

segments are plotted to reflect the mean normalised coverage: the ‘mate 

transcript segment’ is between the breakpoint (grey vertical dashed line) and the 

poly-adenylation cleavage site; surrounding segments are the mean sequencing 

coverage over a genomic range of equal length to the ‘mate transcript segment’. 

The end of the transcript (Figure 19) was considered to be immediately 

downstream of the cleavage and poly-adenylation signal (“AATAAA”) with the 

greatest drop in coverage in the surrounding 200bp.  

2.11. FOS fusion validation  

To validate FOS fusions Dr Annelien Verfaillie synthesized cDNA from 1 µg of 

total RNA from each sample using the ProtoScript® II First-Strand cDNA 

Synthesis Kit (NEB). PCR was performed with Phusion high-fidelity PCR master 

mix (HF buffer, NEB) with amplification primers (Table 3). Amplified products 

were size selected using gel electrophoresis and then Sanger sequenced using 

internal primers (Table 3). All primers were designed by both Annelien Verfaillie 

and me. 

 
Table 3 FOS fusion validation primers.  

2.12. Allele-specific expression analysis 

Allele-specific expression in FOS and FOSB was analysed using allele counts at 

heterozygous single nucleotide polymorphisms (SNPs). Heterozygous SNPs 

were identified from DNA sequencing data. Allele counts were measured from 

Sample Forward Amplification Reverse Amplification Sequencing Primer
PD13480 GGTGCTCGAGTGAGAAGCCAAGACTGAGCC GGTGGGTACCTTTATTAGATAGATGCAGGGAGGGC AGAGTTCATCCTGGCAGCTC
PD13481 GGTGCTCGAGTGAGAAGCCAAGACTGAGCC GGTGGGTACCTGCTCTCATAAAGCGTTTATTTAATTAATGAGG AGAGTTCATCCTGGCAGCTC
PD13482 GGTGCTCGAGTGAGAAGCCAAGACTGAGCC GGTGGGTACCCATGCCTTATTCATCTTTATTTCCTGAAAG AGAGTTCATCCTGGCAGCTC
PD7519 GGTGCTCGAGTGAGAAGCCAAGACTGAGCC GGTGGGTACCCCTTGTTAATCATTTTGTTTTATTTGAC AGAGTTCATCCTGGCAGCTC
PD7521 GGTGCTCGAGTGAGAAGCCAAGACTGAGCC GGTGGGTACCTGCATATACATTATTTTACTTTATTAAATCTTACTAATATTCTTTAAGG AGAGTTCATCCTGGCAGCTC
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RNA-Seq reads using GATK ASEReadCounter (McKenna et al., 2010) with 

Jonas Demeulemeester.  

2.13. Fluorescence In-Situ Hybridisation (FISH) for FOS and 
FOSB 

A cohort of 55 informative cases of osteoblastoma/osteoid osteoma was 

examined by FISH for FOS breakapart by Dr Hongtao Ye (RNOH). FOSB probes 

were custom-designed with Agilent SureDesign to flank the breakapart region by 

Dr William Mifsud (GOSH). FOS probes and methods have been described 

previously (Huang et al., 2015) (Supplementary Data 11). Deparaffinised 

sections were pre-treated by pressure cooking for 5 minutes and subsequently 

incubated in pepsin solution at 37°C for 50 minutes. Probes were applied to tissue 

sections and denatured at 72°C, followed by hybridisation overnight at 37°C. After 

hybridisation, the sections were washed and mounted with 4′,6-diamidino-2-

phenylindole and coverslips. 

2.14. Immunohistochemistry  

FOS, FOSB and Cyclin D1 immunohistochemistry was performed by Dr Elena 

Miranda (UCL Cancer Institute, CRUK Core Facility). Deparaffinised hydrated 

tissue sections underwent antigen unmasking in Tris-EDTA pH 9 (DAKO S2367 

- Agilent Technologies LDA UK Limited, Cheshire UK) at high pressure for 2 

minutes. After washing and quenching, sections were blocked in 2.5% horse 

serum (Vector ImmPRESS Kit) for 20 minutes at room temperature. Incubation 

with primary antibodies was for 60 minutes, secondary antibodies for 30 minutes, 

and Diaminobenzidine (DAB)+ substrate/chromagen (Dako, K3468) for 5 minutes, 

all at room temperature, prior to counterstaining and mounting. FOS antibodies 

(EMD Millipore ABE457, Rabbit Polyclonal) were used at 1 or 0.5ug/mL with 

ImmPRESS Horseradish Peroxidase Anti-Rabbit IgG (Peroxidase) Polymer 

Detection Kit, made in Horse (MP-7401, Vector Laboratories, Peterborough, UK). 

FOSB antibodies (clone 5G4, dilution 1:100, Cell Signaling Technology, Danvers, 

MA, USA) were used as previously described (Sugita et al., 2016). Cyclin D1 
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antibody (clone SP4, Rabbit monoclonal clone SP4, Cell Marque, Rocklin, CA, 

USA) was used at 0.1 ug/mL. H3.3 G34 immunohistochemistry was performed 

by Mr Fitim Berisha (RNOH) on the Leica Bond III automated immunostaining 

platform, with peroxidase blocking and detection carried out using the Leica Bond 

Polymer Refine DAB kit (Leica, DS9800, Leica Microsystems, Milton Keynes, UK) 

according to manufacturer's instructions. Pre-treatment was with Leica Epitope 

Retrieval solution 2 (AR9640) for 20 minutes. Primary antibody against H3.3 

G34W was with a Rabbit monoclonal antibody (clone RM263; RevMAb 

Biosciences USA, San Francisco, CA, USA) at a dilution of 1/1500 with Leica 

Bond Primary Antibody Diluent (Leica, AR9352) for 30 minutes at ambient 

temperature. Slide interpretation was performed with Adrienne Flanagan. 

2.15. Copy Number Scoring (Chapter 4) 

A sample was considered Whole Genome Duplicated (WGD) when modal total 

copy number was >2 (Bielski et al., 2018). The baseline total copy number was 

considered as 4 for WGD samples and 2 for others. Autosomal copy number 

segments were then scored as the difference from this baseline; no difference 

(0), total copy number of 0 (homozygous deletion, 2), total copy number >= 3 + 

baseline (amplification, 2), other score not equal to baseline (1). Scores were 

normalised relative to the length of the chromosome, summed and then divided 

by the theoretical maximum (44). 

2.16. Mutation clustering, purity estimation and phylogenetic 
reconstruction 

The algorithm DPClust (2.2.6) and its pre-processing pipeline (1.0.8) were used 

to cluster mutations according to fraction of cancer cells (Cancer Cell Fraction, 

CCF) in which they were found, as described previously (Nik-Zainal et al., 2012b). 

Filtered substitutions (Methods 2.8) and Battenberg copy number profiles were 

used as input. For samples with significant copy number aberrations, purity 

estimates derived from Battenberg were considered accurate. For samples 

without significant copy number aberration, purity was estimated with an initial 
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run of DPClust on only balanced segments (1+1), to derive the VAF of the clonal 

cluster, which reflects the 2/purity. This purity value was then used for a definitive 

run of DPClust. All individual samples were run with DPClust in single-sample 

mode, while PD38329 was also run as a multi-sample case. 

Three-dimensional clustering plots were produced for PD38329 with the R 

packages rgl (0.1) and htmlwidgets (1.3). Phylogenetic reconstruction was 

performed using the pigeon-hole principle as previously described (Nik-Zainal et 

al., 2012b). In brief, subclones were designated to be nested within a clone or 

another subclone if their combined CCF exceeded that of their parent. 

2.17. Simple timing analysis (Chapter 4) 

In brief outline, timing analysis comprised two approaches: estimating the 

ordering of a mutation relative to a copy number gain at the same locus, and 

estimating the timing of a whole genome duplication. Timing a mutation relative 

to its copy number context requires calculating the number of chromosome 

copies that possess that mutation. If all duplicated copies possess the mutation, 

the only feasible explanation is that the mutation occurred first and was 

duplicated with copy number gain. This analysis therefore requires the 

transformation of individual mutation allele frequencies into mutation copy 

number. This was performed using the equation: 

𝑀𝐶𝑁	 =
𝑉𝐴𝐹(𝜌 × 𝑇𝐶𝑁 + 2(1 − 𝜌))

𝜌 		 

MCN is Mutation Copy Number, r is the sample purity, TCN is the local total copy 

number.  

Timing of whole genome duplication extrapolates this principle to all mutations at 

a copy number state, when it is simple enough to make a reasonable assumption 

about the steps through which that copy number change occurred; e.g. If most of 

a genome has two copies of each parental allele, it is likely this occurred in a 

single whole genome duplicating event. The proportion of mutations that occurred 

before and after that gain gives an estimate, in mutational time, of when that 

duplication event occurred. If only deamination (timing) mutations are considered 

this proportion can be used, with some adjustments, as a proxy for the timing in 
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real-time of the duplication. Specifically deamination (clock-like, C>T mutations 

at CpG dinucelotides) mutations were selected from regions of balanced gain 

(2+2) or LOH (2+0). A probabilistic approach to WGD timing was taken. Each 

mutation had a probability assigned for being at each mutation copy number state 

up to and including the major allele copy number state at that locus. This 

probability was calculated from a binomial distribution based on the sequencing 

depth and the measured allele frequency. An estimate for WGD was estimated 

as: 

𝑊𝐺𝐷	 =5
𝑝𝑀𝑢𝑡9

𝑝𝑀𝑢𝑡9 +	
𝑝𝑀𝑢𝑡:

2;
		 

Where 𝑝𝑀𝑢𝑡< is the probability of a mutation being at a copy number x. 𝑝𝑀𝑢𝑡: is 

divided by xmax (in this example 2) to account for the increased genomic material 

after genomic duplication. The fractional estimate of WGD is then scaled to the 

patient’s age at diagnosis for a real-time estimate of WGD. Confidence intervals 

are created by 1,000 bootstrap iterations, resampling the underlying mutations. 

In PD4922e, regions with major allele copy number of 3 in WGD samples were 

assumed, by parsimony, to have been acquired by a copy number gain 

subsequent to WGD. This is because the only alternative explanation would be a 

deletion after a second local duplication and since only a single genome 

duplication occurred this was considered unlikely. The timing of this additional 

gain was computed by calculating the proportion of clock-like mutations (again 

probabilistically) that were acquired prior to WGD (at MCN 3), between WGD and 

additional copy number gain (MCN 2) and after this gain (MCN 1).  

2.18. Methylation array analysis and data pre-processing 

DNA preparation and array handling were conducted by the UCL genomics 

facility using the Illumina Infinium Methylation pipeline. All samples were 

analysed with Illumina Infinium HumanMethylation450k or MethylationEPIC 

arrays. Raw data were quality controlled and pre-processed using the minfi R 

package (1.30.0) (Aryee et al., 2014). Initial quality control of samples was 

conducted by Patrick Lombard and Iben Lyskjaer. Probes that were ambiguously 

mapped or located on the sex chromosomes, contain SNPs, or were not included 
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on both EPIC/450k platforms, were filtered. Filtered probe lists were provided by 

Martin Sill at DKFZ, Germany. Raw fluorescence values were corrected for 

background fluorescence using negative control probes and the minfi background 

correction function. Dye biases were corrected by scaling all values by a factor 

required to scale the mean red and green control probes intensities to 10,000. 

Probe methylation beta values were calculated using the default minfi function. 

2.19. Methylation data clustering 

For unsupervised clustering, a cohort was assembled with all available GCTs, 

malignant H3.3 tumours and chondroblastoma. This included data provided by 

David Jones at DKFZ, as detailed in Appendix 7.2.2. Though more osteosarcoma 

samples were available, a random sample of equivalent number (42) to the next 

largest group, GCT, was used so as not to dominate clustering effects. 

Unsupervised clustering was performed using the 5,000 most variable (by 

standard deviation) probes across samples. Beta values were transformed to a 

distance matrix of (1 - correlation values) for hierarchical clustering and 

dimension reduction analysis. T-distributed stochastic neighbour embedded (t-

SNE using the Rtsne package(0.15)) and Principal Component Analysis plots 

were scrutinised to exclude significant non-biological batch effects introduced by 

different analysing centres, array platforms or sample types. Hierarchical 

clustering was then visualised using the packages ape (5.3) and dendextend 

(1.12.0). Two dimensional projections were produced using multi-dimensional 

scaling (MDS) in the MASS package (5.3). Samples were assigned methylation 

clusters (“M”,”G”,”C”,”Os”), with names to reflect the predominant disease type 

within that cluster, by cutting the hierarchical tree at the level of the 4 principle 

clades. 

2.20. Methylation genomic analysis 

Differentially methylated probes and regions were detected using the ChAMP 

package (2.14.0). Comparison was made between benign and malignant 

samples with methylation clusters concordant with their diagnoses. Bespoke 
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analysis of genome wide methylation difference was performed after calculating 

the signal-noise ratio at each probe position. This was calculated as the 

difference between the mean beta value for each group divided by the pooled 

variance across the groups. Segmentation was performed using adapted Circular 

Binary Segmentation (CBS) functions from the DNACopy package (1.58.0). 

Segmentation was adapted to require a minimum of 10 probes per segment and 

a segmentation alpha value of 1x10-10 to prevent spurious oversegmentation. 

Permutation analysis was conducted by permuting the diagnostic labels randomly 

and repeating segmentation as above. 10,000 permutations were performed and 

the threshold of significant SNR aberration set from the distribution of segment 

values (<-3 or >3, each p<0.003).  

Gene set enrichment analysis was performed using an adapted approach from 

the ebBayes function in the ChAMP package. In brief, a global test was used to 

assess the statistical difference between the diagnostic groups across all probes 

assigned to each gene. This probability value was used as the magnitude of the 

methylation difference for each gene, while a direction of change was inferred by 

the mean change in beta value for all gene probes in that gene. Gene set 

enrichment analysis was performed using the fgsea package (1.10.0) across the 

following gene sets downloaded from the Broad Mutational Signatures DataBase 

(MutSigDB) (Subramanian et al., 2005): C2 Reactome, C2 Kegg, C5 Gene 

Ontology, C6 oncogenic pathways, C7 immonology pathways and the hallmarks 

pathways. 

2.21. Methylation based copy number analysis 

Methylation arrays, as a genomic hybridisation technique, provides information 

about the amount of DNA (copy number) across the genome. This requires 

normalisation using samples known to be diploid (in this case from a large panel 

of normal brain tissues) and I have used a apoproach similar to that implemented 

in SNP array and sequencing based copy number methods to calculate integer 

values for total copy number. Clearly without allelic information, allele specific 

copy number is not available.  
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Methylation array-based copy number analysis was performed using a binned 

intensity track generated using the conumee package (1.18.0). Raw data for 119 

control male and female diploid samples were downloaded from GEO 

(GSE109381). Binned intensity values were fitted to integer copy number states 

using the principles underlying the ASCAT package (Van Loo et al., 2010). In 

brief, a grid of possible purity and ploidy values was searched to minimise the 

sum of Euclidean distances between the intensity-based inferred number of 

copies and integer values.  

2.22. Pan Cancer Analysis of Whole Genomes (PCAWG) variant 
calling 

The PCAWG pipeline is described in detail elsewhere (PCAWG, 2020). All 

sequencing was performed using the Illumina HiSeq platform. Alignment was 

performed using bwa-mem (0.7.8-r455) (Li and Durbin, 2009) against the human 

reference hs37d5. Substitutions were detected using the consensus of the 

following methods: CaVEMan (1.5.1) (Jones et al., 2016), MuTect2 (Cibulskis et 

al., 2013), MuSE (1.0rc) (Fan et al., 2016) and a bespoke method from DKFZ. 

Small insertions and deletions were detected with the consensus of: cgpPindel 

(1.5.7) (Ye et al., 2009), Platypus (0.7.4) (Rimmer et al., 2014), MuTect and 

SMuFIN (mod. 26/10/2014) (Moncunill et al., 2014). Copy number was called 

using the consensus of the following methods: ABSOLUTE (Carter et al., 2012), 

ACEseq (Kleinheinz et al., 2017), Battenberg (Dentro et al., 2017, Nik-Zainal et 

al., 2012b), cloneHD (Fischer et al., 2014a), JaBbA (Li et al., 2016, Medvedev et 

al., 2010, Oesper et al., 2012), and Sclust (George et al., 2015, Peifer et al., 2015). 

2.23.  PCAWG structural variant detection and classification 

Structural variants (SVs) were detected using the consensus of the following 

algorithms: DELLY (0.6.6) (Rausch et al., 2012), BRASS (4.012) 

(https://github.com/cancerit/BRASS), SvABA (Wala et al., 2018), and dRanger 

(BROAD pipeline, not publically available). 
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Clustering and classification of structural variants into footprints is as described 

(Li et al., 2020). This entails the following steps: 

1. Breakpoint coordinates re-defined from clipped reads. 

2. Rearrangement breakpoints merged with copy number data  

3. Individual SVs clustered into clusters and footprints 

4. SV clusters and footprints heuristically refined 

5. Artefactual fold-back-type SVs filtered if insufficient supported 

6. Balanced breakpoints with overlapping breakpoints recaptured from soft 

clipping patterns.  

Chromoplexy events were selected from SV clusters containing at least two 

balanced footprints. 

2.24. Application of ChainFinder 

Inputs for ChainFinder (1.0.1) were formatted from PCAWG consensus minor 

allele copy number and structural variants. Background rearrangements were 

generated by concatenating all structural variants within each disease group. 

Default parameters were used, with a deletion threshold set to 0.95, unless the 

sample had been designated whole-genome duplicated by consensus copy 

number calling, in which case it was set to 1.9. 

2.25. Detection of deletion bridges 

In order to detect deletions between pairs of breakpoints flagged by ChainFinder 

as being adjacent, coverage was evaluated using BEDtools coverage (2.26.0). 

Coverage was calculated in bins of 100bp if the breakpoint pair were within 1kb 

or in 10 equal sized bins if more than 1kb. Coverage was also calculated for 10 

bins of the same size on either side of the breakpoint pair. Coverage values were 

compared with a one-sided Wilcoxon signed ranks test. Observed p-values were 

then compared to a distribution of expected p-values by permutation of SV 

breakpoints around the genome across all samples. 
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2.26. PCAWG mutation clustering and timing 

Mutation clustering is described in detail elsewhere (Dentro et al., 2018). In brief, 

variant read counts and total sequencing depth for substitutions were converted 

to cancer cell fractions (CCF) using purity, and total copy number at the mutation 

locus. These were then clustered to identify mutations that were co-inherited in 

the same proportion of cells. PCAWG utilised a consensus of multiple methods 

to do this, included methods were: BayClone-C (Sengupta et al., 2015), Ccube 

(Yuan et al., 2018), CliP (https://github.com/wwylab/CliP), cloneHD (Fischer et 

al., 2014b), CTPsingle (Donmez et al., 2017), DPClust (Nik-Zainal et al., 2012b), 

PhylogicNDT (Leshchiner et al., 2018), PhyloWGS (Deshwar et al., 2015), 

PyClone (Roth et al., 2014), Sclust (Cun et al., 2018) and SVclone (Cmero et al., 

2017). Note that SVclone computes CCFs from structural variants. The 

probability for each mutation to be assigned to the clonal cluster was required for 

punctuated event clonal assessment. 

Mutation timing is described in detail by Gerstung et al. (Gerstung et al., 2018) 

but is a generalised expression of the principles described in methods  2.17. This 

uses the algorithm MutationTime.R (https://github.com/gerstung-

lab/MutationTimeR). This generated a probability that any mutation was found at 

single or multiple copy number states. In gained regions, if the mutation copy 

number is compatible with the major allele copy number, then the mutation 

occurred prior to the gain and is considered ‘clonal early’, if lower and clonal it 

occurred after the gain and is considered ‘clonal late’. If a mutation falls in an 

ungained locus and the mutation is clonal, the mutation is designated ‘clonal NA’. 

2.27. Defining kataegis and chromothripsis 

Full details of methods to identify kataegis, devised by Jonas Demeulemeester, 

and chromothripsis, devised by Maxime Tarabichi, are detailed elsewhere 

(PCAWG, 2020). In brief, kataegis was identified by: 

1. Clustering mutations by proximity, taking into the mutational burden of the 

sample 

2. Testing clustered mutations for: 
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a. Consistency of mutational context within the cluster (based on 

mutational signatures and trinucleotide contexts) 

b. Strandedness of mutated base (ie the same base change relative 

to the reference strand) 

c. Phasing of mutations (ensuring they happen on the same parental 

chromosome and are not sequential). Anti-phased clusters are 

excluded. 

Chromothripsis was identified as the overlap of chromothripsis calls identified by 

Cortes-Ciriano (Cortés-Ciriano et al., 2018) and the following method, devised by 

Maxime Tarabichi: 

1. Clustering copy number and structural variant breakpoints to identify 

clusters with an average segment length >3MB with a minimum of 30 

breakpoints per chromosome arm. 

2. Filter clusters by: 

a. The distribution of segment lengths within the cluster – the 

distribution should be non-random (i.e. not exponential) 

b. The number of copy number states, using a threshold scale by the 

number of segments 

c. The number of different rearrangement types, chromothripsis 

should be a random mixture of different types 

Chromothripsis clusters were permitted to span chromosomes or regions if 

sufficient structural variants linked them. 

2.28. Punctuated event timing 

The method to define the timing and clonality of punctuated events was devised 

in collaboration with Jonas Demeulemeester and Maxime Tarabichi and is also 

described elsewhere (PCAWG, 2020). 

For every punctuated event, the probability of being clonal was calculated as the 

normalized likelihood from the clonal assignment probabilities of the constituent 

substitutions or SVs. For instance, for an event	𝑖 involving 𝑁 = 1… 	𝑗 variants, 

each with an associated probability 1 − 𝑝@AB,D  of being clonal in the tumour 

sample, the likelihood of being clonal was determined as ∏ (1 − 𝑝@AB,D)F
DG:  and of 
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being subclonal as ∏ 𝑝@AB,DF
DG: . The likelihoods were normalised to yield 

probabilities for (sub)clonality of the event (𝑝HI,J and 𝑝@AB,J).  

The timing of every event was also computed as the probability of the event being 

clonal early, clonal late or clonal NA (𝑝KLMIN,J, 𝑝ILOK,J and 𝑝FP,J, respectively). This 

used the probabilities as derived by MutationTimer. Normalised likelihoods were 

computed using the variants in the event: stratified by consensus gain/LOH status 

(PCAWG consensus copy number), weighted by the fraction of variants in each 

class, and summed according to the rules for distinguishing clonal early/late/NA 

(as described above) to obtain the final probabilities. 

The odds of observing clonal versus subclonal events of different types were 

computed for every cancer type by bootstrapping the ratio 
∑RST,UV	W.Y

∑RST,ZU[,UV	W.Y
∑RZ\],UV	W.Y

∑RZ\],ZU[,UV	W.Y

 where  0.5 

represents a pseudocount (i.e. a single event with 𝑝HI,J = 	 𝑝@AB,J = 	0.5 ) and 

𝑝HI,@J`,J and 𝑝@AB,@J`,J are the clonal and subclonal assignment probabilities of a 

simulated event matched to observed event 𝑖 . For every punctuated event 

observed we simulated 10,000 comparable events. These were simulated by 

sampling the same number of substitutions or SVs from the background of non-

punctuated variants with identical gain/LOH status in that tumour sample. Clonal 

and subclonal assignment probabilities (𝑝HI,@J`,J  and 𝑝@AB,@J`,J ), as well as the 

probability of being clonal early, late or NA (𝑝KLMIN,@J`,J , 𝑝ILOK,@J`,J  and 𝑝aL,@J`,J ) 

were computed for the simulated events as described above. To obtain the 

median odds ratio and 2.5th/97.5th percentiles, 10,000 bootstrap replicates of the 

observed events were generated with a different sampled set of events used for 

each iteration. During the bootstrap, events were sampled with weighting 

according to :
(#	KcKaO@	Ja	@L`dIK)

  in order to give equal weight to samples with 

different numbers of punctuated events. The odds of observing clonal early 

versus clonal late events were computed similarly by bootstrapping the ratio 
∑RefgTh,UV	W.Y

∑RefgTh,ZU[,UV	W.Y
∑RTfie,UV	W.Y

∑RTfie,ZU[,UV	W.Y

.  
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Chapter 3. Osteoblastoma is defined by 
recurrent rearrangements in FOS/FOSB 

3.1. Introduction 

Osteoblastoma is a rare benign bone-forming tumour, the mutational basis of 

which was unexplored prior to this work. 

3.1.1. Clinical and epidemiological features of osteoblastoma 

Osteoblastoma typically presents with progressive bone pain in the 2nd and 3rd 

decade with a 2:1 male to female preponderance (Czerniak and Dorfman, 2016, 

Yalcinkaya et al., 2014). The most common sites of disease are the medulla of 

the long bones and the neural arch, which may result in neurological sequelae 

from extension into and around the vertebral body. Osteoid osteoma is 

pathologically similar, indistinguishable from osteoblastoma apart from its size of 

less than 2 cm (Fletcher et al., 2013). Osteoblastoma and osteoid osteoma 

together are the most common benign bone-forming tumours. Exact incidence is 

unknown but they are estimated to comprise 15-20% of primary benign bone 

tumours, which is likely to represent a total of fewer than 100 cases per year in 

the UK (Hakim et al., 2015, Zhang and Rosenberg, 2017). 

Imaging is ordinarily by plain radiograph and computed tomography, revealing 

areas of lysis, bone formation, and mineralisation which is typically more 

organised in osteoid osteoma and more irregular in osteoblastoma, potentially 

with soft tissue extension (Atesok et al., 2011, Yalcinkaya et al., 2014). Treatment 

is surgical, either with curettage for smaller lesions or resection and 

reconstruction for those that are larger and potentially structurally comprising 

(Atesok et al., 2011). Radiofrequency or cyroablation have been attempted for 

smaller lesions.  
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3.1.2. Pathology 

Histologically, tumour cells appear as plump osteoblasts, with evidence of 

metabolic activity and occasional normal mitoses (Yalcinkaya et al., 2014, Zhang 

and Rosenberg, 2017). The neoplastic cell population is low but they are ‘busy’ 

highly vascularised lesions with disorganised trabecular and woven bone. The 

case for osteoid osteoma and osteoblastoma representing one disease has been 

proposed on the basis of detailed pathological review by Barlow et al. but 

indisputable biological evidence is still lacking (Barlow et al., 2013). 

Osteoblastoma-like osteosarcoma is a recognised malignant bone-forming 

tumour which can be difficult to distinguish from osteoblastoma based on 

histological appearance (Gambarotti et al., 2019). This benign from malignant 

distinction has significant clinical implications both on prognosis and on the 

necessity for multi-modal therapy. There were no molecular markers available to 

aid in this distinction prior to this study. Malignant transformation of osteoid 

osteoma or osteoblastoma has not been reported. 

3.1.3. Genomics 

The genomics of osteoblastoma has only previously been explored at the 

resolution of the chromosome. Cytogenetics analysis observed a number of 

different rearrangements but only recurrently involving chromosomes 1 and 14. 

Neither chromosome was rearranged in all cases (Baker et al., 2010, Giannico et 

al., 2009). Recurrent deletions in the short arm of chromosome 22 have also been 

reported in a small number of cases (Baruffi et al., 2001). Chromosome 22 

deletions were independently reported after the analysis of SNP arrays, but were 

still confined to the minority of cases (Nord et al., 2013). On the basis of this 

chromosome 22 deletion, Nord et al. had suggested a role for aberrant Wnt 

signalling in osteoblastoma development. They argued that the presence of two 

negative regulators of the Wnt pathway, ZNRF3 and KREMEN1, located on the 

deleted segment on chromosome 22, explain expression differences in Wnt 

signalling members from expression arrays. The deletions were, however, 

hemizygous, without evidence of the second mutational hit, required for negative 
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regulators. Copy number analysis was also performed without matched normal 

controls therefore these cannot be established as somatic variants. The 

expression array analysis was also conducted with osteosarcoma as a 

comparator, which is more likely the origin of the signal. 

In summary, osteoblastoma and osteoid osteoma likely represent a single type 

of benign neoplasm but biological evidence is lacking for this. There is a clinical 

need for a diagnostic biomarker, to differentiate it from osteoblastic osteosarcoma 

and the relatively unexplored genomic landscape offers the potential for this. 

3.2. Aim 

To explore the genomic landscape of osteoblastoma and osteoid osteoma. 

3.2.1. Objectives 

• Identify a mutation or mutational pattern that defines and potentially unifies 

the diseases of osteoid osteoma and osteoblastoma 

• Define a usable clinical diagnostic test to aid in the differentiation of 

osteoblastoma from osteoblastoma-like osteosarcoma 

3.3. Results 

The starting point for our investigation was a discovery cohort of six cases, with 

the typical clinical characteristics for osteoblastoma and osteoid osteoma (Table 
4). DNA, extracted from blood for germline sequences and frozen tumour tissue 

for somatic changes, was subjected to whole genome sequencing. Tumour and 

blood samples were sequenced to a median depth of 44x (range 39 to 48) and 

36x (range 30 to 42) respectively. All classes of somatic variants were catalogued 

and scrutinised for putative drivers; substitutions, indels, copy number variants 

and structural rearrangements (Methods 2.7). Transcriptome sequencing was 

conducted to corroborate DNA variants and identify gene fusions. 
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Table 4 Clinical characteristics of discovery cohort.  

3.3.1. Osteoblastoma possess few somatic alterations 

There was a scarcity of somatic changes to the osteoblastoma genome across 

the sequenced discovery cohort. There were a median of 319 substitutions 

(range 123 to 700) and 28 indels (range 14-50) per genome. This is quiescent 

when compared with the genomes of malignant tumours: osteosarcoma (Figure 
12) or a pan-cancer cohort (Figure 13). Very few variants affected coding 

sequences of genes and none were plausible drivers (Methods 2.9). 

 
Figure 12 Osteoblastoma mutation burden compared with osteosarcoma. Filtered 
mutation numbers are shown relative to the median number of mutations in a published 
cohort of whole genome sequenced osteosarcomas (Behjati et al., 2017) 

Sample Diagnosis Age Gender Anatomical Site Bone Site Size 
(mm)

PD7519 Osteoblastoma 33 M Femur, right Cortical 15

PD7521 Osteoblastoma 25 M Femur, right Cortical 40

PD7525 Osteoblastoma 3 M Humerus, left Medullary 30

PD13480 Osteoblastoma 13 F Lumbar vertebra, L3 Medullary 35

PD13481 Osteoblastoma 11 F Cervical vertebra, C5 Medullary 30

PD13482 Osteoid Osteoma 18 M Lumbar vertebra, L1 NA 12
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Figure 13 Osteoblastoma mutation burden compared with all cancer types. Raw 
substitution counts and structural variants compared with mutation burdens across 
cancer types from the Pan Cancer Analysis of Whole Genomes consortium (Chapter 5:  
Identification and timing of chromoplexy across cancer types). Osteoblastoma 
samples are superimposed with red points and labels. PCAWG mutation counts are 
derived from consensus mutation calls and are therefore conservative compared to 
those presented for osteoblastoma. 25th and 75th centile lines shown as black lines. 

Copy number profiles revealed predominantly diploid genomes with few 

aberrations. Raw data and structural variants were scrutinised for chromosome 

22 deletions corresponding with those previously reported, but none were 

identified (Figure 14 and Appendix 7.1.5). 
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Figure 14 Chromosome 22 copy number data for PD13480. Panels (in descending 
order): ASCAT derived segmented copy number (green total copy number, red is minor 
allele copy number), raw LogR with known commonly aberrant germline SNPs coloured 
in red, tumour and normal raw coverage, raw B Allele Frequency (BAF), again with 
commonly aberrant SNPs in red. The only aberrations seen in the copy number, between 
20-30MB are in known regions of germline aberration and reflect germline duplication. 
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3.3.2. Recurrent FOS structural rearrangements 

On this seemingly barren landscape of somatic changes all samples possessed 

structural variation in the AP-1 family transcription factor genes, FOS or FOSB. 

The structural rearrangement caller, BRASS, was able to identify breakpoint 

regions in FOS in 4/6 samples and exact breakpoints in 2 of these. Very few other 

structural variants were identified to breakpoint resolution across all samples 

(Table 5). Manual analysis and local assembly confirmed these rearrangements 

and could identify a FOS rearrangement in a further sample, PD13482a 

(Appendices 7.1.1, 7.1.2, 7.1.3).  
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All FOS breakpoints possessed either an intronic (3/5 cases) or intergenic (2/5 

cases) partner. Expression of the fusion transcript was therefore visible as 

aberrant spikes in RNA sequencing coverage (Figure 15). cDNA sequencing 

reads were used to confirm single rearrangements for each sample, suggesting 

these were all mono-allelic events. In addition, FOS rearrangements were all 

successfully validated by Sanger sequencing (Figure 16).  

 
Figure 15 FOS breakpoints in osteoblastoma. Schematic view of FOS with 
breakpoints in exon 4 shown as coloured bars. The centre circos plot shows all structural 
rearrangements in these samples involving these chromosomes. Surrounding plots are 
of RNA sequencing coverage adjacent to the fusion partner breakpoint. Where relevant 
the fusion partner gene is shown in schematic above, exons are red vertical segments, 
red dots are stop codons introduced within intronic sequence. The direction of fusion 
transcription is indicated by arrows. Black segments are the median coverage outside or 
inside of the aberrant region of transcription. 
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Figure 16 Validation of FOS/FOSB rearrangements. Example validation plots for 3/6 
samples (see Appendix 7.1.3 for remaining samples). Configuration of FOS or FOSB 
rearrangement is shown with RNA sequencing confirmed base and amino acid 
sequence. Sanger sequencing trace for validation of FOS rearrangements is shown 
beneath. 

3.3.3. FOSB rearrangement by chromoplexy 

One sample, PD7525, possessed a complex rearrangement involving FOSB 

which resembled the chained pattern of rearrangement, termed chromoplexy, as 

previously reported in prostate cancer (Baca et al., 2013). This FOSB 

rearrangement was detected by both BRASS (Table 5) and RNA fusion callers. 
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This entailed a complex but complete cycle of rearrangements in which any 

breakpoint can be traced back to itself via four other chromosomal breakpoints 

(Figure 17). Two rearrangements, required to complete this cycle, that both 

involved chromosome 16, were not identified by rearrangement callers. This was 

because they were mapped to a sequence on chromosome that is ambiguously 

mapping across chromosome 16 because of sequence homology. The site of this 

rearrangement with the greatest read support was selected. Each chromosome 

involved contained a pair of breakpoints between 30-140bp of each other, with 

no intervening change in sequencing coverage, unsurprising considering their 

close proximity.  

 
Figure 17 PD7525 Chromoplexy around FOSB. Copy number is shown with the 
orange (total copy number) and black (minor allele) segments counted from a minimum 
of zero on the innermost ring. Structural variants are shown as coloured internal links 
(yellow – inversions, grey – translocations, red – manually detected rearrangements onto 
an ambiguously mapping region of chromosome 16: the position presented are those 
best supported by discordant and breakpoint-spanning DNA and cDNA sequencing 
reads.) 
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Figure 18 Alternative chromoplexy derivative configurations. Two hypothetical 
results from complex rearrangement: a) a templated insertion cycle where only the 
intervening sequence between breakpoint pairs is duplicated onto a receiving 
chromosome, in this case onto chromosome 14, leaving the original sequence in tact b) 
a conventional chromoplexy rearrangement with a series of chromosomal translocations 
(the direction to centromere are shown as red triangles). Note that in both circumstances 
there is expected to be a gain in genomic material between the breakpoints. Read 
evidence precludes a). 

There was therefore no evidence of spanning deletions, so-called ‘deletion 

bridges’, or genomic gains. In 4/5 breakpoint pairs the orientation of breakpoints 

was consistent with the possibility of a ‘templated insertion’ cycle, in which merely 

the intervening sequence is copied from one fragment to the next (Figure 18) (Li 

et al., 2020). The string of fragments would then be found on a ‘host’ chromosome, 

in this case chromosome 14. This possibility is precluded by the small distances 

between the breakpoints as both read pairs and individual sequencing reads 

would be expected to span multiple fragments. Neither of these were observed 

in DNA or cDNA. The chromoplexy cycle therefore braids together the five 

chromosomes into five derivative chromosomes without any large losses of 
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genomic material and without generating di-centromeric chromosomes. All 

chromoplexy rearrangements were confirmed with spanning cDNA reads (Figure 
16). 

3.3.4. The impact of FOS and FOSB rearrangement 

Unusually, all FOS rearrangements were within an exon, within a narrow 100bp 

window of the 4th exon. Stop codons were induced at or immediately after each 

breakpoint (Figure 16), therefore no coding sequence was introduced from the 

gene partners. In two cases, rearrangement partners were with intergenic regions. 

Transcription cleavage motifs were also observed within 30bp of the end of each 

fusion transcription spike, supporting the fusion not contributing additional coding 

sequence to FOS. The configuration of the rearrangement would also suggest 

FOS retains its native promoter. These observations are supported by the re-

analysis of RNA sequencing data from recently published epithelioid 

haemangioma, which also harbour FOS rearrangements (van IJzendoorn et al., 

2015, Huang et al., 2015). Once again, all breakpoints were observed within the 

same narrow window of exon 4, stop codons were introduced in the vicinity of the 

breakpoint and no coding sequenced was fused with the FOS transcript (Figure 
19). 
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Figure 19 FOS rearranged transcripts. Schematics of the transcript of FOS in 
comparison to murine retroviral v-fos (Results 3.4.2). Key regulatory and functional 
elements of the gene are shown. Breakpoints from published cases of FOS rearranged 
Epithelioid haemangioma are included. The expected length of the transcript 
untranslated region is also shown (Methods) 

The complex rearrangement of FOSB generates a fusion gene of PPP1R10 in 

frame with exon 1 of FOSB. This brings the expression of FOSB under the control 

of the PPP1R10 promoter. The benign vascular tumours, pseudomyogenic 

haemangioendothelioma and epithelioid haemangioma have also been reported 

to have FOSB breakpoints in the same region of exon 1 though with varied fusion 

partners; SERPINE1, ZPF36, WWTR1 and ACTB (Walther et al., 2014, 

Antonescu et al., 2014, Ide et al., 2015, Zhu et al., 2019) (Figure 20). 

 
Figure 20 FOSB rearrangements. Schematic of FOSB transcript with published 
vascular tumour breakpoints annotated 

3.3.5. Validation of FOS or FOSB alterations 

In order to validate these findings a cohort of 55 formalin-fixed paraffin-embedded 

(FFPE) histological typical osteoblastoma and osteoid osteoma was assembled 
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(Appendix 7.1.7). These were subjected to fluorescence in-situ hybridisation 

(FISH) with bespoke probes designed to flank the FOS and FOSB breakpoints. 

Breakapart signals were observed in 1 and 48 samples in FOSB and FOS 

respectively (89% in total; Figure 21 and Appendix 7.1.7). 

 

 
Figure 21 Validation for FOS alteration. H&E appearances of a typical osteoblastoma 
with extensive vascularisation surrounding a cellular region with intermixed osteoid 
deposition. FOS immunoreactivity is marked and exceeds that seen in standard positive 
controls specimens. In the right panel, all fully visible nuclei show a breakapart with clear 
separation of the green and red probe signals targeted to FOS. 

Osteoblastoma are however typically of low neoplastic cell content (Czerniak and 

Dorfman, 2016), rendering FISH insensitive because of the small number of 

tumour nuclei assessable in any sample. Intrachromosomal rearrangements, as 

seen in 2/5 cases in the discovery cohort, may also be difficult to identify as the 

native configuration may either be retained, in tandem duplications, or 

insufficiently separated. Alternative evidence was therefore sought for alteration 

in FOS using immunohistochemistry. Of the 6 cases, negative by FISH, 3 were 

suitable for assessment and all 3 demonstrated marked and strong nuclear 

immunoreactivity for the retained N-terminus of FOS. FOSB 

immunohistochemistry was uninformative in osteoblastoma, consistent with 

experience in decalcified tumours (Hung et al., 2017). In summary, all cases that 

could be assessed by at least one of FISH or immunohistochemistry 

demonstrated an alteration in FOS or FOSB. 

3.3.6. FOS or FOSB rearrangement is unique to osteoblastoma amongst 
bone-forming tumours 

To assess the potential of FOS or FOSB rearrangement as a diagnostic 

biomarker of osteoblastoma, their specificity was explored in those sarcoma 
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types that exhibit some histological overlap with osteoblastoma. FOS 

immunoreactivity was assessed in 183 cases of osteosarcoma, including 97 

cases of osteoblastic osteosarcoma, and 17 cases of angiosarcoma. In keeping 

with previous reports, FOS immunoreactivity was seen in osteosarcoma samples 

but only one tumour possessed a distribution and intensity of immunoreactivity 

comparable to that observed in osteoblastomas (Weekes et al., 2016). On FISH 

testing this sample had no breakapart signals in FOS or FOSB, but copy number 

gains were noted (Appendix 7.1.6).  

To identify any genomic changes involving FOS and FOSB in osteosarcoma, I 

then re-examined two published osteosarcoma series, totalling 55 whole genome 

sequences; none of which contained breakpoints in FOS or FOSB (Chen et al., 

2016, Behjati et al., 2017). Finally, there were no similar rearrangements in the 

whole genome sequences of 2,652 non-osteoblastoma tumours (Li et al., 2020).  

3.4. Discussion 
3.4.1. FOS and FOSB alteration as diagnostic biomarkers of osteoblastoma 

This work represents the most comprehensive and detailed genomic exploration 

of osteoid osteoma and osteoblastoma conducted to date, and reveals a 

landscape defined by a simple mutational pattern. Amidst a paucity of all classes 

of somatic rearrangements, there is a highly recurrent rearrangement of the AP-

1 transcription factor FOS or in a minority of cases its paralogue, FOSB. This is 

consistent with the previous reports of cytogenetic abnormalities involving 

chromosome 14 (Baker et al., 2010, Giannico et al., 2009). Since 2/6 of our 

sequenced cases involved intrachromosomal FOS rearrangements without copy 

number changes, it is expected that cytogenetic analysis would have under 

reported these alterations. I did not identify the chromosome 22 deletions 

previously reported (Nord et al., 2013, Baruffi et al., 2001). These may occur in a 

minority of cases, not represented in our small discovery cohort, but considering 

the ubiquity of FOS and FOSB rearrangement they are likely to be of secondary 

importance. 

The readily available clinical techniques of FISH and immunohistochemistry were 

able to detect these alterations in a large cohort of osteoblastoma and distinguish 
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them from their diagnostic mimic, namely osteoblastic osteosarcoma. FOS or 

FOSB alteration therefore offers significant potential as a rapidly translatable 

diagnostic biomarker (Amary et al., 2019a). 

3.4.2. FOS rearrangement resembles the murine retroviral v-fos 

The functional impact of these alterations in FOS and FOSB can only be 

hypothesised from these data. Physiologically, FOS levels are tightly regulated 

by rapid degradation at both transcript and protein level. Both translation-

dependent mechanisms that ensure rapid mRNA degradation are likely to be 

disrupted by the observed rearrangements (Figure 19). Degradation depends on 

a length-dependent interaction between the poly-A tail and an exon 3 domain 

(known as the major Coding Region Determinant of instability) (Grosset et al., 

2000), all fusion transcripts are predicted to have a different length to the wild-

type transcript. There is also an independent AU-rich element in the 3’ 

untranslated region which is absent from all fusion transcripts (Chen et al., 1994). 

Wild-type FOS protein is also rapidly depleted by ubiquitin-independent 

proteasomal degradation (Ferrara et al., 2003). The C-terminal truncations seen 

in osteoblastoma and epithelioid haemangioma have recently been shown to 

protect FOS from this degradation (van Ijzendoorn et al., 2017). It is therefore 

expected that this rearrangement will have a quantitative impact on FOS level, 

explaining the unprecedented nuclear immunoreactivity observed in 

osteoblastoma, which required downward titration of the primary antibody used 

in immunohistochemistry (Appendix 7.1.6). It was not possible to establish allele-

specific differences in expression resulting from rearrangement because of the 

lack of heterozygous SNPs in the relevant gene regions. As only rearrangements 

could abolish both transcriptional and translational levels of regulation, these 

findings may explain the absence of nonsense mutations mediating FOS 

truncation. This could be validated by introducing wild-type and mutated FOS into 

an expression system. Protein and transcript levels could then be assayed in the 

presence or absence of proteasome and transcriptional inhibitors. 

Qualitative differences in FOS activity resulting from mutation cannot be excluded. 

The observed breakpoints disrupt components of the C-terminal transactivation 
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domain, but this is not required for in vitro transformation by the murine retroviral 

orthologue, v-fos (Jooss et al., 1994, Sutherland et al., 1992). It is intriguing that 

rearranged FOS moulds a transcript that so closely resembles v-fos (Figure 19). 

It is more than fifty years since the FBJ murine sarcoma virus was discovered 

(Finkel et al., 1966). It is this retrovirus, able to induce an osteosarcoma-like 

malignancy in CF-1 laboratory mice, from which v-fos, the murine orthologue c-

fos and eventually the homologue canonical proto-oncogene FOS were identified 

(Miller et al., 1984, van Straaten et al., 1983, Van Beveren et al., 1983). Despite 

this, until now, mutation in FOS in human bone-forming tumours had not been 

observed. 

3.4.3. Mutational recurrence suggests common disease entities and 
evolutionary origins 

A simple highly recurrent mutational pattern provides insights into tumour 

evolution and origins. Mutations common across a cohort are more likely to have 

arisen early in evolution. Direct evidence of this requires either longitudinal 

sampling in time - not possible in osteoblastoma lacking either a precursor lesions 

or clear evidence of malignant transformation – or copy number gains allowing 

computational evolutionary analysis (Gerstung et al., 2018, Jolly and Van Loo, 

2018, Fittall and Van Loo, 2019). Osteoid osteoma and osteoblastoma both 

possess the same mutational pattern, which suggests, as previously suspected, 

that they are manifestations of the same disease. 

Epithelioid haemangioma (EH) also commonly possesses a similar FOS 

rearrangement. This benign vascular tumour shares some histological features 

with osteoblastoma; it can also be found in the bone, whilst osteoblastoma is also 

marked by significant vascularity. FOSB rearrangement is found in a minority of 

osteoblastoma and epithelioid haemangioma but is almost ubiquitous in 

pseudomyogenic haemangioendothelioma (PHE) (Sugita et al., 2016, Hung et 

al., 2017). It is unknown whether rearrangements in FOSB frequently occur by 

chromoplexy. To date no other FOSB rearranged samples have been subjected 

to DNA sequencing.  
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One can conjecture that benign bone and vascular tumours might share 

evolutionary origins, possibly segregated by context or differentiation pathway. 

The mutated paralogue might better define the observed phenotype; FOSB 

alteration resembling PHE, FOS alteration resembling osteoblastoma and EH 

dividing equally between each group. This could be explored by introducing these 

mutations into pluripotent mesenchymal cell types. Furthermore, it is notable that 

this mutation seems to preclude malignant transformation, suggesting an 

evolutionary dead-end. Combining FOS or FOSB alteration with canonical driver 

mutations, such as bi-allelic TP53 loss, might give insights into this, particularly if 

introduced sequentially. 
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Chapter 4. H3.3-mutant bone tumours – the 
pattern of progression 

4.1. Introduction 

Giant cell tumours of bone (GCT), like osteoblastoma, are rare primary benign 

bone tumours. A simple recurrent mutation has already been found which defines 

the GCT genome, occurring in one of the genes of the histone family, H3F3A. 

Predominantly their histological benign appearances are reflected in benign 

clinical behaviour, albeit with a tendency for local destruction and recurrence. 

Two rare phenomena exist which remain poorly understood: the occurrence of 

lung metastasis in the absence of any distinct or malignant histological features, 

and malignant tumours possessing either the characteristic H3F3A mutation or 

co-existing conventional GCT. The goal of this chapter is to explore the genomics 

of these phenomena with the aim of identifying mutational patterns that may 

underlie them. 

4.1.1. Conventional giant cell tumours of bone 

GCT comprise 20% of primary benign bone tumours, an equivalent proportion to 

osteoblastoma. It may present with progressive pain, local destruction, swelling 

and restricted joint movement. The majority of cases affect the meta-epiphyseal 

region of the long bones, particularly the distal femur and proximal tibia, though 

rare cases occur throughout the skeleton, including the small bones of the hands 

and feet (Campanacci et al., 1987, Czerniak and Dorfman, 2016). The most 

comprehensive study of its epidemiology comes from a national pathology 

database in the Netherlands (Verschoor et al., 2018). This revealed an overall 

incidence of 1.7 diagnoses per million per year with a female:male ratio of 1.38:1. 

The age of onset is bi-modal with the largest peak in incidence between the ages 

of 20-39 but with a second smaller peak aged 50-59.  

Investigation with plain radiographs normally reveal a single well circumscribed 

lytic lesion without evidence of sclerosis or bone formation (Chakarun et al., 

2013). Magnetic Resonance Imaging (MRI) can be a useful adjunct for local 
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staging, characteristically revealing haemosiderin deposition, related to chronic 

haemorrhage (Aoki et al., 1996). 

Pathologically, GCTs are part of a group of tumours defined by the presence of 

large multinucleated cells, called giant cells, which are considered to be 

osteoclasts and referred to as osteoclast-like (Orosz and Athanasou, 2017, van 

der Heijden et al., 2017). These giant cells are typically larger than normal 

osteoclasts, potentially containing more than 20 nuclei, and express TRAP, CD51 

and CD68 but not the other typical macrophage markers, CD11, CD18, CD14 or 

HLA-DR (Burstone, 1959). The identity of the tumour cells themselves was only 

definitively resolved with the identification of the disease defining H3F3A 

mutation. The mutation is possessed by non-osteoclast stromal cells, lacking 

macrophage markers, and they are often still referred to as stromal. These mono-

nuclear stromal cells can either be spindle shaped or rounded, and may be 

moderately mitotically active, with up to 20 mitoses per 10 high power fields, but 

generally without any mitotic atypia (Al-Ibraheemi et al., 2016). The histological 

appearance typically shows osteoclast-like cells uniformly interspersed amongst 

the tumour stromal cells, though there is considerable variation within and 

between tumours. Neoplastic stromal overgrowth, in which there are limited 

numbers of osteoclast-like cells, can also be seen. This may be associated with 

the presence of foamy macrophages, haemorrhage, haemosiderin deposition, 

and reactive bone formation, suggestive that these features occur post infarction. 

Physiological recruitment of osteoclasts is related to the expression of Receptor 

Activator of Nuclear Factor kappa B Ligand (RANKL) relative to its decoy ligand, 

osteoprotegerin and M-CSF, which are expressed by cells of the osteoblastic 

lineage (Atkins et al., 2001, Atkins et al., 2000, Roux et al., 2002, Huang et al., 

2000). Giant cells, as with normal osteoclasts, express the receptor for this 

ligand, RANK. Therapeutically interfering with this signalling, using the RANKL 

inhibitor, denusumab, has been trialled (Thomas et al., 2010, Chawla et al., 2013, 

Gaston et al., 2016, Rutkowski et al., 2015). Denosumab has been demonstrated 

to cause a dramatic reduction in giant cell infiltration, associated with abundant 

osteoid deposition. This results in a reduction in tumour size and the scale of 

surgical resection required (Luengo-Alonso et al., 2019). Denosumab is therefore 
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currently used for unresectable tumours, those requiring highly morbid surgery, 

or can be employed for the treatment of patients with metastatic GCT. The impact 

on prognosis or the development of metastases is still unclear.  

Surgical resection of primary tumours, when possible, either by curettage or en-

bloc resection is considered optimal management (Orosz and Athanasou, 2017, 

van der Heijden et al., 2017). Of note, whilst primary giant cell tumours do occur 

outside of the bone, these are considered to be a separate disease, with distinct 

genetic causes (Lee et al., 2017a). 

4.1.2. The genomics of GCT 

GCTs possess few somatic alterations of any type. Whole genome and exome 

sequencing have been conducted in 5 and 8 tumours respectively (Presneau et 

al., 2015, Ogura et al., 2017). The only recurrent finding is a missense mutation 

at the Glycine residue of the histone gene, H3F3A, resulting in a p.Gly34Trp 

(G34W) mutation. Rare variations of a mutation to a Leucine, Methionine or 

Valine residue at the same position have been observed, though these were 

mainly in the atypical sites of the small bones of the hands and feet or the axial 

skeleton (Amary et al., 2017). G34 mutations were initially discovered by targeted 

sequencing (Behjati et al., 2013) but have been subsequently validated and found 

to be present in 94-96% of GCT cases (Presneau et al., 2015, Ogura et al., 2017, 

Fellenberg et al., 2019). Immunohistochemistry has good sensitivity for the 

mutated histone protein and is now a part of the diagnostic workup for these 

tumours (Amary et al., 2017, Luke et al., 2017, Yamamoto et al., 2018). The 

exome and targeted sequencing of GCTs carried out by Ogura et al. suggested 

possible isolated mutations in additional epigenetic regulators (Ogura et al., 

2017). The significance of these mutations is unclear for a number of reasons. 

No mutation was recurrent and they were only present in a small minority of 

tumours. Furthermore, the sample collection is reported as containing only 

conventional GCTs, however the rate of metastasis (13%) and death (6.5%) is 

higher than would be expected for conventional GCTs, which could be explained 

by a misclassification. Indeed, in the whole genome sequenced cohort, which 

were independently pathologically reviewed, no additional mutations were 
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identified (Presneau et al., 2015). In the study by Ogura and colleagues the 

association between these additional mutations and clinical outcome was not 

described therefore the possibility remains that they were associated with a 

malignant histological or clinical phenotype.  

A single study reported Isocitrate Dehydrogenase (IDH) 2 mutations in 16/20 

samples by Sanger sequencing, however this finding has not been reproduced 

and all samples were wild-type for H3F3A calling into question the experimental 

methodology (Kato Kaneko et al., 2014). 

4.1.3. Histone Coding Variants 

Histone proteins form the core of the repeating pattern that packs DNA into 

chromatin (Olins and Olins, 2003). The structure of chromatin is a fundamental 

mechanism for the control of processes that access DNA, including repair, DNA 

synthesis and transcription (Klemm et al., 2019). Histone mutations might 

therefore be expected to lead to an alteration of the structure of chromatin thereby 

changing gene expression. Through altered gene expression, epigenetic 

modifications can control the activity, type and fate of the cell. Somatic mutations 

in histone genes are increasingly recognised as widespread in tumorigenesis 

(Nacev et al., 2019).  

Histone coding variants have now been reported in a number of histone genes 

and are best recognised in the two members of the H3.3 subfamily, H3F3A and 

H3F3B (Table 6). These two genes, found on chromosome 1 and 17 respectively, 

encode identical histone core proteins. The less commonly mutated H3.1 gene, 

HIST1H3B only differs from H3.3 by four amino acid substitutions. Three hotspots 

for mutation are noted; the Lysine residues at K27 and K36 and the Glycine 

residue at G34. The disease specific occurrence of mutations is striking: K27M 

and G34R/V in paediatric central nervous system tumours (Schwartzentruber et 

al., 2012, Sturm et al., 2012, Wu et al., 2012, Gessi et al., 2013), G34W in GCT 

and K36M in chondroblastoma  (Behjati et al., 2013). 

Two of the sites commonly mutated, K27 and K36, are important sites for post-

translational modification of histones. This suggests that the mechanism of 

pathogenic mutation is by manipulation of these post-translational modifications. 
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As epigenetic states are critical in defining cell type and status it is not surprising 

that mutations are highly disease-specific. Each mutation may only be effective 

at inducing tumorigenesis in a particular cell state at a particular phase of 

differentiation. Mutations must also have a dominant effect as they occur without 

the loss of the wild-type allele or the plethora of highly homologous histone genes. 

This dominant effect is why they are commonly referred to as ‘oncohistones’ 

(Nacev et al., 2019). 

Gene Variant Number Disease 
H3F3A K27M 417 Paediatric Glioblastoma Multiforme 

(pGBM) 
  70 Anaplastic Glioma 
  65 Diffuse Intrinsic Pontine Glioma 

(DIPG) 
  36 Low Grade Glioma 
  28 Other Central Nervous System 

tumours (CNS) 
  8 Primitive Neurectodermal Tumour 

(PNET) 
  2 Other 
 K27E/N/R 6 Lympoproliferative/Other 
 G34W 115 GCT 
  5 Osteosarcoma 
  12 Other (incl. Phaeochromotyoma) 
 G34R 82 Paediatric Glioblastoma Multiforme 

(pGBM) 
  2 Osteosarcoma 
  7 Primitive Neurectodermal Tumour 

(PNET) 
  8 Other CNS 
 G34V 10 Paediatric Glioblastoma Multiforme 
  4 GCT 
  1 Other CNS 
 G34E/L/X 8 GCT and other CNS 
H3F3B K36M 74 Chondroblastoma 
  1 Chondrosarcoma 
HIST1H2AA R11C 28 Pancreas Adenocarcinoma 
  1 Other Carcinoma 
HIST1H3B K27M 40 Paediatric Glioblastoma Multiforme 

(pGBM) 
  22 Diffuse Intrinsic Pontine Glioma 

(DIPG) 
  9 Other CNS 
  4 Lympoproliferative 

Table 6 Cosmic histone mutations. Cosmic mutations (v89) in histone codons with 
more than 30 reported mutations.  
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K27M Mechanism 

The direct mechanism of histone mutation has been best explored in paediatric 

CNS tumours. K27M mutation causes widespread loss of K27 trimethylation 

(H3K27me3) and dimethylation (H3K27me2) even in unmutated histones 

(Bender et al., 2013). The methyltransferase responsible for these methylation 

changes, the Polycomb Repression Complex 2 (PRC2), is still able to bind 

histones in dense CpG rich islands (CGIs). The presence of H3K27M mutated 

histones, however, prevents the migration of this complex along the genome from 

CGIs (Harutyunyan et al., 2019, Lewis et al., 2013). This prevents the more 

widespread distribution of these methylation marks, which are normally 

repressive of transcription, and indicative of cellular differentiation. There is a 

reciprocal increase of histone acetylation, which in combination may increase the 

transcription of normally untranscribed repeat elements (Krug et al., 2019). This 

effect may be open to therapeutic enhancement by increasing DNA methylation 

and inhibiting histone deacetylases (Krug et al., 2019).  

G34R/V Mechanism 

G34R/V mutations have no impact on H3K27me3 but instead reduces H3K36 

methylation (Lewis et al., 2013). In part this may be via inhibition of the 

methyltransferase, SETD2, reducing tri-methylation, but this is thought to only 

occur on the mutated histone itself. More recently introducing G34R mutations 

into embryonic cell line models, suggests the more global impact of these 

mutations may be mediated by inhibition of the KDM4 family of demethylases, 

which normally demethylate both K9 and K36 residues. Contrary to K27 

methylation, K9/36 demethylation is the repressive mark, while trimethylation is 

a marker of active chromatin (Voon et al., 2018). G34R/V mutations in paediatric 

CNS tumours, frequently co-exist with loss of function mutations of chromatin 

remodelling chaperones, ATRX and DAXX  (Schwartzentruber et al., 2012). In 

vitro exploration of this combination of mutations has not been conducted.  

K36M Mechanism 

K36M mutation in chondroblastoma causes the sequestration of the 

methyltransferases NSD1/2 and SETD2, causing a reduction in H3K36me3 and 
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concomitant increase in H3K27me3, most notably in intergenic regions (Lu et al., 

2016). This intergenic shift in epigenetic markers is postulated to activate genes 

responsible for the differentiation blockade by ‘diluting’ Polycomb Repression 

Complex 1 (PRC1) activity across these intergenic regions. Only K36M mutated 

histones, and not G34W/L or K27M/R can cause the blockade of chondrocyte 

differentiation of mesenchymal progenitor cells (Lu et al., 2016). This reiterates 

the cell specificity of these histone mutations. 

G34W Mechanism 

Similar epigenetic exploration of G34W mutation is underway, suggesting that it 

reduces in-cis H3K36Me3, but contrary to G34R mutation also results in 

increased H3K36Me2 (Deshmukh et al., 2018). These results remain 

unpublished and the more global epigenetic landscape of G34W mutated 

tumours is unknown. To date, the only published work confirms the proliferative 

effect of the G34W mutation but also suggests it may result in an alteration to the 

RNA processing machinery, resulting in a number of alternative splice isoforms 

(Fellenberg et al., 2019, Lim et al., 2017).  

4.1.4. Metastatic giant cell tumours of bone 

The earliest and clearest description of the incidence of metastases from giant 

cell tumours of bone was given by the hugely influential American bone 

pathologist, Henry L. Jaffe in a lecture to the Royal College of Surgeons in 

London in 1953 (Jaffe, 1953). He detailed the pathological findings and treatment 

of 60 GCTs, including four cases with lung metastases. Jaffe hypothesised this 

was related to embolization of tumour that could be seen within the primary site. 

In all four cases the pulmonary metastasis retained the histological appearance 

of the primary tumour. For several decades controversy remained, with some 

suggesting that the phenomenon was a manifestation of undiagnosed malignant 

transformation (Sanerkin, 1980). Over several decades, however, isolated case 

reports were collected into series which established the occurrence of isolated 

pulmonary metastases that retain the histological appearances of a benign 

conventional GCT (Jewell and Bush, 1964, Rock et al., 1984). The incidence 
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across these collated retrospective series appears to be 2-3% of GCTs (Rock et 

al., 1984, Muheremu and Niu, 2014). As surveillance is not standard and 

metastases may be both asymptomatic and clinically undetectable, the true 

incidence may be higher. Indeed, in a series in which surveillance was standard, 

either by chest radiograph or CT, the reported incidence of lung metastases was 

three times higher (7.5%) (Rosario et al., 2017). Attempts have been made to 

identify risk factors for metastasis, however the only consistent factor is local 

recurrence (Chan et al., 2015, Wang et al., 2017).  

The standard of care for benign lung metastases is unclear. Metastasectomy is 

recommended for isolated lesions, and denosumab has been trialled when they 

are more widespread (Luo et al., 2018). Pulmonary lesions generally are indolent 

and slowly growing, however they do have an associated mortality. Considering 

the young age of onset, disease specific and overall survival are equivalent and 

have been estimated at 88% at a median of 6.9 years from a pooled case series 

(Itkin et al., 2018). It is likely therefore that untreated pulmonary metastases are 

life limiting, however longer term follow up data are not available. Biological 

determinants of metastatic behaviour are lacking. Beyond evidence of the 

persistence of G34W mutation (Yamamoto et al., 2018), nothing is known about 

the genomics of metastatic GCT. 

4.1.5. Malignant H3.3 bone tumours 

The concept of malignancy in GCT is controversial. Once again Henry Jaffe 

provides one of the earliest descriptions of a conventional GCT that changed both 

in clinical behaviour, with the onset of widespread fatal metastatic disease and 

the presence of distinct histological features that resembled sarcoma (Jaffe, 

1953). Subsequently malignant GCT became defined as sarcoma in the 

presence (primary) or with a history of (secondary) GCT at the same site (Hutter 

et al., 1962, Dahlin et al., 1970). The most comprehensive case series comes 

from the Rizzoli institute in Bologna, Italy, reporting 5 primary and 12 secondary 

malignant GCTs, representing 1.8% of all GCTs seen in the same time period 

(Bertoni et al., 2003). The malignant component of the majority of cases exhibited 

an osteosarcoma-type appearance and the outcome was poor with 10/17 dying 
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of disease despite multi-modal therapy. The secondary malignant GCTs were 

split evenly between those that had received primary surgery or primary 

radiotherapy for the initial GCT. No difference in radiographic or histologic finding 

was noted between these groups. An analysis of SEER cancer registry data in 

the USA, suggested that the overall incidence of malignant GCT was 1.6 per 10 

million per year (Beebe-Dimmer et al., 2009). This is higher than would be 

expected from the overall incidence of GCT and this figure is likely plagued with 

the inaccuracies of pathological diagnosis in registry data. This study also 

reported a 5-year survival of 85%, far higher than observed in the Rizzoli cohort, 

raising further questions about the reliability of the data. 

The biological factors underlying malignant GCT are not well understood. Isolated 

reports have suggested potential associations with TP53 alteration, and CCND1 

and MET amplification but the methodologies used included only single gene 

analysis, array-CGH and FISH (Saada et al., 2011, Saito et al., 2011a, Saito et 

al., 2011b, Okubo et al., 2013). Limited studies have assessed the association of 

G34W mutation with malignant progression. Case reports have described either 

the retention or loss of G34W mutation in malignant progression (Tsukamoto et 

al., 2017, Tsukamoto et al., 2018, Yoshida et al., 2019). Conversely, four series 

have reported the occurrence of H3F3A mutation in sarcoma not initially reported 

to have a GCT component (Amary et al., 2017, Koelsche et al., 2017, Righi et al., 

2017, Yoshida et al., 2019). The majority of these cases were diagnosed as 

osteosarcoma, though often rich in osteoclasts (Table 6). Methylation array 

analysis in one series suggested closer similarity of malignant H3.3 mutant 

osteosarcoma to GCT than H3.3 wild-type osteosarcoma (Koelsche et al., 2017). 

These observations suggest the theory that malignant H3.3 mutant tumours are 

true malignant GCTs that lack the histological evidence of previous or existing 

conventional GCT. 
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4.2. Aim 

To explore the genomic landscape of H3.3 mutant bone tumours 

4.2.1. Objectives 

• Explore the common origin of H3.3 mutant bone tumours 

• To identify genomic patterns that may elucidate the process of metastatic 

spread in conventional GCT 

• To identify mutational events that distinguish benign from malignant H3.3 

mutant tumours 

4.3. Results 
4.3.1. The genomic landscape of H3.3 mutant bone tumours 

H3.3 mutated bone tumours were identified for this study by 

immunohistochemical screening of tumours for the mutated protein (Amary et al., 

2017, Presneau et al., 2015). This cohort spanned the spectrum of patients 

affected by benign (n=9) and malignant (n=8) H3.3 tumours but was in keeping 

with the typical demographics for GCT: a median age of diagnosis of 25 (Range 

14-53), a 9:8 female-to-male ratio, and most cases occurring in the tibia and 

femur (Table 7). Many diagnoses were challenging and were reviewed by 

multiple specialist bone tumour pathologists nationally and internationally. 

Osteosarcoma was the most common diagnosis of the malignant tumours (4/8) 

followed by primary malignant giant cell tumours of bone (2/8). All but two 

malignant tumours had an osteoclast-like component. 
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All tumours were resected and some of the patients received chemotherapy 

before or after surgery but generally with a poor or no response. Four of the eight 

patients with malignant disease have, to date, died from disease at a median 14.5 

months from diagnosis (Range 7-50), while a further patient has, at most recent 

follow-up, progressive widespread metastatic disease despite third line 

chemotherapy. This series also includes an individual with metastatic disease 

from a conventional benign GCT (BMGCT). At diagnosis of lung metastases, 8 

months after initial GCT diagnosis, chemotherapy was instigated for suspected 

malignant progression. As the pulmonary lesions did not respond to 

chemotherapy, resection was performed and subsequent review suggested all 

lesions are consistent with conventional GCT and possessed an H3F3A:p.G34W 

mutation. 

Genomic DNA was extracted from freshly frozen tumour sections and matched 

germline sequences were extracted from blood. These were subjected to whole 

genome sequencing at a median coverage of 39.1x (Range 35-61) and 37.3x 

(24-68) for tumours and germline sequences respectively. Five GCTs had been 

sequenced for a previous study but all data was reanalysed consistently in the 

entire cohort (Methods 2.7) (Presneau et al., 2015). Catalogues of somatic 

variants were compiled for all tumours and precision of all variant calls was found 

to be >95% by manual review.  

In keeping with the previous report (Presneau et al., 2015), conventional GCT 

possessed a comparable number of somatic variants to osteoblastoma (Figure 
12 and Figure 22) with few substitutions (median 670, range 849-1090), indels 

(median 44.5, range 19-66) or structural variants (median 8, range 4-15). In 

contrast, all malignant tumours possessed an increased burden of somatic 

variants, though broadly these could be divided into two groups: 4/8 tumours with 

only a modest increase in mutations (medians: 1815 substitutions, 86 indels, 21 

structural variants) and 4/8 with a mutational burden similar to osteosarcoma 

(medians: 4177 substitutions, 205 indels, 108 structural variants). 
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Figure 22 Landscape of H3.3 mutant tumours. From top to bottom: Clinical diagnoses, 
ambiguity in diagnosis requiring multiple reviews, age at diagnosis and clinical outcome, 
unsupervised methylation cluster assignment, CCND1 promoter methylation status 
(hypermethylation is defined as a mean CCND1 promoter methylation beta value >0.2), 
raw small somatic variant (SNV/indel) counts, structural variant counts, Copy Number 
(CN) score (Methods 2.15 and Results 4.3.2), Tumour:Normal telomere length ratio 
with error bars reflecting the 5th and 95th centiles from 10,000 bootstrapped estimates 
sampling the data from the underlying sequencing read groups, tileplot of curated drivers 
and significant genomic events (genome doubling and chromothripsis). 

All variants were scrutinised for putative cancer drivers using a similar strategy 

as described before (Methods 2.9 and Results 3.3.1). In brief, all coding variants 

were annotated for their functional impact using the algorithm, VAGrENT 

(http://cancerit.github.io/VAGrENT/). Tumour suppressors were required to have 

a deleterious variant in a single remaining gene copy or be focally (<1MB) 

homozygously deleted. Oncogenes were required to have known hotspot 

mutations or focal amplification, defined as four more copies than the average 

major allele copy number. Structural variants were all screened against known 

fusions as well being considered for their disruptive deleterious impact or 

undetected copy number change. The reads supporting candidate driver variants 

were manually reviewed. The published literature was reviewed to confirm 

plausible drivers (Figure 22). 

All samples possessed known histone variants, most commonly H3F3A:p.G34W 

in sixteen cases and one each of H3F3A:p.G34R and H3F3B:p.G34R. These 

G34R variants were only seen in malignant tumours but neither were 

accompanied with ATRX/DAXX mutations normally seen in paediatric GBM 

harbouring H3F3A:p.G34R/V mutation. The only tumour lacking a histone variant 

was the malignant tumour, PD38328a, which had lost a copy of the H3F3A locus, 

discussed further below (Results 4.3.3).  

No conventional GCTs, including the metastatic case, possessed an additional 

driver event. In contrast, all malignant tumours contained at least one additional 

driver event. The only exception was PD37332a which was a biphasic tumour, 

possessing both a region of both conventional GCT and a region more closely 

resembling low-grade osteosarcoma but without MDM2 amplification as 

assessed by FISH. On review the sequenced portion of the tumour was purely 
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conventional GCT, suggesting that the histological appearances reflect the 

underlying mutational landscape.  

Biallelic losses of histone lysine demethylases were seen in two malignant 

tumours: KDM4B by homozygous deletion (Figure 23) and KDM5A by an 

essential splice site substitution in the context of loss of heterozygosity of the X 

chromosome in a female patient.  

 
Figure 23 PD38328a KDM4B homozygous deletion. The different transcripts for 
KDM4B are shown at the top. LogR represents logged normalised ratios of tumour and 
normal coverage at SNP positions. The red link is an annotation of a deletion that was 
orthogonally detected by the structural variant caller BRASS (Methods 2.7). The loss of 
heterozygosity of 19p is not visible at this scale, therefore B-allele frequencies are not 
shown. 

PD4922e, sampled from a pleomorphic sarcoma had biallelic mutations in TP53, 

NF2 and B2M. This sample had the greatest mutational burden and significant 

evidence of genomic instability (Figure 24). 
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Figure 24 PD4922e Circos plot of genome wide copy number and structural 
variants. Copy number is shown with the orange (total copy number) and black (minor 
allele) segments counted from a minimum of zero on the innermost ring. Structural 
variants are shown as coloured internal links (blue – tandem duplications, red – 
deletions, yellow – inversions, grey – translocations)  

The only recurrent mutation, apart from histone variants, was a canonical 

promoter variant, TERT:n.-124G>A (relative to ATG start site) which is the gene 

encoding telomerase (Vinagre et al., 2013). This mutation is suspected to 

increase promoter binding, thereby telomerase protein levels and activity (Horn 

et al., 2013). A further sample, PD3788d, had a complex rearrangement event, 

resembling chromothripsis, encompassing TERT. The exact functional 

consequence can only be surmised in the absence of expression data, however 
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a structural variant 15kb upstream of TERT resulted in the juxtaposition of the 

gene MEGF10 with the TERT promoter (Figure 25). MEGF10 is reported to be 

under the control of a superenhancer in the dbSUPER database, though data are 

only available for brain tissues (Khan and Zhang, 2016). 

 
Figure 25 Circos plot of chromothripsis around TERT in PD3788d. Copy number 
and structural variants in PD3788d in the same format as Figure 24 restricted to 
chromosome 5. Genes lying within 10kb of each breakpoint are labelled on the outside. 
The random configuration of rearrangements and deletions, typical for chromothripsis is 
seen. Of note, this sample has undergone whole genome duplication. 

To identify other methods of achieving replicative immortality, telomere lengths 

were calculated for each sample. Telomere lengths can be estimated from the 

number of sequencing reads containing the telomeric hexamer ‘TTAGGG’, using 
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the algorithm TelSeq (Ding et al., 2014). This revealed two malignant samples, 

PD4922e and PD30985a, with markedly elongated telomeres. This degree of 

telomere elongation is consistent with so-called Alternative Lengthening of 

Telomeres (ALT) which is usually mutually exclusive with TERT alteration 

(Barthel et al., 2017, Bryan et al., 1997, Cesare and Reddel, 2010). A pan-cancer 

analysis of genome sequencing clustered samples by the features of their 

telomeric sequence and identified two distinct patterns of ALT (PCAWG, 2020). 

The first pattern was highly enriched for sarcomas, and similarly to PD4922e and 

PD30985a also involved higher numbers of genomic breakpoints. This pattern of 

ALT was commonly associated with biallelic mutations in RB1 or ATRX, however 

a substantial proportion lacked either, or had only shallow RB1 deletions. Both 

PD4922e and PD3095a have lost heterozygosity of chromosome 13, containing 

RB1, though further RB1, ATRX or DAXX (associated with the second pattern of 

ALT) mutations were not seen. The alternative pattern of ALT was also 

distinguished by a higher proportion of variant motifs (‘TGAGGG’ and ‘TTCGGG’). 

Neither of these motifs were increased in these malignant samples with ALT. This 

suggests that these two malignant samples may have a pattern of ALT consistent 

with other sarcoma types. 

In summary all malignant tumours that were adequately sampled were found to 

have at least one potential driver mutation in addition to a histone variant. In two 

tumours this driver was an epigenetic modulator and in the remaining five there 

was evidence of acquired replicative immortality. Replicative immortality was 

achieved through TERT promoter mutation, ALT or potential enhancer hijacking.  

4.3.2. Late aneuploidy and genome duplication mark malignant H3.3 
tumour progression 

Consistent with the increasing mutational burden, malignant tumours also 

displayed evidence of significant copy number aberration, including 

chromothripsis and whole genome duplication in 4/8 cases. To quantify the 

degree of aberration for each sample I adapted two existing copy number scoring 

methods: the weighted Genome Instability Index (wGII) (Endesfelder et al., 2014) 

and somatic copy number aberration level (SCNA level) (Davoli et al., 2017). The 
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SCNA level is designed for un-normalised logR values for SNP positions across 

the genome, but allocates each SNP a score based on the degree of aberration. 

wGII is designed for segmented normalised integer-value copy number and is the 

proportion of the genome that is aberrated. wGII has no additional weighting for 

significant aberrations such as homozygous deletions or amplifications. 

Harnassing the better features for each scoring method, the Copy Number (CN) 

score reported here is based on a weighted proportion of the genome aberrated, 

but with increased weighting for homozygous deletions or amplifications 

(Methods 2.15, Figure 22, and Figure 26).  

 
Figure 26 Example copy number profiles and scores. Selected Battenberg copy 
number profiles for sequenced cases representing the spectrum of copy number 
alteration and score. Total copy number is shown as orange segments and minor allele 
copy number in black. 

CN scores from sequenced samples were clearly segregated between benign 

and malignant tumours. Once again malignant tumours separated further into two 

groups, one with few aberrations and another with a CN score >0.2. To confirm 
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the absence of substantial copy number aberrations in conventional GCT, an 

additional validation cohort of tumours was assembled (Appendix 7.2.1). Tumour 

and germline (where available) DNA were extracted and subjected to SNP array 

analysis. Copy number profiles were produced using ASCAT (Methods 2.4), and 

CN scores derived (Figure 27). Only two samples demonstrated increased CN 

scores and these were derived from the primary (benign) and recurrent 

(malignant) tumour from the same patient; S00068941 and S00068945 

respectively. While the primary specimen was classified as a conventional GCT, 

there were already histological features of atypia, which had raised concern about 

malignancy. Both copy number profiles are highly similar though there are some 

private changes to each specimen, implying some degree of intratumour 

heterogeneity (Figure 28). The CN scores of both were still substantially less 

than 0.2. 

 
Figure 27 Validation cohort of CN scores.SNP array derived copy number scores for 
a validation cohort of malignant and benign tumours. Left of the dashed line are the 
median CN scores for malignant and benign sequenced tumours. All BMGCT specimens 
were from primaries only 



  H3.3 mutant bone tumours 

 107 

 
Figure 28 SNP array copy number profiles from a GCT and its recurrence. ASCAT 
copy number profiles. In contrast to Battenberg-based copy number profiles above, 
major allele is shown in red and the minor allele is shown in green. 

Further validation of the spectrum of CN scores in H3.3 mutant tumours was 

sought using data available from methylation array profiling (Appendix 7.2.2, and 

Results 4.3.4).  To generate copy number profiles, the intensity values for each 

methylation probe were normalised against known diploid samples. Resultant 

intensity values were binned in genomic regions and segmented. Combinations 

of ploidy and purity were assessed to find the optimal copy number profile with 

integer values.  

 
Figure 29 Methylation array based copy number scores 
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Methylation array-based CN scores recapitulated findings from sequencing and 

SNP array-based cohorts (Figure 29). All GCT samples and chondroblastoma, 

used as a benign counterpart with H3.3 mutations all had low CN scores of less 

than 0.1. In contrast, a proportion of malignant H3.3 tumours had CN scores that 

were greater than 0.2 and comparable with a malignant non-H3.3-mutated 

counterpart, osteosarcoma. 

Copy number gains and genome duplication allow the potential to apply 

computational methods to calculate both the order and the timing of mutational 

events. This was possible in three samples. In two of these, PD4922e (Figure 
30) and PD30985a (Appendix 7.2.3), the number of copies of the histone variant 

was compatible with the local major allelic copy number suggesting that the 

histone variant was acquired prior to whole genome duplication. TP53 mutation 

in PD4922e was also acquired prior to duplication. In the third sample, an 

unbalanced copy number state (2+1) at the H3F3A locus made the ordering of 

the mutation ambiguous (Appendix 7.2.3).  

Extrapolating the principle that the copy number of mutations indicates whether 

they occurred before or after a broader copy number gain at their locus allows 

the gain itself to be timed. The proportion of mutations pre-existing before the 

copy number gain is the relative ‘lateness’ of the gain. By considering only 

mutations that are thought to be acquired at a constant rate through life, so called 

‘clock-like’ mutations this relative timing can be converted into real-time relative 

to the patient’s age. This was performed by leveraging all ‘clock-like’ mutations 

found on chromosomal segments with balanced copy number gains or loss of 

heterozygosity (e.g. major allele 2, minor allele 2 or 0). In all three cases 

(Appendix 7.2.3), while genome duplication happened relatively late in the 

tumour’s lifetime, this was still likely to be several years prior to diagnosis. This is 

demonstrated in Figure 30a using the number of mutations seen in 17p at a copy 

number 1. These mutations were acquired after genome duplication and appear 

equivalent in number to those at around 3 copies. Timing calculation, must still 

take into account the increased probability for a mutation to occur after a copy 

number gain, because the amount of genomic material on which they can arise 

has also increased (Methods 2.17). 
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Figure 30 Timing of PD4922e. a) Copy number plot for chromosome 17 (orange 
segments - total copy number, black segments – minor allelic copy number). Each point 
is a mutation allele frequency transformed into mutation copy number. Red dots are 
driver mutations. b) Timeline of driver mutation acquisition and genome duplication. 
Genome duplication is marked in the grey bar with a confidence interval generated by 
10,000 bootstrapped iterations resampling mutations. The red line is the real-time timing 
for additional gains (>3 major allele) with a confidence interval in yellow. c) The 
chromosome 17 complex rearrangement event, with many minor allele copy number 
states >0, therefore this must have occurred after genome duplication. 
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4.3.3. Case Study – H3.3 mutation potentially lost in malignant progression 

One sample in the sequenced cohort, PD38328a, lacked sequencing evidence 

of an H3.3 mutation, while the initial diagnostic biopsy from the same specimen 

exhibited evidence of this mutation on immunohistochemistry. The loss of 

expression of the mutated gene has been reported in the literature but warrants 

more detailed consideration (Ogura et al., 2017, Tsukamoto et al., 2017). 

A 38 year female, with no past medical or family history of note, presented with a 

4 month history of left knee pain after a fall. Imaging in a local orthopaedic centre 

suggested a lytic subarticular lesion consistent with osteosarcoma, therefore she 

was referred to a regional sarcoma unit for investigation. A core biopsy revealed 

a fibroblastic proliferation but with a small residual focus of scattered osteoclasts 

amid scattered mononuclear stromal cells. These stromal cells had scattered 

nuclear immunoreactivity for a G34W antibody (Figure 31). For this reason, a 

diagnosis of conventional GCT was favoured and the patient proceeded to an en-

bloc resection and distal femoral reconstruction. 

 
Figure 31 PD38328a biopsy GCT histological images. Left panel is a haematoxylin 
and eosin (H&E)-stained section of tumour amid cancellous bone. Right panel 
demonstrates scattered H3.3 G34W immunoreactive nuclei. 

The resection specimen, however, showed no G34W immunoreactive cells, and 

the histological features of GCT, including osteoclasts were absent (Figure 32). 

In contrast the tumour possessed many mitotic figures and nuclear atypia, 

suggestive of a malignant tumour. The favoured diagnosis was therefore 

malignant GCT. This resection specimen was subjected to whole genome 

sequencing as discussed above (Results 4.3.1) and no reads were found to 
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support a H3F3A/H3F3B coding variant. Chromosome 1q was however deleted, 

which could potentially have included the original mutation (Figure 33). Of note, 

this sample had acquired homozygous deletion of KDM4B, potentially 

recapitulating the phenotype of a histone coding variant by another mechanism. 

The sample otherwise appeared similar genomically to the higher mutation 

burden malignant H3.3-mutated samples, with whole genome duplication, a high 

degree of aneuploidy and a number of focal complex rearrangement patterns, 

compatible with chromothripsis. 

 
Figure 32 PD38328a resection malignant histology. Left panel is a high-power H&E-
stained section of the resection specimen of PD38328a showing mitoses and nuclear 
atypia. The right panel demonstrates the absence of nuclear immunoreactivity for H3.3 
G34W in this sample. 
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Figure 33 PD38328a circos plot of copy number and structural rearrangements. 
Format as previously displayed. Note the locus of H3F3A at chromosome 1q has lost 
heterozygosity 

Whole genome sequencing copy number profiles for available malignant 

sarcomas were screened for deletions spanning the H3F3A and H3F3B loci. 

Deletions are frequently observed (Figure 34), potentially raising the possibility 

that there are other malignant tumours that have a common origin with GCT and 

malignant H3.3 mutant bone tumours. Specific gene level loss of heterozygosity 

(LOH) is, however, clearly associated with aneuploidy in general, so these 

deletions are not specific to this gene locus. 
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Figure 34 H3.3 gene LOH in osteosarcoma and undifferentiated sarcoma.Top 
panels related to 47 osteosarcoma whole genome sequencing derived copy number 
profiles whilst the bottom panels result from 76 whole genome sequencing-derived copy 
number profiles. LOH_frac is the fraction of the genome with LOH, while gene-specific 
LOH is shown on the horizontal axis. 

4.3.4. Malignant H3.3 bone tumours have a distinct methylation profile 

To explore the epigenetic differences between malignant and benign H3.3 

mutated bone tumours I subjected a further tumour cohort to DNA methylation 

analysis. This tumour cohort, in part comprised some of the sequenced samples, 

as well as osteosarcoma as an H3.3 unmutated malignant counterpart and 

chondroblastoma as a benign tumour that has an alternative H3.3 mutation; 

H3F3B:p.K27M (Appendix 7.2.2). Raw methylation array data from GCTs and 

Malignant H3.3 mutant tumours were also contributed by a collaborator, some of 

which were published previously and discussed above (Results 4.1.5) (Koelsche 

et al., 2017). DNA was extracted, predominantly from fresh-frozen tissues, 

bisulphite converted and analysed on either an Illumina 450k or EPIC array. Data 

were corrected for dye-biases and background fluorescence, as well as filtered 

for probes that were ambiguously located, non-autosomal or not common to both 

array platforms (Methods 2.18). 
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Unsupervised clustering based on the most variable methylation probes easily 

recapitulated the diagnostic groups (Figure 35). Furthermore, while closely 

related to conventional GCT, the malignant H3.3 mutant tumours also formed a 

distinct clade. Metastatic samples clustered with the benign GCT group.  

 
Figure 35  Methylation based unsupervised clustering Left panel is a multi-
dimensional scaling (MDS) plot based on the methylation profile for each tumour. 
Ellipses are schematic for the unsupervised clustering allocation for each sample. Each 
cluster is named according to the predominant diagnostic group contained within: “G” -
GCT. “M” – Malignant H3.3, “Os” – Osteosarcoma, “C” – Chondroblastoma. 
Unsupervised clustering allocations were derived from hierarchical clustering, shown in 
the right panel. Note that the MDS does not adequately project all the points at the 
interface between the “M” and “G” cluster, for example the pink ‘BMGCT-Met’ sample 
was assigned to the “G” cluster by hierarchical clustering. 

To identify any genomic patterns underlying the distinct clustering of benign and 

malignant methylation profiles, differentially methylated probe and region 

analysis was conducted. Comparing significant and non-differentially methylated 

probes (DMPs) there was a significant depletion of regulatory sites amongst 

differentially methylated probes (Figure 36). Specifically, transcription start sites 

were less likely to be significant DMPs, whilst intergenic regions were enriched. 

Of these intergenic region probes, those that were significantly differentially 

methylated were less likely to be at enhancer sites (68% of significant DMPs vs. 

91% of those that were non-significant).  
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Figure 36 Genomic features of differentially methylated sites. Barplot of genomic 
features of methylation array probes that are significantly (adjusted p value < 1x10-5) or 
non-differentially methylated between malignant clustered tumours and benign clustered 
GCTs, using ChAMP (Methods 2.20). All differences are highly significant by Pearson’s 
chi-squared test, except for 3’UTRs which is only marginally significant (p=2x10-3) and 
gene bodies which was non-significant (p=0.21). Abbreviations: UTR – Untranslated 
Region, IGR – Intergenic Region, TSS – Transcription Start Site (and either 200 or 
1500bp upstream) 

As gene regulatory elements were less differentially methylated it was 

unsurprising that regulatory pathways were not consistently modulated by DNA 

methylation (Figure 37). Of those pathways that did meet statistical significance 

it was noted that many were comprised of closely related genes found in dense 

genomic clusters, most notably the olfactory receptor genes (OR) and clusters of 

histone genes. To investigate the significance of these aberrations, bespoke 

analysis of methylation difference across the genome was conducted (2.20). This 

revealed genomic regions that were significantly differentially methylated 

between malignant and benign H3.3-mutated samples.  
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Figure 37 Gene set enrichment analysis for methylation data. Reactome gene sets 
are shown for methylation differences between benign and malignant H3.3 mutated 
tumours. NES (Normalised Enrichment Score), padj are Benjamini-Hochberg adjusted 
p-values 

Specifically, when reviewing regions containing clustered histone genes there 

were short sections of the HIST1 cluster, located on chromosome 6, that were 

hypermethylated in malignant tumours (Figure 38). These seemed exclusively to 

contain histone genes. Conversely, of the large numbers of olfactory gene 

clusters, only a proportion were differentially methylated and many were part of 

larger differentially methylated regions (Figure 39). The biological significance of 

these regional methylation differences was unclear. 
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Figure 38 Differential methylation across histone clusters. Genomic regions 
containing clusters of histone genes (more than 5 genes with less than 200kb between 
each gene). Point are the signal-noise ratio (SNR) of methylation difference between 
malignant and benign tumours for each probe (negative values mean relative 
hypomethylation of malignant tumours). Green segments are segmented SNR values. 
Grey horizontal dashed lines denote significant SNR levels from permutation analysis. 
Black vertical lines are the boundaries of the displayed cluster. Blue segments and 
upward facing gene levels are genes identified by Differentially Methylated Region 
(DMR) analysis. Grey segments are all genes within the region. NB: One histone cluster 
on chromosome 6, with no segmented aberration is not shown. Chromosome 1 HIST 2 
cluster shows no differential methylation in the top panel whilst section of HIST1 cluster 
on chromosome 6 show focal hypermethylation in malignant tumours. 



 

 118 

 

 

Figure 39 Differentially methylation around olfactory gene clusters. Figure format 
as for Figure 38. 3/16 representative olfactory gene clusters shown. 

4.3.5. Benign H3.3 tumours have a hypermethylated CCND1 promoter 

In contrast to these global and larger regional epigenetic changes between 

benign and malignant tumours, aggregating methylation probes into differentially 
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methylated regions (DMRs) identified focal changes in a few specific gene 

promoters. Of 74 DMRs identified, 56 were identified to be focal around gene 

transcriptions start sites (Figure 40).  

 
Figure 40 Focal differentially methylated regions (DMRs). Representative examples 
of the 56 DMRs focally identified to target gene transcription start sites. Grey points are 
aggregated signal-noise ratios (SNR) of malignant to benign methylation group 
differences. Green segments are segmented SNR values. Genes are denoted with a 
grey bar with a black tick identifying the known transcription start site whilst the blue 
segment is the ChAMP identified DMR. 

The most statistically significant DMR was also the only one identified in a 

plausible cancer driver gene, CCND1 (Figure 41). Differential methylation 
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spanned a promoter region of 1500bp either side of the transcription start site 

(TSS).  

 
Figure 41 CCND1 differential methylation. Individual methylation probe methylation 
values for clustered malignant and benign (GCT) H3.3 mutant bone tumours. Lines are 
smoothed with a generalized additive model. The gene body is shown underneath with 
black marks highlighting known transcription start sites (TSS) and a promoter region 
highlighted by the green box (1500bp upstream and 200bp downstream of the 5’ TSS)  

Comparing the mean methylation level across this promoter region between 

different bone and soft tissue tumour types revealed that in fact hypermethylation 

at this site is particular to GCT (Figure 42). Malignant histone mutated tumours 

and chondrosarcoma were the only tumour types with any samples with a similar 

degree of CCND1 promoter methylation. CCND1 promoter methylation was 

concordant with unsupervised methylation cluster groups (Figure 22 and Figure 
43).  



  H3.3 mutant bone tumours 

 121 

 
Figure 42 CCND1 promoter methylation across sarcoma types. Boxplot of mean 
CCND1 promoter methylation for a selection of normal tissues, benign and malignant 
bone and soft tissue tumours.  

 

Figure 43 CCND1 promoter methylation in clustered tumours. Boxplot of tumours 
groups by unsupervised methylation cluster. Tumour diagnosis is shown with the colour 
for each dot, consistent colouring as from Figure 35 
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Of the sequenced cohort, only one benign tumour, PD3795d, was found to have 

a methylation cluster and CCND1 promoter methylation state discordant with the 

final histological diagnosis of GCT. This sample, a recurrent GCT, was noted to 

have areas of focal atypia and osteoid deposition. This had been sufficient for a 

diagnosis of osteosarcoma by an externally reviewing bone tumour pathologist. 

Conversely the only malignant sequenced tumour with discordant methylation 

clustering and CCND1 promoter status, was PD37332a, which as has already 

been noted, was a biphasic tumour. In this case, all genomic and methylomic 

findings suggest that the sampled benign component resembles a conventional 

GCT and not a malignant tumour which has arisen from it. 

4.3.6. GCT metastases are polyclonally seeded 

The GCTs with metastases and PD38329, in which the metastases were also 

subjected to whole genome sequencing and methylation array analysis, have all 

suggested that these tumours retain the genomic and methylation profile of a 

conventional GCT. PD38329 offered an unrivalled opportunity to explore the 

pattern of mutations within metastases. Using the algorithm DPClust, mutations 

were clustered by the proportion of cells in each sample possessing them; the 

cancer cell fraction (CCF) (Methods 2.16, Figure 44a). Using this approach, I 

could confirm that all driver mutations seen in the sequenced samples were 

clonal. Leveraging the independent sampling across the three tumour samples, 

increased the power to define these mutation clusters. Mutations common to all 

cells in a sample can be considered ‘clonal’ while those in only a subpopulation 

are ‘subclonal’. Both the primary tumour (PD38329a) and the two metastases 

(PD38329c and PD38329d) possessed a group of mutations private to that 

tumour sample only. This is a demonstration of heterogeneity across the tumour 

sites (Figure 44b). Furthermore, both metastases showed evidence of polyclonal 

seeding (Figure 44c). A subclonal cluster of mutations (orange cluster in Figure 
44) was found to be subclonal in all samples. This suggests that the metastases 

were seeded by both a cell that possessed these mutations and a cell that did 

not. 
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Figure 44 Mutation clustering reveals the pattern of metastatic seeding in benign-
metastasising GCT. a) Two-dimensional projections of clustering of mutations by their 
CCF. Each dimension is one sample, points represent mutations. Points are coloured by 
the cluster to which they were assigned by DPClust. Mutations clustering at CCF=1 
(green) are clonal in all samples and therefore define mutations found in the most recent 
common ancestor to all sampled cells. b) clonal phylogenetic trees defined by mutation 
clustering for each sample. The length of connecting lines denotes the number of 
mutations acquired, the area of each circle is proportional to the number of cells 
possessing those mutations. The position of each subclone is defined by the ‘pigeon-
hole’ principle: if the sum of the CCFs of two subclones is greater than their mutual 
parent, then one must lie within the other. Barplots of shown adjacent with CCFs scaled 
to the largest (clone) nested according to the phylogenetic relationship c) The pattern of 
clonal spread from primary tumour to metastases.  
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4.4. Discussion 
4.4.1. Malignant H3.3 tumours acquire additional driver mutations 

This study provides the first analysis of the genomic landscape of benign and 

malignant H3.3-mutated bone tumours. In keeping with previous findings, benign 

tumours (GCT), have a minimal mutation load, unrearranged genomes and are 

diploid. The absence of significant copy number aberration was validated in 

sizeable cohorts, appraised by either SNP or methylation arrays.  No additional 

drivers were identified in GCTs.  

In contrast, malignant tumours have an increased mutational burden and a 

spectrum of genomic rearrangements. The most aberrant genomes, in common 

with other sarcomas, have often undergone genome duplication and possess 

complex copy number and rearrangement events resembling chromothripsis 

(Steele et al., 2019).  

In this series of sequenced tumours, all malignant tumours had acquired at least 

one additional driver mutation. Mutually exclusively malignant tumours acquired 

an additional epigenetic modulator or replicative immortality. Replicative 

immortality was achieved either by a TERT promoter mutation, TERT 

rearrangement or, in common with other sarcoma types, Alternative Lengthening 

of Telomeres (ALT). The observed epigenetic modulator mutations were 

homozygous loss of function mutations in histone specific lysine demethylases 

(KDM). It is noteworthy that the previous exome study of conventional GCTs also 

noted isolated epigenetic modulator mutations, including KDM mutations (Ogura 

et al., 2017). Furthermore, the loss of function of KDM4 family histone 

demethylases is known to recapitulate the epigenetic changes induced by G34R 

histone mutation in cell line models. Establishing the clinical outcome of the 

exome sequenced tumours, reported by Ogura et al. (Ogura et al., 2017), could 

indicate whether they reflect early signs of transformation. If proven, additional 

driver acquisition could become a clinical predictor of risk of recurrence or 

progression.  
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4.4.2. Malignant H3.3 tumours have a distinct methylation profile  

The methylation profile of malignant H3.3 tumours is highly similar to GCT but 

with distinct changes. They remain more closely related to GCT than to the 

malignant tumours they often mimic, namely osteosarcoma. There are, however, 

a number of differences between GCT and malignant tumours at the global, 

regional and local scale. These could, in part, reflect differences in the cell type 

composition of tumours. Methylation profiles derived from bulk sampling cannot, 

as yet, be readily purified to represent only a pure tumour profile. Methods to infer 

cell type composition, such as EpiDISH (Teschendorff et al., 2017), rely on 

reference profiles for cell types, which do not adequately reflect mesenchymal 

tissues. Despite this caveat, tumour cells still reflect a substantial proportion of all 

samples (median sample purity, 49.7% (SD 13.7%) and 46% (SD 14.7%) for 

malignant and benign tumours respectively; Methods 2.16). Consistent changes 

seen across samples might also more closely reflect tumour cell properties. 

Globally, many of the sites in which malignant tumours differ from GCT are non-

enhancer sites in intergenic regions. They also have a number of large regional 

methylation changes that affect clustered genes, including a component of the 

Histone 1 cluster. Whether this has an additional epigenetic impact, altering the 

landscape of expressed histones is uncertain. Gene pathways do not seem to be 

markedly dysregulated by altered methylation patterns, however isolated genes, 

most notably CCND1, exhibit altered promoter methylation patterns. CCND1 had 

no evidence of genetic change in any sample. Paradoxically, CCND1 promoter 

methylation seems to be unusually high in GCT, while malignant tumours are 

hypomethylated to a level consistent with most other bone and soft tissue 

tumours and available normal tissues.  

Work to explore the relationship of CCND1 promoter methylation with expressed 

Cyclin D1 levels is ongoing. It is noteworthy that Cyclin D1 expression has 

predominantly been observed in the nuclei of osteoclast-like cells and not stromal 

cells. This is consistent with the hypothesis that GCTs silence CCND1 expression 

by promoter methylation, but this has not been explored since the advent of a 

reliable marker to visualise tumours cells, namely H3.3 G34 mutation 

(Matsubayashi et al., 2009). Immunohistochemistry, assaying for both the G34 
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mutation and Cyclin D1 expression could evaluate Cyclin D1 expression in the 

tumour cells of both benign and malignant GCTs. Should this in-situ approach 

not work, the ability to interrogate the effects of CCND1 promoter methylation is 

limited by the lack of in vitro models. It is not known, as yet, whether introducing 

the histone mutation in vitro recapitulates the in vivo methylation findings. 

4.4.3. Do malignant H3.3-mutated tumours transform from GCTs? 

The malignant tumours assessed here were selected to possess the same driver 

mutations as conventional GCT. The evidence presented strengthens the 

argument for their common evolutionary origin. Both tumours are found in the 

same tissue type and are commonly defined by similar histological features, 

specifically the presence of giant cells, and present at a subarticular site. They 

are both defined by a mutation which is highly tumour-specific and likely to rely 

on a tissue-specific context. Evidence presented here demonstrated the close 

relationship of their methylation profiles, often considered a reflection of their cell 

of origins. Finally, where it was possible to assess, histone mutations could be 

shown to pre-date genome duplication. At one time ancestor cells of these 

malignant tumours possessed a histone driver mutation in the context of a diploid 

genome, that more closely resembles GCT.  

To complicate the above evidence, I present a further case to add to the seven 

reported cases in the literature, where malignant progression of a GCT entails 

the loss of mutated histone expression. For the first time, from sequencing data, 

I show that it is associated with the deletion of the H3.3 locus. It is conceivable 

that a proportion of other malignant tumours, with copy number losses at this 

locus, have developed from H3.3 mutant tumours though clearly many will have 

acquired these losses by chance. 

There is now a body of evidence that malignant H3.3-mutant bone tumours have 

evolved from GCTs, however it is still indirect. The possibility of the malignant 

tumour arising in parallel, though extremely unlikely, has not been entirely 

excluded. Conceivably, this could have occurred because of an undetected 

cancer predisposition variant in the germline or in other early dividing cells 

representing mosaicism. Direct evidence would require sufficient and high-quality 
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DNA from both a GCT and a malignant tumour from the same patient. This is 

regardless of whether or not the mutated histone was expressed in both. 

Identifying any shared somatic mutations between the samples would establish 

a common origin as identical mutations are unlikely to occur twice independently 

in the same patient. If the histone mutation were deleted, the mutated allele could 

potentially be phased to nearby SNPs. This would establish whether the mutation 

was present on the same parental allele that had been deleted. Unfortunately, in 

the presented case, sufficient DNA was not available from the GCT component 

and suitable analysis has not been performed on the published cases. 

4.4.4. Benign metastatic GCTs resemble conventional GCT and may be 
polyclonally seeded 

The cohorts analysed here suggest that primary and metastatic specimens from 

benign metastatic GCTs resemble other conventional GCTs. They possess no 

additional driver mutations and have diploid genomes. They are heterogeneous 

tumours, with private mutations in both primary and metastatic specimens. In 

contrast to many malignant tumours, metastases are heterogenous and not 

seeded monoclonally (Priestley et al., 2019). In the presented example, a 

population of cells, possessing the same mutations, were found to be subclonal 

in the primary and both metastases. This demonstrates that the metastases were 

also seeded by cells lacking these mutations. Whether this occurred by the 

simultaneous seeding by a tumour embolus, as witnessed by Henry L. Jaffe 

(Jaffe, 1953), or by successive waves of seeding is unclear. This is however 

consistent with the concept of passive metastasis, metastatic clones that are 

embolised mechanically, without necessary the acquisition of a specific 

metastatic phenotype (Alberghini et al., 2010).  
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Chapter 5.  Identification and timing of 
chromoplexy across cancer types 

5.1. Introduction 

Osteoblastoma and malignant giant cell tumours of bone both featured examples 

of complex patterns of genomic rearrangement. Chromothripsis was seen in 

malignant giant cell tumours of bone, while chromoplexy generated the FOSB 

rearrangement seen in osteoblastoma. Chromoplexy is relatively unexplored in 

other human cancers. The purpose of this chapter is to explore methods to 

identify chromoplexy, whether it generates driver events, and when it occurs 

during tumour evolution.  

5.1.1. A mechanism and definition of chromoplexy 

The term ‘chromoplexy’, was first proposed by Baca et al. after the observation 

of series of interconnected structural genomic rearrangements in a cohort of 

whole genome sequenced prostate cancers (Baca et al., 2013). The term derives 

from the Greek term, ‘pleko’, meaning ‘to braid’, as several chromosomes were 

translocated to each other. The observed translocations were balanced, in that 

there was no loss of genomic material, however they were not directly reciprocal. 

Each chromosomal breakpoint could be connected to two further points in the 

genome. Complete ‘cycles’ were observed when the series of rearrangements 

could be connected back to the original starting point. Often however, the event 

was an incomplete ‘chain’.  

As yet, a clear and unified definition of chromoplexy has not been proposed, 

particularly in the context of its overlap with chromothripsis. Chromothripsis has 

been clearly defined by Korbel and Campbell (Korbel and Campbell, 2013) to 

meet the following criteria: 

1. Breakpoints should be clustered, have alternating (head/tail) support, and 

affect a specific haplotype 

2. Copy number states should oscillate regularly between retention and loss 

of heterozygosity 
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3. The derivative chromosome should have a random segment order with 

respect to the reference genome 

Few events perfectly meet all criteria because unrelated rearrangements or copy 

number changes, such as whole genome duplication, alter their appearance. 

Chromothripsis has at least one observed mechanistic basis, namely chromatid 

fragmentation within micronuclei during S-phase DNA replication and chromatin 

bridge rupture after telomere attrition (Zhang et al., 2015). 

In contrast, chromoplexy has no clear definition or experimentally validated 

mechanism. In published reports, it is loosely described as a series of chained or 

cycling rearrangements linking chromosomes together. When contrasted with 

chromothripsis it is suggested to have fewer breakpoints but a greater number of 

involved chromosomes. In general, the copy number around breakpoints is 

balanced, this is because no genomic material is thought to be lost. Neighbouring 

breakpoints can be linked by short losses of genomic material, termed ‘deletion 

bridges’. These appearances have led to the suggestion that chromoplexy events 

result from simultaneous double stranded breaks with misrepair, possibly by non-

homologous end joining (NHEJ). Breaks must be acquired simultaneously 

because if not, genomic losses would be inevitable and as stated above, copy 

number is generally balanced around breakpoints.  

Simultaneous breakage has been proposed to occur in hubs of transcriptionally 

active genes. In both prostate cancer and Ewing’s sarcoma, the genes involved 

in chromoplexy chains are known to be highly expressed (Anderson et al., 2018, 

Baca et al., 2013). In addition, in prostate cancer these genes were found, using 

Hi-C, to be co-localised in the nucleus (Baca et al., 2013). In common with many 

highly transcriptionally active genes, they are also early replicating. In prostate 

cancer, these genes are likely to be under the transcriptional control of the 

Androgen Receptor (AR). Chromoplexy chains occur less in the presence of 

CHD1 deletions and transcription of AR dependent genes has been 

demonstrated to be dependent on CHD1 (Metzger et al., 2016). CHD1 is thought 

to co-localise in a complex with AR and the histone-specific lysine demethylase 

KDM1A, regulating the transcription of AR targets, including ETS family genes. 
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Deletion of CHD1 might therefore reduce ETS family transcription and explain 

the reduced frequency of chromoplexy events. 

5.1.2. Chromoplexy in prostate cancer 

In prostate cancer, the fusion of TMPRSS2 and the ETS transcription family 

gene, ERG, which had previously been observed (Berger et al., 2011), frequently 

occurred in the context of a chromoplexy chain. In addition to ETS fusion events, 

tumour suppressor genes were commonly disrupted by chromoplexy, including 

PTEN, NKX3-1, and TP53. The pattern of complex rearrangement was 

dependent on the ETS fusion status. ETS fusion containing tumours commonly 

had chromoplexy chains spanning multiple chromosomes, with breakpoints 

frequently within genes. In contrast, those lacking an ETS fusion but with a CHD1 

deletion, had rearrangement events more closely resembling chromothripsis. 

These involved fewer chromosomes but with many more rearrangements, more 

commonly in intergenic regions. CHD1 is a chromatin modifier known to maintain 

genome stability, initially thought to explain the genomic differences until the 

association with AR activity was found. To date, the Baca et al. series remains 

the most comprehensive report of chromoplexy. 

5.1.3. Chromoplexy in other cancers 

There are only limited reports of chromoplexy in other cancers. Baca et al. also 

applied their algorithm to detect chromoplexy chains, ChainFinder, to breast, 

lung, head and neck cancers and melanoma, reporting some chained events in 

all. ChainFinder has also, independently been applied to a small number of 

mesothelioma tumours and cell lines (Oey et al., 2019). The authors of this study 

described a highly complex event in one tumour with hundreds of rearrangements 

across three chromosomes as being chromoplexy. That this event could also 

represent a chromothriptic event, highlights the ambiguity in the definitions of 

these events and the methods to detect them. All other reports of chromoplexy-

like events have been detected by manual inspection of the constituent structural 

rearrangements and copy number states. Two extremely rare nuclear protein in 

testis midline carcinomas (NMC) were found to have the pathognomonic BRD3/4-
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NUT rearrangement induced by chromoplexy (Lee et al., 2017b). A much larger 

series of Ewing’s sarcoma (Anderson et al., 2018) were also found to have the 

pathognomonic EWRS1-FLI1 (an ETS gene) fusion events induced by 

chromoplexy. Finally, a number of different fusion events, including EML4-ALK, 

previously reported in lung adenocarcinoma were found to be induced by either 

chromoplexy or chromothripsis (Lee et al., 2019). 

5.1.4. Methods to identify chromoplexy 

ChainFinder is the only method explicitly designed to identify chromoplexy. This 

is a MATLAB implementation of a graph theory approach to identify chains. 

Essentially this works in three steps:  

1. Clustering of breakpoints that are thought unlikely to have occurred 

independently because of their proximity 

2. Association or annotation of additional breakpoints by spanning deletions 

3. A global assessment of the chain to establish the probability that individual 

components occurred independently 

Two other methodologies that are reported to be applicable to chromoplexy are 

worthy of note. In both cases they are better suited to other types of complex 

rearrangements.  

CouGaR is an algorithm designed to work directly with aligned sequencing data 

but connecting together regions of genomic amplification at the same copy 

number level (Dzamba et al., 2017). Aligned reads are searched for putative 

rearrangements that are connect these regions. As CougGaR primarily detects 

amplifications, which are not seen in chromoplexy, this is more suited to either 

amplified chromothripsis, or chromoanasynthesis; a rearrangement event that 

involves the amplification of chromosomal segments (Liu et al., 2011, Zhang et 

al., 2015).  

Weinreb et al., presented a theoretical framework, though not a functioning 

algorithm, to detect events involving simultaneous breakpoints (Weinreb et al., 

2014). This, again, is better suited for non-chromoplexy events which have 

greater than two breakpoints in each cluster and more prevalent copy number 

changes. 
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All other reports of chromoplexy have involved manual curation of structural 

variants and their local copy number environment. Chains were identified 

beginning with known fusions that had been detected by rearrangement callers. 

These were then extended manually by identifying further, related structural 

rearrangements. No further attempts have been made to systematically 

catalogue these events in a pan-cancer setting. 

5.2. Aim 

To explore the definition, patterns and timing of chromoplexy across cancer 

types. 

5.2.1. Objectives 

• Explore methods to define chromoplexy and its underlying rearrangement 

pattern 

• Identify the frequency of chromoplexy and its potential to produce driver 

events 

• Define the timing of chromoplexy in tumour evolution 

5.3. Results 
5.3.1. The Pan Cancer Analysis of Whole Genomes (PCAWG) dataset 

The Pan Cancer Analysis of Whole Genomes (PCAWG) project provided an ideal 

opportunity to explore chromoplexy across cancer types. PCAWG aimed to 

collate whole genome sequencing data across cancer types and produce high 

quality but standardised analyses (PCAWG, 2020). This was to be achieved with 

a global consortium, organised into working groups based on their areas of 

scientific interest and expertise. These projects ranged from technical analysis, 

to driver detection, and relevant to the chapter, the study of structural 

rearrangement and tumour evolution and heterogeneity. 

The PCAWG cohort consisted of 2,658 patient donors, contributing 2,605 primary 

tumours and 173 metastases or local recurrences. Most cancer types were 
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represented, though not with a frequency matching population incidence (Table 
8, Appendix 7.3.1).  

Organ Abbreviation Included Subtypes Cases 
Neural Crest    
CNS CNS-GBM Glioblastoma 41 
CNS CNS-Medullo Medulloblastoma; Desmoplastic medullo.; Large cell medulloblastoma 146 
CNS CNS-Oligo Oligodendroglioma 18 
CNS CNS-PiloAstro Pilocytic astrocytoma 89 
Skin Skin-Melanoma Malignant melanoma 107 

Endoderm    

Biliary Biliary-AdenoCA Papillary cholangiocarcinoma 34 
Bladder Bladder-TCC Transitional cell carcinoma; Papillary transitional cell carcinoma 23 
Colon/Rectum ColoRect-AdenoCA Adenocarcinoma; Mucinous adeno. 60 
Esophagus Eso-AdenoCA Adenocarcinoma 98 
Liver Liver-HCC Hepatocellular carcinoma; Combined HCC/cholangio; Fibrolamellar HCC 317 
Lung Lung-AdenoCA Adenocarcinoma; Adenocarcinoma in situ; Mucinous adenocarcinoma 38 
Lung Lung-SCC Squamous cell carcinoma; Basaloid SCC 48 
Pancreas Panc-AdenoCA Adenocarcinoma; Acinar cell Ca.; Mucinous adeno.;  Adenosquaous Ca. 239 
Pancreas Panc-Endocrine Neuroendocrine carcinoma 85 
Prostate Prost-AdenoCA Adenocarcinoma 210 
Stomach Stomach-AdenoCA Adenocarcinoma; Mucinous adeno.; Papillary adeno.; Tubular adeno. 75 
Thyroid Thy-AdenoCA Adenocarcinoma; Adeno., columnar cell; Adeno., follicular type 48 

Mesoderm    

Bone/Soft Tissue Bone-Benign Osteoblastoma; Osteofibrous dysplasia 7 
Bone/Soft Tissue Bone-Benign Chondroblastoma; Chrondromyxoid fibroma 9 
Bone/Soft Tissue Bone-Epith Adamantinoma; Chordoma 10 
Bone/Soft Tissue Bone-Osteosarc Osteosarcoma 38 
Bone/Soft Tissue SoftTissue-Leiomyo Leiomyosarcoma 15 
Bone/Soft Tissue SoftTissue-Liposarc Liposarcoma 19 
Cervix Cervix-AdenoCA Adenocarcinoma 2 
Cervix Cervix-SCC Squamous cell carcinoma 18 
Head/Neck Head-SCC Squamous cell carcinoma 57 
Kidney Kidney-ChRCC Adenocarcinoma, chromophobe type 45 
Kidney Kidney-RCC Adenocarcinoma, clear cell type; Adenocarcinoma, papillary type 144 
Lymphoid Lymph-BNHL Burkitt; Diffuse large B-cell; Follicular; Marginal zone; Post-transplant 107 
Lymphoid Lymph-CLL Chronic lymphocytic leukaemia 95 
Myeloid Myeloid-AML Acute myeloid leukaemia 10 
Myeloid Myeloid-MDS Chronic myelomonocytic leukaemia; MDS with ring sideroblasts 2 
Myeloid Myeloid-MPN Essential thrombocythemia; Polycythemia vera; Myelofibrosis 26 
Ovary Ovary-AdenoCA Adenocarcinoma; Serous cystadenocarcinoma 113 
Uterus Uterus-AdenoCA Adenocarcinoma, endometrioid; Serous cystadenocarcinoma 51 

Ectoderm    

Breast Breast-AdenoCA Infiltrating duct carcinoma; Medullary carcinonoma; Mucinous adeno. 198 
Breast Breast-DCIS Duct micropapillary carcinoma 3 
Breast Breast-LobularCA Lobular carcinoma 13 

Total   2658 

Table 8 Abbreviated PCAWG cohort. See Appendix 7.3.1 for the full table 
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Matched normal samples were available for all, predominantly from blood (2,064), 

but the remainder were from adjacent (87) or distant (507) normal tissues. All 

samples underwent whole genome sequencing with a minimum average 

coverage of 30x (modes at 38x and 60x) in the tumour and 25x (mean 39x) in the 

normal. After alignment and quality control they were analysed with an extensive 

array of somatic variant callers. These individual variant calls were compiled into 

definitive consensus catalogues in a variant-type specific manner (Methods 

2.22). These variants underwent thorough validation to ensure a 80% sensitivity 

and >95% specificity (PCAWG, 2020).  

5.3.2. The ChainFinder algorithm finds clusters of structural variants 
across all cancer types 

In order to detect chromoplexy chains, ChainFinder was employed using high 

quality structural variant and copy number calls, produced by the respective 

PCAWG working groups. A total of 10,362 ChainFinder chains were identified 

and 1,826/2,626 samples contained at least one chain (69.5%, 30 samples were 

excluded because of unavailable input variant data and 2 because ChainFinder 

was unable to output results due to the excessive number of variants). Consistent 

with the prevalence of 88% reported by Baca et al., 182/210 (86.7%) of prostate 

cancer samples contained at least one chain (Figure 45). Most carcinomas 

contained chains as did at least 90% of glioblastoma, melanoma, 

leiomyosarcoma, lung squamous cell carcinoma and ovarian serous 

adenocarcinomas. The only disease group not to have any chains detected were 

the myeloproliferative diseases, however 26/28 of these were benign conditions 

(myelofibrosis, polycythaemia and essential thromocythaemia) and the remaining 

two myeloproliferative cases were a chronic myeloid leukaemia and a 

myelodysplastic syndrome, neither of which would be expected to possess 

complex rearrangements. 
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Figure 45 PCAWG ChainFinder chains. Characteristics of ChainFinder chains each 
disease group. The top four panels represent box and whisker plots, displaying median 
values, inter-quartile range and outlier values. From top to bottom: The number of 
chromosomes per chain, the number of structural variants per chain, the number of 
ChainFInder defined deletion bridges per structural variant in each chain, the computed 
summed -log10 adjusted pvalue for deletion bridges per structural variant, and a barplot 
of the propotion of samples with at least one chain. 

5.3.3. ChainFinder chains are predominantly short and lack the expected 
deletion bridges 

Detected chains were short (median of 4 rearrangements, range 3-355) but 

1385/10362 (13.4%) involved more than 10 structural variants. Chains involved 

relatively few chromosomes (median 2, range 1-15) with some variability across 
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cancer types but 4877 (47%) and 3740 (36%) involved only 1 or 2 chromosomes 

respectively (Figure 45).  

DNA breaks in chromoplexy are expected to either be repaired conservatively, in 

which case the two detected breakpoints will be at the same genomic locus or 

alternatively involve blunt-end attrition in which case a short deletion bridge might 

be detected. Across all chains, ChainFinder reported 157,044 pairs of 

significantly adjacent breakpoints. Many breakpoints were adjacent to more than 

one other breakpoint. The separation of these breakpoints was tri-modal, with 

peaks at 0, 45 and 230bps respectively (Figure 46). ChainFinder detected only 

20,491 deletion bridges (13%) between these adjacent pairs but with a marginal 

excess at higher adjacency distances. It is noteworthy that many longer 

adjacencies (>10kb) were still frequently not reported as deletions, even though 

copy number calling methods would be expected to detect them. 

 
Figure 46 Breakpoint adjacency distance density plot. The adjacency distance for all 
157,044 ChainFinder breakpoint pairs. Peaks at 0, 45 and 230bp are shown. Density is 
shown separately for pairs designated as a deletion by ChainFinder (CF, 18,702), 
coverage detection (17,021), both (1,789), or neither (119,532).  

Many potential deletions were too small to be detected by SNP based copy 

number calling methods. Coverage was therefore scrutinised to detect evidence 

for deletions (Figure 47, Methods 2.25). This approach detected 17,021 further 

deletions, however 119,532 breakpoint pairs still had no evidence of deletion, 

31,895 (26.7%), of which were >1kb and therefore would be expected to be 

detectable. 

In summary, ChainFinder chains were shorter, involving fewer chromosomes and 

often lacking the copy number appearances that would be expected from the 

described pattern of chromoplexy. 
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Figure 47 Example deletion bridge. An example breakpoint adjacency checked for a 
deletion from a pancreatic adenocarcinoma. Segments represent normalised coverage 
(LogR) over 100bp bins. Orange segments lie between the potential adjacent 
breakpoints while blue segments are ten bins, of equal size, lying on either side of the 
breakpoints for comparison. The green line shows the mean LogR for the deletion 
segments. 

5.3.4. Many ChainFinder chains represent chromothripsis or 
retrotransposon insertions 

Manual review of ChainFinder chains highlighted many that were reminiscent of 

two other known rearrangement phenomena, namely chromothripsis (Figure 48) 

and retrotransposon insertions (Figure 49). To systematically evaluate the 

overlap of ChainFinder events with chromothripsis, all structural variants were 

annotated for whether they lay within regions of high DNA breakpoint density. 

These regions were identified as part of a parallel work, by Maxime Tarabichi, to 

identify chromothripsis in the PCAWG cohort (Methods 2.27). This demonstrated 

that 2,815/10,362 (27.2%) of chains were found to be entirely comprised of 
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structural variants within these high breakpoint density regions. These chains are 

therefore more likely to represent chromothripsis events. 

 
Figure 48 Chromothripsis-like ChainFinder chain. Circos plot of a B-cell non-Hodgkin 
lymphoma with a structural variants shown as the inner links. Thick links, involving 
chromosomes 8-11 were highlighted by ChainFinder as being a potential chromoplexy 
chain. Battenberg derived copy number is shown as segments (black is minor allele, 
orange is total copy number), with 0 as the inner ring. SV links are coloured as follows: 
grey – translocations, yellow/green – inversions, blue – gains, red – deletions. 

In order to identify ChainFinder events that represent retrotransposon insertions, 

chains were annotated if they had clusters of breakpoints within close proximity 

to repeat elements, recorded in the RepeatMasker database. This revealed 

988/10,334 (9.5%) chains that contained clusters of at least 5 breakpoints within 

1kb of each other that were within 500bp of a repeat element. These chains are 
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more likely to represent retrotransposon insertions (Rodriguez-Martin et al., 

2017). 

 

 
Figure 49 Retrotransposon-like ChainFinder Chain. Circos plot of retrotransposon 
event in a uterine adenocarcinoma. Format as for Figure 48. 

As ChainFinder chains poorly reflected the expected pattern of chromoplexy and 

frequently were shown to represent other types of complex rearrangements I 

sought an alternative definition of chromoplexy with the collaboration of the 

PCAWG structural variant working group. 
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5.3.5. Breakpoint and copy number configurations define rearrangement 
events 

The structural variant working group of PCAWG conducted a constructive 

approach to define clustered structural variant breakpoints (Li et al., 2020). 

Critically this approach primarily works at the level of breakpoints, of which each 

structural variant implicitly has two. In brief, the principles of the approach are: 

1. Clustering breakpoints into ‘footprints’ that are thought to be statistically 

unlikely to occur independently. This relies on the analysis of the sample’s 

breakpoint pattern and density (distinct from ChainFinder which uses a 

panel of samples but does not consider breakpoint type) 

2. Merging footprint breakpoints with coverage-based copy number  

3. Cataloguing the breakpoint/copy number configuration of footprints across 

PCAWG, using these to define event types 

4. Incorporating all footprints that are connected by structural variants into 

clusters, defined by the type of their constituent footprints 

This approach is highly conservative. Only highly recurrent and relatively simple 

footprints will be repetitive and therefore amenable to explanation. Many 

footprints are almost unique in their exact configuration, chromothripsis 

exemplifies this, as each event implicitly involves a random configuration of 

breakpoints. Chromothripsis events are therefore not expressly identified by this 

approach and are classified as ‘complex unclear’.  

Annotating ChainFinder chains by the footprint classes of their constituent 

structural variants showed that most chains were classified as ‘complex unclear’ 

(Table 9). Chromothripsis and retrotransposon insertions comprise 3517/9016 

(39%) of these, but the nature of the remaining complex unclear events remains 

uncertain.  
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Type ChainFinder SVs All PCAWG SVs 

Complex unclear 9016 158,308 
Template insertion 
chains/cycles 

499 7,799 

Deletions 349 57,674 
Tandem Duplications 172 50,290 
Chromoplexy chains/cycles 138 1987 
Other (incl. inverted 
duplications) 

89 16221 

Direct Inversions 52 3218 
Chromoplexy with template 
insertions 

47 180 

Total 10362 295,677 
Table 9 PCAWG SV classifications of ChainFinder chains. The classification of 
structural variants included in ChainFinder chains is shown with the total number of these 
classes variants across PCAWG shown.  

This alternative approach also identified some ChainFinder events with much 

more simple intra-chromosomal aetiologies, including simple deletions, tandem 

duplications, and inversions. The difference in these classifications originates 

from the differing approach to clustering the underlying breakpoints. The PCAWG 

approach is able to separate some ChainFinder chains into a number of distinct 

simpler events instead of grouping them together. 

5.3.6. The appearances of chromoplexy and templated insertion footprints 
can overlap 

Some chains were classified as chained or cycle events either termed 

chromoplexy or templated insertions. Templated insertions and chromoplexy 

(‘balanced’) footprints are both comprised of a pair of breakpoints, but with the 

opposite orientation and copy number pattern (Figure 50).  
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Figure 50 Footprint schematic. Copy number across a footprint is represented by the 
black segments, B is deleted in balanced footprints and gained in a templated insertion. 
Breakpoint orientation, which is the direction of reads supporting the breakpoint) are also 
as shown. Positive orientation implies reads that are directly mapped to the reference 
strand, while a negative orientation implies that the reads supporting the breakpoint are 
all reverse-complementary to the reference strand. 

The true genomic outcome of a templated insertion and a balanced footprint are 

opposite. In the schematic in Figure 50, a balanced footprint results in segments 

A and C being translocated to other genomic regions. In the simplest of cases, 

this could represent a reciprocal translocation. In contrast, templated insertion is 

the copying of segment B into another part of the genome, amid a series of 

template sequences if the event is chained. The native A-B-C sequence would 

be expected to be left intact, otherwise an additional deletion rearrangement, 

spanning A and C would be expected.  

Footprints with a templated insertion configuration of breakpoints can still 

represent a balanced breakpoint as demonstrated in the FOSB rearrangement 

observed in a case of osteoblastoma (Results 3.3.3 and Figure 18). The 

alignment position and clipping pattern of sequencing reads can, when the 

breakpoints are close together, disentangle this ambiguity, as they did for the 

FOSB rearrangement. Templated insertion breakpoints should be phased to one 

another, in that the derivative genomic material in segment B should be 

contiguous with the partners of each breakpoint. Any reads discordantly mapping 

from one breakpoint partner into segment B should not align to segments A or C. 

Instead any bases beyond the second breakpoint will represent sequence from 

the second rearrangement partner, a sequence aligner will typically clip these 

bases, potentially chimerically aligning them elsewhere (Figure 51). 
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Figure 51 Schematic of templated insertion phasing support. The chromosome to 
which the template insertion footprint is mapped is shown with the yellow-orange 
gradient, whilst the rearrangement partner chromosomes are shown in blue and red. 
Breakpoints are shown as vertical dashed lines. Read pairs are shown as horizontal 
segments connected by dashed arcs. Read clipping is shown by green triangles. The 
derivative chromosome is shown underneath, demonstrating the yellow-orange 
chromosome is also left intact. 

Conversely, balanced breakpoints with an inverted orientation can have reads 

that discordantly map from one breakpoint which extend beyond the second 

(Figure 52).  
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Figure 52 Schematic of inverted orientation balanced breakpoint footprints. 
Symbols are all as in Figure 51. The absence of clipping for all discordant reads mapping 
at the second breakpoint and alignment continuing beyond, are the distinguishing 
features. 

I scrutinised all templated insertion footprints identified in PCAWG for read 

evidence suggesting that they are true balanced footprints. The search was 

performed in two phases: footprints of <100bp and footprints 100-500bp). I limited 

the search to footprints of 500bp because the insert size of most paired-end reads 

rarely exceeds this. The first phase search, with footprints <100bp, is within the 

range of a single sequencing read. Templated insertions can therefore be 

detected when there is evidence of clipping at both ends of an aligned read and 

this approached had been incorporated by the PCAWG structural variant working 

group (Li et al., 2020). Clipping evidence suggested 932/1184 (78.7%) of 

footprints in this range in fact represented balanced breakpoints while the rest 

were true templated insertions. At a footprint size of 100-500bp, 1605/3351 

(47.9%) had insufficient evidence to support either outcome, 225/1746 (12.9%) 

footprints could be re-classified as balanced. The median separation distance of 

reclassified footprints, in this range, was 185 but the maximum was 491, 
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suggesting that this inverted orientation could exist with potentially even longer 

distances. 

5.3.7. Chromoplexy involves recurrent disease specific driver genes 

All chains of events involving two or more balanced footprints were therefore 

considered as chromoplexy events. These were considerably less common than 

ChainFinder chains (Figure 53). Prostate cancer remains one of the cancers with 

the highest prevalence of chromoplexy. Chromoplexy chains in prostate cancer 

were also longer, 63/144 (43.8%) of events possessing more than two footprints. 

 
Figure 53 PCAWG Chromoplexy proportions by disease type. Stacked barplot by 
disease type, segregated by type of chromoplexy chain. 

In order to identify recurrent sites for chromoplexy breaks, that could represent 

either sites prone to recurrent DNA breakage, or selected driver events, I 

clustered chromoplexy footprints (Figure 54). As expected this revealed the 

reciprocal translocations between the immunoglobulin heavy chain, IGH, and 

BCL2 (t(14q:18q), dark green), in follicular lymphoma and RUNX1-RUNXT1 

(t(8q:21q), maroon) in acute myeloid leukaemia (Weiss et al., 1987, Tighe et al., 

1993). The prostate cancer rearrangements involving TMPRSS2-ERG (light-

blue) were also seen.  



Chromoplexy 

 

 147 

The striking and unexpected finding was the number of recurrent chromoplexy 

footprints in differentiated thyroid cancer (purple). Thyroid cancer chromoplexy 

chains involved a number of known thyroid cancer fusion genes, including 

THADA, IGF2BP3 and BRAF (Ross et al., 2016), but rearrangements spanning 

several of these sites simultaneously had not been previously reported. 

 
Figure 54 Chromoplexy footprint drivers. The circos scatter plot reflects the distance 
between each chromoplexy footprint. Clusters of footprints with three or more footprints 
with an inter-footprint distance of <10kb are annotated with genes at that close (or within 
30kb) and with structural variants as inner links. Link and point colours match diseases 
shown in Figure 45. 
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One particularly remarkable chain, involving four double-stranded DNA breaks, 

brings IGF2BP3 (Insulin Like Growth Factor 2 mRNA Binding Protein 3) into the 

proximity of the THADA (Thyroid Adenoma Associated) promoter, truncates 

PRKCE (Protein Receptor Kinase C Epsilon) and disrupts TG (thyroglobulin 

Figure 55). IGF2BP3 enhancer high jacking by THADA is a known driver event 

in thyroid cancer (Panebianco et al., 2017). The truncation of PRKCE is also 

previously reported in thyroid cancer (Knauf et al., 1999). Thyroglobulin is a highly 

relevant gene in thyroid hormone production and also contains a microRNA 

known to be downregulated in papillary thyroid cancer (Kolanowska et al., 2017). 

In total, 10/48 samples contained at least one chromoplexy chain and 4/13 (31%) 

driver fusion events reported by the PCAWG driver 

 
Figure 55 Thyroid cancer chromoplexy chain. Linear schematic of a chromoplexy 
chain in a follicular thyroid adenocarcinoma. Links above are structural variants. Copy 
number is generated manually in 1kb bins, normalised by normal coverage and 
transformed using purity and ploidy from formal copy number methods. Schematics of 
reference and derivative chromosomes are shown below. 

5.3.8. Differentiated thyroid cancer driver rearrangements are 
predominantly produced by complex rearrangements and 
chromoplexy 

Considering the number of chromoplexy events seen in thyroid cancer, the 

remaining breakpoints in all PCAWG thyroid cancer samples (n=48) were 

scrutinised. This revealed a number of foci with highly clustered breakpoints 

(Figure 56), many of which were in genes implicated in thyroid cancer or thyroid 

function including: ALK (Chou et al., 2015), TDO2 (Finn et al., 2007), DIO2 

(Casula and Bianco, 2012), BRAF (Ciampi et al., 2005, Cohen et al., 2003) and 



Chromoplexy 

 

 149 

two clusters of ion channel genes CLCA1/2 and CACNA1C. The well recognised 

RET-CCDC6 rearrangement were also often part of complex rearrangements 

(Celestino et al., 2012). Many of the rearrangement clusters were classified by 

PCAWG as complex events, however 25/48 (52%) of their constituent footprints 

were of balanced/chromoplexy type. Complex rearrangements, involving thyroid 

cancer specific drivers appears to be a feature of thyroid cancer, though distinct 

to previously reported chromoplexy events because they do not involve ETS 

transcription factor genes. 

 
Figure 56 Circos plot of thyroid cancer breakpoints. The interbreakpoint distance for 
all thyroid cancers (48 samples). Genes within 30kb of clusters of breakpoints are 
annotated including known drivers (orange). Complex unclear (grey) and chromomplexy 
structural rearrangements are shown. Each chromoplexy event has a distinct colour. 
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5.3.9. Mutational timing of events suggests chromoplexy is an early and 
clonal event 

In order to assess the evolutionary timing of chromoplexy, the clonality and timing 

of the underlying mutations was analysed. Mutational assignments were 

performed by the evolution and heterogeneity working groups of PCAWG 

(Gerstung et al., 2018, Dentro et al., 2018). The principles used to define the 

clonal nature of mutations has been discussed previously exploring the pattern 

of metastatic GCT (Results 4.3.6). Mutational timing requires the same principles 

used to designate the clonal order of mutations in malignant H3.3 mutated 

tumours (Results 4.3.2). The aggregation of this information for punctuated 

mutational events was performed in parallel for the clustered single nucleotide 

variant events, kataegis, and chromothripsis. Kataegis was detected through 

work by Jonas Demeulemeester and chromothripsis by Maxime Tarabichi. The 

timing of these events used a common methodology, devised in collaboration 

with Jonas Demeulemeester and Maxime Tarabichi. 

Punctuated events were compared to simulated events generated by randomly 

sampling mutations of the same type from the same sample. Considering the 

small number of chromoplexy events, with relatively few constituent 

rearrangements, statistical power was limited for all but three cancer types: 

uterine adenocarcinoma, hepatocellular carcinoma of the liver and prostate 

cancer. For all three, chromoplexy events had an increased odds ratio of being 

clonal compared to a background of non-punctuated structural variants. A similar 

pattern was seen for chromothripsis, with the notable addition that the well-

characterised chromothriptic events seen in liposarcoma also had a high odds of 

being clonal (Garsed et al., 2014). In contrast kataegis was common and was, 

without exception, more subclonal than background substitutions. 

A similar approach was taken to evaluate the relative timing of punctuated events 

in the clonal history of tumours. In lung squamous cell cancer and glioblastomam 

chromoplexy events appeared earlier than other non-punctuated structural 

variants. In all other cancer types, the confidence interval of the timing odds 

overlapped with 1. In contrast, most kataegis, if clonal, occurred late. The 
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exception to this was the kataegis associated with chromosome 12 chromothriptic 

amplifications in liposarcoma and leiomyosarcoma, which occurred early.  
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5.4. Discussion 

This analysis provides the first comprehensive review of chromoplexy in a pan-

cancer setting. Chromoplexy remains a highly challenging configuration of 

genomic rearrangements to detect. ChainFinder, the only method relying on high-

quality mutation calls, detects many events that poorly resemble the expected 

pattern for chromoplexy. ChainFinder events involve few chromosomes and 

structural variants and rarely involve deletions between adjacent breakpoints, 

even when expected to be detectable. Many of these events can be re-classified 

as simple rearrangements, retrotransposon or templated insertions, or 

chromothripsis. 

Considerable work is still needed to define chromoplexy in order to more 

accurately appraise its frequency across cancer types. The overlap and 

distinction from templated insertion events is not well delineated. They are often 

difficult to distinguish using short read sequencing data, which provides limited 

phasing information to reconstruct the true configuration of chromosomes. 

Templated insertion events are thought to result in templated segments linked 

directly together in a single ‘phased’ derivative chromosome. Conversely 

chromoplexy events result in a series of distinct chromosomal rearrangements. 

Other sequencing technologies, such as linked read and long read sequencing 

would aid in distinguishing some of these outcomes. Simpler approaches, such 

as FISH and karyotyping can also delineate the gross structure of the 

chromosomes. The historical use of these simpler techniques in defining 

rearrangement events already provides a body of evidence supporting the 

occurrence of canonical fusion events through chromoplexy. These include the 

earliest reports of various well-recognised translocations, which involved multiple 

chromosomes, not only those containing the canonical fusion genes. These 

include the ETV6-NTR3 fusion in infantile fibrosarcoma (Knezevich et al., 1998), 

in which both initial reported cases involved a third chromosomes that was not 

common to each case. In one early series reporting the EWRS1-FLI1 fusion in 

Ewing’s sarcoma, 2/4 fusions involved three or more chromosomes (Aurias et al., 
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1984), consistent with the 42% of rearrangements generated by chromoplexy in 

the recently published sequencing study (Anderson et al., 2018).  

Using a strict definition of the appearance of chromoplexy breaks (footprints) can 

delineate a small but highly confident set of chromoplexy events. Even with this 

strict definition, chromoplexy appears common in prostate cancer but also occurs 

across most other cancer types. The frequency of events in thyroid cancer was 

unexpected, with a large number of driver events seemingly induced by 

chromoplexy. Thyroid cancer is unlikely to be exceptional in the frequency of 

chromoplexy but merely the ideal genomic landscape in which to detect it. The 

limited number of rearrangements in thyroid cancer mean that chromoplexy 

events remain unobscured. It is also possible that chromoplexy is more prevalent 

in thyroid cancer because of the high number of fusion events that involved highly 

expressed genes. In more complex genomes, rearrangements acquired 

independently but in genomic proximity to the chromoplexy event will be 

challenging to distinguish. As this conservative approach struggles to define 

events with a greater number of rearrangements, it is highly likely that the 

estimates presented here are also highly conservative. The true prevalence and 

complexity of chromoplexy is likely to be greater. Biological insights into the 

underlying mechanism of chromoplexy and genomic sites vulnerable to it will 

allow easier recognition and appreciation of its true prevalence. 

The importance of chromoplexy is reinforced by the evidence presented here that, 

when assessable, chromoplexy occurred early in clonal evolution. This is 

consistent with the hypothesis that these events are responsible for critical early 

driver events in evolution and justifies further study. 
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Chapter 6. Discussion 

This work presents key new findings relevant to the clinical management of rare 

bone tumours; osteoblastoma and giant cell tumours of bone. In each case the 

pattern of mutations identified was informative about shared cellular evolutionary 

origins. The exploration of the complex rearrangement pattern, chromoplexy, also 

highlighted the role in tumour evolution of mutational patterns that are more 

challenging to detect. Collectively these insights can suggest specific research 

directions both for these individual fields but also more generally for the study of 

tumour evolution. 

6.1. Key Findings 

The genomics of osteoblastoma were explored, for the first time, discovering a 

disease-defining mutation. Rearrangements in FOS or FOSB appeared to be 

ubiquitous in both osteoblastoma and its related counterpart osteoid osteoma. 

This provided the first biological evidence that osteoblastoma and osteoid 

osteoma are one disease. It also added them to the list of mesenchymal tumours 

defined by a simple recurrent mutation, and provided the basis for a clinical 

diagnostic biomarker (Table 1) (Mertens et al., 2009, Amary et al., 2019a). 

As part of the AP-1 transcription factor complex, FOS/FOSB mutation might be 

expected to induce the tumour phenotype through change in gene expression. 

The specific impact on functional elements of FOS/FOSB suggests a quantitative 

change in their expression. This is either achieved through altered promoter 

activity for FOSB or loss of transcript or proteasomal degradation for FOS. These 

hypotheses still require definitive support. The cDNA from these specific fusions 

provides an ideal starting point for functional evaluation. The dynamics of mutant 

transcripts and proteins could be evaluated if transfected into suitable cell lines; 

either osteoblasts, or lineage guided stem cells. Once transfected, the binding of 

the mutated AP1 transcription complex across the genome could be analysed 

with chromatin immunoprecipitation sequencing, and the expression profile itself 

evaluated with cDNA sequencing. These experiments cannot be performed with 
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the data currently available because of the lack of directly available wildtype 

controls. 

Chapter 4 explored the mutational and DNA methylation changes that 

distinguished malignant from benign H3.3 mutated bone tumours. Malignant 

tumours had a greater mutational burden, albeit with some variability, and 

acquired either replicative immortality or an additional epigenetic modulator. 

Timing analysis suggested that these malignant tumours had acquired histone 

mutation early in evolution, supporting the notion that they may have developed 

from conventional giant cell tumours of bone. Conversely, metastatic giant cell 

tumours lacked additional copy number changes. For the first time, whole 

genome sequencing was performed on a sample from the primary tumour and 

synchronous metastases from the same patient. Unlike malignant tumours, this 

case lacked additional driver mutations. These data suggest that benign 

metastatic cases closely resemble conventional giant cell tumours. The seeding 

pattern of metastasis in this one case also supported polyclonal seeding. This 

phenomenon has been reported in prostate cancer that was widely disseminated 

and thought to have involved sequential waves of metastasis but in general, 

cancer metastases are monoclonal (Gundem et al., 2015, Yates et al., 2017, 

Priestley et al., 2018). This may support the prevailing theory of passive tumour 

emboli giving rise to metastases (Alberghini et al., 2010, Fletcher et al., 2013). 

DNA methylation profiles supported the close relationship of H3.3 mutated bone 

tumours but benign and malignant tumours could still be distinguished. 

The epigenetic landscape of H3.3 mutated bone tumours requires further 

exploration. The epigenetic impact of the primary G34W H3F3A mutation is still 

not understood, particularly in comparison with the other oncohistone mutations 

(Harutyunyan et al., 2019, Lu et al., 2016). DNA methylation profiling could 

provide some insight into this, however appropriate controlled experiments, with 

and without the mutation, are required. Direct assay of histone methylation and 

acetylation, with the quantification of the activity of methyltransferases, such as 

SETD2, is warranted. The downstream effects of the shift in epigenetic landscape 

is largely unexplored even across the oncohistone mutated paediatric tumours. 

As an example, focal promoter changes, such as those seen in CCND1 are likely 
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to have a functional impact, in a highly cell-type specific manner, and warrant 

further exploration. 

Chapter 6 evaluated a mutational pattern at the pan-cancer scale. Chromoplexy 

proved challenging to define and detect, and the prevailing algorithm, 

ChainFinder, was shown to be highly non-specific. Using a classification method 

of structural variants with a tight definition of the configuration of chromoplexy, I 

demonstrated that chromoplexy-type rearrangements are pervasive in cancer. In 

particular, thyroid cancer fusions are commonly generated by chromoplexy. This 

approach was highly conservative and insensitive and therefore under-reports 

the true prevalence of chromoplexy. In contrast to kataegis, where assessable, 

chromoplexy, like chromothripsis was an early evolutionary event, providing 

evidence of its important impact early in tumorigenesis. 

Further work is clearly required to identify these complex events more reliably. 

Some methodological work could improve their detection in currently available 

short read sequencing. As an example, when breakpoints are in close proximity, 

I demonstrated how the ambiguity between templated insertion events and 

chromoplexy can be clarified (Results 5.3.6). In addition, alternative technologies 

could be applied. Combining sequencing with well-established low-resolution 

technologies, such as FISH and karyotyping could better delineate the structure 

of rearranged derivative chromosomes. Linked read and long read sequencing 

also might aid in phasing rearrangements to one another over longer distances. 

These sequencing technologies may improve the sensitivity of structural 

rearrangement calling, which is inherently lower than for other mutation types 

(Cameron et al., 2019, Ewing et al., 2015). 

6.2. Cross-cutting themes 

Simple mutational patterns can uncover shared origins. That the highly 

pathologically similar diseases, osteoid osteoma and osteoblastoma, both 

possess FOS rearrangement makes their common evolutionary origin likely. 

Furthermore, that identical FOS rearrangements are shared with epithelioid 

haemangioma suggests they may also have a common origin. Variants of 

osteoblastoma can have epithelioid appearances and they are frequently highly 
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vascular (Deyrup and Montag, 2007). The histone mutations, in general, are 

highly disease specific (Table 6). The presence of the same histone mutation in 

benign and malignant tumour also suggests their common origin, further 

supported by the mutational analysis presented here. These are however likely 

to be relative exceptions, limited to disease defining rearrangements and the 

oncohistones. Most simple driver mutations are much more promiscuous 

reflecting evolutionary convergence on common mechanisms to generate the 

hallmarks of cancer. As well-known examples, TP53, KRAS, and TERT are seen 

across many cancer types (Zehir et al., 2017, Bailey et al., 2018). Mutations in 

BRAF, KIT, and HER-2 might be best recognised and effectively targeted in 

melanoma, gastro-intestinal stromal tumours and breast cancer respectively but 

are also similarly mutated in many other cancers (Hyman et al., 2015, Prins et al., 

2013). These highly recurrent driver mutations, seen even in normal tissues, 

might lead some to question the clonal origin theory of tumours. Fortunately, the 

wealth of other mutational data available from tumours reveal a much larger 

group of clonal mutations (Figure 44), making their clonal origin indisputable. 

The evolutionary impact of such simple mutations is also intriguing. That 

FOS/FOSB rearrangements have, to date, exclusively been seen in benign 

tumours suggests that they may preclude malignant progression. The direct 

malignant counterparts of FOS mutated tumours possess their own distinct 

defining mutations. Compared to the benign epithelioid vascular tumour 

epithelioid haemangioma which possess FOS rearrangements, the intermediate 

malignancy Epithelioid Haemangioendothelioma (EHE) is defined by WWTR1 

rearrangements (Errani et al., 2011) and the malignant tumour, angiosarcoma, 

often possess angiogenesis signalling mutations (Behjati et al., 2014). 

Osteosarcoma, the malignant counterpart to osteoblastoma, have a complex and 

largely unexplained genomic landscape but often possess TP53 mutations 

(Behjati et al., 2017). No other cancer genome, in the PCAWG collection 

possessed similar FOS rearrangements. Similarly, FOSB rearrangements are 

exclusive to the benign or intermediate grade tumours, osteoblastoma or 

pseudomyogenic haemangioendothelioma and absent from the malignant 

tumour epithelioid sarcoma (Agaram et al., 2018, Sullivan et al., 2013, Thway et 
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al., 2016). The reason for this evolutionary dead-end may become more apparent 

when the functional impact of the mutation is explored, as discussed above.  

Complex mutational patterns, like chromoplexy are also an important and 

defining feature of tumour evolutionary trajectory. Darwinian theory proposed 

species evolution as a gradual process, with changes acquired gradually. In 

tumours, computational approaches, such as those employed here, rely on a 

relatively even rate of some ‘clock-like’ mutations. This mutation rate does 

accelerate during a tumour’s lifetime (Yates et al., 2017, Gerstung et al., 2018) 

but saltatory jumps in the mutational landscape are also increasingly recognised 

(Markowetz, 2016). Chromoplexy, perhaps, also stands apart from other bursts 

of chromosomal instability which can be global, like genome duplication (Bielski 

et al., 2018) and punctuated chromosomal instability (Gao et al., 2016), or focal 

like chromothripsis. These other events are likely to generate a near random 

array of mutations, with driver events generated under the influence of positive 

selection. Conversely, chromoplexy would seem to inherently involve gene 

targets and almost every component has a functional impact. It seems likely that 

a transcription dependent mechanism is responsible for this coding-region 

specificity, though selection almost certainly also has a role. Finally, the disease-

type specificity of complex mutational patterns, hints at either a disease specific 

mechanism underlying their generation or disease specific selection.  

6.3. Future work 

Beyond the project specific future directions already discussed, some general 

directions of cancer genomic research present themselves. The study of 

osteoblastoma likely represents one of the last studies able to reveal a simple 

mutation in the coding genome that defines the fate of that tumour.  

Heritable cellular traits beyond the non-coding genome are relatively poorly 

understood. The non-coding genome and the epigenome have vital roles in 

regulating gene expression but require complex integration of differing layers of 

analyses to disentangle (Ghavi-Helm et al., 2019, Weischenfeldt et al., 2016). 

Enhancer highjacking events (Results 4.3.1) as a simple example, are probably 

common and underappreciated events, as recently demonstrated for Androgen 
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Receptor upregulation in castrate resistant prostate cancer (Takeda et al., 2018, 

Viswanathan et al., 2018).  

Some of these non-coding effects may be induced by complex mutational 

patterns. As explored in Chapter 5 these can be difficult to identify and the 

aetiology are not well understood. Appreciating their frequency and the 

processes creating them could unpick some of the early critical stages in 

tumorigenesis. 

Finally, considering tumours in an evolutionary framework has both biological and 

clinical implications. These give us a window back to the earliest stages in tumour 

development, allowing us to appreciate the acquisition of the earliest hallmarks 

of cancer. This has implications for cancer prediction and prevention. More 

directly we can better elucidate the patterns of disease progression (Chapter 4). 

These are critical for shorter-term improvements in patient outcome, which will 

come from predicting the prognosis of patients and understanding why current 

treatments too frequently fail.
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Chapter 7. Appendix 
7.1. Chapter 3 Appendix 
7.1.1. DNA discordant reads supporting FOS/FOSB rearrangement 

 

Sample FLAG RNAME POS MAPQ CIGAR RNEXT PNEXT TLEN Chimaeric Mapping
PD13480a 2163 14 75747531 60 70S30M 5 14851416 0 SA:Z:5,14851058,+,28S72M,60,1;
PD13480a 2209 14 75747531 60 64S36M = 75747919 488 SA:Z:5,14851058,-,34S66M,60,1;
PD13480a 99 14 75747531 60 23S77M = 75747916 485
PD13480a 163 14 75747531 60 24S76M = 75747844 413
PD13480a 2163 14 75747531 60 70S30M 5 14851416 0 SA:Z:5,14851058,+,28S72M,60,1;
PD13480a 99 14 75747531 60 45S55M = 75747788 357 SA:Z:5,14851058,-,53S47M,60,1;
PD13480a 163 5 14851058 60 27S73M = 14851434 476
PD13480a 99 5 14851058 60 28S72M = 14851416 458 SA:Z:14,75747531,-,70S30M,60,0;
PD13480a 177 5 14851058 60 34S66M 14 75747919 0 SA:Z:14,75747531,+,64S36M,60,0;
PD13480a 2163 5 14851058 60 53S47M 14 75747788 0 SA:Z:14,75747531,+,45S55M,60,0;
PD13481a 2129 14 75747758 60 46M54S = 75747323 -481 SA:Z:15,81149925,-,44S56M,60,0;
PD13481a 2209 14 75747828 60 53S47M = 75748132 404 SA:Z:15,81099370,+,48M52S,60,0;
PD13481a 81 15 81149925 60 44S56M 14 75747323 0 SA:Z:14,75747758,-,46M54S,60,0;
PD13481a 163 15 81149927 60 24S76M = 81150277 450
PD13482a 2129 14 75747757 60 40M60S = 75747412 -385 SA:Z:2,192135346,-,58S42M,60,0;
PD13482a 81 2 192135346 60 58S42M 14 75747412 0 SA:Z:14,75747757,-,40M60S,60,0;
PD7519a 2179 14 75747716 60 36M64S = 53309368 -22438349 SA:Z:14,53309647,-,64M36S,60,0;
PD7525a 2209 19 45971907 60 62S38M = 45972098 291 SA:Z:6,30571217,-,41S59M,60,0;
PD7525a 177 6 30571217 60 41S59M 19 45972098 0 SA:Z:19,45971907,+,62S38M,60,0;
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7.1.2. DNA discordant reads supporting FOS/FOSB rearrangement 

 

Sample FLAG RNAME POS MAPQ CIGAR RNEXT PNEXT TLEN
PD13480a 129 14 75747435 60 100M 5 14850873 0
PD13480a 129 14 75747531 60 100M 5 14850838 0
PD13480a 129 14 75747544 60 100M 5 14850859 0
PD13480a 65 14 75747544 60 100M 5 14850859 0
PD13480a 177 14 75747589 60 100M 5 14851273 0
PD13480a 177 14 75747589 60 100M 5 14851335 0
PD13480a 65 14 75747669 60 93M7S 5 14850635 0
PD13480a 113 14 75747675 60 100M 5 14851295 0
PD13480a 113 14 75747919 60 100M 5 14851058 0
PD13481a 161 14 75747323 60 85M1D15M 15 81149925 0
PD13481a 161 14 75747433 60 100M 15 81149925 0
PD13481a 161 14 75747511 60 100M 15 81149990 0
PD13481a 1185 14 75747511 60 100M 15 81149990 0
PD13481a 97 14 75747529 60 100M 15 81150021 0
PD13481a 97 14 75747705 60 100M 15 81150033 0
PD13481a 145 14 75747828 60 15S85M 15 81099048 0
PD13481a 81 14 75747837 60 100M 15 81099007 0
PD13481a 145 14 75747846 60 100M 15 81099106 0
PD13481a 145 14 75747875 60 100M 15 81099069 0
PD13481a 145 14 75747937 60 100M 15 81099115 0
PD13481a 145 14 75747943 60 100M 15 81099187 0
PD13481a 81 14 75748111 60 100M 15 81099356 0
PD13481a 81 14 75748132 60 100M 15 81099370 0
PD13481a 81 14 75748153 60 100M 15 81099334 0
PD13482a 161 14 75747412 60 100M 2 192135346 0
PD13482a 97 14 75747421 60 100M 2 192135390 0
PD13482a 81 14 75748017 60 100M 2 192135104 0
PD13482a 145 14 75748181 60 100M 2 192135170 0
PD7519a 129 14 75747374 60 34M1D66M = 53309571 -22437804
PD7519a 65 14 75747507 60 100M = 53309572 -22437936
PD7519a 129 14 75747550 60 100M = 53309438 -22438113
PD7519a 65 14 75747609 60 100M = 53309571 -22438039
PD7521a 161 14 75747560 60 100M = 53477208 -22270254
PD7521a 97 14 75747587 60 100M = 53477175 -22270314
PD7521a 161 14 75747606 60 100M = 53477156 -22270352
PD7521a 161 14 75747709 60 100M = 53477164 -22270447
PD7521a 145 14 75747870 60 100M = 53476670 -22271300
PD7521a 81 14 75747960 60 100M = 53476886 -22271174
PD7525a 177 19 45971903 60 3M1D97M 6 30571299 0
PD7525a 177 19 45971907 60 9S91M 6 30571328 0
PD7525a 177 19 45971913 60 100M 6 30571388 0
PD7525a 113 19 45971919 60 100M 6 30571551 0
PD7525a 113 19 45971920 60 100M 6 30571261 0
PD7525a 177 19 45971920 60 100M 6 30571261 0
PD7525a 113 19 45971956 60 100M 6 30571336 0
PD7525a 177 19 45971961 60 100M 6 30571286 0
PD7525a 177 19 45971961 60 100M 6 30571306 0
PD7525a 177 19 45971994 60 100M 6 30571246 0
PD7525a 113 19 45972001 60 100M 6 30571224 0
PD7525a 177 19 45972001 60 100M 6 30571217 0
PD7525a 113 19 45972047 60 100M 6 30571367 0
PD7525a 113 19 45972098 60 100M 6 30571217 0
PD7525a 177 19 45972110 60 100M 6 30571294 0
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7.1.3. Validation of FOS rearrangements 

Upper schematics show the cDNA sequence revealed from bulk sequencing 

reads with the predicted 
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7.1.4. Discovery cohort sequencing results and FOS/FOSB 
rearrangements 
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7.1.5. Discovery cohort copy number profiles 

Genome wide views copy number views. Copy number is shown on the y-axis 

and genomic position on the x-axis. Total copy number is shown as purple 

segments and the minor copy number state is shown in orange. 
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The subsequent pages show the detailed analysis of chromosome 22. Total copy 

number is shown in green segments, minor allele copy number is in green in the 

top panel. Sequentially below plots reveal LogR (ratio of tumour to normal 

coverage as computed by ASCAT), tumour coverage, normal sample coverage, 

B-Allele Frequency (BAF). In LogR and BAF plots, poorly performing snps are 

highlighted in red. No reliable copy number aberrations are seen across 

chromosome 22 in any sample. 
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7.1.6. Immunohistochemistry and histology images 

Demonstration of stronger nuclear reactivity of the N-terminal FOS antibody than 

the colonic epithelium positive control, even at the lowest concentration. H&E 

appearances for this sample are typical for osteoblastoma whilst FISH 

demonstrates a clear FOS break apart.  
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Strong N-terminal FOS immunoreactivity is seen in osteoblastoma cases even 

for which breakpart signal could not be demonstrated by FISH.  
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FOS or FOSB immunostaining was not seen in PD7525 likely owing to 

decalcification. PD7525 has a proven FOSB breakapart by DNA and RNA 

sequencing and FISH. FOSB antibody stains a pseudomyogenic 

haemangioendothelioma positive control well.  
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The single osteosarcoma sample that demonstrated strong FOS 

immunoreactivity, demonstrated a distinct histological pattern and evidence of no 

FOS breakapart, though there is evidence of an amplification near the locus of 

FOS. 
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7.1.7. Validation cohort immunohistochemistry and FISH results 

FISH results denote the presence of a breakapart signal in the respective gene. 

*focally positive 

 

Sample Diagnosis Age Sex
Anatomical 
Site

Size 
(mm) FOS  FISH

FOSB 
FISH FOS IHC

1 Osteoblastoma 13 M Talus NA Positive Negative Positive
2 Osteoblastoma 10 M Rib NA Positive Not done Positive 

3
Osteoblastoma 18 NA Lumbar 

vertebra, L5
15 Positive Negative Positive

4 Osteoblastoma 15 M Humerus NA Positive Not done Not done

5

Osteoid 
osteoma / 
osteoblastoma

3 M Humerus, left 15 Positive Negative Positive

6
Osteoblastoma 12 F Humerus, left 35 Positive Negative Positive

7 Osteoblastoma 17 M Tibia, left 30 Positive Negative Positive
8 Osteoblastoma 39 M Pelvis NA Positive Not done Not done
9 Osteoblastoma 15 M Tibia, right 3 Positive Negative Positive

10
Osteoblastoma 20 M

Lumbar 
vertebra, L1 40 Positive Negative Positive

11

Osteoid 
osteoma

4 F Femur NA Positive 
Not done

Non-
informative

12
Osteoblastoma 28 M Lumbar 

vertebra, L2
30 Positive Negative

Not done

13
Osteoid 
osteoma 

52 M Humerus, left 40 Positive Negative Positive

14
Osteoid 
osteoma

34 M Vertebra, T7 10 Positive Negative Positive

15 Osteoblastoma 19 M Talus, right 14 Positive Negative Not done
16 Osteoblastoma 18 M Talus, right 30 Positive Negative Negative

17
Osteoid 
osteoma

19 F Humerus, 
right

18 Positive Negative Positive

18 Osteoblastoma 39 M Vertebra, C1 9 Positive Negative Positive 

19
Osteoblastoma 18 M Metatarsal, 

right, fifth 
30 Positive Negative Positive

20 Osteoblastoma 19 M Vertebra, T2 40 Positive Negative Positive
21 Osteoblastoma 20 F Ankle, right 10 Positive Negative Positive

22
Osteoblastoma 21 M Acetabulum, 

left 
30 Positive Negative Positive

23
Osteoblastoma 28 M Humerus, left 15 Positive Negative Positive

24

Osteoid 
osteoma

26 M
Phalanx, 
right middle 
finger

5 Positive Negative
Not done

25
Osteoblastoma 26 M Acetabulum, 

left 
50 Positive 

Not done
Positive

26 Osteoblastoma 10 F Vertebra, C5 60 Positive Not done Positive

27
Osteoblastoma 22 M Femur, left 

distal
15 Positive 

Not done
Positive
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Sample Diagnosis Age Sex
Anatomical 
Site

Size 
(mm) FOS  FISH

FOSB 
FISH FOS IHC

28
Osteoid 
osteoma

32 M Vertebra, C2 15 Positive 
Not done

Positive

29
Osteoid 
osteoma

19 M Vertebra, L3 15 Positive 
Not done

Positive

30

Osteoid 
osteoma

32 F
Phalanx, left 
third tpe, 
distal 

10 Positive 
Not done

Positive

31
Osteoid 
osteoma

17 M Vertebra, L1 5 Positive 
Not done

Positive

32
Osteoid 
osteoma

16 F Tibia, right 5 Positive 
Not done

Positive

33
Osteoid 
osteoma

18 M Vertebra, T2 10 Positive 
Not done

Positive

34
Osteoid 
osteoma

15 M Talus, left 4 Positive 
Not done

Negative

35
Osteoid 
osteoma

12 F Phalanx, left 
index finger 

5 Positive 
Not done

Positive

36
Osteoid 
osteoma

15 F Femur, distal 18 Positive 
Not done

Positive

37
Osteoid 
osteoma

20 F Phalanx, left 
distal 

8 Positive 
Not done

Positive

38
Osteoid 
osteoma

19 M Tibia, left 
distal 

3 Positive 
Not done

Positive 

39

Osteoid 
osteoma

14 M
Phalanx, 
second right 
toe

25 Positive 
Not done

Positive

40
Osteoblastoma 13 F

Metatarsal 
bone, left, 
fourth 

15 Positive 
Not done

Positive

41
Osteoid 
osteoma 

14 M Lumbar 
vertebra, L3

10 Positive * Negative Positive

42 Osteoblastoma 21 M Vertebra, L1 NA Positive * Negative Positive
43 Osteoblastoma 19 M Vertebra, L5 NA Positive * Negative Positive

44

Osteoid 
osteoma

55 M Vertebra, T9, 
Left 

4 focal 
amplification

Negative Positive

45
Osteoid 
osteoma

9 F Tibia, right 35 Positive * Negative Positive

46 Osteoblastoma 18 M Metacarpal 8 Negative Not done Not done
47 Osteoblastoma 15 F Sacrum 25 Negative Not done Not done

48
Osteoblastoma 9 F Thoracic 

vertebra, T12
10 Negative Negative Positive

49

Osteoid 
osteoma

39 M
Phalanx, 
right toe, 
distal 

20 Negative Negative Positive

50
Osteoblastoma 8 M Lumbar 

vertebra
30 Negative Positive Negative

51
Osteoblastoma 24 F Lumbar 

vertebra, L4
NA Positive Negative

Not done
52 Osteoblastoma 23 M Sacrum NA Positive Negative Not done

53
Osteoid 
osteoma

36 M Finger, 
middle, left

NA Positive Negative
Not done

54
Osteoid 
osteoma

30 M Finger, 
middle, left

NA Negative Negative
Not done

55 Osteoblastoma 18 M Ulna NA Positive Negative Not done
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7.1.8. Allele specific expression results 

The subsequent pages show plots demonstrating RNAseq coverage with exons 

shown as blue rectangles. Breakpoints are shown with red lines. Fusion partner 

coverage is shown for 1kb after the breakpoint (light blue). Heterozygous SNPs, 

as identified in DNA, relative counts are shown as stacked bars. 
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FOS fusion cases
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FOSB fusion. There is no clear evidence of allelic imbalance or fusion transcripts 

dominating wild-type transcripts. As tumour purity is low, it is likely that a 

significant proportion of RNAseq reads are contributed by normal contaminating 

cells. As these are not immunoreactive on FOS immunostaining (see panels 

above or PD7525 for FOS fusion negative sample), this strongly hints at 

predominantly post-transcriptionally effects of truncation. g) For this FOSB fusion 

case there is imbalance of an intron 1 heterozygous SNP, suggesting increased 

transcriptional activity of one allele. 
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7.2. Chapter 4 Appendix 
7.2.1. SNP Samples 

 

SNP_ID Tumour_category Diagnosis Age Sex Sample_site CN_score
S00067882 BMGCT GCT 19 F Ulna, left 0.087
S00067494 BMGCT GCT 29 M Femur, distal, left 0.004
S00067499 BMGCT GCT 26 M Radius, distal, right 0.006
S00067497 BMGCT GCT 21 F Femur, distal, right 0.000
S00069147 Mal Malignant GCT 27 F Sacrum 0.256
S00064048 Benign GCT 37 M Ulna, distal, right 0.051
S00064049 Benign GCT 65 F Tibria, proximal, left 0.392
S00064050 Benign GCT 26 M Femur, proximal, left 0.106
S00064051 Benign GCT 34 M Femur, distal, right 0.000
S00064063 Benign GCT 41 M Tibia, proximal, right 0.019
S00064065 Benign GCT 18 F Tibia, proximal, right 0.003
S00064067 Benign GCT 48 M Femur, distal 0.049
S00064068 Benign GCT 28 M Radius, distal, left 0.002
S00064069 Benign GCT 64 M Femur, distal, left 0.000
S00064070 Benign GCT 40 M Ulna, distal, right 0.105
S00064071 Benign GCT 40 F Radius, distal, right 0.081
S00064073 Benign GCT 36 M Radius, distal, right 0.055
S00064074 Benign GCT 20 M Radius, distal, left 1.464
S00064055 Benign GCT 40 M Tibria, proximal, left 0.020
S00067493 BMGCT GCT 30 F Tibia, left 0.000
S00067496 BMGCT GCT 39 M Ulna, right 0.066
S00068932 BMGCT GCT 31 F Awaiting information from RJAH 0.000
S00068941 Benign GCT (difficult case) 50 M Tibia, proximal, right 5.823
S00068945 Mal GCT atypical (difficult case) 52 M Tibia, proximal, right 5.269
S00069270 BMGCT GCT 16 F Capitate,left 0.898
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7.2.2. Methylation array samples 

 

Methyalation_ID Tumour_category Initial_Diagnosis
Clustering 
clade Centre Age Sex Sample_site

Array 
type

CN 
score

203259060074_R08C01 BMGCT-Met Giant Cell Tumour of Bone G UCL 15 Female Lung EPIC NA
203259060079_R08C01 BMGCT-Met Giant Cell Tumour of Bone G UCL 15 Female Lung EPIC NA
202262730113_R02C01 BMGCT-Prim Giant_Cell_Tumour_Bone G UCL 15 Female Radius EPIC 0.003
3999078064_R06C01 Chondroblastoma Chondroblastoma C UCL 13 Female Femur 450k 0.006
101130760087_R03C01 Chondroblastoma Chondroblastoma C UCL 14 Male Humerus 450k 0.003
101130760092_R01C01 Chondroblastoma Chondroblastoma C UCL 15 Male Tibia 450k 0.004
101130760092_R04C02 Chondroblastoma Chondroblastoma C UCL 16 Male Tibia 450k 0.008
101130760092_R05C02 Chondroblastoma Chondroblastoma C UCL 30 Female Femur 450k 0.031
101130760059_R06C01 Chondroblastoma Chondroblastoma C UCL 39 Female Pelvis 450k 0.012
101103430066_R01C01 Chondroblastoma Giant_Cell_Tumour_Bone C UCL 22 Male Foot 450k 0.013
101103430066_R06C01 Chondroblastoma Chondroblastoma C UCL 17 Male Tibia 450k 0.083
101103430066_R01C02 Chondroblastoma Chondroblastoma C UCL 16 Male Femur 450k 0.085
101103430087_R02C01 Chondroblastoma Chondroblastoma C UCL 16 Female Humerus 450k 0.008
101103430087_R03C02 Chondroblastoma Chondroblastoma C UCL 15 Male Femur 450k 0.007
101103430087_R05C02 Chondroblastoma Chondroblastoma C UCL 18 Male Femur 450k 0.005
101103430097_R05C01 Chondroblastoma Chondroblastoma C UCL 19 Male Patella 450k 0.021
101103430097_R04C02 Chondroblastoma Chondroblastoma C UCL 5 Male Femur 450k 0.007
101103430106_R03C02 Chondroblastoma Chondroblastoma C UCL 16 Female Tibia 450k 0.004
101103430106_R05C02 Chondroblastoma Chondroblastoma C UCL 13 Female Tibia 450k 0.004
101103430147_R06C01 Chondroblastoma Pleomorphic Sarcoma C UCL 30 Female Leg 450k 0.028
101103430147_R06C02 Chondroblastoma Giant_Cell_Tumour_Bone C UCL 17 Female Radius 450k 0.011
100994770005_R02C01 Chondroblastoma Chondroblastoma C UCL 15 Female Humerus 450k 0.003
3999078002_R03C02 GCT Giant_Cell_Tumour_Bone G UCL 22 Female Tibia 450k 0.057
3999078064_R01C01 GCT Giant_Cell_Tumour_Bone G UCL 22 Female Tibia 450k 0.003
3999078064_R03C02 GCT Giant_Cell_Tumour_Bone G UCL 25 Male Tibia 450k 0.012
101130760087_R02C02 GCT Giant_Cell_Tumour_Bone G UCL 26 Female Radius 450k 0.006
101130760087_R03C02 GCT Giant_Cell_Tumour_Bone G UCL 50 Male Femur 450k 0.021
101130760087_R04C02 GCT Giant_Cell_Tumour_Bone G UCL 20 Male Fibula 450k 0.016
101130760092_R01C02 GCT Giant_Cell_Tumour_Bone G UCL 37 Female Tibia 450k 0.009
101130760092_R02C02 GCT Giant_Cell_Tumour_Bone G UCL 77 Male Tibia 450k 0.015
101130760092_R03C02 GCT Giant_Cell_Tumour_Bone G UCL 50 Male Femur 450k 0.007
101130760059_R02C01 GCT Giant_Cell_Tumour_Bone G UCL 30 Female Fibula 450k 0.013
101130760059_R03C01 GCT Giant_Cell_Tumour_Bone G UCL 36 Female Tibia 450k 0.041
101130760059_R04C01 GCT Giant_Cell_Tumour_Bone G UCL 21 Female Tibia 450k 0.005
100994770004_R06C01 GCT Osteoblastoma M UCL 18 Female Rib 450k 0.014
101103430084_R02C02 GCT Giant_Cell_Tumour_of_Bone G UCL 26 NA NA 450k 0.008
101103430087_R01C01 GCT Giant_Cell_Tumour_Bone G UCL 52 Male Foot 450k 0.018
101103430087_R06C01 GCT Giant_Cell_Tumour_Bone G UCL 35 Female Femur 450k 0.016
101103430097_R01C02 GCT Giant_Cell_Tumour_Bone G UCL 43 Male Femur 450k 0.009
101103430106_R01C01 GCT Giant_Cell_Tumour_Bone G UCL 22 Female Humerus 450k 0.080
101103430147_R01C01 GCT Giant_Cell_Tumour_Bone G UCL 19 Male Foot 450k 0.026
101103430147_R03C01 GCT Giant_Cell_Tumour_Bone G UCL 38 Male Femur 450k 0.024
101103430147_R04C01 GCT Giant_Cell_Tumour_of_Bone G UCL 30 NA NA 450k 0.008
101103430147_R01C02 GCT Giant_Cell_Tumour_Bone G UCL 39 Female Femur 450k 0.007
101103430147_R02C02 GCT Giant_Cell_Tumour_Bone G UCL 44 Male Tibia 450k 0.029
101231000137_R01C02 GCT Giant_Cell_Tumour_Bone G DKFZ 27 Female Extremity (upper) 450k 0.014
101231000003_R05C01 GCT Giant_Cell_Tumour_Bone G DKFZ 33 Male Extremity (lower) 450k 0.037
101231000003_R06C01 GCT Giant_Cell_Tumour_Bone G DKFZ 29 Male Extremity (upper) 450k 0.004
3998568071_R06C02 GCT Giant_Cell_Tumour_Bone G DKFZ 75 Female Extremity (lower) 450k 0.018
3998568072_R01C01 GCT Giant_Cell_Tumour_Bone G DKFZ 32 Male Extremity (upper) 450k 0.021
3998568072_R03C01 GCT Giant_Cell_Tumour_Bone G DKFZ 20 Female Pelvis 450k 0.009
3998568072_R04C01 GCT Giant_Cell_Tumour_Bone G DKFZ 27 Female Extremity (upper) 450k 0.002
200091640036_R04C02 GCT Giant_Cell_Tumour_Bone G DKFZ 34 Female Extremity (lower) 450k 0.002
200091640036_R05C02 GCT Giant_Cell_Tumour_Bone G DKFZ 58 Male Extremity (lower) 450k 0.051
200091640036_R06C02 GCT Giant_Cell_Tumour_Bone G DKFZ 59 Male Extremity (upper) 450k 0.019
200091640026_R02C01 GCT Giant_Cell_Tumour_Bone G DKFZ 26 Female Extremity (upper) 450k 0.001
200109360096_R04C01 GCT Giant_Cell_Tumour_Bone G DKFZ 22 Female Extremity (lower) 450k 0.001
200362700204_R05C01 GCT Giant_Cell_Tumour_Bone G DKFZ 29 Female Extremity (lower) 450k 0.000
200788220019_R07C01 GCT Giant_Cell_Tumour_Bone G UCL 15 Female Tibia EPIC 0.001
200788220001_R08C01 GCT Giant_Cell_Tumour_Bone G UCL 21 Male Metatarsal EPIC 0.001
200788220051_R02C01 GCT Osteosarcoma M UCL 20 Female Fibula EPIC 0.001
202273260117_R05C01 GCT Giant_Cell_Tumour_Bone G UCL 65 Male Tibia EPIC 0.002
202273260117_R06C01 GCT Giant_Cell_Tumour_Bone G UCL 34 Male Femur EPIC 0.002
101103430106_R04C01 GCT Giant_Cell_Tumour_Bone G UCL 29 Female Femur 450k 0.035
100994770004_R04C02 Mal_G34 Giant_Cell_Tumour_Bone G UCL 35 Female Vertebra 450k 0.101
3999112146_R01C02 Mal_G34 Osteosarcoma M DKFZ 59 Male Extremity (upper) 450k 0.392
3998909204_R06C01 Mal_G34 Osteosarcoma M DKFZ 75 Male Extremity (lower) 450k 0.089
3998568072_R02C01 Mal_G34 Giant cell tumor of bone (malignant) G DKFZ 18 Male Extremity (upper) 450k 0.019
200325530180_R01C01 Mal_G34 Osteosarcoma M DKFZ 71 Male Extremity (lower) 450k 0.067
200325530180_R02C01 Mal_G34 Osteosarcoma M DKFZ 34 Female Extremity (lower) 450k 0.013
200925700120_R03C01 Mal_G34 Osteosarcoma M DKFZ 75 Male Extremity (upper) EPIC 0.459
200788220016_R05C01 Mal_G34 Osteosarcoma M UCL 45 Female Femur EPIC 0.064
200788220001_R01C01 Mal_G34 Osteosarcoma M UCL 47 Male Femur EPIC 0.013
200788220049_R06C01 Mal_G34 Pleomorphic Sarcoma M UCL 36 Female Femur EPIC 0.274
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Methyalation_ID Tumour_category Initial_Diagnosis
Clustering 
clade Centre Age Sex Sample_site

Array 
type

CN 
score

200788220003_R03C01 Mal_G34 Osteosarcoma M UCL 53 Male Tibia EPIC 0.473
200788220019_R02C01 Mal_G34 Osteosarcoma M UCL 25 Male Tibia EPIC 0.016
200788220019_R05C01 Mal_G34 Osteosarcoma M UCL 40 Female Tibia EPIC 0.012
200788220049_R01C01 Mal_G34 Osteosarcoma M UCL 29 Female Pelvis EPIC 0.391
200788220001_R05C01 Mal_G34 Giant_Cell_Tumour_Bone G UCL 17 Female Femur EPIC 0.001
3999112131_R03C01 Osteosarcoma Osteosarcoma Os DKFZ 6 Female Extremity (lower) 450k 0.574
3999112131_R04C01 Osteosarcoma Osteosarcoma Os DKFZ 18 Male Extremity (upper) 450k 0.308
3999112137_R05C01 Osteosarcoma Osteosarcoma Os DKFZ 16 Male Extremity (lower) 450k 0.214
3999112137_R06C01 Osteosarcoma Osteosarcoma Os DKFZ 18 Male Extremity (lower) 450k 0.334
3999112137_R01C02 Osteosarcoma Osteosarcoma Os DKFZ 14 Male Extremity (lower) 450k 0.269
3999112146_R06C01 Osteosarcoma Osteosarcoma Os DKFZ 20 Male Extremity (lower) 450k 0.484
3999112146_R03C02 Osteosarcoma Osteosarcoma Os DKFZ 29 Male Extremity (lower) 450k 0.352
3999112146_R05C02 Osteosarcoma Osteosarcoma Os DKFZ 34 Female Extremity (lower) 450k 0.001
3998909204_R03C01 Osteosarcoma Osteosarcoma Os DKFZ 14 Female Scapula 450k 0.211
3998909203_R05C01 Osteosarcoma Osteosarcoma Os DKFZ 65 Male Spine 450k 0.376
3998909204_R04C02 Osteosarcoma Osteosarcoma Os DKFZ 9 Male Extremity (lower) 450k 0.416
3998909203_R05C02 Osteosarcoma Osteosarcoma Os DKFZ 35 Male Extremity (upper) 450k 0.162
3998909203_R06C02 Osteosarcoma Osteosarcoma Os DKFZ 12 Female Extremity (lower) 450k 0.466
3998920094_R02C02 Osteosarcoma Osteosarcoma Os DKFZ 24 Female Extremity (lower) 450k 0.312
3998920096_R01C02 Osteosarcoma Osteosarcoma Os DKFZ 12 Female Extremity (lower) 450k 0.246
3998523055_R05C02 Osteosarcoma Osteosarcoma Os DKFZ 27 Male Head 450k 0.347
200397540005_R06C02 Osteosarcoma Osteosarcoma Os DKFZ 14 Female Extremity (lower) 450k 0.186
200397540010_R02C01 Osteosarcoma Osteosarcoma Os DKFZ 21 Male Extremity (lower) 450k 0.567
200360420062_R01C01 Osteosarcoma Osteosarcoma Os DKFZ 20 Female Jaw 450k 0.302
200362700194_R06C02 Osteosarcoma Osteosarcoma Os DKFZ 30 Male Spine 450k 0.009
200925700157_R01C01 Osteosarcoma Osteosarcoma Os DKFZ 34 Female Extremity (lower) EPIC 0.477
202259490096_R02C01 Osteosarcoma Osteosarcoma Os UCL 56 Male Tibia and Fibula EPIC 0.292
202262730037_R08C01 Osteosarcoma Osteosarcoma Os UCL 11 Female Tibia EPIC 0.443
202262730098_R04C01 Osteosarcoma Osteosarcoma Os UCL 56 Female Femur EPIC 0.324
202273260008_R03C01 Osteosarcoma Osteosarcoma Os UCL 22 Male Rib EPIC 0.264
202273260008_R08C01 Osteosarcoma Osteosarcoma Os UCL 18 Male Fibula EPIC 0.504
202273260019_R03C01 Osteosarcoma Osteosarcoma Os UCL 14 Male Femur EPIC 0.259
202273260019_R04C01 Osteosarcoma Osteosarcoma Os UCL 19 Male Femur EPIC 0.035
202273260020_R02C01 Osteosarcoma Osteosarcoma Os UCL 15 Male Femur EPIC 0.331
202273260020_R04C01 Osteosarcoma Osteosarcoma Os UCL 13 Male Tibia EPIC 0.489
202273260054_R01C01 Osteosarcoma Osteosarcoma Os UCL 20 Male Tibia EPIC 0.452
202273260058_R02C01 Osteosarcoma Osteosarcoma Os UCL 36 Female Humerus EPIC 0.294
202273260058_R03C01 Osteosarcoma Osteosarcoma Os UCL 10 Male Femur EPIC 0.127
202273260064_R04C01 Osteosarcoma Osteosarcoma Os UCL 36 Male Tibia EPIC 0.019
202273260065_R02C01 Osteosarcoma Osteosarcoma Os UCL 17 Male Tibia EPIC 0.406
202273260066_R07C01 Osteosarcoma Osteosarcoma Os UCL 12 Male Femur EPIC 0.547
202273260111_R03C01 Osteosarcoma Osteosarcoma Os UCL 13 Female Femur EPIC 0.179
202273260111_R06C01 Osteosarcoma Osteosarcoma Os UCL 15 Male Humerus EPIC 0.498
203259060009_R03C01 Osteosarcoma Osteosarcoma Os UCL 16 Male Pelvis EPIC NA
203259060009_R04C01 Osteosarcoma Osteosarcoma Os UCL 78 Male Fibula EPIC NA
203259060043_R01C01 Osteosarcoma Osteosarcoma Os UCL 19 Male Femur EPIC NA
203259060043_R03C01 Osteosarcoma Osteosarcoma Os UCL 7 Female Femur EPIC NA
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7.2.3. Additional Timing Figures 
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7.3. Chapter 5 Appendix 
7.3.1. PCAWG cohort 

Organ Abbreviation Included Subtypes Jurisdictions Cases Sex Age 

     F M Med 10-
90th 

Neural Crest         

CNS CNS-GBM Glioblastoma US 41 13 28 60 43-
72 

CNS CNS-Medullo 
Medulloblastoma; 
Desmoplastic medullo.; 
Large cell medulloblastoma 

DE 146 67 79 9 3-28 

CNS CNS-Oligo Oligodendroglioma US 18 9 9 41 21-
62 

CNS CNS-PiloAstro Pilocytic astrocytoma DE 89 47 42 8 2-17 

Skin Skin-
Melanoma Malignant melanoma AU, US 107 38 69 57 37-

78 

Endoderm         

Biliary Biliary-
AdenoCA 

Papillary 
cholangiocarcinoma JP, SG 34 15 19 64 53-

76 

Bladder Bladder-TCC 
Transitional cell carcinoma; 
Papillary transitional cell 
carcinoma 

US 23 8 15 65 52-
80 

Colon/Rectum ColoRect-
AdenoCA 

Adenocarcinoma; Mucinous 
adeno. US 60 30 30 67 46-

81 

Esophagus Eso-AdenoCA Adenocarcinoma UK 98 14 84 70 56-
79 

Liver Liver-HCC 
Hepatocellular carcinoma; 
Combined HCC/cholangio; 
Fibrolamellar HCC 

FR, JP, US 317 89 228 67 50-
78 

Lung Lung-
AdenoCA 

Adenocarcinoma; 
Adenocarcinoma in situ; 
Mucinous adenocarcinoma 

US 38 20 18 66 47-
77 

Lung Lung-SCC Squamous cell carcinoma; 
Basaloid SCC US 48 10 38 68 54-

77 

Pancreas Panc-
AdenoCA 

Adenocarcinoma; Acinar cell 
Ca.; Mucinous 
adeno.;  Adenosquaous Ca. 

AU, CA 239 119 120 67 50-
79 

Pancreas Panc-
Endocrine Neuroendocrine carcinoma AU, IT 85 30 55 59 38-

75 

Prostate Prost-
AdenoCA Adenocarcinoma CA, DE, UK, 

US 210 0 210 59 47-
71 
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Stomach Stomach-
AdenoCA 

Adenocarcinoma; Mucinous 
adeno.; Papillary adeno.; 
Tubular adeno. 

CN, US 75 18 57 65 47-
79 

Thyroid Thy-AdenoCA 
Adenocarcinoma; Adeno., 
columnar cell; Adeno., 
follicular type 

US 48 37 11 51 26-
75 

Mesoderm         

Bone/Soft 
Tissue Bone-Benign Osteoblastoma; 

Osteofibrous dysplasia UK 7 4 3 18 12-
30 

Bone/Soft 
Tissue Bone-Benign Chondroblastoma; 

Chrondromyxoid fibroma UK 9 2 7 16 14-
38 

Bone/Soft 
Tissue Bone-Epith Adamantinoma; Chordoma UK 10 4 6 60 37-

67 
Bone/Soft 
Tissue 

Bone-
Osteosarc Osteosarcoma UK/NO 38 20 18 20 9-58 

Bone/Soft 
Tissue 

SoftTissue-
Leiomyo Leiomyosarcoma US 15 10 5 61 51-

78 
Bone/Soft 
Tissue 

SoftTissue-
Liposarc Liposarcoma US 19 5 14 n/a n/a 

Cervix Cervix-
AdenoCA Adenocarcinoma US 2 2 0 39 33-

46 

Cervix Cervix-SCC Squamous cell carcinoma US 18 18 0 39 25-
58 

Head/Neck Head-SCC Squamous cell carcinoma IN, US 57 10 47 53 34-
71 

Kidney Kidney-
ChRCC 

Adenocarcinoma, 
chromophobe type US 45 19 26 47 34-

69 

Kidney Kidney-RCC 
Adenocarcinoma, clear cell 
type; Adenocarcinoma, 
papillary type 

EU, US 144 54 90 60 48-
75 

Lymphoid Lymph-BNHL 
Burkitt; Diffuse large B-cell; 
Follicular; Marginal zone; 
Post-transplant 

DE, US 107 51 56 57 10-
74 

Lymphoid Lymph-CLL Chronic lymphocytic 
leukaemia ES 95 31 64 62 46-

78 

Myeloid Myeloid-AML Acute myeloid leukaemia KR, UK 10 3 7 50 35-
56 

Myeloid Myeloid-MDS 
Chronic myelomonocytic 
leukaemia; MDS with ring 
sideroblasts 

UK 2 1 1 76 74-
77 

Myeloid Myeloid-MPN 
Essential thrombocythemia; 
Polycythemia vera; 
Myelofibrosis 

UK 26 14 12 56 38-
75 

Ovary Ovary-
AdenoCA 

Adenocarcinoma; Serous 
cystadenocarcinoma AU, US 113 113 0 60 48-

74 
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Uterus Uterus-
AdenoCA 

Adenocarcinoma, 
endometrioid; Serous 
cystadenocarcinoma 

US 51 51 0 69 57-
81 

Ectoderm         

Breast Breast-
AdenoCA 

Infiltrating duct carcinoma; 
Medullary carcinonoma; 
Mucinous adeno. 

EU, UK, US 198 197 1 56 39-
76 

Breast Breast-DCIS Duct micropapillary 
carcinoma EU, UK 3 3 0 55 43-

60 

Breast Breast-
LobularCA Lobular carcinoma EU, UK, US 13 13 0 53 42-

69 

Total    2658 1189 1469 59 21-
76 
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7.4. Related authored papers 

Publications in press resulting from work in this thesis: 

FITTALL, M. W. & VAN LOO, P. 2019. Translating insights into tumor evolution to 
clinical practice: promises and challenges. Genome Medicine, 11, 20. This is the 
basis of much of the introduction 1.2.2 

FITTALL, M. W., MIFSUD, W., PILLAY, N., YE, H., STROBL, A. C., VERFAILLIE, 
A., DEMEULEMEESTER, J., ZHANG, L., BERISHA, F., TARABICHI, M., 
YOUNG, M. D., MIRANDA, E., TARPEY, P. S., TIRABOSCO, R., AMARY, 
F., GRIGORIADIS, A. E., STRATTON, M. R., VAN LOO, P., ANTONESCU, 
C. R., CAMPBELL, P. J., FLANAGAN, A. M. & BEHJATI, S. 2018. Recurrent 
rearrangements of FOS and FOSB define osteoblastoma. Nat Commun, 9, 2150. 
This is the basis of chapter Chapter 3 

PCAWG 2020. Pan-cancer analysis of whole genomes. Nature, 578, 82-93. 
This flagship paper for the PCAWG consortium features nine scientific 
highlights with their own structured author lists. Chapter 5 forms the basis of 
3/9 scientific highlights, for which Maxime Tarabichi, Jonas Demeulemeester 
and I are jointly first authors 

 
Publications in preparation/submission from work in this thesis: 

FITTALL, M.W., LOMBARD, P., ELLERY, P., STROBL, A. C., TARABICHI, M., 
SILL, M., KOELSHE C, DEMEULEMEESTER, J., TIRABOSCO, R., AMARY, 
F., VAN LOO, P., CAMPBELL, P. J., JONES, D.T.W, BEHJATI, S. & 
FLANAGAN, A. M. Patterns of progression in H3.3 mutated bone tumours. 
Manuscript in preparation. This is the basis of chapter Chapter 4 
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