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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 | have explored in this work.

First, | 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.
| 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, | have studied complex mutational events more broadly in cancer and
benign neoplastic disease. | reported chromothripsis and chromoplexy in
malignant GCTs and osteoblastoma respectively for the first time. | 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, | 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.






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



Finally, | was the first to explore and time chromoplexy, a specific type of highly
complex error that was originally identified in prostate cancer. | explored this in a
large collection of 2,626 cancers, spanning 27 cancer types. | 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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Introduction

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 20"
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 20" 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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Introduction

Philadelphia chromosome which creates the BCR-ABL 1 fusion as one half of the
reciprocal balanced 1(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.
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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).
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PD4922e BWA alignment
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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 (PD4922¢). 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 SETDZ2, 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 CDKNZ2A (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.

Adaptive subclonal targeting ?

Treatment
Interruption

|

\~

Resistant out-competed

* Clonal Drlver subclone suppressed by
o SUbC|OnaI Drlver MRCA Diagnosis  cengsitive subclone

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

Chondrogenic

Osteochondroma
Chondroma:
Enchondroma
Periosteal chondroma
Osteochondromyxoma

Subungual exostosis

Bizarre parosteal
osteochondromatous proliferation
Synovial chondromatosis

Chondromyxoid fibroma
Atypical cartilaginous tumour /
chondrosarcoma grade |
Chondroblastoma
Malignant
Chondrosarcoma

Grade Il, grade lll

Dedifferentiated chondrosarcoma
Mesenchymal chondrosarcoma

Clear cell chondrosarcoma
Fibrogenic

Desmoplastic fibroma of bone
Fibrosarcoma of bone
Fibriohistiocytic

Benign fibrous histiocytoma / non-
ossifying fibroma

Benign
Benign

Benign

Benign
Benign
Benign

Benign
Intermediate

Intermediate
Malignant

Malignant
Malignant

Malignant

Intermediate
Malignant

Benign

Myogenic, Lipogenic or Epithelial

Lipoma of bone
Liposarcoma of bone

Leiomyosarcoma of bone
Adamantinoma

Notochordal

Benign notochordal tumour
Chordoma

Benign
Malignant

Malignant
Malignant

Benign
Malignant
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Malignancy Genetics (% affected)

EXT 1/2 mutation (Bovee et al., 1999)
IDH 1/2 mutation (Amary et al., 2011)

Familial syndrome, Carney complex —
PPKAR1A mutation (Carney et al.,
2001)

COL12A1 and COL4AS5 rearrangement
(Storlazzi et al., 2006)

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

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

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

H3.3 pK36M (Amary et al., 2016)

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

As for malignant chondrosarcoma
HEY1-NCOAZ2 fusion (Wang et al.,
2012)

H3.3 p.K36M (rare) (Amary et al., 2016)

CTNNB1 mutation (Song et al., 2018)
NTRKS3 fusion (Yamazaki et al., 2019)

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

LPP-HMGA-2 fusion(Petit et al., 1998)
MDM2 amplification (Szuhai et al.,
2007)

RB1 deletion (Verelst et al., 2004)
Unknown (Taylor et al., 2012)

Unknown (Du et al., 2019)
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 Intermediate H3.3 G34 mutations (Behjati et al.,
bones 2013)
Malignancy in giant cell tumours Malignant Unknown
of bone
Osteogenic Malignant
Osteoma Benign Unknown
Osteoid Osteoma Benign Unknown
Osteoblastoma Intermediate Unknown
Conventional Osteosarcoma: Malignant Complex and unexplained. TP53
Chondroblastic (40%), IGF amplifications (7-14%),
Fibroblastic MDM2 amplification (Behjati et al.,
Osteoblastic 2017, Kovac et al., 2015)
Low-grade central osteosarcoma
Telangiectatic osteosarcoma
Small cell osteosarcoma
Secondary osteosarcoma
Parosteal osteosarcoma
Periosteal osteosarcoma
High-grade surface osteosarcoma
Vascular
Haemangioma Benign Unknown (van ljzendoorn and Bovee,
2017)
Epithelioid Haemangioma Intermediate FOS and FOSB rearrangements
(Antonescu et al., 2014, Huang et al.,
2015)
Epithelioid Malignant WWTR1-CAMTAT1 fusion (Errani et al.,
haemangioendothelioma 2011)
Angiosarcoma Malignant PTRB (26%) (Behjati et al., 2014)
Undefined or miscellaneous
Aneurysmal bone cyst Intermediate USPé6 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:

e Evaluate the genomic landscape of a previously unexplored disease,
osteoblastoma, to identify simple genomic changes underpinning the
earliest stages in tumour evolution.

e Explore the genomic patterns underlying clinical features of metastatic
and/or malignant progression of histone H3.3 mutated bone tumours.

e 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

Methods

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

DNA extraction

Library preparation (2.5),
sequencing and alignment
(BWA-mem 2.7)

)

Copy Number
(ASCAT) (2.7)

—
)

Structural Variants
(BRASS) (2.7)

—

4 N
Substituions (CaVE-
Man) (2.7)

—
)

Indels (cgpPindel)
(2.7)

a )\

| Variant anno-

tation -
VaGrENT (2.7)

Cancer gene
analysis
(2.10)

& J
4 N
Fusion detection -
STAR fusion (2.10)

|
)

Fusion detection -

(2.3)
5 osteoblastoma
1 osteoid osteoma
(fresh frozen) (2.2)
N
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RNA extraction |__| sequencing and alignment
(STAR2.7)
(2.3)
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TopHat2 (2.10)
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deFuse (2.10)
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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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FFPE (2.2)

32 osteoblastoma
23 osteoid osteoma

O )

FOSFISH (2.13)
n=55

)
FOSBFISH (2.13)
n=34

—

FOS IHC (2.14)

n=42

183 Osteosarcoma

17 angiosarcoma

(2.2)

FOSIHC(2.13)

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

9GCT
8 Malignant H3.3 mutant
e DNA extractlon
3 Benign Metastsatic GCT
(2.2

Library preparation (2.5),
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(BWA-mem 2.7)
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)
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(2.17)
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(2.17)

)

Cancer gene
analysis
(2.10)
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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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29 GCT (UCL)
6 Malignant H3.3
(DKFZ)

————
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bisulfite conver-
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and correction

Genomic analysis
(2.20)
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19 Chondroblastoma tion array analysis Methylf}t_lon /- N segmentation
(2.18) intensities (2.20)
(uch) Copy Number -
21 Osteosarcoma analysis
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21 Osteosarcoma \ J

Methods

)
— Profile Clustering
(2.19)
Methylation Beta \ DMB/DMP
13 GCT (DKFZ) Values —_— analy(szlszg?AMP

Differential

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.

15 GCT
8 Benign Metastasizing | DNA ex;ractlgn and Genome Studio QC Copy Number
GCT llumina In ”'lty mnia 2.5 and data preparahon proﬁlmg ASCAT)
2 Malignant GCT SNP array analysis (2.3, 2.4)
(2.2)

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

' 4 N 4 )
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Structural variant
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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 lllumina Array platform pipeline by the
UCL genomics core facility. SNP Array analysis was performed on lllumina

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 lllumina 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 lllumina (lllumina, 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 lllumina 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 lllumina 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

WGS Alignment

Copy Number
Copy Number

Structural
VEUETS
RNAseq
Alignment and
Fusion calling

Fusion Calling

Fusion Calling

RNAseq counts

Name

Burrows Wheeler Aligner

(BWA mem)

Cancer Variants through
Expectation Maximisation
(CaVEMan)

cgpPindel

Allele Specific Copy
Number Analysis of

Tumours (ASCAT) NGS
Battenberg (with SVs from
BRASS)

Breakpoints via Assembly
(BRASS)
Spliced Transcripts
Alignment to a Reference
(STAR)
TopHat2

deFuse

HTSeq

Table 2 Sequencing algorithms.

2.8. Variant validation

Ch.3
2.0.54

1.11.0

21.0
4.0.0

5.3.3

2.0.42

21.0

0.7.0

0.6.1

Ch. 4
2.0.54

1.11.0

224

228

5.3.2

Reference
(Li and
2009)
(Jones et al., 2016)

Durbin,

(Ye et al., 2009)
(Van Loo et al,
2010)

(Dentro et al., 2017,
Nik-Zainal et al,
2012b)
https://github.com/
cancerit/BRASS
(Dobin et al., 2013)

(Kim et al., 2013)
(McPherson et al.,
2011)

(Anders et al., 2015)

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

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

2016). | 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.qithub.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.

53



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 x10% 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 pg of
total RNA from each sample using the ProtoScript® Il 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.

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

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
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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 Il 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 humber >= 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:
VAF(p X TCN + 2(1 — p))
P
MCN is Mutation Copy Number, p is the sample purity, TCN is the local total copy

MCN =

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:

pMut,
WGD = Z i
pMut2 + 1/2

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 lllumina Infinium Methylation pipeline. All samples were
analysed with lllumina 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”,”0Os”), 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-'° 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 | 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 Illlumina 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.
Rearrangement breakpoints merged with copy number data
Individual SVs clustered into clusters and footprints
SV clusters and footprints heuristically refined

Artefactual fold-back-type SVs filtered if insufficient supported

2

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.

62



Methods

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), CIiP (https://github.com/wwylab/CIiP), 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 eventi involving N = 1 ... j variants,

each with an associated probability 1 — pg,;; of being clonal in the tumour

sample, the likelihood of being clonal was determined as l'[?’:l(l — Dsup,j) and of
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being subclonal as l_[?]=1psub,j- The likelihoods were normalised to vyield

probabilities for (sub)clonality of the event (p.;; and psy ;).

The timing of every event was also computed as the probability of the event being
clonal early, clonal late or clonal NA (peariy,is Diate; @Nd pya i, 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

chl,i+ 0.5
Pl sim,it 0-5
Zpsub’i+ 0.5
Y Psub,sim,it 0-5

computed for every cancer type by bootstrapping the ratio where 0.5

represents a pseudocount (i.e. a single event with p.; = psy; = 0.5) and
Pcrsim,i @nd psyp sim,i @re 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 (p.; sim,; and Psupsim,i), @s well as the
probability of being clonal early, late or NA (peariy,sim,ir Piate,simi @Nd Pna sim,i)
were computed for the simulated events as described above. To obtain the
median odds ratio and 2.5""/97.5™" 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

1
(# events in sample)

according to 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

Y Pearly,it 05

YXPearly,sim,it 0-5
YXPigte,it 0-5

YPiate,sim,it 0-5
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Osteoblastoma

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 2"¢ and 3™
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

¢ |dentify a mutation or mutational pattern that defines and potentially unifies
the diseases of osteoid osteoma and osteoblastoma
e 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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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 |\1aqullary| 30
PD13482 |Osteoid Osteoma | 18|M Lumbar vertebra, L1 |ya 12

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).
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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)
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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. 25" and 75™ 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).

71



P4
(6]
1 -
0 ] [}
2e+07 3e+07 4e+07 5e+07
Pos

o
[
o]
4
O
o
o
[
>
o
(@]
=
>
o
§
'_
[}
o
o
o}
>
o
(&)
©
£
=
o
P4

0.75- . oo

e tea 80T e

DRV Y o R PO

2 Ppaiiei. e

w 3 A ‘*‘Jg g".,.

g 0.50 - s Qﬁi ‘é' 3.

S A S

0.25-

. . S o . 5 4 * 't e
B o N L S L U pe R T o SO LRSS T L)

0.00-

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).

Intergenic KIAA1199
—@HHH—H—HHH
L T S
) -7 RN 1500
- 300
53.476 5348 0 81149 81145 0
PD7521 PD13481
Intergenic = H— f
g 2000 R || T
750
0 _— - 0
53.305 53.312 B . 192.135 192.136
PD7519 PD13482

148.48 148.52

PD13480

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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FOS Chr 14:75747761.._ .- Chr 5:14851076 (anti-sense) ANKH
PD13480 ——m= —

RNA sequencin
AAG CCC TCA GTG GAA CCT GTC AAG AGC ATC |TGC CCT CTC CTAAAC TAATGG GAG CAC CTC

KPSVEPVKSI CPLLN

Exon 4 Intron 1

AAGCCCTCAGTGGAACCTG TCAAGAGCATCTGCCCTCTCCTAAACTAATGGGAGCACCTC

7040

FOS Chr 14:75747850.. .- Chr 14:53477093 IGR
PD7521 = —

RNA sequencin
AGT GGC TCT GAG ACA GCC CGC TCC GT|JA GATATT TCG TICA GTT TTC AAG GTT GTT TAG AAA AAC

SGSETARSVDISSVFKVYV

Exon 4 Non-template
sequence

7040

Sanger Sequencin

Ik

/AN
AGTGGCTCTGAGACAGCCCGCTCCGTAGATATTTCGTCAGTTTTCAAGGTTGTTTAGAAAAAC

FOSB
PPP1R10 Chr 6:30571219 -.. .- Chr 19:45971907

PD7525 L
- Y R—— T o | —

RNA sequencing

[MOWN@NIE] GTA CGC ACCCTCCTTCCCCTTTTCCACCTT CTCTGIC GAGTCT CAATAT CTGTCTTCG GTG GACTCC

MMV RTLLPLFHLLC ESQYLSSVDS

Intron 16 Non-template Exon 1
PPP1R10 sequence  FOSB

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.

16

NPIPB4

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 4" 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).

FOSB
I ivim PR
1 593

1607

PPP1R10 Dominant transactivation domain m Breakpoint in epithelioid haemangioma
bZIP domain ® Breakpoint in pseudomyogenic haemangioendothelioma
I Non-dominant transactivation domain

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, |
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. | 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

82



Osteoblastoma

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 ljzendoorn 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 CDG68 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-lbraheemi 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 (Behijati 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 Difftuse 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 (CGls). The presence of H3K27M mutated
histones, however, prevents the migration of this complex along the genome from
CGls (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

e Explore the common origin of H3.3 mutant bone tumours

e To identify genomic patterns that may elucidate the process of metastatic
spread in conventional GCT

e 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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Multiple Follow
Sample |Age | Sex Site Diagnosis external Management Outcome Up
reviews (months)
PD3795d (21 M Metatarsal, 1st, left |[GCT Yes Resection only NED 226
PD30981a |15 F Tibia, proximal, right |GCT Yes Resection only NED 154
PD21296a (21 F Tibia, proximal, right |GCT No Resection only NED 97
PD21295a (29 M Fibula, proximal, right |GCT Yes Resection only NED 91
PD21294a |49 M Femur, distal, left GCT No Resection only NED 96
PD21292a |25 M Tibia, proximal, right |GCT No Resection only NED 101
PD7524a |23 M Tibia, proximal, right |GCT Yes Resection only NED 106
PD30982a |20 F Fibula, proximal, right |GCT* Yes Surgery, chemotherapy NED 113
PD38329a Radius, distal, left BMGCT-Prim Resection only
PD38329d |14 F Lung BMGCT-Met Yes Surgery, Chemotherapy (no response) SD 17
PD38329¢ Lung BMGCT-Met Surgery, Chemotherapy (no response)
PD13463a |40 F Tibia, proximal, right |Adamantinoma, osteoclast-rich No Resection only DOD 7
PD38328a (38 F Femur, distal, left Malignant GCT No Surgery, Chemotherapy (no response) NED 24
PD3788d |29 F Femur, proximal, right |Malignant GCT Yes Surgery, Chemotherapy DOD 50
PD37332a [17 |F  |Femur, distal mwwmmwowmwﬂﬂ%%ma% fibroblastic) | Resection only NED 49
Neoadjuvant chemotherapy (poor response), surgery,
PD30985a |53 M Tibia, proximal, left Osteosarcoma, chondroblastic No multiple lines of chemotherapy at relapse (no PD 64
response)
PD30984a |25 M Tibia, proximal, left Osteosarcoma, GCT-like No Neoadjuvant chemotherapy (poor response), surgery |NED 79
PD4915d |47 M Femur, distal, left Osteosarcoma, osteoclast-rich No Surgery, chemotherapy (no response) DOD 17
PD4922e |37 F Femur, shaft, left Pleomorphic Sarcoma No Resection only DOD 11

Table 7 Clinical characteristics of whole genome sequenced H3.3
Tumour of bone), BMGCT (Benign Metastastasing Giant Cell Tumour of bone), NED (No evidence of disease), SD (Stable Disease),
DOD (Died of Disease), PD (Progressive Disease). *This case was initially diagnosed as an osteoclast-rich osteosarcoma but this
was amended to GCT on retrospective review

mutant bone tumours. Abbreviations: GCT (Giant Cell

97



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 5™ and 95" 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 MDMZ2 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.

0 5,000,000 10,000,000 15,000,000 20,000,000 25,000,000 30,000,000 35,000,000 40,000,000 45,000,000 50,000,000 55,000,000
75,000 5,000,000 5,125,000

Chr 19 KDM4B —_—, | e

LogR at SNPs

Tumour Coverage

Normal Coverage

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

102



H3.3 mutant bone tumours

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).
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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 | adapted two existing copy number scoring
methods: the weighted Genome Instability Index (wGll) (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.
wGll is designed for segmented normalised integer-value copy number and is the
proportion of the genome that is aberrated. wGll 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).

PD4922¢ CN score 0.44
Ploidy: 2.51, aberrant cell fraction: 68%, goodness of fit: 92.7%
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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.
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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

106



H3.3 mutant bone tumours

S00068941 - primary (benign)

Ploidy: 1.71, aberrant cell fraction: 55%, goodness of fit: 92.6%
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S00068945 - recurrence (malignant)
Ploidy: 1.96, aberrant cell fraction: 79%, goodness of fit: 98.8%
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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.
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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. ¢) 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.

\
- . ) AN
¢ \' | . {r y t
¥ v 1 e
-~ 4
y ’ » ’
{
:. ") : ke nt
. - i
\ \ ” ‘-r .‘ -
’ \ o - ') a
4 a ~ !
oy Yegry
y -7 ¥
"’ ’ [ ng 4 . \ ov
0 ol - oL i
: . =" WY
( <
’ -
- -—
' 4 * g ,
N - y 7
q4 A
/ Y

Rl S Wed & e '
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 1qg 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 | 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 Illlumina 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.
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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 < 1x107°) 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 3UTRs which is only marginally significant (p=2x10") 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.
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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 CCND7 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).
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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).
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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).
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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.
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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

121



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, |
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.

122



H3.3 mutant bone tumours

POoER04

POIKRI

b)
PD38329a o

I H3F3A (
PD38329c¢
H3F3A
o o

PD38329d

H3F3A
oo

=~ PD38329d

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, | 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,
| 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 TMPRSSZ2 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 EWRST1-FLI1T (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. Aglobal 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.

132



Chromoplexy

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

e Explore methods to define chromoplexy and its underlying rearrangement
pattern

¢ |dentify the frequency of chromoplexy and its potential to produce driver
events

e 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 fiboroma 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.

069 1 1
1 1 1 ) )
1 I 1 Deletion Bridges
1 1 1
> 041 1 1 Both
+ 1 1 1
a 1 1 1 CF only
[0} 1 1 1
0 024 1 1 Coverage only
1 1 1
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Adjacency Distance (bp)

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.

~
o

T U il

s 15
w8 3 8o B g
o

-~ —

<
4%
3 %
L%
2
N\,
" )
%
%
.
o
25
&
1 —
1
& \
&
S

°

A\/ Q.
"a)m $
&
£
/.

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 |
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 499 7,799
chains/cycles

Deletions 349 57,674
Tandem Duplications 172 50,290
Chromoplexy chains/cycles 138 1987
Other (incl. inverted 89 16221
duplications)

Direct Inversions 52 3218
Chromoplexy with template 47 180
insertions

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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Balanced Footprint Templated Insertion
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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.

| 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). | 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.
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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, |
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 RUNX7-RUNXT1
(t(8g: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.
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Chromoplexy

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.

chromoplexy
interfootprint distance

1
RS W 100% &

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

Copy number
OB NWA OO

47 133 134 135
Chr 2 posmon (Mb Chr 7 position (Mb) Chr 8 position (Mb)

THADA. PRKCE IGF2BP: — TG
—H * 5y

TG

THAD,
IGF2BP PRKCE
Three derivative chromosomes

@

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
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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.
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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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Chromoplexy

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, |
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,
| 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

158



Discussion

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,+,28572M,60,1;

PD13480a | 2209 14| 75747531 60|64S36M |= 75747919 488[SA:Z:5,14851058,-,34566M,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,+,28572M,60,1;

PD13480a 99 14| 75747531 60]|45555M |= 75747788 357|SA:Z:5,14851058,-,53547M,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(34566M 14| 75747919 0[SA:Z:14,75747531,+,64536M,60,0;
PD13480a | 2163 5| 14851058 60(53547M 14| 75747788 0[SA:Z:14,75747531,+,45555M,60,0;
PD13481a | 2129 14| 75747758 60]|46M54S |= 75747323 -481(SA:7:15,81149925,-,44556M,60,0;
PD13481a | 2209 14| 75747828 60|53547M |= 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:7:2,192135346,-,58542M,60,0;
PD13482a 81 2(192135346 60]58542M 14 75747412 0[SA:Z:14,75747757,-,40M60S,60,0;
PD7519a | 2179 14| 75747716 60|36M64S [= 53309368 -22438349|SA:7:14,53309647,-,64M36S,60,0;
PD7525a [ 2209 19| 45971907 60[62S38M |= 45972098 291|SA:Z:6,30571217,-,41559M,60,0;

PD7525a 177 6| 30571217 60({41S59M 19| 45972098 0[SA:Z:19,45971907,+,62538M,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|15585M 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 1945971913 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

Fos Chr 14:75747761..__ - Chr 5:14851076 (anti-sense) ANKH
PD13480 -~ — | o
RNAsequencing — _— ¥~~~-ﬁhn

—_—

AAG CCC TCA GTG GAA CCT GTC AAG AGC ATC |TGC CCT CTC CTAAAC TAA TGG GAGEAHC_C?C

KPSVEPVKSI CPLLNGT?

Exon 4 Intron 1 g

AAGCCCTCAGTGGAACCTG TCAAGAGCATCTGCCCTC TCCTAAACTAATGGGAGCACCTC

FOS Chr 14:75747803. - Chr 15:81149927 KIAAT199
PD13481 F— |

RNAsequencing S R

CTG AAG ACC GAG CCC TTT GAT GAC TTC CTG | AAG TTT GCAAAC TTCACC GTG CAC ATTAGT CAC TGA

LKTEPFDDFL KFANFTVHISHS?:?

Exon 4 Intron 1

-ttt -

04

Sanger Sequencing

M ottt

CTGAAGACCGAGCCCTTTGATGACTTCCTGAAGTTTGCAAACTTCACCGTGCACATTAGTCACTGA

FOS Chr 14:75747796. .- Chr 2:192135347 MYO1B
PD13482 o e ]

FPRTRTIETI TR
Hebit et

RNAsequencing — —
CTG AAG ACC GAG CCC TTT GAT GAJA TAG AAG GAC CCA GAA A

LKTEPFDE?

3
o
Exon 4 P

TCC AGT TTT TCT GAC TCC

Non-template Intron 1
sequence

Sanger Sequencing

CTGAAGACCGAGCCCTTTGATGAATAGAAGGACCCAGAAATTTCCAGTTTTTCTGACTCC
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FOS Chr 14:75747751. .- Chr 14:53309710(anti-sense) IGR
PD7519 e F—

RNA sequencin
GAC CCT GAG CCC AAG CCC TCA GTG GAA CCT GT|G TAA TGG AAA GTA GAAACT CCAGCT TCC

DPEPKPSVEPV X

3
o
Exon 4 P

Sanger Sequencing

GACCCTGAGCCCAAGCCCTCAGTGGAACCTGTGTAATGGAAAGTAGAAACTCCAGCTTCC

FOS Chr 14:75747850. - Chr 14:53477093 IGR
PD7521

RNA sequencin

AGT GGC TCT GAG ACAGCC CGC TCC GTAGATATTTCG TICAGTT TTC AAG GTT GTT TAG AAAAAC

SGSETARSVE)IISSVFKVVE
Exon 4 on-template P
sequence

Sanger Sequencing

h““‘ . i

AC TGGCTCTGAGCACAGCCCGCTCCGTAGATATTTCGTCAGTT TTCAAGGTTGTTTAGAAAAAC
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FOS/FOSB

and

i results

sequencing

cohort

7.1.4. Discovery

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.

PD13480

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1819202122 X

[QU —_— - N

PD13481

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1819202122 X

QA A L L I

o4

PD13482

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1819202122 X Y

Yol

QA A NN (S N S S S S S_— N [, S S S SN S S N " _— . .
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PD7519
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PD7521
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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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PD13481
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PD1§482
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PD7519
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PD7521
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PD7525
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Appendix

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.

FOS fusion +ve osteoblastoma

FOS FISH
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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.
H+E

FOS IHC

Case 44

Case 48

Case 49
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Appendix

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.

FOSB fusion +ve osteoblastoma
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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.

Osteosarcoma
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F i e e Ml FOS FISH
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7.1.7. Validation cohort immunohistochemistry and FISH results

Appendix

FISH results denote the presence of a breakapart signal in the respective gene.

*focally positive

Anatomical
Sample |Diagnosis Age [Sex [Site
1|Osteoblastoma (13 |M |Talus
2 |Osteoblastoma |10 (M |Rib
Lumb
Osteoblastoma [18 |NA umbar
3 vertebra, L5
4 |Osteoblastoma [15 [M |Humerus
Osteoid
osteoma/ 3 M |Humerus, left
5|osteoblastoma
. Osteoblastoma (12 |F Humerus, left
7 |Osteoblastoma |17 (M [Tibia, left
8|Osteoblastoma (39 [M |Pelvis
9|Osteoblastoma |15 [M [Tibia, right
Lumbar
Osteoblastoma [20 (M
10 vertebra, L1
Osteoid 4 F Femur
osteoma
11
Osteoblastoma |28 (M Lumbar
12 vertebra, L2
Osteoid
steol 52 (M [Humerus, left
13|osteoma
Osteoid
steol 34 M |Vertebra, 7
14 |osteoma
15 [Osteoblastoma [19 [M |Talus, right
16 [Osteoblastoma [18 [M |Talus, right
Osteoid 19 ¢ Humerus,
17 |osteoma right
18|Osteoblastoma (39 |M |Vertebra, C1
Osteoblastoma |18 |M lYIetatarsaI,
19 right, fifth
20|Osteoblastoma |19 (M |Vertebra, T2
21|Osteoblastoma [20 |F  [Ankle, right
Acetabulum,
Osteoblastoma |21 |M cetabutum
22 left
23 Osteoblastoma (28 [M [Humerus, left
Osteoid Phalanx,
steol 26 |M |right middle
osteoma
24 finger
Acetabul
Osteoblastoma (26 |M cetabuium,
25 left
26|Osteoblastoma |10 |F Vertebra, C5
F left
Osteoblastoma |22 |M t.emur, €
27 distal
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Anatomical

Size

Sample |Diagnosis Age |Sex [Site
Osteoid 32 [M |Vertebra, c2
28|osteoma
Osteoid 19 |M |Vertebra, L3
29|osteoma
Osteoid Phalanx, left
steo! 32 [F|thirdtpe,
osteoma .
30 distal
Osteoid 17 |M |Vertebra, L1
31|osteoma
Osteoid 16 |F |Tibia, right
32 |osteoma
Osteoid 18 |M |Vertebra, T2
33|osteoma
Osteoid 15 |M |Talus, left
34 |osteoma
Osteoid 12 ¢ Phalanx, left
35|osteoma index finger
Osteoi
steoid 15 |F Femur, distal
36|osteoma
Osteoid 50 e thanxJeﬂ
37|osteoma distal
Osteoid 19 |Mm T|.b|a, left
38|osteoma distal
Osteoid Phalanx,
steol 14 |M [secondright
osteoma
39 toe
Metatarsa
Osteoblastoma |13 |F bone, left,
40 fourth
Osteoid 14 Lumbar
41|osteoma vertebra, L3
42 |Osteoblastoma |21 [M |Vertebra, L1
43 |Osteoblastoma [19 |M |Vertebra, L5
Osteoid 55 |m Vertebra, T9,
osteoma Left
44
Osteoid
9 F ibia, ri
45| osteoma Tibia, right
46 |Osteoblastoma (18 |M |Metacarpal
47|Osteoblastoma |15 |F Sacrum
Osteoblastoma |9 F Thoracic
48 vertebra, T12
Osteoid Phalanx,
steol 39 [M [righttoe,
osteoma .
49 distal
Osteoblastoma |8 M Lumbar
50 vertebra
Osteoblastoma |24 |F Lumbar
51 vertebra, L4
52 |Osteoblastoma |23 |M [Sacrum
Osteoid 36 |M Flr.'lger,
53 |osteoma middle, left
Osteoid 30 Finger,
54 |osteoma middle, left
55|Osteoblastoma (18 Ulna
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Appendix

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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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

Appendix

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
500064073 [Benign GCT 36|M |Radius, distal, right 0.055
500064074 |[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
500068945 |[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

Clustering Array |CN
Methyalation_ID Tumour_category |Initial_Diagnosis clade Centre |Age |Sex Sample_site type |score
203259060074_R08CO1 BMGCT-Met Giant Cell Tumour of Bone G UCL 15|Female [Lung EPIC NA
203259060079_R0O8CO1 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_R06CO1 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_R0O5C01  [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_R08CO1  [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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Clustering Array [CN
Methyalation_ID Tumour_category |Initial_Diagnosis clade Centre |Age [Sex Sample_site type [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_R08CO1 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_R08CO1 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
10-
F M Med 90th
Neural Crest
. 43-
CNS CNS-GBM Glioblastoma us 41 13 28 60 77
Medulloblastoma;
CNS CNS-Medullo Desmoplastic medullo.; DE 146 67 79 9 3-28
Large cell medulloblastoma
21-
CNS CNS-Oligo Oligodendroglioma us 18 9 9 41 62
CNS CNS-PiloAstro Pilocytic astrocytoma DE 89 47 42 8 2-17
Skin Skin- Malignant melanoma AU, US 107 38 69 57 37-
Melanoma 78
Endoderm
.. Biliary- Papillary 53-
Biliary AdenoCA cholangiocarcinoma I, 56 34 L 19 64 76
Transitional cell carcinoma; 5o
Bladder Bladder-TCC Papillary transitional cell us 23 8 15 65 30
carcinoma
ColoRect- Adenocarcinoma; Mucinous 46-
Colon/Rectum AdenoCA adeno. us 60 30 30 67 81
Esophagus Eso-AdenoCA Adenocarcinoma UK 98 14 84 70 576;
Hepatocellular carcinoma; 50-
Liver Liver-HCC Combined HCC/cholangio; FR,JP,US 317 89 228 67
. 78
Fibrolamellar HCC
Lune- Adenocarcinoma; 47-
Lung g Adenocarcinoma in situ; us 38 20 18 66
AdenoCA . . 77
Mucinous adenocarcinoma
Squamous cell carcinoma; 54-
Lung Lung-SCC Basaloid SCC us 48 10 38 68 77
Adenocarcinoma; Acinar cell
Panc- . 50-
Pancreas Ca.; Mucinous AU, CA 239 119 120 67
AdenoCA 79
adeno.; Adenosquaous Ca.
Panc- . . 38-
Pancreas . Neuroendocrine carcinoma AU, IT 85 30 55 59
Endocrine 75
Prost- . CA, DE, UK, 47-
Prostate AdenoCA Adenocarcinoma Us 210 0 210 59 1
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Adenocarcinoma; Mucinous
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- 47_
Stomach Stomach adeno.; Papillary adeno.; CN, US 75 18 57 65
AdenoCA 79
Tubular adeno.
Adenocarcinoma; Adeno., 26-
Thyroid Thy-AdenoCA columnar cell; Adeno., us 48 37 11 51 75
follicular type
Mesoderm
Bone/Soft . Osteoblastoma; 12-
B -B ! UK 7 4 3 18
Tissue one-senign Osteofibrous dysplasia 30
Bone/Soft . Chondroblastoma; 14-
Tissue Bone-Benign Chrondromyxoid fibroma UK 9 2 / 16 38
Bpne/Soft Bone-Epith Adamantinoma; Chordoma UK 10 4 6 60 37-
Tissue 67
Bone/Soft  Bone- Osteosarcoma UK/NO 38 20 18 20 958
Tissue Osteosarc
. ) 1-
Bpne/Soft SoftTlssue Leiomyosarcoma us 15 10 5 61 >
Tissue Leiomyo 78
Bpne/Soft SpftTlssue- Liposarcoma us 19 5 14 n/a n/a
Tissue Liposarc
. Cervix- . 33-
Cervix AdenoCA Adenocarcinoma us 2 2 0 39 16
Cervix Cervix-SCC Squamous cell carcinoma us 18 18 0 39 2558
. 34-
Head/Neck Head-SCC Squamous cell carcinoma IN, US 57 10 47 53 71
. Kidney- Adenocarcinoma, 34-
4 1 2 47
Kidney ChRCC chromophobe type us > ? 6 69
Adenocarcinoma, clear cell 13-
Kidney Kidney-RCC  type; Adenocarcinoma, EU, US 144 54 90 60 75
papillary type
Burkitt; Diffuse large B-cell; 10-
Lymphoid Lymph-BNHL Follicular; Marginal zone; DE, US 107 51 56 57 74
Post-transplant
. Chronic lymphocytic 46-
Lymphoid Lymph-CLL leukaemia ES 95 31 64 62 78
Myeloid Myeloid-AML Acute myeloid leukaemia KRUKC 10 3 7 50 156
Chronic myelomonocytic 74
Myeloid Myeloid-MDS leukaemia; MDS with ring UK 2 1 1 76 77
sideroblasts
Essential thrombocythemia; 38
Myeloid Myeloid-MPN Polycythemia vera; UK 26 14 12 56 75
Myelofibrosis
Ovary- Adenocarcinoma; Serous 48-
Ovary AdenoCA cystadenocarcinoma AU, US 113 113 0 60 74
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Adenocarcinoma,

Uterus Uterus- endometrioid; Serous us 51 51 0 69 27
AdenoCA . 81
cystadenocarcinoma
Ectoderm
Breast- Infiltrating duct carcinoma; 39
Breast Medullary carcinonoma; EU, UK, US 198 197 1 56
AdenoCA ) 76
Mucinous adeno.
Breast Breast-pcls DUt micropapillary EULLUK 3 3 0 55 ¥
carcinoma 60
Breast- . 42-
Breast LobularCA Lobular carcinoma EU, UK, US 13 13 0 53 69
21-
Total 2658 1189 1469 59 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, BEHIJATI, 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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Translating insights into tumor evolution to
clinical practice: promises and challenges

Matthew W. Fittall®* and Peter Van Loo'*

Abstract

Accelerating technological advances have allowed the widespread genomic profiling of tumors. As yet, however,
the vast catalogues of mutations that have been identified have made only a modest impact on clinical medicine.
Massively parallel sequencing has informed our understanding of the genetic evolution and heterogeneity of cancers,
allowing us to place these mutational catalogues into a meaningful context. Here, we review the methods used to
measure tumor evolution and heterogeneity, and the potential and challenges for translating the insights gained to
achieve clinical impact for cancer therapy, monitoring, early detection, risk stratification, and prevention. We discuss
how tumor evolution can guide cancer therapy by targeting clonal and subclonal mutations both individually and in
combination. Circulating tumor DNA and circulating tumor cells can be leveraged for monitoring the efficacy of
therapy and for tracking the emergence of resistant subclones. The evolutionary history of tumors can be deduced for
late-stage cancers, either directly by sampling precursor lesions or by leveraging computational approaches to infer the
timing of driver events. This approach can identify recurrent early driver mutations that represent promising avenues
for future early detection strategies. Emerging evidence suggests that mutational processes and complex clonal
dynamics are active even in normal development and aging. This will make discriminating developing malignant
neoplasms from normal aging cell lineages a challenge. Furthermore, insight into signatures of mutational processes
that are active early in tumor evolution may allow the development of cancer-prevention approaches. Research and
clinical studies that incorporate an appreciation of the complex evolutionary patterns in tumors will not only produce
more meaningful genomic data, but also better exploit the vulnerabilities of cancer, resulting in improved treatment

outcomes.

Background

Over time, the therapeutic approach to cancer is evolv-
ing from targeting the clinical phenotype (tumor size,
location, stage, histological type, and grade), to targeting
a molecular phenotype (such as surface receptor status
or the presence of activating or sensitizing mutations)
[1, 2]. The clinical phenotype can be targeted spatially
with surgery and radiotherapy or systemically using
cytotoxic chemotherapies. The molecular phenotype has
been targeted by both direct and indirect endocrine ma-
nipulation, by an array of small molecule inhibitors, and
by monoclonal antibody therapies. Both approaches typ-
ically consider the target to be static (to be treated until
clinical failure) and homogeneous (one sample repre-
sents all tumor cells).

* Correspondence: PeterVanLoo@crickac.uk

"The Francis Crick Institute, 1 Midland Road, London NW1 1AT, UK
4University of Leuven, Herestraat 49, B-3000 Leuven, Belgium

Full list of author information is available at the end of the article

K BMC

The application of evolutionary concepts to cancer
was proposed several decades ago by Peter Nowell [3].
Reliable exploration of the degree of variation within
and between cancers has only become possible with the
increasing availability of next generation sequencing and
associated computational analysis [4—6].

All of the cells within a tumor are unique, comprising
different somatic variants and epigenetic and transcrip-
tomic states. Even normal cells are likely to accrue ap-
proximately three somatic mutations every cell cycle [7,
8]. Most of these changes will have no functional impact
and are ‘passengers’ on the cells’ evolutionary journey
(Box 1). Somatic mutations (or epigenetic changes) that
have an advantageous functional impact are ‘drivers’ and
will allow a cell to expand clonally and outcompete its
neighbors. When a clonal expansion goes to completion,
the entire population will be ‘clonally’ descended from
that founder cell, or clone. The last complete clonal ex-
pansion will have arisen from the most recent common

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
Intemational License (http://creativecornmons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Cornmons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecornmons.org/publicdomairyzero/1.0/) applies to the data made available in this article, unless otherwise stated
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Box 1

Glossary

Clone A group of cells that are all descended
from a single ancestor. Mutations that are
shared between these cells are commonly
described as ‘clonal’.

Subclone Cells originating from a more recent cell

Driver mutation

Passenger mutation

Most recent common
ancestor {MRCA)

Branching evolution

Linear evolution

Gradual evolution

Punctuated evolution

than the most recent common ancestor.
These will possess both the clonal
mutations and also subclonal mutations
that are private to the subclone.

A mutation with a beneficial functional
impact on a cell {for example, affecting
growth, invasion, or metastasis).

A miutation with no functional impact.
Both driver and passenger mutations {the
latter representing the large majority of
mutations) can still be used to identify
clonal or subclonal populations.

The theoretical founder cell of the tumor,
from which all cancer cells in a cancer
sample are derived. The most recent
common ancestor possesses all mutations
that are common to all of the tumor cells.

Divergence in tumor evolution leading to
separate subclonal populations.

The absence of apparent divergence or
branches in evolution. All evolution prior to
the MRCA will always appear linear as all
other pre-MRCA branches have become
extinct.

An iterative pattern of mutation acquisition
and selection over time.

Discontinuous acquisition of mutations
over time with periods of relative stasis.
Mutations may be acquired in distinct
patterns and be co-located, or can be
distributed across the genome.
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ancestor (MRCA), defined as the most recent individual
cell from which all existing cancer cells in a cancer sample
are descendants. If a clonal expansion or sweep is incom-
plete, the expanded population is subclonal, comprising
only a fraction of the tumor cells. Diverging subclones
with mutually exclusive mutations can co-exist within a
tumor [9]. Intra-tumor heterogeneity, or the presence of
subclones possessing private mutations within a tumor,
has been observed across many cancer types and seems to
be nearly ubiquitous [10, 11].

The dynamics of evolution in cancer are still not fully
understood [12]. Traditionally, mutation and selection are
thought to be slow iterative processes that occur through-
out a cancer’s lifetime, a process of gradual evolution. The
patterns of mutations observed in some tumors, however,
suggest that mutations can also be acquired in sudden
bursts, leading to punctuated evolutionary steps [13—19].

An emerging wealth of cancer genome sequencing data
is informing our understanding of tumor evolution, and
will cause a fundamental paradigm shift in our approach
to cancer. This will impact all aspects of cancer manage-
ment, including cancer therapy, monitoring, early detec-
tion, and prevention (Table 1).

Measuring intra-tumor heterogeneity and tumor
evolution
Implicit in the heterogeneity of tumor cells and essential
for evolution is variation in either the genome or the epi-
genome [20-22]. Although epigenetic heterogeneity has
been shown to have prognostic utility [23-26] and is the
subject of intense study, genetic heterogeneity is better
understood at present, and is the focus of this review.
Intra-tumor heterogeneity and evolution can be inferred
from the pattern of mutations that is detected. Clonal mu-
tations, which are common to all cells within a tumor, were
present in the tumor cells’ most recent common ancestor,
whereas subclonal mutations were acquired later and are
therefore only found in a proportion of tumor cells (Box 1).
The frequency of a mutation in sequencing data (the vari-
ant allele frequency (VAF)) can be used to establish its

Table 1 Promises and challenges in translating insights into tumor evolution to clinical practice

Monitoring

Early diagnosis Prevention

and stratification

« Clonal therapy targeting clonal
miutations to eradicate all tumor

cells {such as targeted therapy

- Adaptive therapy to chronically

« Inevitable clonal monotherapy

resistance

« Bespoke combination therapies
complicate toxicity and licensing

Therapy
Promises
or immunotherapy)
+ Preempt resistance
control disease
Challenges  « Sampling strategy

+ High cost
may be missed

not improve outcome

+ Bespoke monitoring based on
tumor-specific mutations

+ Novel mutations or subclones

- Early detection of relapse may

« Identify genetic changes
meriting intervention

+ Mutational signatures can
suggest etiological factors
that drive early tumorigenesis

« Normal tissues contain
canonical cancer mutations

« Early diagnosis may not
improve outcome

+ Exogenous factors may not
be preventable

+ Some tumors may not be
preventable {such as those
of children or young adults)
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clonality. VAF is influenced by both the proportion of cells
that possess the mutation and the number of both mutated
and un-mutated copies of that DNA locus. Mutation fre-
quencies can be estimated by sampling, which has intrinsic
spatial, genomic, and statistical limitations (Fig. 1).
Intra-tumor heterogeneity has been extensively explored
using exome or genome sequencing of multiple regions of
resected primary tumors [9, 12, 19, 27-29]. Paired pri-
mary—metastasis studies and post-mortem studies have
allowed detailed insight into the evolution and patterns of
spread of metastases [30-33]. Intra-tumor heterogeneity
has been shown to be prognostic across cancer types [10,
34, 35], and is predominantly associated with the degree
and heterogeneity of aneuploidy. It has also been shown to
impact therapy: potentially targetable driver mutations can
be subclonal, suggesting that treatment would only be par-
tially effective [36].

Describing tumor evolution requires measurement
over time. Models of tumorigenesis, such as the “Vogel-
gram; were created by sampling different stages of can-
cer progression across a population [37, 38]. The initial
Vogelgram in colorectal cancer was established by prob-
ing a limited number of putative oncogenes, identified
from hereditary cases, across the histologically defined
spectrum of disease [39]. Mutations that are found
across different stages of disease are assumed to arise
early in tumor evolution, whereas those found only in
established invasive cancers can be assumed to occur
later in tumor evolution. Rarely, in individuals with pre-
disposing risk factors such as those who have
colitis-associated colon cancer, the whole spectrum of
tumor progression can be observed simultaneously [27].
Despite applying modern genomic techniques, models of
progression can remain elusive if the genome is already
markedly aberrated in pre-invasive lesions, as in the pre-
cursors of lung squamous cell carcinoma [40]. This
modeling approach also relies on the assumption that
cancers of the same histology have a highly stereotyped
genetic progression that is common to different tumors.

Computational approaches have been developed to infer
the history of an individual tumor that is already established
from its own genome, as recently reviewed [41, 42].
Although these approaches typically allow only partial re-
construction of a tumor’s evolutionary history, from a single
biopsy, aggregating results across multiple tumors can be a
powerful approach [42]. Taking multiple samples from the
same tumor over time or across space can also significantly
increase the power of these reconstruction approaches [41,
42]. In metastatic solid organ tumors, repeated sampling
over time is challenging, so hematological malignancies
have been studied most extensively in this context [43—-46].
Circulating tumor DNA (ctDNA) and cells shed from solid
tumors offer the potential to track subclonal mutations, al-
beit with limited sensitivity and specificity.
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Most DNA sequencing has been performed on pooled
DNA from multiple cells and, consequently, ambiguity
can remain as to whether mutations co-occur in the same
cell. Single-cell sequencing can overcome this, albeit at
higher cost and at the expense of substantial sequencing
artifacts [47-50]. High-throughput techniques have been
developed for analyzing large numbers of single cells, al-
though these methods are most advanced for transcrip-
tome sequencing [51]. Single-cell sequencing of other
‘omic layers is currently relatively costly and available for
fewer cells [52], but exciting high-throughput approaches
are now emerging [53]. Techniques to analyze multiple
layers simultaneously have also been developed recently
[54—56], but these are currently costly and lower through-
put. These ‘multi-omic’ approaches are likely to signifi-
cantly improve the interpretation of non-genetic cellular
heterogeneity. Such interpretation is also confounded by
heterogeneity among non-tumor cells that results from
the variety of cell types and states within a tumor [57, 58].

Future approaches for measuring tumor heterogeneity
that could be used clinically would need to satisfy the
following criteria: (i) sampling should be minimally inva-
sive or performed as part of tumor resection; (ii) sam-
pling of the tumor should be as comprehensive as
possible, ideally without any spatial biases; (iii) sample
handling and preservation will need to be simple and
readily available in the clinic; (iv) simple proxy bio-
markers need to be available to assay heterogeneity reli-
ably; and (v) assays need to be rapid and cost-effective.

Recently, a conceptual consideration of how evolution
and heterogeneity could be summarized was explored in
a consensus statement by Maley et al. [59]. They pro-
posed binary divisions of the degree of heterogeneity (di-
versity, D) and evolution (rate of change, A) that could
be combined in a single four-level Evo-Index. As yet, it
is not clear how these scores would be generated or
whether such a simple binary system is informative.

Can tumor evolution guide cancer therapy?

The rational design of cancer therapies based on genomic
data has to date, with a few notable exceptions, been ex-
pensive and has delivered limited benefit to patients [60].
Even therapies specifically targeting prevalent tumor mu-
tations, such as the BRAF V600E mutation in melanoma
[61] and a variety of EGFR point mutations in lung cancer
[62], only lead to relatively short-lived tumor responses.
Understanding the heterogeneity that exists within tumors
and their ability to evolve in response to therapy may
allow more optimized treatment strategies (Table 1).

Individual clonal therapies

The simplest conceivable therapeutic approach is to tar-
get individual clonal mutations. By targeting mutations
that are present in all tumor cells, the entire tumor
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(See figure on previous page)

Fig. 1 Sampling dedisions required for comprehensive and evolutionary description of tumors. Tumer genomic sampling can be considered to
fall into three separate domains. a Sampling of tumor material, either directly from a tumor mass or shed into the circulation. Samples from the
tumor mass can either be pooled as a bulk specimen or disaggregated into single cells. b Only portions of genomic material are sampled and
assessed; either targeted panels of a few hundred genes can be used or the whole exome or whole genome can be profiled. ¢ Bulk DNA extractions
may contain millions of DNA molecules. These are contributed by different parental alleles from both tumor and normal cells. Samples frequently
contain 10-80% normal cells. Library preparation and sequencing only samples a tiny fraction of the available DNA fragments. The schematic shows a
representation of sampling at two different sequencing depths (100X and 6X) and illustrates how higher sequencing depths allow more accurate
determinations of the frequencies of specific mutations and their clonal or subclonal status. ctDNA circulating tumor DNA
\.

could in theory be eradicated. Previous targeted therap-
ies have, to some degree, implicitly relied on the pre-
sumption that mutations that are highly prevalent in
different tumors are probably early events in tumorigen-
esis and therefore likely to be clonal.

In most cases, single clonal mutations, which are
thought to be functionally relevant driver mutations, have
been targeted directly. In established cancers, this invari-
ably results in the acquisition of treatment resistance. The
simplest examples are the resistance to endocrine therapy
in metastatic breast and prostate cancer. The mechanisms
of these resistance phenomena are now relatively well
understood. Many breast cancers depend on estrogen sig-
naling and are initially sensitive to therapies that reduce
the level of circulating estrogen or that target the cellular
estrogen receptor, such as aromatase inhibitors or select-
ive estrogen receptor modulators, respectively. Treatment
resistance frequently arises when tumor cells develop con-
stitutive activity in the estrogen receptor through muta-
tion of its gene, ESRI [63]. Likewise, prostate cancers are
almost ubiquitously driven by androgen signaling, sensitiz-
ing them to chemical or surgical castration. Prostate can-
cer cells compensate for medically depleted circulating
androgen levels through a number of different mecha-
nisms, including amplification of the androgen receptor
[64]. Gundem et al. [31] demonstrated that multiple separ-
ate tumor cell populations, across distinct metastatic sites,
can develop unique androgen receptor amplifications—a
demonstration of convergent evolution. The widespread
evolution of resistance suggests that clonal monotherapies
are unlikely to achieve permanent tumor control or cure.
For those with slow-paced advanced disease, or those who
would not tolerate more intensive therapy, individual
therapies will continue to play an important role. Most re-
sponses to targeted therapies, however, are both incomplete
and short-lived and require improvement (Fig. 2a).

Even when a mutation is not treated directly, tumors
can develop resistance. Synthetic lethality is a treatment
approach that exploits a cellular vulnerability exposed by
a clonal driver mutation. BRCA mutations in breast and
ovarian cancer, both inherited or acquired, increase gen-
omic instability due to disruption of the repair of
double-strand DNA breaks, which not only produces vari-
ation during tumorigenesis but also increases the reliance

of these tumors on other DNA-repair mechanisms. This is
exploited for therapy by inhibiting the single-stranded
DNA repair PARP enzymes [65, 66]. PARP inhibition
causes the accumulation of lethal DNA damage specific-
ally in tumor cells. BRCA mutations can, however,
undergo somatic reversal in multiple tumor subclones,
leading to resistance to PARP inhibition [67-69].

Resistance to therapy typically results from mutations,
which may pre-exist or can appear subsequent to the ther-
apy, or from non-genetic factors. Mutations that exist
prior to treatment exposure might be rare, and therefore
undetectable by present assays. Once treatment creates se-
lective pressure, resistant cells carrying these mutations
will persist and become apparent. It is possible, and per-
haps likely in larger tumors, that most resistance muta-
tions exist prior to therapy exposure, even for
conventional cytotoxic therapies [52]. Resistance muta-
tions may also occur de novo after treatment exposure,
perhaps having been induced by iatrogenic mutagenesis
[70, 71]. Unless these mutations are of a distinct type,
known to be induced by therapy, it is difficult to exclude
the possibility that they did not exist prior to treatment at
a very low and undetectable frequency. Resistance may
also be non-genetic and either related to cell state plasti-
city or to a specific molecular resistance pathway, such as
aurora kinase activation in anti-EGFR-treated lung cancer
[72, 73], but further understanding of these non-heritable
resistance mechanisms is needed. There are broad princi-
ples of treatment resistance that are common between
cancer and infectious diseases [74]: like tumor cell popula-
tions, pathogens can be also be genetically heterogeneous
[75], and as observed in the examples of HIV and Myco-
bacterium tuberculosis, they rarely have prolonged re-
sponses to monotherapy.

In principle, individual clonal therapies may still be
used curatively if employed very early in tumor evolu-
tion, as proposed by Mitchell et al. [76]. Clear cell kid-
ney cancers were modeled to have deleted VHL (on
chromosome 3p) several decades prior to a second mu-
tational hit to the remaining VHL allele. Proliferation
and tumorigenesis only accelerate after both alleles of
VHL are mutated. Therefore, the pool of mutated cells is
probably only a few hundred cells for a prolonged
period. Depleting this small cell population—even
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marginally—with a therapy, sensitized by 3p loss, would
reduce the probability of a cell with a second hit muta-
tion ever arising. This would have to be achieved de-
cades before these «cells become detectable, and
therefore would most likely involve the preemptive treat-
ment of healthy individuals. However, considering that
most tissues may harbor equivalent cell populations [8,
77, 78], such prophylactic management may not be clin-
ically, economically, or ethically feasible.

Combined clonal therapies

Predictions of a tumor’s evolutionary response to a ther-
apy can allow pre-emptive measures to prevent resist-
ance. For example, ABL1 inhibition in chronic myeloid
leukemia (CML), characterized by clonal BCR-ABLI fu-
sions, has revolutionized therapy for this disease, yet the
development of resistance remains a challenge in a pro-
portion of patients. Combining different classes of ABL1
inhibitors with mutually exclusive profiles of resistance
mutations can preempt the emergence of resistant sub-
clones (Fig. 2b). Preclinical application of this approach
has resulted in durable responses [79].

Combining different clonal therapies might also reduce
the emergence of resistance. Many breast cancers are
thought to have cell-cycle dysregulation related to the
cyclin-CDK-Rb pathway, in addition to estrogen sensitivity
[80]. The addition of CDK4/6 inhibition to aromatase in-
hibition does indeed prolong the response in patients with
metastatic disease. This delays the need for conventional
cytotoxic therapy, but at the price of increased toxicity
compared to endocrine therapy alone [81].

The development of effective combination therapies re-
quires a comprehensive understanding of mutation clonal-
ity and resistance mechanisms. Metastatic melanomas
frequently have activating mutations in the MAPK path-
way, and resistance to BRAF inhibitors was thought to re-
sult from downstream MEK activation [82, 83]. Trials
combining MEK and BRAF inhibition in melanoma have
demonstrated modest clinical benefit [84, 85]; however, re-
sistant tumors often have multiple different detectable
MAPK mutations, suggesting convergent evolution [86].

Ideally, larger numbers of drivers could be targeted
simultaneously or sequentially, depending on the pace
and nature of the evolutionary response of the tumor.
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Such combination therapies will impact toxicity manage-
ment, although not always detrimentally. In fact, the
addition of MEK inhibition to BRAF inhibitors reduces
the cutaneous side-effects that are associated with BRAF
inhibitors. The toxicities resulting from combination
treatments may, however, require complex pharmaco-
logical adjustments that have implications for trial de-
sign, drug licensing and healthcare economic
assessments.

Many tumors have only few clonal driver mutations
and will require alternative strategies [87—-89]. Effective
pharmacological options for targeting driver mutations
are also relatively limited. Some driver mutations may be
treatable indirectly, either by collateral lethality, whereby
susceptibilities created by the loss of genes adjacent to
deleted tumor suppressors are harnessed, or by synthetic
lethality [90, 91]. Alternatively, immunotherapy exploits
the antigenicity of mutations, regardless of their driver
status and without relying on the recurrence of muta-
tions in different patients. Where durable clinical re-
sponses to immunotherapy have been seen, they are
probably brought about by the simultaneous targeting of
multiple clonal mutations. Indeed, one of the potential
predictive markers of response to immune checkpoint
blockade in non-small-cell lung cancer and melanoma is
the clonal neoantigen load [92, 93]. If a common mech-
anism of resistance to an immunotherapy can occur,
(epi) genetic variation and selection could drive tumors
towards it, even when multi-pronged approaches are
used. These mechanisms of immune editing are still a
subject of intense study. They include an ability of tu-
mors to reduce their antigen-presenting capability. In
melanoma, lung, and ovarian cancer, these changes have
been shown to result in part from either somatic (often
subclonal) or germline loss of heterozygosity of the HLA
locus [94-96]. Equivalent loss of expression of class II
MHC may also result in treatment failure after allogen-
eic bone marrow transplant for acute myeloid leukemia
[97]. Without a full and diverse HLA repertoire, many
neoantigens cannot be successfully presented on the sur-
face of tumor cells and therefore are not recognized by
an adaptive immune response.

Targeting subclonal mutations

The detection of subclonal mutations is still an active re-
search topic and therefore potential strategies for their
therapeutic use are only conceptual at present. The sim-
plest approach is to target a combination of multiple
subclonal mutations, probably coupled with a clonal
therapy. In rare circumstances, such as those recently
suggested in pediatric brain tumors, subclonal popula-
tions might be highly functionally interdependent [98].
In these circumstances, even subclonal population de-
pletion might have a profound effect on the tumor as a
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whole. Alternatively, if the relative importance and the
clinical impact of different subclonal populations can be
measured, then those causing the greatest symptomatic
burden could be prioritized. Implicit in this more stra-
tegic approach is the acceptance that other cell popula-
tions that cause lower symptomatic burden will not be
eradicated, representing a shift to managing cancer as a
chronic disease without the intent to cure [99].

A combination of conventional cross-sectional imaging
with the monitoring of circulating markers could be
used to identify spatially or mutationally distinct metas-
tases. If lesions are spatially segregated, they may be
amenable to local therapies: surgery, cryotherapy, fo-
cused ultrasound, or stereotactic radiotherapy. If they
are characterized by treatable mutations, additional sys-
temic therapies could be used. At present, proofs of this
concept are yet to emerge.

Finally, the concept of adaptive therapy has also been
proposed [100, 101]. Each of the subclones present in a
tumor may be either sensitive or insensitive to a potential
therapy. They compete for survival within the tumor en-
vironment and a mutation that confers resistance to a
treatment, possibly through the loss or alteration of an
oncogenic driver, might result in a growth disadvantage
when that treatment agent is not present. With an adap-
tive approach, sensitive subclones can be treated to the
point at which tumor size is reduced or growth is sup-
pressed to achieve symptomatic benefit. Response may
conceivably be monitored with a non-invasive surrogate
biomarker, such as serum prostate-specific antigen (PSA)
in prostate cancer. Thereafter, treatment can be reduced
or withdrawn to allow the competitive suppression of re-
sistant subclones (Fig. 2c). This approach is currently
under evaluation in metastatic prostate cancer with the
use of individualized PSA thresholds to guide the use of
abiraterone, a CYP17A1 inhibitor [102]. To date, only
small numbers of patients have been treated, albeit with
good clinical outcome and reduced cumulative exposure
to medication. It is worth noting that adaptive therapy is
not the same as intermittent therapy, in which treatment
may also be used discontinuously and with the monitoring
of a biomarker, but without any individualization of treat-
ment duration on the basis of response dynamics. For ex-
ample, intermittent hormonal therapy has been attempted
in prostate cancer. Crucially, trials such as TAP22 used
fixed PSA thresholds rather than individualized thresholds
[103, 104]. This could result in the depletion of
treatment-sensitive clones, reducing their ability to sup-
press their treatment-resistant cousins.

Therapy monitoring: circulating tumor DNA and
circulating tumor cells

Liquid biopsies sample more readily available body
fluids, mainly blood, for cellular or genomic material
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that has been shed from the tumor. They are heralded
for reducing the invasiveness of clinical assays used for
diagnosis [105, 106], prognosis [107, 108], molecular
profiling [109], and response assessment [110-114].
Monitoring the treatment of more advanced disease may
be substantially enhanced by monitoring the dynamics
of different tumor cell populations.

The therapeutic approaches discussed above, particularly
combination subclonal targeting and adaptive therapy, rely
on accurate information about the relative importance of
different subclonal populations in space and time. Liquid
biopsies allow non-invasive assays that can easily be re-
peated over time. In particular, ctDNA is relatively stable
and simple to handle, and its sequence content can be ana-
lyzed using a variety of approaches [115] (Fig. 1).

The detection of early subclinical relapse or minimal
residual disease after attempted curative therapy has re-
lied on detecting clonal mutations in circulation. Som-
atic structural variants are particularly amenable to
highly disease-specific PCR-based approaches. Canonical
disease-defining genomic rearrangements, such as the
BCR-ABL1I fusion in chronic myeloid leukemia, are rou-
tinely monitored in hematological malignancies to assess
treatment response [116, 117]. Solid organ malignancies
have fewer disease-defining rearrangements, but fre-
quently possess unique somatic rearrangements that can
be used to define bespoke monitoring panels [118, 119].

Monitoring of subclonal evolution has focused on
evaluating somatic point mutations. Murtaza et al. [120]
demonstrated that a dominant subclone, which was re-
sponsible for the progression of a chest wall breast can-
cer metastasis, was detectable by the increasing level of
mutations private to that subclone. O’Leary et al. were
able to use ctDNA in a small proportion of metastatic
breast cancer patients, who were treated with the
addition of the CDK4/6 inhibitor palbociclib, to both
predict longer progression-free intervals [111] and detect
emerging resistant subclones [121]. Furthermore,
Abbosh et al. [30] showed that ctDNA was detect-
able 10-346 days (median 70 days) prior to clinical de-
tection of relapsed lung cancer.

There are several challenges to the adoption of this ap-
proach. Clearly, bespoke ctDNA monitoring is costly.
Abbosh et al. [30] estimated that even a limited bespoke
monitoring panel, based on detected mutations from a
single primary tumor region, would cost USD 1750 per
patient. In addition, current analyses have only explored
minimal numbers of detectable subclones and give an in-
complete picture of their number and range. Whether
there are substantial biases in the tumor cells that contrib-
ute circulating DNA is currently not known. It is likely
that highly vascular and necrotic tumors will contribute
more to ctDNA than tumors in cryptic sites, such as the
central nervous system [122]. The use of other sources of
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cell-free DNA, such as stool [123], urine, cerebrospinal
fluid, and effusions, may in part compensate for this [124,
125]. There are also likely to be genomic biases because
cell-free DNA is predominantly thought to be generated
by apoptotic nuclease activity which produces
nucleosome-associated DNA fragments [126, 127], result-
ing in distinct chromatin-associated patterns. These pat-
terns and the degree of apoptosis are likely to vary across
tumor cell populations, and result in a bias in circulating
tumor DNA.

The detection of subclonal mutations is also limited by
the sensitivity of detection assays. Next-generation se-
quencing approaches that seek to gain an unbiased view
of all detectable variants in circulation cannot identify
rare subclonal mutations. In the Murtaza et al. [120]
study, even clonal mutations had variant allele fractions
of 3.8-34.9%. To compensate for this, most approaches,
as exemplified by Abbosh et al. [30], use a specific amp-
lification method based on fixed expected mutations that
are detected in a sequenced primary tumor. This, by def-
inition, means that de novo mutations that arose subse-
quent to the sampling of the primary tumor will not be
detectable in circulation.

Circulating tumor cells (CTCs) can be analyzed using
single-cell sequencing approaches. In a study by Carter
et al. [128], the copy number profile of circulating tumor
cells at the time of diagnosis of small-cell lung cancer
predicted the duration of response to chemotherapy.
Cellular approaches are less likely to be confounded by
the genomic aberrations that arise in other cells than the
index tumor [129, 130]. As a result of the rarity of these
tumor cells, they require significant enrichment which is
likely to introduce biases, resulting in low sensitivity
even for clonal tumor populations [131, 132]. Interest-
ingly, Kwan et al. [133] demonstrated that after some
initial filtration, an RNA expression-based signature can
be used to detect breast cancer CTCs, and that the pres-
ence of these cells carried prognostic information in the
setting of neoadjuvant chemotherapy.

Can insight into tumor evolution improve early
diagnosis, risk stratification, and cancer
prevention?

In order to improve cancer outcomes, it is essential to
alter tumor evolution. This can be achieved throughout
the evolutionary timeline by preventing etiological fac-
tors, screening cell populations on the path to cancer, or
stratifying cancers that will pose the greatest threat.

Cancer screening

Cancer screening aims to reduce cancer mortality by in-
creasing detection at a curable stage [134]. This needs to
be carefully managed, however, as overtreatment of inci-
dental findings causes unnecessary cost, harm, and
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anxiety [135]. This problem has beset the introduction
of a prostate cancer screening strategy, as many
low-grade prostate cancers can be managed with obser-
vation alone [136, 137]. Reliable predictive biomarkers of
progression in detected lesions could increase the utility
of screening programs. To date, risk stratification has re-
lied almost exclusively on histological staging and
grading.

Methods are being developed that recapitulate the
early evolution of cancers using sequencing information
from later-stage cancers alone, as recently reviewed [42].
In general terms, these methods utilize 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 there are two copies of a mutation
found on that chromosome, then it is likely that the mu-
tation occurred first and was duplicated with the
chromosomal gain. By analysis of whole-genome sequen-
cing data from primary and metastatic prostate cancers,
Wedge et al. [138] have been able to retrospectively
identify chromosomal changes that developed earlier in
tumorigenesis. These findings, such as the early gain of
chromosome 8¢, recapitulated those previously found in
prostate intraepithelial neoplasia (PIN), which is thought
to be a precursor of prostate adenocarcinoma [139].

These approaches have also been applied to invasive
cancers, which have less well characterized precursor le-
sions [76, 89]. Recently, the Pan-Cancer Analysis of Whole
Genomes (PCAWG) initiative leveraged whole-genome
sequencing data to infer evolutionary timelines across can-
cer types [140]. This work reproduced and refined classic
models of mutational progression such as for colorectal
cancet, in which APC mutations precede KRAS and 7P53
mutations. This information could define mutations that
can be used to risk-stratify those pre-malignant or early
invasive lesions that require intervention and those that
do not. In addition, large datasets and novel computa-
tional methods [141, 142] may be able to detect
stereotyped evolutionary patterns and trajectories in
cancer evolution that may inform early diagnosis or
risk-stratification approaches.

Predicting tumor evolution—implications for risk stratification
A deeper and more comprehensive understanding of
tumor evolution should allow us to understand how a
cancer will behave in the future. This has specific impli-
cations for the risk stratification of established cancers.
Incidental findings, such as small renal lesions that are
often found during investigations for other conditions,
are a clinical challenge because definitive resection is
morbid but radiological and histological criteria are un-
reliable for prognostication [143]. In clear cell renal cell
carcinoma, Turajlic et al. [87] have modeled that
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analyses of two biopsies can allow the quantification of
intra-tumor copy number heterogeneity. This can dis-
criminate lesions of higher and lower risk of progression,
thereby potentially assisting in the decision-making
process for small renal lesions. In a companion study,
the same authors also suggested that richer information
gleaned from more thorough tumor sampling can iden-
tify evolutionary profiles that are more likely to be asso-
ciated with the development of metastatic disease [88].
In other cancer types, patterns of heterogeneity, such as
copy number diversity in lung cancer [89] and
pan-mutational diversity (so-called regional ‘explosions’)
in childhood cancers [144], have also been shown to
carry prognostic information. More transformative
change to cancer prediction strategies will require the
development of more complex computational tools and
models [141, 142]. Much as weather forecasting models
require vast amounts of measured data from the real
world, cancer evolution models will require the
sequence-based profiling of the evolution of many more
cancers. Ultimately, this will allow these forecasts to
guide the optimal management for each patient.

Prevention of key early mutagenic processes

The identification of predisposing factors for cancer,
whether heritable, environmental, or infectious, has pre-
viously relied on a combination of epidemiological and
biological evidence. A deeper understanding of tumor
evolution can lead to new insights into the impact of
these factors on the genome.

Two clear examples of direct impact on the genome are
ultraviolet (UV) radiation exposure for sun-induced can-
cers, such as cutaneous squamous cell cancers, and
exposure to tobacco smoke carcinogens for smoking-re-
lated airway cancers. The epidemiological evidence for
both has long been established, although its popular ac-
ceptance took some time [145]. Mechanisms of mutation
as a result of each exposure have been identified: misre-
pair by transcription-coupled nucleotide excision repair of
UV-induced pyrimidine photodimers [146] and misrepair
of guanine damage by the same mechanism [147], respect-
ively. These specific mutational types can now be detected
across the genome as mutational signatures [70, 148], and
this allows estimation of the contributions of each muta-
tional signature (and potentially the level of mutagen ex-
posure) in any individual tumor [149].

The accrual of mutations over time can now be ex-
plored retrospectively in a whole-genome-sequenced
tumor. Nik-Zainal et al. [13] used a mutation timing ap-
proach to study changes in mutational processes over
the life history of breast cancers. By leveraging the
power of a large cohort of tumor samples, it becomes
possible to identify mutational processes that act early
or late in tumor evolution. In lung cancer, the
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proportion of mutations bearing a smoking signature de-
clines later in tumor evolution, despite ongoing smoke
exposure [150, 151]. Conversely, mutagenesis that is re-
lated to the activity of the APOBEC family of cytidine
deaminases increases later in lung tumor evolution. As
expected, inherited defects in DNA repair, such as the
deficient mismatch repair seen in Lynch syndrome, can
lead to steady and ongoing mutation throughout a tu-
mor’s lifetime [152].

Many mutational signatures do not have identified eti-
ologies, but direct genomic evidence can provide an ob-
jective starting point for both epidemiological and
biological study. Identifying causative environmental ex-
posures may suggest preventative measures, akin to
smoking cessation and UV protection.

The challenge of somatic variation in normal tissues

The challenge in identifying mutations that are acquired
early in tumorigenesis is that many canonical driver mu-
tations, which are thought to be specific and relevant to
cancer, may also occur in populations of phenotypically
normal cells (Table 1).

Martincorena et al. [77, 129] identified multiple clonal
expansions of cells, containing mutations in 7P53,
NOTCHI, and other known cancer genes, in both
sun-exposed normal eyelids and in aging normal esopha-
gus. Interestingly, mutations were much more common
in NOTCH1 than in 7P53 in normal esophagus, the in-
verse of the pattern seen in esophageal cancer, suggest-
ing that early NOTCHI mutations may protect against
cancer development. Demeulemeester et al. [130] ana-
lyzed epithelial cells found in bone marrow aspirates of
breast cancer patients, identifying cells with copy num-
ber aberrations that were completely distinct from the
primary breast cancer and therefore from an unknown
origin. Gao et al. [153] also detected similar aberrant
cells in tissue adjacent to breast tumors that were once
again unrelated to tumor cells. Finally, clonal expansions
of hematopoietic cells containing leukemia-associated
mutations are reported in the circulation of otherwise
healthy adults [154, 155]. These confer an increased risk
of the subsequent development of a hematological ma-
lignancy, but clearly many do not progress [156, 157].

In order to truly reveal the early evolution of cancer,
we will need to understand the frequency of these muta-
tional events in the normal tissues in which cancers
arise. Cataloguing mutational events in normal tissues,
at rare frequencies, will help to identify the cells of ori-
gin of cancer as well as the early mutational steps that
occur in these cells [158].

Conclusions and future perspectives
Intra-tumor heterogeneity and the ability of cancers to
evolve continuously has proved a major challenge to the
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implementation of precision anti-cancer medicine. Mo-
lecular therapies, predicted to be effective on the basis
of the presence of a sensitizing mutation in a single sam-
ple, may be of limited clinical benefit. Driver mutations
may be subclonal and resistance mechanisms can evolve
rapidly [31, 89]. Deeper understanding of this complexity
will allow the development of more robust therapeutic
strategies. Without doubt, the complexity of tumor evo-
lution is still far from being fully understood, and on an
individual basis, tumors will always make unanticipated
moves to evade even our best efforts. The recognition
that cancer is an evolving system offers a framework on
which to hang our clinical and research observations of
cancer behavior and biology. We have discussed the
more immediate opportunities for translating knowledge
of tumor evolution here, but it seems likely that deeper
insight will open additional unforeseen avenues.

Insight into the full spectrum of evolutionary paths
that cancers can take may lead to the stratification of
subsets of cancers that follow specific evolutionary
paths. Potentially, the earliest steps or the rate-limiting
steps in tumor evolution could be interrupted, either by
the identification of preventable etiological factors or by
timely medical interventions. These strategies may lead
to a significant reduction in the incidence of some can-
cers or to a high cure rate in early diagnosed cancers, re-
spectively. In addition, once diagnosed, treatment
pathways may be matched according to the anticipated
evolutionary path of the cancer, as opposed to classifica-
tion based on traditional histological tumor subtyping.
Patients with indolent tumors may be spared therapy
altogether. As future therapies emerge, insight into
tumor evolution is likely to inform their further develop-
ment and maximize their impact. Immune checkpoint
blockade is possibly the first class of therapy to emerge
in this context, reaping the reward of a better under-
standing of the spectrum of clinical response [92, 94,
159]. Many cancers will probably need an armory of af-
fordable, effective, and tolerable therapies that can be
used safely in combination and sequentially. It is likely
that conventional therapies—surgery, radiotherapy, and
cytotoxic chemotherapy—will continue to have crucial
roles in these treatment paradigms, but with a better un-
derstanding of the disease, these conventional therapies
could be rationally combined with approaches informed
by (epi) genomic insights into tumor evolution to
achieve improved outcomes for cancer patients.
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Recurrent rearrangements of FOS and FOSB define
osteoblastoma
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The transcription factor FOS has long been implicated in the pathogenesis of bone tumours,
following the discovery that the viral homologue, v-fos, caused osteosarcoma in laboratory
mice. However, mutations of FOS have not been found in human bone-forming tumours.
Here, we report recurrent rearrangement of FOS and its paralogue, FOSB, in the most com-
mon benign tumours of bone, osteoblastoma and osteoid osteoma. Combining whole-
genome DNA and RNA sequences, we find rearrangement of FOS in five tumours and of FOSB
in one tumour. Extending our findings into a cohort of 55 cases, using FISH and immuno-
histochemistry, provide evidence of ubiquitous mutation of FOS or FOSB in osteoblastoma
and osteoid osteoma. Overall, our findings reveal a human bone tumour defined by mutations
of FOS and FOSB.
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tumour. It typically occurs in the medulla of long bones

and the neural arch from where it may extend into the
vertebral body!. Osteoid osteoma is thought to represent a variant
of osteoblastoma. The two entities are distinguished arbitrarily by
size, with osteoblastoma measuring more than 2 cm in diameter.
Large, inaccessible and recurrent tumours can cause considerable
morbidity!. Treatment is by surgical resection. The genetic
changes underpinning osteoblastoma have been studied at the
resolution of karyotypes and copy number arrays. Copy number
losses involving chromosome 22 and rearrangements involving
chromosome 14 have been reported in rare cases only>?.

Diagnosis of osteoblastoma is currently based on histological
assessment. Occasionally this can be challenging, as osteo-
blastoma has to be distinguished from osteoblastic osteosarcoma,
an aggressive bone cancer that requires extensive, sometimes
disabling, multimodal treatment*,

Here, we sought to define the somatic changes that underpin
osteoblastoma. Our starting point was a discovery cohort of six
tumours, five osteoblastomas and one osteoid osteoma, that we
subjected to RNA and whole-genome DNA sequencing. Tissue
was obtained from frozen tumour and corresponding germline
DNA sequences derived from blood samples. Using the analysis
pipeline of the Cancer Genome Project (‘Methods’), we generated
catalogues of all classes of somatic mutations: substitutions,
indels, structural variants (rearrangements) and copy number
changes. Transcriptome sequences were analysed to corroborate
DNA changes and to call gene fusions.

Our key finding was recurrent, disease-defining structural
variation of the FOS and FOSB oncogenes in osteoblastoma and
osteoid osteoma.

O steoblastoma is the most common benign bone-forming

Results

Osteoblastoma habours few somatic alterations. Overall, there
was a paucity of somatic alterations in osteoblastoma, with a
median mutation burden of 319 substitutions per genome (range,
123-700) and 28 indels per genome (range, 14-50; Supplemen-
tary Data 1-3). Similarly, copy number analyses demonstrated
diploid tumours with few aberrations (Supplementary Fig. 1 and
Supplementary Data 4). The previouslg reported losses in chro-
mosome 22 were not seen in our cases”. Only a small number of
mutations affected the coding sequence of genes, none of which
were plausible driver events.

Recurrent FOS and FOSB rearrangements. Against this back-
drop of a quiet somatic architecture, analysis of structural variants
revealed break points in the AP-1 transcription factor FOS, in 5/6
cases, and its paralogue FOSB in the sixth case (Figs. 1 and 2; and
Supplementary Data 5). We analysed and validated these rearran-
gements at the DNA level by local assembly, copy number analyses
and at the RNA level by identification of break point spanning
cDNA reads (Supplementary Data 6-8). A single FOS or FOSB
break point was confirmed in each sample, suggesting that these
were mono-allelic rearrangements. There was no evidence of similar
rearrangements in paired normal tissue samples, confirming that
they were somatic. FOS rearrangements were also validated with
Sanger sequencing of cDNA (Supplementary Fig. 2).

Unusually for structural variants, all FOS break points were
exonic, residing within a narrow genomic window of exon 4
(Fig. 1a). The rearrangements comprised both interchromosomal
and intrachromosomal events. The rearrangement partners were
introns of other genes (3/5 cases) or intergenic regions (2/5 cases).
There was evidence of expression of the fusion transcript, visible
as aberrant spikes in RNA-Seq read coverage adjacent to the
break point in the fusion partners. However, these aberrantly

2 NATURE COMMUNICATIONS| (2018)9:2150

transcribed sequences did not include any known exonic
sequence. Indeed, stop codons were encountered at, or immedi-
ately after the break points (Fig. 1d and Supplementary Fig. 2).

FOSB rearrangements have been described in two different
types of vascular tumours, namely pseudomyogenic haeman-
gioendothelioma and epithelioid haemangioma™S. The inter-
chromosomal translocation, found in PD7525a, occurred in the
same region of exon 1 (Fig. 2). cDNA reads spanning the fusion
junction support the expression of a fusion gene, connecting, in
frame, PPPIRI0O to FOSB. Consequently, the expression of the
FOSB fusion gene would be brought under the control of the
PPPIRI0 promoter (Supplementary Fig. 3).

In contrast to the FOSB genomic alteration, the rearrangements
of FOS do not involve coding sequence of other genes.
Transcription remained under the control of its native promoter.
Furthermore, in 2/5 cases the fusion partner did not lie within a
gene. These observations are supported by re-analyses of RNA
sequences of epithelioid haemangioma harbouring FOS rearran-
gements (Fig. 1d)78. Similarly to osteoblastoma, the break points
in these vascular tumours clustered within the same narrow 200
bp window of exon 4. Furthermore, stop codons were again found
in the immediate vicinity of the FOS break point.

FOS and FOSB alterations are ubiquitous in osteoblastoma. To
validate our findings, we examined by fluorescence in situ
hybridisation (FISH) an extension cohort of 55 formalin-fixed
paraffin-embedded (FFPE) histologically typical cases of osteo-
blastoma and osteoid osteoma (Supplementary Data 1). In these
55 samples, we found FOSB and FOS breakapart signals in 1 and
48 tumours, respectively (89% in total; Supplementary Data 1).

We speculated that the six FISH-negative cases may also
harbour FOS or FOSB rearrangements that were not detected
because FISH analysis is hampered in tumours of low cellularity,
a frequent feature of osteoblastomal. FISH may also miss cases
with short distance intrachromosomal rearrangements, such as
tandem duplications, that insufficiently separate probe target
sequences. Since sufficient tissue was available for 3/6 negative
cases, we sought alternative evidence for FOS dysregulation by
immunohistochemistry. All three samples demonstrated strong
nuclear FOS immunoreactivity, supporting the notion that
alterations in FOS or FOSB underpin every case of osteoblastoma
and osteoid osteoma (Supplementary Fig. 4b). FOSB immuno-
histochemistry was uninformative in osteoblastoma, consistent
with previous experience with decalcified tumours (Supplemen-
tary Fig. 4¢)%.

FOS and FOSB alterations are specific to benign bone tumours.
To explore the utility of our findings as diagnostic markers of
osteoblastoma, we assessed their specificity across different
tumour sets. We examined FOS immunoreactivity 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 had a distribution and intensity of immunoreactivity
comparable with osteoblastoma'®. While there were no break-
apart signals in FOS or FOSB on FISH testing, copy number gains
were noted (Supplementary Fig. 4d). We then examined 55
whole-genome sequences of two published osteosarcoma series,
none of which harboured break points in FOS or FOSB':2
Finally, we could not find similar FOS and FOSB rearrangements
in whole-genome sequences in 2652 non-osteoblastoma
tumours'3. Taken together, our findings indicate that FOS and
FOSB alterations may be exploited as diagnostic markers for
osteoblastoma and osteoid osteoma. We also demonstrate for the
first time that both tumour types are similar at a molecular level.
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Discussion

Rearrangements of FOS moulded a mutant transcript that lacks
regulatory elements. This configuration bears a striking resem-
blance to the retroviral oncogene, v-fos, identified in the FBJ
murine osteosarcoma virus (Fig. l¢, d). Dysregulated expression
of the murine orthologue, ¢-fos, can cause osteosarcoma in model
systems but requires fusion with a highly active promoter and the
v-fos 3’ untranslated region'®,

FOS levels are tightly regulated by both transcript and protein
degradation. Two translation-dependent mechanisms ensure
rapid mRNA degradation: a length-dependent interaction
between the poly-A tail and an exon 3 domain (known as the
major coding region determinant of instability)!®, and an inde-
pendent AU-rich element in the 3’ untranslated region'®. Both
mechanisms are likely to be disrupted by the rearrangements we
have found. Furthermore, ubiquitin-independent proteasomal
degradation rapidly depletes the wild-type FOS protein!”. The C-
terminal truncations seen in epithelioid haemangioma have
recently been shown to protect FOS from degradation'®, While
the break points disrupt components of the C-terminal transac-
tivation domain, this is not required for in vitro transformation
by v-fos'*?°. While we cannot also exclude alteration of AP-1
activity we would expect increased FOS concentration in osteo-
blastoma cells. Consistent with this prediction, we observed
intense nuclear immunoreactivity of FOS in osteoblastoma cells
(Fig. 1f and Supplementary Data 1). Our findings may explain the
absence of nonsense mutations in FOS, as only rearrangements
could abolish both levels of regulation.

Fifty years after the identification of v-fos we report human
bone-forming tumours, osteoblastoma and osteoid osteoma, that
are predominantly characterised by an aberrant FOS homologue
resembling the viral fos oncogene. This shifts our understanding
of FOS/AP-1 dysregulation in human bone tumours. Our findings
also draw an intriguing parallel between bone-forming tumours
and a subset of vascular tumours, suggesting possible shared
developmental pathways. Patients are likely to benefit from our
findings, as they can be readily translated into routine diagnostic
practice.

Methods

Patient samples. Patients provided their written and informed consent to provide
samples for this study, which was approved by the National Research Ethics Service
{NRES) Committee Yorkshire and The Humber - Leeds East (15/YH/0311).
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Sequencing. Tumour DNA and RNA were derived from fresh-frozen tissue
reviewed by bone pathologists (A.M.E/R.T./RA.). Matched normal DNA was
acquired from blood samples. Whole-genome sequencing was performed using the
Ilumina HiSeq 2000 or 2500 platform, using 100 bp paired-end sequencing. For
whole-genome sequencing, we followed the Illumina no-PCR library protocol to
construct short insert 500 bp libraries, prepare flowcells and generate clusters. The
average coverage of tumours was at least 40x and of normal DNA at least 30x after
alignment with BWA-Mem (2.0.54)%1 (Supplementary Data 9). Poly-A RNA was
sequenced on an [llumina HiSeq 2000 {75 bp paired-end). Sequenced RNA libraries
were aligned with STAR (2.0.42)%2

Variant detection. The Cancer Genome Project {Wellcome Trust Sanger Institute)
variant calling pipeline was used to call somatic mutations. The following algo-
rithms, with standard settings, and no additional post-processing was used on
aligned DNA BAM files: CaVEMan (1.11.0)%* for substitutions; Pindel (2.1.0)2* for
indels; BRASS (5.3.3 https://github.com/cancerit/BRASS) for rearrangements, and
ASCAT NGS (4.0.0)%5 for copy number aberrations. Aligned RNA BAM files,
including those realigned from published data, were run through the RN A-Seq
analysis pipeline (https://github.com/cancerit/cgpRna/wiki), which includes HTSeq
(0.6.1)*6 for gene feature counts, and the combination of STAR (2.5.0c), TopHat2
(2.1.0)*7 and dePuse (0.7.0)** fusion discovery protocols.

Variant validation. The precision of Cancer Genome Project {Wellcome Trust
Sanger Institute) variant calling pipeline has been determined in multiple studies?’.
‘We confirmed this through manual inspection of raw sequencing reads. As for
rearrangements, we only included break points in this data set that had been
validated by reconstruction at base pair resolution.

Analysis of mutations in cancer genes. We analysed variants using a previously
documented strategylz. In brief, we considered variants as potential drivers if they
presented in established cancer genes (COSMIC v82). Tumour suppressor coding
variants were considered if they were annotated as functionally deleterious by the
in-house algorithm, VAGrENT (http://cancerit.github.io/ VAGrENT/). Disruptive
rearrangement break points in 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) result in at least five copies in
diploid genomes.

Fusion detection. Rearrangements in FOS and FOSB were analysed using the
DNA structural rearrangement caller, BRASS and the in-house RNA fusion
detection algorithm, infuse. Pusions were considered if break points and orienta-
tions were supported by both algorithms. All reads supporting the break points
were manually inspected. In sample PD13482, in which neither algorithm identi-
fied the fusion, both split reads and discordant read pairs spanning the fusion were
identified in the DNA- and RNA-Seq data.

All FOS fusion partner break points were located in genomic regions not
normally represented in RNA sequencing libraries as they were intergenic or
intronic segments. The per-base coverage in these regions therefore reveals a clear
peak, present only in that tumour sample, demonstrating expression of aberrant
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transcripts {normalised by the mean of HTSeq counts x10%). The end of the
transcript was considered to be 10-30 bp downstream of the cleavage and poly-
adenylation signal ({AATAAA’) with the greatest drop in coverage in the
surrounding 200 bp. Por schematic purposes, mean normalised coverage was
plotted as a segment, as Fig. 1: the ‘mate transcript segment’ is between the break
point {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’.

FOS fusion validation. cDNA was synthesised from 1 pg of total RNA was using
the ProtoScript® II Pirst-Strand cDNA Synthesis Kit (NEB). PCR was performed
with Phusion high-fidelity PCR master mix {HF buffer, NEB) using the primers
listed in Supplementary Data 10. Amplified products were size selected using gel
electrophoresis and then Sanger sequenced using an internal primer listed in
Supplementary Data 10.

Allele-specific expression analysis. We analysed allele-specific expression in FOS
and FOSB using allele counts at heterozygous single-nucleotide polymorphisms
{SNPs). To allow for poor alignment in RNA-Seq data close to break points, allele
counts at heterozygous SNPs were computed manually. Heterozygous SNPs were
identified from DNA sequencing data. Allele counts were measured from RNA-Seq
reads using GATK ASEReadCounter®.

Fluor: in situ hybridi (FISH) for FOS and FOSB. A cohort of 55
informative cases of osteoblastoma/osteoid osteoma was examined by FISH for
FOS breakapart. FOSB probes were custom designed with Agilent SureDesign to
flank the breakapart region. FOS probes and methods have been described pre-
viously® (Supplementary Data 11). In brief, deparaffinised sections were pretreated
by pressure cooking for 5 min and subsequently incubated in pepsin solution at 37
°C for 50 min. 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.

Immunohistochemistry for FOS and FOSB. Deparaffinised hydrated tissue sec-
tions underwent antigen unmasking in Tris-EDTA pH 9 {DAKO 5§2367 - Agilent
Technologies LDA UK Limited, Cheshire, UK) at high pressure for 2 min. After
washing and quenching, sections were blocked in 2.5% horse serum (Vector
ImmPRESS Kit) for 20 min at room temperature. Incubation with primary anti-
bodies was for 60 min, secondary antibodies for 30 min, and DAB + substrate/
chromagen {Dako, K3468) for 5min, all at room temperature, prior to counter-
staining and mounting. FOS antibodies were EMD Millipore ABE457 {Rabbit
Polyclonal, used at 1 or 0.5pgmL ') and ImmPRESS Horse Radish Peroxidase
Anti-Rabbit IgG (Peroxidase) Polymer Detection Kit, made in Horse (MP-7401,
Vector Laboratories, Peterborough, UK) while FOSB antibodies {clone 5G4, dilu-
tion 1:100, Cell Signaling Technology, Danvers, MA and rabbit polyclonal
CAMTAL1 antibody Atlas Antibodies, Stockholm, Sweden) were as previously
described?!.

Data availability. The authors declare that all data supporting the findings of this
study are available within the article and its supplementary files or from the cor-
responding author on reasonable request. Sequencing data have been deposited at
the European Genome-Phenome Archive (http://www.ebi.ac.uk/ega/) that is hosted
by the European Bioinformatics Institute. DNA (https://www.ebiac.uk/ega/
datasets/EGADO00001000785; https://www.ebi.ac.uk/ega/datasets/
EGADO00001000147) accession numbers: EGAN00001100713, EGAN00001100730,
EGAN00001100714, EGAN00001100731, EGAN00001100715,
EGAN00001100732, EGAN00001031765, EGAN00001032117,
EGAN00001031767, EGAN00001032119, EGAN00001036773,
EGAN00001036983. RNA (https://www.ebi.ac.uk/ega/studies/EGAS00001000763)
accession numbers: EGAN00001196539, EGAN00001196540, EGAN00001209957,
EGANO00001196544, EGAN00001196545, EGAN00001209959.
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Cancerisdriven by genetic change, and the adventof massively parallel sequencing has
enabled systematic documentation of this variation at the whole-genome scale' %, Here
wereport the integrative analysis of 2,658 whole-cancer genomes and their matching
normal tissues across 38 tumour types from the Pan-Cancer Analysis of Whole Genomes
(PCAWG) Consortium of the International Cancer Genome Consortium (ICGC)and The
Cancer Genome Atlas (TCGA). We describe the generation of the PCAWG resource,
facilitated by international data sharing using compute clouds. On average, cancer
genomes contained 4 -5driver mutationswhen combining coding and non-coding
genomic elements; however,in around 5% of cases no driverswereidentified,
suggesting that cancer driver discovery is not yet complete. Chromothripsis, in which
many clustered structural variants arise in a single catastrophic event, is frequently an
early eventin tumour evolution; in acral melanoma, for example, these events precede
mostsomaticpointmutations and affectseveral cancer-associated genes
simultaneously. Cancerswith abnormal telomere maintenance often originate from
tissueswith low replicative activity and show several mechanisms of preventing
telomere attrition to critical levels. Common and rare germline variants affect patterns
of somatic mutation, including point mutations, structural variants and somatic
retrotransposition. A collection of papers from the PCAWG Consortium describes
non-coding mutationsthatdrive cancer beyond those in the TERT promoter*;identifies
new signatures of mutational processes that cause base substitutions, smallinsertions
and deletions and structural variation®*; analyses timings and patterns of tumour
evolution’; describesthe diverse transcriptional consequences of somatic mutation on
splicing, expression levels, fusion genes and promoter activity®’; and evaluates arange

of more-specialized features of cancer genomes®°7,

Cancer is the second most-frequent cause of death worldwide,
killingmore than 8 million people every year; the incidence of cancer
isexpected to increase by more than S0% over the coming decades'®®.
‘Cancer’isacatch-allterm usedto denote aset of diseases characterized
by autonomous expansion and spread of a somatic clone. To achieve
this behaviour, the cancer clone must co-opt multiple cellular pathways
that enableit todisregard the normal constraints on cell growth, modify
the local microenvironment to favour its own proliferation, invade
throughtissue barriers,spread to other organs and evadeimmune sur-
veillance?. No single cellular program directs these behaviours. Rather,
thereis alarge pool of potential pathogenic abnormalities from which
individual cancers draw their own combinations: the commonalities
of macroscopic features across tumours belie a vastly heterogeneous
landscape of cellular abnormalities.

This heterogeneity arises from the stochastic nature of Darwinian
evolution. There are three preconditions for Darwinian evolution:
characteristics must vary within a population; this variation must be
heritable from parentto offspring; and there must be competition for
survivalwithin the population.Inthe contextofsomaticcells, heritable
variation arises from mutations acquired stochastically throughout
life, notwithstanding additional contributions from germline and
epigenetic variation. A subset of these mutations alter the cellular
phenotype, and asmall subset of those variants confer anadvantage

on clones during the competition to escape the tight physiological
controls wired into somatic cells. Mutations that provide a selective
advantage to the clone are termed driver mutations, as opposed to
selectively neutral passenger mutations.

Initial studies using massively parallel sequencing demonstrated the
feasibility of identifyingevery somatic point mutation, copy-number
changeand structural variant (SV) inagivencancer'>.In2008, recog-
nizing the opportunity that this advance in technology provided, the
global cancer genomics community established the ICGC with the
goal of systematicallydocumenting the somatic mutationsthat drive
common tumour types?.

The pan-cancer analysis ofwholegenomes

The expansion of whole-genome sequencing studies from individual
ICGCand TCGA working groups presented the opportunity to under-
take a meta-analysis of genomic features across tumour types. To
achieve this, the PCAWG Consortium was established. A Technical
Working Groupimplemented theinformaticsanalyses by aggregating
the raw sequencing data from different working groups that studied
individualtumour types,aligning the sequences to thehuman genome
and delivering a set of high-quality somatic mutation calls for down-
stream analysis (Extended DataFig.1). Given the recent meta-analysis

Alist of members and their affiliations appears in the online version of the paper and lists of working groups appear in the Supplementary Information.
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Appendix

Box 1

Online resources for data access, visualization and analysis

The PCAWG landing page (http://docs.icgc.org/pcawg) provides
links to several data resources for interactive online browsing,
analysis and download of PCAWG data and results (Supplementary
Table 4).

Directdownload of PCAWG data

Aligned PCAWG read data in BAM format are also available at

the European Genome Phenome Archive (EGA; https://www.
ebi.ac.uk/ega/search/site/pcawg under accession number
EGASO0001001692). In addition, all open-tier PCAWG genomics
data, as well as reference datasets used for analysis, can be
downloaded from the ICGC Data Portal at http://docs.icgc.org/
pcawg/data/. Controlled-tier genomic data, including SNVs and
indels that originated from TCGA projects (in VCF format) and
aligned reads (in BAM format) can be downloaded using the

Score (https://www.overture.bio/) software package, which has
accelerated and secure file transfer, as well as BAM slicing facilities
to selectively download defined regions of genomic alignments.
PCAWG computational pipelines

The core alignment, somatic variant-calling, quality-control and
variant consensus-generation pipelines used by PCAWG have each
been packaged into portable cross-platform images using the
Dockstore system® and released under an Open Source licence that
enables unrestricted use and redistribution. All PCAWG Dockstore
images are available to the public at https://dockstore.org/
organizations/PCAWG/collections/PCAWG.

1CGCDataPortal

The ICGC Data Portal®® (https://dcc.icgc.org) serves as the main
entry point for accessing PCAWG datasets with a single uniform web
interface and a high-performance data-download client. This uniform
interface provides users with easy access to the myriad of PCAWG
sequencing data and variant calls that reside in many repositories
and compute clouds worldwide. Streaming technology® provides
users with high-level visualizations in real time of BAM and VCF files
stored remotely on the Cancer Genome Collaboratory.

of exome data from the TCGAPan-Cancer Atlas® %, scientific working
groups concentratedtheir efforts onanalyses best-informed by whole-
genomesequencing data.

We collected genome data from 2,834 donors (Extended Data
Table1),of which 176 were excluded after quality assurance. Afurther
75 had minorissuesthatcould affect some of theanalyses (grey-listed
donors) and 2,583 had data of optimal quality (white-listed donors)
(Supplementary Table1). Across the 2,658 white- andgrey-listed donors,
whole-genome sequencing data were available from 2,605 primary
tumoursand173 metastases or local recurrences. Mean read coverage
was 39x for normal samples, whereas tumours had a bimodal cover-
age distribution with modes at 38x and 60x (Supplementary Fig.1).
RNA-sequencing data were available for1,222 donors. The final cohort
comprised1,469 men (55%)and1,189 women (45%), withameanage of
56 years(range, 1-90 years) across 38 tumour types (Extended Data
Tableland Supplementary Table1).

To identify somatic mutations, we analysed all 6,835 samples using
a uniform set of algorithms for alignment, variant calling and quality
control (Extended DataFig.1,Supplementary Fig.2and Supplementary
Methods 2). We used three established pipelines to call somaticsingle-
nucleotide variations (SNVs), smallinsertions and deletions (indels),
copy-number alterations (CNAs)and SVs. Somatic retrotransposition
events, mitochondrial DNA mutations and telomere lengths were also
called by bespoke algorithms. RNA-sequencing data were uniformly

UCSCXena

UCSC Xena® (https://pcawg.xenahubs.net) visualizes all PCAWG
primary results, including copy-number, gene-expression, gene-fusion
and promoter-usage alterations, simple somatic mutations, large
somatic structural variations, mutational signatures and phenotypic
data. These open-access data are available through a public Xena
hub, and consensus simple somatic mutations can be loaded to the
local computer of a user via a private Xena hub. Kaplan-Meier plots,
histograms, box plots, scatter plots and transcript-specific views offer
additional visualization options and statistical analyses.
TheExpression Atlas

The Expression Atlas (https://www.ebi.ac.uk/gxa/home) contains
RNA-sequencing and expression microarray data for querying

gene expression across tissues, cell types, developmental stages
and/or experimental conditions®. Two different views of the data
are provided: summarized expression levels for each tumour type
and gene expression at the level of individual samples, including
reference-gene expression datasets for matching normal tissues.
PCAWG Scout

PCAWG Scout (http://pcawgscout.bsc.es/) provides a framework for
-omics workflow and website templating to generate on-demand,
in-depth analyses of the PCAWG data that are openly available to the
whole research community. Views of protected data are available
that still safeguard sensitive data. Through the PCAWG Scout web
interface, users can access an array of reports and visualizations
that leverage on-demand bioinformatic computing infrastructure

to produce results in real time, allowing users to discover trends as
well as form and test hypotheses.

Chromothripsis Explorer

Chromothripsis Explorer (http://compbio.med.harvard.edu/
chromothripsis/) is a portal that allows structural variation in the
PCAWG dataset to be explored on anindividual patient basis
through the use of circos plots. Patterns of chromothripsis can also
be explored in aggregated formats.

processedtocall transcriptomic alterations. Germline variantsidenti-
fied by the three separate pipelines included single-nucleotide poly-
morphisms, indels, SVsand mobile-elementinsertions (Supplementary
Table2).

The requirement to uniformly realign and call variants on approxi-
mately 5,800 whole genomes presented considerable computational
challenges, and raised ethical issues owing to the use of data from dif-
ferent jurisdictions (Extended Data Table 2). We used cloud comput-
ing??"to distribute alignmentand variant calling across 13 datacentres
on 3 continents (Supplementary Table 3). Core pipelines were pack-
aged into Docker containers?®asreproducible, stand-alone packages,
whichwe have made available for download. Datarepositories for raw
and derived datasets, together with portals for data visualizationand
exploration, have also been created (Box1andSupplementary Table 4).

Benchmarking ofgenetic variantcalls

Tobenchmark mutation calling, weran the 3 core pipelines, together
with 10 additional pipelines, on 63 representative tumour-normal
genome pairs (Supplementary Note 1). For 50 of these cases, we per-
formed validation by hybridization of tumour and matched normal DNA
toacustom bait setwith deepsequencing®. The 3 core somaticvariant-
calling pipelines had individual estimates of sensitivity of 80-90%
to detect atrue somatic SNV called by any of the 13 pipelines; more
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Fig.1| Validation of variant-calling pipelinesin PCAWG. a, Scatter plot of
estimated sensitivity and precision for somatic SNVsacross individual
algorithms assessed in the validation exercise across 7= 63 PCAWG samples.
Corealgorithmsincluded in the final PCAWG call setare shown inblue.

b, Sensitivity and precision estimatesacrossindividualalgorithms for
somaticindels. ¢, Accuracy (precision, sensitivity and £, score, defined as

2 x sensitivity x precision/(sensitivity + precision)) of somatic SNV calls across
variantallele fractions (VAFs) for the core algorithms. The accuracy of two
methods of combining variant calls (two-plus, whichwas used in the final
dataset, and logistic regression) is also shown.d, Accuracy of indel calls
across variantallele fractions.

than 95% of SNV calls made by each of the core pipelines were genu-
ine somatic variants (Fig. 1a). For indels—a more-challenging class of
variantsto identify withshort-read sequencing—the 3 core algorithms
had individual sensitivity estimates inthe range of 40-50%, with pre-
cision of 70-95% (Fig. 1b). For individual SV algorithms, we estimated
precisionto beinthe range 80-95% for samples inthe 63-sample pilot
dataset.

Next,we defined a strategy to merge results fromthe three pipelines
into one final call-set to be used for downstream scientific analyses
(Methods and Supplementary Note 2). Sensitivity and precision of
consensus somatic variant callswere 95% (90% confidenceinterval,
88-98%)and 95% (90% confidenceinterval, 71-99%), respectively, for
SNVs (Extended DataFig. 2). For somaticindels, sensitivityand preci-
sionwere 60% (34-72%) and91%(73-96%), respectively (Extended Data
Fig. 2). Regarding somatic SVs, we estimate the sensitivity of merged
callstobe 90% for true calls generated by any one pipeline; precision
was estimated as 97.5%. Theimprovement in calling accuracy from
combining different pipelines was most noticeablein variants with
low variant allele fractions, which probably originate from tumour
subclones (Fig.1c,d). Germlinevariant calls, phased using ahaplotype-
reference panel, displayed aprecision of more than 99%andasensitivity
0f 92-98% (Supplementary Note 2).

Analysis of PCAWG data

The uniformlygenerated, high-quality set of variant calls across more
than 2,500 donors provided the springboard for aseries of scientific
working groups to explorethebiology of cancer. A comprehensive
suite of companion papersthat describe the analyses and discoveries
across these thematicareasis copublished with thispaper*'® (Extended
Data Table 3).
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Pan-cancer burden of somatic mutations

Across the 2,583 white-listed PCAWG donors, we called 43,778,859
somatic SNVs, 410,123 somatic multinucleotide variants, 2,418,247
somaticindels, 288,416 somaticSVs, 19,166 somaticretrotransposition
eventsand 8,185 de novo mitochondrial DNA mutations (Supplemen-
tary Table 1). There was considerable heterogeneity in the burden of
somatic mutations across patients and tumour types, with abroad
correlation in mutation burden among different classes of somatic
variation (Extended Data Fig. 3). Analysed at a per-patient level, this
correlation held, even when considering tumours with similar purity
and ploidy (Supplementary Fig.3). Why suchcorrelation should apply
ona pan-cancer basis isunclear.Itislikely that age hassomerole, as we
observe a correlation between most classes of somatic mutation and
age at diagnosis (around 190 SNVs per year, P= 0.02; about 22 indels
peryear, P=5x107;1.5SVs per year, P< 2 x 107%; linear regression
with likelihood ratio tests; Supplementary Fig. 4). Other factors are
also likely to contribute tothe correlations among classes of somatic
mutation,asthereisevidence that some DNA-repair defects can cause
multipletypes of somatic mutation®,andasingle carcinogen can cause
arange of DNA lesions®.

Panorama of driver mutationsin cancer

We extracted the subset of somatic mutations in PCAWG tumours
that have high confidence to be driver events on the basis of current
knowledge. One challenge to pinpointing the specific driver muta-
tionsinan individual tumour is that not all point mutations in recur-
rently mutated cancer-associated genes are drivers®2. For genomic
elementssignificantly mutated in PCAWG data, we developed a ‘rank-
and-cut’ approach to identify the probable drivers (Supplementary
Methods 8.1). Thisapproach works by ranking the obser ved mutations
inagivengenomic element based onrecurrence, estimated functional
consequence and expected pattern of driversinthatelement. Wethen
estimate the excess burden of somatic mutations in that genomic
elementabovethatexpectedforthebackground mutation rate,and cut
theranked mutations at this level. Mutations in each element with the
highestdriver ranking were then assigned as probable drivers; those
belowthe threshold will probably have arisen through chanceandwere
assigned as probable passengers. Improvements to features that are
used to rank the mutations and the methods used to measure them
willcontribute to further development of the rank-and-cutapproach.

We also needed to account for the fact that some bona fide cancer
genomic elements were not rediscovered in PCAWG databecause
of low statistical power. We therefore added previously known
cancer-associated genesto thediscovery set, creatinga ‘compendium
of mutational driver elements’ (Supplementary Methods 8.2). Then,
using stringent rules to nominate driver point mutations that affect
thesegenomicelements on the basis of prior knowledge™, we separated
probable driver from passenger point mutations. To cover all classes
of variant, we also created a compendium of known driver SVs, using
analogousrulestoidentifywhich somatic CNAsand SVs are most likely
to actasdriversin each tumour. For probable pathogenic germline
variants, we identified all truncating germline point mutations and
SVs that affect high-penetrance germline cancer-associated genes.

This analysis defined a set of mutations that we could confidently
assert,based oncurrent knowledge, drove tumorigenesis inthe more
than 2,500 tumours of PCAWG. We found that 91% of tumours had at
least oneidentified driver mutation, withanaverage of 4.6 drivers per
tumour identified, showing extensive variation across cancer types
(Fig. 2a).For coding point mutations, the average was 2.6 drivers per
tumour, similar to numbers estimated in known cancer-associated
genes intumours in the TCGA using analogous approaches®.

To address the frequency of non-coding driver point mutations,
we combined promoters and enhancers that are known targets of
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non-coding drivers*** with those newly discovered in PCAWG data;

this is reported in a companion paper*. Using this approach, only
13% (785 out of 5,913) of driver point mutations were non-coding
in PCAWG. Nonetheless, 25% of PCAWG tumours bear at least one
putative non-coding driver point mutation, and one third (237 out
of 785) affected the TERT promoter (9% of PCAWG tumours). Overall,
non-coding driver point mutations are less frequent than coding
driver mutations. With the exception of the TERT promoter, indi-
vidual enhancersand promoters are only infrequent targets of driver
mutations*.

Across tumour types, SVs and point mutations have different rela-
tive contributions to tumorigenesis. Driver SVs are more prevalent
in breast adenocarcinomas (6.4 + 3.7 SVs (mean + s.d.) compared
with 2.2 + 1.3 point mutations; P < 1x 107, Mann-Whitney U-test)
and ovary adenocarcinomas (5.8 + 2.6 SVs compared with 1.9 + 1.0
point mutations; P < 1x 107¢), whereas driver point mutations have

Proportion of patients

0.3

Mutations
5"UTR
® 3 UTR

® Coding « Promoter
@ Intron splicing

SCNA and SV
@Amplified oncogene
@Truncated TSG
@ cis-activating GR

05 1.0

Deleted TSG
) Fusion gene

ladder-TCC

Number of
patients

954 TP53

475 CDKN2A
316 ARIDTA
287 KRAS

269 PTEN

263 TERT mm
258 CDKN2B
181 SMAD4

177 PIK3CA
167 RB1

162 BRAF 1
118 CTNNBT

3
28
5
9
8=
i
EE:]
=4
6

Eso-AdenoCa
Lymph-CLL
CNS-PiloAstro
~ = » Panc-Endocrine
Lung-AdenoCA
o [§ Bone-Osteosarc
Biliary-AdenoCA

=
o
9
[}
z
o

= Thy-AdenoCA

@ @ SoftTissue-Leiomyo

- [5]
N
| | R

IR

| K

&~

crol@ e o~

©
©

b
momE- -
“H-E-~-

3111 3 3
0 0.25 0.50 0.75 1
Germline/somatic

.00
Somatic/somatic
mmm Deletion/deletion
Deletion/GR(break)
Deletion/mutation

Deletion/deletion
Mutation/deletion
mm Mutation/mutation

TNFRSF141
NF2w
CIC1

T OONONDLONANQOORENONNOONDONUN VDN DN QO NI @@=
HINTRIINOIONONTOWRANNONRHONBNONNIGROSONONN

Proportion of patients with the gene altered as biallelic

patients. b, Genomic elements targeted by different types of mutationsin the
cohortaltered in morethan 65 tumours. Both germline and somatic variants
areincluded. Left, the heat map shows the recurrence of alterations across
cancer types. The colour indicates the proportion of mutated tumours and the
numberindicates the absolute count of mutated tumours. Right, the
proportionofeachtype of alteration that affects each genomic element.

¢, Tumour-suppressor genes with biallelicinactivation in10 or more patients.
The valuesincluded under the gene labels represent the proportions of
patients who have biallelic mutations in the gene out of all patients with a
somatic mutationinthatgene. GR, genomicrearrangement; SCNA, somatic
copy-number alteration; SGR, somatic genome rearrangement; TSG, tumour
suppressor gene; UTR, untranslatedregion.

alarger contribution in colorectal adenocarcinomas (2.4 +1.4 SVs
compared with 7.4 + 7.0 point mutations; P =4 x 107°) and mature
B cell lymphomas (2.2 £ 1.3 SVs compared with 6 + 3.8 point muta-
tions; P<1x107"), as previously shown®. Across tumour types, there
are differences in which classes of mutation affect a given genomic
element (Fig. 2b).

We confirmed that many driver mutations that affect tumour-
suppressor genes are two-hit inactivation events (Fig. 2c). For exam-
ple, of the 954 tumours in the cohort with driver mutations in TP53,
736 (77%) had both alleles mutated, 96% of which (707 out of 736)
combined a somatic point mutation that affected one allele with
somatic deletion of the other allele. Overall, 17% of patients had
rare germline protein-truncating variants (PTVs) in cancer-predis-
position genes®, DNA-damage response genes*® and somatic driver
genes. Biallelic inactivation due to somatic alteration on top of a
germline PTV was observed in 4.5% of patients overall, with 81% of
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Fig.3|Analysisof patients with nodetecteddriver mutations.a, Individual
estimatesof the percentage of tumour-in-normalcontaminationacross
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myelodysplastic syndromesand acute myeloid leukaemia. Pointsrepresent
estimatesforindividual patients,and the coloured areas are estimated density
distributions (violin plots). Abbreviationsof the tumour typesare defined in
Extended Data Table 1. b, Average detection sensitivity by tumour type for
tumourswithout knowndrivers (n=181). Eachdot representsa givensample
andis theaverage sensitivity of detecting clonal substitutions across the
genome, takingintoaccount purity and ploidy. Coloured areasare estimated
densitydistributions, shown for cohortswithatleast five cases. ¢, Detection

these affecting known cancer-predispositiongenes (suchas BRCAI,
BRCA2and ATM).

PCAWG tumours with no apparent drivers
Although more than 90% of PCAWG cases had identified drivers, we
found nonein 181 tumours (Extended DataFig. 4a). Reasons for miss-
ingdrivers have not yet been systematically evaluated ina pan-cancer
cohort,and could arise from either technical or biological causes.
Technical explanations could include poor-quality samples, inad-
equate sequencing or failures in the bioinformatic algorithms used.
We assessed the quality of the samples and found that 4 of the 181
cases withnoknown drivers had more than 5% tumour DNA contami-
nation in their matched normal sample (Fig.3a). Using an algorithm
designedtocorrect for thiscontamination*, we identified previously
missed mutations in genes relevant to the respective cancer types.
Similarly, if the fraction of tumour cells in the cancer sample is low
through stromal contamination, the detection of driver mutations
can be impaired. Most tumours with no known drivers had an aver-
age power to detect mutations close to 100%; however, a few had
power inthe 70-90% range (Fig. 3b and Extended Data Fig. 4b). Even
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sensitivity for TERT promoter hotspots in tumour types inwhich 7TERTis
frequently mutated. Coloured areas are estimated density distributions.

d, Significant copy-number lossesidentified by two-sided hypothesistesting
using GISTIC2.0, corrected for multiple-hypothesis testing. Numbersin
parenthesesindicate the number of genesin significant regions when
analysing medulloblastomaswithoutknown drivers (r=42). Significant
regions with known cancer-associated genes are labelled with the
representative cancer-associated gene. e, Aneuploidy inchromophobe renal
cell carcinomas and pancreatic neuroendocrine tumours without known
drivers. Patientsare ordered on the y axis by tumour type and then by presence
ofwhole-genome duplication (bottom) or not (top).

in adequately sequenced genomes, lack of read depth at specific
driver loci canimpair mutation detection. For example, only around
50% of PCAWG tumours had sufficient coverage to call a mutation
(>90% power) at the two TERT promoter hotspots, probably because
thehigh GC content of this region causes biased coverage (Fig. 3¢).
In fact, 6 hepatocellular carcinomas and2 biliary cholangiocarcinomas
among the 181 cases withno knowndrivers actually did contain TERT
mutations, which were discovered after deep targeted sequencing.

Finally, technical reasons for missing driver mutations include fail-
ures in the bioinformatic algorithms. This affected 35 myeloprolif-
erative neoplasms in PCAWG, in which the JAK2"*” driver mutation
should have been called. Our somatic variant-calling algorithms rely
on ‘panels of normals’, typically from blood samples, toremove recur-
rentsequencing artefacts. As 2-5% of healthyindividuals carryoccult
haematopoietic clones*®, recurrent driver mutations in these clones
can enter panels of normals.

With regard to biological causes, tumours may be driven by muta-
tions in cancer-associated genes that are not yet described for that
tumour type. Using driver discovery algorithms on tumours with no
knowndrivers, noindividual genesreachedsignificancefor point muta-
tions. However, we identified a recurrent CNA that spanned SETD2in
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distance <1kb; pale red zone), many of which are near known cancer-associated
genes (red annotations) and have associated SVs (<10 kb from the focus; shown
asarcsinthecentre). ¢, Circos rainfall plot asin b that shows the distance versus

medulloblastomas that lacked known drivers (Fig. 3d), indicating that
restricting hypothesis testing to missing-driver cases can improve
power if undiscovered genes are enriched in such tumours. Inactivation
of SETD2 in medulloblastoma significantly decreased gene expres-
sion (P=0.002) (Extended Data Fig. 4c). Notably, SETD2 mutations
occurred exclusively inmedulloblastomagroup-4 tumours (P<1x107#).
Group-4 medulloblastomas are known for frequent mutations in other
chromatin-modifying genes*, and our results suggest that SETD2loss
of function is an additional driver that affects chromatin regulatorsin
this subgroup.

Two tumour types had a surprisingly high fraction of patients with-
out identified driver mutations: chromophobe renal cell carcinoma
(44%; 19 out of 43) and pancreatic neuroendocrine cancers (22%;
18 out of 81) (Extended Data Fig. 4a). A notable feature of the miss-
ing-driver cases in both tumour types was a remarkably consistent
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the position of consecutive chromoplexy and reciprocal translocation
footprintsacross PCAWG. Lymphoid, prostate and thyroid cancers exhibit
recurrent events (=2 footprints with distance <10 kb; pale red zone) that are
likely to be driver SVsand are annotated with nearby genesand associated SVs,
which are shownasbold and thinarcs for chromoplexy and reciprocal
translocations, respectively (coloursasina).d, Effect of chromothripsis along
the genome and involvement of PCAWG driver genes. Top, number of
chromothripsis-induced gains or losses (grey) and amplifications (blue) or
deletions (red). Withinthe identified chromothripsisregions, selected
recurrently rearranged (light grey), amplified (blue) and homozygously
deleted (magenta) driver genes are indicated. Bottom, interbreakpoint
distance betweenall subsequent breakpoints within chromothripsisregions
across cancer types, coloured by cancer type. Regions withan average
interbreakpointdistance <10 kb are highlighted. C[T>N]T, kataegis witha
patternofthymine mutationsina Cp TpT context.

profile of chromosomal aneuploidy—patterns that have previously
beenreported** (Fig.3e). The absence of other identified driver muta-
tionsin these patients raises the possibility that certain combinations
of whole-chromosome gains and losses may be sufficient to initiate
acancer in the absence of more-targeted driver events such as point
mutations or fusion genes of focal CNAs.

Evenafter accounting for technicalissues and novel drivers, 5.3% of
PCAWG tumours still had no identifiable driver events. In a research
setting, inwhichwe areinterested in drawing conclusions about popu-
lations of patients, the consequences of technical issues that affect
occasional samples will be mitigated by samplessize. Inaclinical setting,
inwhichweareinterestedin the driver mutationsin aspecific patient,
theseissues become substantially moreimportant. Careful and critical
appraisal of the whole pipeline—including sample acquisition, genome
sequencing, mapping, variant calling and driver annotation, as done
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here—should be required for laboratories that offer clinical sequenc-
ingof cancer genomes.

Patterns of clustered mutations and SVs

Some somatic mutational processes generate multiplemutationsina
single catastrophic event, typically clustered in genomicspace, leading
tosubstantial reconfiguration of the genome. Three such processes
have previously been described: (1) chromoplexy, in which repair of
co-occurringdouble-stranded DNA breaks—typically ondifferentchro-
mosomes—results inshuffled chains of rearrangements**# (Extended
DataFig.5a); (2) kataegis, afocal hypermutation processthatleads to
locally clustered nucleotide substitutions, biased towards asingle DNA
strand*-*! (Extended Data Fig. 5b); and (3) chromothripsis, in which
tens to hundreds of DNA breaks occur simultaneously, clustered on
one or a few chromosomes, with near-random stitching together of
theresulting fragments*~** (Extended DataFig. 5¢). We characterized
the PCAWG genomes for these three processes (Fig. 4).

Chromoplexy events and reciprocal translocations were identified
in 467 (17.8%) samples (Fig. 4a, ¢). Chromoplexy was prominentin
prostate adenocarcinomaand lymphoid malignancies, as previously
described*#®, and—unexpectedly—thyroid adenocarcinoma. Differ-
entgenomicloci wererecurrentlyrearranged by chromoplexyacross
the three tumour types, mediated by positive selection for particu-
lar fusion genes or enhancer-hijacking events. Of 13 fusion genes or
enhancer hijacking events in 48 thyroid adenocarcinomas, at least
4 (31%) were caused by chromoplexy, witha further 4 (31%) part of com-
plexes thatcontained chromoplexy footprints (Extended Data Fig. 5a).
These events generated fusion genes that involved RET (two cases)and
NTRK3(one case)*®, and the juxtaposition of the oncogene /GF2BP3
withregulatory elements from highly expressed genes (five cases).

Kataegis events were foundin 60.5% of all cancers, with particularly
high abundance in lung squamous cell carcinoma, bladder cancer,
acral melanoma and sarcomas (Fig. 4a, b). Typically, kataegis com-
prises C > N mutations in a TpC context, which are probably caused
by APOBEC activity®-, althougha T >N conversionina TpTor CpT
process (the affected T is highlighted in bold) attributed toerror-prone
polymerases has recently been described”. The APOBEC signature
accounted for 81.7% of kataegis events and correlated positively with
APOBEC3B expression levels, somatic SV burden and age at diagnosis
(SupplementaryFig.5).Furthermore, 5.7% of kataegis eventsinvolved
the T> Nerror-prone polymerase signature and 2.3% of events, most
notably in sarcomas, showed cytidine deamination in an alternative
GpCor CpCcontext.

Kataegis events were frequently associated with somatic SV break-
points (Fig. 4a and Supplementary Fig. 6a), as previously described™.
Deletions and complex rearrangements were most-strongly associ-
ated with kataegis, whereas tandem duplications and other simple
SV classes were only infrequently associated (Supplementary Fig. 6b).
Kataegis inducing predominantly T > N mutations in CpTpT context
was enriched near deletions, specifically those in the 10-25-kilobase
(kb) range (SupplementaryFig. 6c).

Samples with extreme kataegis burden (more than 30 foci) comprise
four types of focal hypermutation (Extended DataFig. 6): (1) off-target
somatic hypermutationand fociof T>Nat CpTpT,foundinBcellnon-
Hodgkin lymphomaandoesophagealadenocarcinomas, respectively;
(2) APOBEC kataegijs associated with complexrearrangements, notably
foundin sarcomaand melanoma; (3) rearrangement-independent
APOBECKkataegis onthelagging strand andinearly-replicating regions,
mainly found inbladder and head and neck cancer; and (4) a mix of
the lasttwo types. Kataegis only occasionally led to driver mutations
(Supplementary Table 5).

We identified chromothripsis in 587 samples (22.3%), most fre-
quently among sarcoma, glioblastoma, lung squamous cell carci-
noma, melanoma and breast adenocarcinoma'®. Chromothripsis
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increased with whole-genome duplications in most cancer types
(Extended Data Fig. 7a), as previously shown in medulloblastoma®,
The most recurrently associated driver was TP53* (pan-cancer odds
ratio =3.22; pan-cancer P=8.3 x107*; ¢ < 0.05 in breast lobular (odds
ratio =13),colorectal (odds ratio =25), prostate (oddsratio=2.6) and
hepatocellular (odds ratio = 3.9) cancers; Fisher-Boschloo tests). In
two cancer types (osteosarcoma and B cell lymphoma), womenhad a
higherincidence of chromothripsis than men (Extended DataFig. 7b).
Inprostate cancer, we observed a higher incidence of chromothripsis
in patients with late-onset than early-onset disease™ (Extended Data
Fig.7c).

Chromothripsis regions coincided with 3.6% of all identified driv-
ers in PCAWG and around 7% of copy-number drivers (Fig. 4d). These
proportions are considerably enriched compared to expectation if
selection were notactingonthese events (Extended Data Fig.7d). The
majority of coinciding driver events wereamplifications (58%), followed
by homozygous deletions (34%) and SVs within genes or promoter
regions (8%). We frequently observed a>2-foldincrease or decreasein
expressionofamplifiedor deleted drivers, respectively, when theseloci
were part of a chromothripsis event, compared with samples without
chromothripsis (Extended Data Fig. 7e).

Chromothripsis manifested in diverse patterns and frequencies
acrosstumour types, which we categorized onthe basis of five charac-
teristics (Fig. 4a). Inliposarcoma, for example, chromothripsis events
often involved multiple chromosomes, with universal MDM2 ampli-
fication®® and co-amplification of TERT in 4 of 19 cases (Fig. 4d). By
contrast, in glioblastomathe events tended to affect asmaller region
onasinglechromosome that was distant from the telomere, resulting
in focal amplification of EGFR and MDM2 and loss of CDKN2A. Acral
melanomas frequently exhibited CCNDIamplification,and lungsqua-
mous cell carcinomas SOX2amplifications.In both cases, thesedrivers
weremore-frequently altered by chromothripsis compared with other
driversinthesame cancer typeand to other cancer types for thesame
driver (Fig.4d and Extended DataFig.7f). Finally,inchromophoberenal
cell carcinoma, chromothripsis nearly always affected chromosome
5(SupplementaryFig.7):these samples had breakpointsimmediately
adjacent to TERT, increasing TERT expression by 80-fold on average
compared withsamples without rearrangements (P=0.0004; Mann-
Whitney U-test).

Timing clustered mutations in evolution

An unanswered question for clustered mutational processes is whether
they occur early or late in cancer evolution. To address this, we used
molecular clocks to define broad epochsin thelife history of each
tumour**®. Onetransition point is between clonal and subclonal muta-
tions: clonal mutations occurred before, and subclonal mutations after,
the emergence of the most-recent common ancestor. Inregions with
copy-number gains, molecular time can be further divided according
towhether mutations preceded the copy-number gain (and were them-
selves duplicated) or occurred after the gain (andtherefore presenton
onlyone chromosomal copy)’.

Chromothripsis tended to have greater relative odds of being clonal
than subclonal, suggesting thatit occurs early in cancer evolution,
especially in liposarcomas, prostate adenocarcinomaand squamous
celllungcancer (Fig.5a). As previouslyreported, chromothripsis was
especially common in melanomas®. We identified 89 separate chromo-
thripsisevents that affected 66 melanomas (61%); 47 out of 89 events
affected genes known to be recurrently altered in melanoma® (Sup-
plementary Table 6). Involvement of aregion on chromosome 11 that
includes the cell-cycle regulator CCNDI occurred in 21 cases (10 out
of 86 cutaneous, and 11 out of 21 acral or mucosal melanomas), typi-
cally combining chromothripsis withamplification (19 out of 21 cases)
(Extended Data Fig. 8). Co-involvement of other cancer-associated
genes in the same chromothripsis event was also frequent, including
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TERT (five cases), CDKN2A (three cases), TP53 (two cases) and MYC
(two cases) (Fig. 5b). In these co-amplifications, a chromothripsis
eventinvolving multiple chromosomesiinitiated the process, creat-
ing a derivative chromosome in which hundreds of fragments were
stitched together in a near-random order (Fig. 5b). This derivative
then rearranged further, leading to massive co-amplification of the
multiple target oncogenes together with regions located nearby on
the derivative chromosome.

Inthese cases of amplified chromothripsis, we can use the inferred
number of copies bearingeach SNV to time the amplification process.
SNVs present on the chromosome before amplification will them-
selves be amplified and are therefore reported in a high fraction of
sequence reads (Fig. Sb and Extended Data Fig. 8). By contrast, late
SNVs that occur after theamplificationhas concluded will be present
ononly onechromosome copy out of many,and thus have a low variant

Chr. 11 position (Mb)

sizes (number of patients) are shownacross the top. b, Three representative
patientswithacralmelanoma and chromothripsis-induced amplification that
simultaneously affects TERTand CCNDI. Theblack points (top) represent
sequence coverage from individual genomic bins, withSVs shown as coloured
arcs (translocation inblack, deletion in purple, duplicationinbrown, tail-to-tail
inversion in cyanand head-to-head inversioningreen). Bottom, the variant
allele fractions of somatic pointmutations.

allele fraction. Regions of CCNDIamplification had few—sometimes
zero—mutations at high variant allele fractioninacral melanomas, in
contrast to later CCNDI amplificationsin cutaneous melanomas, in
which hundreds to thousands of mutations typically predated ampli-
fication (Fig. Sb and Extended Data Fig. 9a, b). Thus, both chromoth-
ripsisandthe subsequentamplification generally occurred veryearly
duringthe evolutionofacralmelanoma.Bycomparison,inlungsqua-
mouscell carcinomas, similar patterns of chromothripsis followed by
SOX2 amplification are characterized by many amplified SNVs, sug-
gestingalater eventinthe evolution of these cancers (Extended Data
Fig.9c).

Notably, in cancer typesinwhichthe mutational loadwas sufficiently
high, we could detect a larger-than-expected number of SNVs on an
intermediate number of DNA copies, suggesting that they appeared
during the amplification process (SupplementaryFig. 8).
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Fig. 6| Germline determinants of the somatic mutation landscape.

a, Association between common (MAF > 5%) germline variants and somatic
APOBEC3B-like mutagenesis inindividuals of European ancestry (n=1,201).
Two-sided hypothesistesting was performed with PLINK v.1.9. To mitigate
multiple-hypothesis testing, the significance threshold was set to genome-
wide significance (P<5x10 %).b, Templated insertion SVsina BRCAI-
associated prostate cancer. Left, chromosome bands(1); SVs <10 megabases
(Mb)(2);1-kb read depth corrected to copy number 0-6 (3); inter-and
intrachromosomal SVs>10 Mb (4). Right, acomplex somatic SV composed of a
2.2-kbtandem duplication on chromosome 2 together with a 232-base-pair
(bp)inverted templated insertion SVthatisderived from chromosome 5and
inserted inbetween the tandem duplication (bottom). Consensus sequence
alignment of locally assembled Oxford Nanopore Technologieslong
sequencingreadsto chromosomes2and S of thehumanreference genome
(top). Breakpoints are circled and marked as 1 (beginning of tandem
duplication), 2 (end of tandem duplication) or 3 (inverted templated insertion).
For each breakpoint, the middle panel shows [lluminashortreadsat SV

Germline effects on somatic mutations

We integrated the set of 88 million germline genetic variant calls
withsomatic mutations in PCAWG, to study germline determinants
of somaticmutation rates and patterns. First, we performed agenome-
wide association study of somatic mutational processes with common
germline variants (minor allele frequency (MAF) >5%) in individuals
withinferred European ancestry. An independent genome-wide associ-
ationstudy was performed in East Asian individuals from Asian cancer
genome projects. We focused on two prevalent endogenous muta-
tional processes: spontaneous deamination of 5-methylcytosine at
CpGdinucleotides® (signature 1) and activity of the APOBEC3 family of
cytidine deaminases® (signatures 2and 13). No locus reached genome-
wide significance (P<5x10 %) forsignature 1 (Extended Data Fig.10a,
b).However, alocus at 22q13.1 predicted an APOBEC3B-like mutagen-
esis at the pan-cancer level” (Fig. 6a). The strongest signal at 22q13.1
was driven by rs12628403, and the minor (non-reference) allele was
protective against APOBEC3B-like mutagenesis (8=-0.43,P=5.6x10 °,
MAF =8.2%, n=1,201 donors) (Extended Data Fig. 10c). This variant
tags a common, approximately 30-kb germline SV that deletes the
APOBEC3B coding sequence and fuses the APOBEC3B 3’ untranslated
region with the codingsequence of APOBEC3A. The deletion is known
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breakpoints. ¢, Association betweenrare germline PTVs (MAF <0.5%) and
somatic CpG mutagenesis (approximately with signature 1) inindividuals of
Europeanancestry (n=1,201). Genes highlighted in blue or red were associated
with lower or higher somatic mutation rates. Two-sided hypothesis testing was
performed using linear-regression models with sex, age at diagnosis and
cancer project as variables. To mitigate multiple-hypothesis testing, the
significance threshold was set to exome-wide significance (P<2.5x 10 °).
Theblacklinerepresentstheidentity line that would be followed if the
observed Pvalues followed the null expectation; theshaded areashows

the 95% confidenceintervals.d, Catalogue of polymorphicgermline L1source
elementsthat are active in cancer. The chromosomalmap showsgermline
sourcelLlelementsas volcano symbols. Each volcanois colour-coded
accordingto thetype of sourceL1activity. The contribution of eachsource
locus (expressed as a percentage) to the total number of transductions
identified in PCAWG tumours is represented as agradient of volcanosize, with
top contributing elements exhibiting larger sizes.

toincrease breast cancer risk and APOBEC mutagenesis in breast can-
cergenomes®?, Here, we found that rs12628403 reduces APOBEC3B-
like mutagenesis specifically in cancer types with low levels of APOBEC
mutagenesis (B, = ~0.50, Py, = 1X10 %; By = 0.17, Py = 0.2), and
increases APOBEC3A-like mutagenesis in cancer types with high lev-
els of APOBEC mutagenesis (B, = 0.44, Py, =8 x107%; B, = -0.21,
Py, =0.02). Moreover, we identified a second, novel locus at 22q13.1
that was associated with APOBEC3B-like mutagenesis across cancer
types(rs2142833,=0.23,P=1.3x10 ®).Weindependently validated the
association between both loci and APOBEC3B-like mutagenesis using
East Asian individuals from Asian cancer genome projects
(Bronezsios =057, Prapzsasios = 4.2 % 10’12,',3,52“2333 =0.58, Priizun =8x 107)
(Extended Data Fig. 10d). Notably, in a conditional analysis that
accounted for rs12628403, we found that rs2142833 and rs12628403
are inherited independently in Europeans (+?<0.1), and rs2142833
remained significantly associated with APOBEC3B-like mutagenesis
in Europeans (B = 0.17, P =3 X 107%) and East Asians (Bsy = 0.25,
Py =2 %10 *) (Extended DataFig. 10¢, f). Analysis of donor-matched
expression data further suggests that rs2142833 is a cis-expression
quantitative trait locus (eQTL) for APOBEC3B at the pan-cancer level
(8=0.19,P=2x10"") (Extended Data Fig. 10g, h), consistent with
cis-eQTL studies in normal cells®>*.
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types from PCAWG. ¢, Distribution of relevant driver mutations associated
withalternativelengthening of telomere and normal telomere maintenance
across the four clusters. d, Distribution of telomere maintenance
abnormalities across tumour types with more than 40 patientsin PCAWG.
Samples were classified as tumour clusters 1-3if they fell into a relevant cluster
without mutationsin TERT, ATRX or DAXX and had no ALT phenotype. TMM,
telomere maintenance mechanisms.

Second, we performed arare-variant association study (MAF <0.5%)
to investigate the relationship between germline PTVs and somatic
DNA rearrangementsinindividuals with European ancestry (Extended
Data Fig. 11a-c). Germline BRCA2 and BRCAI PTVs were associated
with an increased burden of small (less than 10 kb) somatic SV dele-
tions (P=1x10"%)and tandem duplications (P=6 x 10), respectively,
corroborating recent studies in breast and ovarian cancer®*”. In
PCAWG data, this pattern also extends to other tumour types, includ-
ing adenocarcinomas of the prostate and pancreas®, typically in the
setting of biallelic inactivation. In addition, tumours with high lev-
els of small SV tandem duplications frequently exhibited a novel and
distinct class of SVs termed ‘cycles of templated insertions®. These
complex SV events consist of DNA templates that are copied from
across the genome, joined into one contiguous sequence and inserted
into a single derivative chromosome. We found a significant associa-
tion between germline BRCAI PTVs and templated insertions at the
pan-cancer level (P=4 x107%) (Extended DataFig. 11d, e). Whole-genome

long-read sequencing data generated for a BRCAI-deficient PCAWG
prostate tumour verified the small tandem-duplication and templated-
insertion SV phenotypes (Fig. 6b). Almost all (20 out of 21) of BRCAI-
associated tumours with atemplated-insertion SV phenotype displayed
combined germline and somatic hitsin the gene. Together, these data
suggest that biallelic inactivation of BRCAIis adriver of the templated-
insertion SV phenotype.

Third, rare-variant association analysis revealed that patients with
germline MBD4 PTVs had increased rates of somatic C > T mutation
rates at CpG dinucleotides (P< 2.5 x10°°) (Fig. 6¢c and Extended Data
Fig.11f, g). Analysis of previously published whole-exome sequencing
samples fromthe TCGA (n=8,134) replicated the association between
germline MBD4 PTVs and increased somatic CpG mutagenesis at the
pan-cancer level (P=7.1x107*) (Extended Data Fig. 11h). Moreover,
gene-expression profiling revealed a significant but modest correlation
between MBD4 expression and somatic CpG mutation rates between
and within PCAWG tumour types (Extended Data Fig. 11i-k). MBD4
encodes a DNA-repair gene that removes thymidines from T:G mis-
matches within methylated CpG sites”, a functionality that would be
consistent with a CpG mutational signature in cancer.

Fourth, we assessed longinterspersed nuclear elements (LINE-1; L1
hereafter) that mediate somatic retrotransposition events” ™, We iden-
tified 114 germline source L1 elements capable of active somatic retro-
transposition, including 70 that represent insertions with respect to the
human reference genome (Fig. 6d and Supplementary Table 7), and 53
that were tagged by single-nucleotide polymorphismsinstronglinkage
disequilibrium (Supplementary Table 7). Only 16 germline L1 elements
accounted for 67% (2,440 out of 3,669) of all L1-mediated transduc-
tions'® detected in the PCAWG dataset (Extended DataFig. 12a). These
16 hot-L1elements followed two broad patterns of somatic activity (8
ofeach), whichwe term Strombolianand Plinianinanalogy to patterns
of volcanic activity. Strombolian L1s are frequently active in cancer,
but mediate only small-to-modest eruptions of somatic L1activity in
cancer samples (Extended Data Fig. 12b). By contrast, Plinian L1s are
more rarely seen, but display aggressive somatic activity. Whereas
Strombolian elements are typically relatively common (MAF >2%) and
sometimes even fixed in the human population, all Plinian elements
wereinfrequent (MAF <2%)in PCAWG donors (Extended Data Fig.12c;
P=0.001, Mann-Whitney U-test). This dichotomous pattern of activ-
ity and allele frequency may reflect differences in age and selective
pressures, with Plinian elements potentially inserted into the human
germline more recently. PCAWG donors bear on average between 50
and 60 L1source elements and between 5 and 7 elements with hot
activity (Extended Data Fig. 12d), but only 38% (1,075 out of 2,814) of
PCAWG donors carried 21 Plinian element. Some L1 germline source
loci caused somatic loss of tumour-suppressor genes (Extended Data
Fig.12e). Many are restricted to individual continental population
ancestries (Extended Data Fig. 12f-j).

Replicative immortality

Oneofthe hallmarks of cancer is the ability of cancer to evade cellular
senescence?. Normal somatic cells typically have finite cell division
potential; telomere attrition is one mechanism to limit numbers of
mitoses”™. Cancers enlist multiple strategies to achieve replicative
immortality. Overexpression of the telomerase gene, TERT, which main-
tains telomere lengths, is especially prevalent. This can be achieved
through point mutations in the promoter that lead to de novo tran-
scription factor binding**’; hitching TERT to highly active regulatory
elements elsewhere in the genome**”; insertions of viral enhancers
upstream of the gene””%; and increased dosage through chromosomal
amplification, aswe have seenin melanoma (Fig. 5b).In addition, thereis
an‘alternative lengthening of telomeres’ (ALT) pathway, in which telom-
eresarelengthened through homologous recombination, mediated by
loss-of-function mutations in the ATRX and DAXX genes™.
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Asreported inacompanion paper'®,16% of tumours inthe PCAWG
dataset exhibited somatic mutations in atleastone of ATRX, DAXX
and TERT. TERT alterations were detected in 270 samples, whereas
128tumours had alterationsin ATRX or DAXX, of which 71 were protein-
truncating.In thecompanion paper,which focused on describing pat-
terns of ALT and TERT-mediated telomere maintenance®, 12 features
of telomeric sequence were measured in the PCAWG cohort. These
included counts of nine variants of the core hexameric sequence,
the number of ectopic telomere-like insertions within the genome,
the number of genomicbreakpoints and telomere length as a ratio
betweentumour and normal.Here we used the12featuresasanover-
view of telomere integrity across all tumours in the PCAWG dataset.

On the basis of these 12 features, tumour samples formed 4 dis-
tinctsubclusters (Fig. 7aand Extended Data Fig. 13a), suggesting that
telomere-maintenance mechanisms are more diverse than the well-
established TERT and ALT dichotomy. Clusters C1(47 tumours) and
C2 (42 tumours) were enriched for traits of the ALT pathway—having
longer telomeres, more genomicbreakpoints, more ectopic telomere
insertions and variant telomere sequence motifs (Supplementary
Fig. 9). Cl1and C2were distinguished from one another by the latter
havingaconsiderableincreasein thenumber of TTCGGGand TGAGGG
variant motifs among the telomeric hexamers. Thyroid adenocarci-
nomas were markedly enriched among C3 samples (26 out of 33 C3
samples;P<107); the Clcluster (ALT subtype 1) was common among
sarcomas; and both pancreatic endocrine neoplasms and low-grade
gliomas had a high proportion of samples in the C2 cluster (ALT sub-
type 2) (Fig. 7b). Notably, some of the thyroid adenocarcinomas and
pancreaticneuroendocrine tumoursthatcluster together (cluster C3)
had matched normal samples thatalso cluster together (normal cluster
N3) (Extended Data Fig.13a)and whichshare common properties. For
example,the GTAGGG repeat was overrepresented among samplesin
this group (Supplementary Fig.10).

Somatic driver mutations werealso unevenly distributed across the
four clusters (Fig. 7c). C1tumours were enriched for RBI mutations or
SVs (P=3x107),aswell as frequent SVs that affected ATRX (P=6x10™),
butnot DAXX. RB1and ATRXmutations werelargely mutually exclusive
(Extended Data Fig.13b). By contrast, C2 tumours were enriched for
somatic point mutations in ATRX and DAXX (P= 6 x107), but not RB1.
The enrichment of RBI mutations in C1remained significant when
onlyleiomyosarcomas and osteosarcomas were considered, confirm-
ingthat this enrichment is not merely a consequence of the different
distributionoftumour types across clusters. C3samples had frequent
TERT promoter mutations (30%; P=2x107¢).

There was a marked predominance of RBI mutations in C1. Nearly
athird of the samplesin C1 contained an RBI alteration, which were
evenly distributed across truncating SNVs, SVs and shallow dele-
tions (Extended Data Fig. 13c). Previous research has shown that RBI
mutations are associated with long telomeres in the absence of TERT
mutations and ATRX inactivation®, and studies using mouse models
have shown that knockout of Rb-family proteins causes elongated
telomeres®, Theassociation with the Clcluster here suggests that RBI
mutations canrepresent another route to activating the ALT pathway,
which has subtly different properties of telomeric sequence com-
pared with the inactivation of DAXX—these fall almost exclusively in
cluster C2.

Tumour types withthe highest rates of abnormal telomere mainte-
nance mechanisms often originatein tissues that have low endogenous
replicativeactivity (Fig. 7d).In support of this,we found an inverse cor-
relation between previously estimated rates of stem cell division across
tissues®?and the frequency of telomere maintenance abnormalities
(P=0.01, Poissonregression) (Extended Data Fig. 13d). This suggests
that restriction of telomere maintenance is an important tumour-
suppression mechanism, particularly in tissues with low steady-state
cellular proliferation,in which a clone must overcome this constraint
toachieve replicative immortality.
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Conclusions and future perspectives

Theresource reported in this paper and its companion papers has
yielded insights into the nature and timing of the many mutational
processes that shape large- and small-scale somatic variation in the
cancer genome; the patterns of selection that act on these varia-
tions; the widespread effect of somatic variants on transcription;
the complementary roles of the coding and non-coding genome for
both germline and somatic mutations; the ubiquity of intratumoral
heterogeneity; and the distinctive evolutionary trajectory of each
cancer type. Many of these insights can be obtained only from an
integrated analysis of all classes of somatic mutation on awhole-
genomescale,and would not beaccessible with, for example, targeted
exome sequencing.

The promise of precision medicine is to match patients to targeted
therapies using genomics. Amajor barrier toits evidence-based imple-
mentationis the daunting heterogeneity of cancer chronicled in these
papers, from tumour type to tumour type, from patientto patient, from
clonetocloneand fromcellto cell. Building meaningful clinical predic-
tors from genomic data can be achieved, but will require knowledge
banks comprising tens of thousands of patients with comprehensive
clinical characterization®. As these sample sizes will be too large for
anysingle fundingagency, pharmaceutical company or healthsystem,
international collaborationanddatasharing will berequired. The next
phase of ICGC, ICGC-ARGO (https:// www.icgc-argo.org/), willbring
the cancer genomics communitytogether with healthcare providers,
pharmaceutical companies, datascience and clinical trials groupsto
build comprehensive knowledge banks of clinical outcome and treat-
ment data from patients with a wide variety of cancers, matched with
detailed molecular profiling.

Extending the story begun by TCGA,ICGCand other cancer genom-
ics projects, the PCAWG has brought us closer to acomprehensive
narrativeofthe causal biological changesthat drive cancer phenotypes.
We must now translate this knowledge into sustainable, meaningful
clinical treatments.
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