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METHOD OF DETECTING A MUTATIONAL SIGNATURE IN A SAMPLE

FIELD OF INVENTION

The present invention relates to a method for detecting mutational signatures in a DNA
sample. Itis particularly concerned with a method for detecting rearrangement signatures in

a DNA sample.

BACKGROUND TO THE INVENTION

Somatic mutations are present in all cells of the human body and occur throughout life. They
are the consequence of multiple mutational processes, including the intrinsic slight infidelity
of the DNA replication machinery, exogenous or endogenous mutagen exposures,
enzymatic modification of DNA and defective DNA repair. Different mutational processes

generate unique combinations of mutation types, termed “Mutational Signatures”.

In the past few years, large-scale analyses have revealed many mutational signatures

across the spectrum of human cancer types.

The mutational theory of cancer proposes that changes in DNA sequence, termed “driver”
mutations, confer proliferative advantage upon a cell, leading to outgrowth of a neoplastic
clone [1]. Some driver mutations are inherited in the germline, but most arise in somatic cells
during the lifetime of the cancer patient, together with many “passenger” mutations not
implicated in cancer development [1]. Multiple mutational processes, including endogenous
and exogenous mutagen exposures, aberrant DNA editing, replication errors and defective

DNA maintenance, are responsible for generating these mutations [1-3].

Over the past five decades, several waves of technology have advanced the
characterisation of mutations in cancer genomes. Karyotype analysis revealed rearranged
chromosomes and copy number alterations. Subsequently, loss of heterozygosity analysis,
hybridisation of cancer-derived DNA to microarrays and other approaches provided higher
resolution insights into copy number changes [4-8]. Recently, DNA sequencing has enabled
systematic characterisation of the full repertoire of mutation types including base
substitutions, small insertions/deletions, rearrangements and copy number changes [9-13],
yielding substantial insights into the mutated cancer genes and mutational processes

operative in human cancer.
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Mutational processes generating somatic mutations imprint particular patterns of mutations
on cancer genomes, termed signatures [2, 15, 16]. Applying a mathematical approach [15] to
extract mutational signatures previously revealed five base substitution signatures in breast

cancer; signatures 1, 2, 3, 8 and 13 [2,14].

Whilst base substitution signatures have been investigated and methods for their detection
proposed, signatures of rearrangement mutational processes have not previously been
formally investigated and in particular no methods proposed for the characterisation of
rearrangement mutational signatures and identification of the presence of one or more

rearrangement signatures in a DNA sample taken from a single patient.

A method of identifying the presence of rearrangement signatures in a DNA sample taken
from a single patient would provide for considerable benefit as it may provide a potential
route for diagnosis of possible cancer types in that patient or may provide identification of an

underlying defect and therefore allow selection of patients for particular types of therapy.

STATEMENTS OF INVENTION

An exemplary embodiment of the present invention provides a method of detecting
rearrangement signatures in a previously obtained DNA sample, the method including the
steps of: cataloguing the somatic mutations in said sample to produce a rearrangement
catalogue for that sample which classifies identified rearrangement mutations in the sample
into a plurality of categories; determining the contributions of known rearrangement
signatures to said rearrangement catalogue by computing the cosine similarity between the

rearrangement mutations in said catalogue and the rearrangement mutational signatures.

A further exemplary embodiment of the present invention provides a computer program
product containing non-transitory memory storing a computer program which, when run on a
computer, performs the steps of: cataloguing the somatic mutations in said sample to
produce a rearrangement catalogue for that sample which classifies identified
rearrangement mutations in the sample into a plurality of categories; determining the
contributions of known rearrangement signatures to said rearrangement catalogue by
computing the cosine similarity between the rearrangement mutations in said catalogue and

the rearrangement mutational signatures.

A further exemplary embodiment of the present invention provides a computer having a

processor, wherein the processor is configured to: catalogue the somatic mutations in said
2
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sample to produce a rearrangement catalogue for that sample which classifies identified
rearrangement mutations in the sample into a plurality of categories; determine the
contributions of known rearrangement signatures to said rearrangement catalogue by
computing the cosine similarity between the rearrangement mutations in said catalogue and

the rearrangement mutational signatures.

BRIEF DESCRIPTION OF THE FIGURES & TABLE

Figure 1 is a flow diagram showing, in schematic form, a method of detecting a rearrangement
signature in the DNA of a single patient according to an embodiment of the present invention;

and

Figure 2 is a diagram showing seven major subgroups exhibiting distinct associations with
other genomic, histological or gene expression features, along with the six rearrangement

signatures extracted from the data.

Table 1 shows a quantitative definition of a number of rearrangement signatures.

DETAILED DESCRIPTION

A first aspect of the present invention provides a method of detecting rearrangement
signatures in a previously obtained DNA sample, the method including the steps of:
cataloguing the somatic mutations in said sample to produce a rearrangement catalogue for
that sample which classifies identified rearrangement mutations in the sample into a plurality
of categories; and determining the contributions of known rearrangement signatures to said
rearrangement catalogue by computing the cosine similarity between the rearrangement

mutations in said catalogue and the rearrangement mutational signatures.

Preferably the method includes the further step of, prior to said step of determining, filtering
the mutations in said catalogue to remove either residual germline structural variations or
known sequencing artefacts or both. Such filtering can be highly advantageous to remove
rearrangements from the catalogue which are known to arise from mechanisms other than
somatic mutation, and may therefore cloud or obscure the contributions of the rearrangement

signatures, or lead to false positive results.
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For example, the filtering may use a list of known germline rearrangement or copy number
polymorphisms and remove somatic mutations resulting from those polymorphisms from the

catalogue prior to determining the contributions of the rearrangement signatures.

As a further example, the filtering may use BAM files of unmatched normal human tissue
sequenced by the same process as the DNA sample and discards any somatic mutation which
is present in at least two well-mapping reads in at least two of said BAM files. This approach

can remove artefacts resulting from the sequencing technology used to obtain the sample.

The classification of the rearrangement mutations may include identifying mutations as being
clustered or non-clustered. This may be determined by a piecewise-constant fitting (“PCF”)
algorithm which is a method of segmentation of sequential data. In particular embodiments,
rearrangements may be identified as being clustered if the average density of rearrangement
breakpoints within a segment is a certain factor greater than the whole genome average
density of rearrangements for an individual patient’'s sample. For example the factor may be
at least 8 times, preferably at least 9 times and in particular embodiments is 10 times. The
inter-rearrangement distance is the distance from a rearrangement breakpoint to the one
immediately preceding it in the reference genome. For any given breakpoint, this

measurement is already known.

The classification of the rearrangement mutations may include identifying rearrangements as
one of: tandem duplications, deletions, inversions or translocations. Such classifications of

rearrangement mutations are already known.

The classification of the rearrangement mutations may further include grouping mutations
identified as tandem duplications, deletions or inversions by size. For example, the mutations
may be grouped into a plurality of size groups by the number of bases in the rearrangement.
Preferably the size groups are logarithmically based, for example 1-10kb, 10-100kb, 100kb-
1Mb, 1Mb-10Mb and greater than 10Mb. Translocations cannot be classified by size.

In particular embodiments, in each DNA sample the number of rearrangements E; associated
with the ith mutational signature §l~ is determined as proportional to the cosine similarity
(C,) between the catalogue of this sample Mand S; :
- §l " M
€= ———-
IS Wil

wherein;
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- 36
C; .
E = — Y M/
q C.
=17t j=1

—

wherein S, and M are equally-sized vectors with nonnegative components being,

respectively, a known rearrangement signature and the mutational catalogue and q is the

number of signatures in said plurality of known rearrangement signatures.

The method may further include the step of filtering the number of rearrangements determined
to be assigned to each signature by reassigning one or more rearrangements from signatures
that are less correlated with the catalogue to signatures that are more correlated with the
catalogue. Such filtering can serve to reassign rearrangements from a signature which has
only a few rearrangements associated with it (and so is probably not present) to a signature
which has a greater number of rearrangement associated with it. This can have the effect of

reducing “noise” in the assignment process.

In one embodiment, the step of filtering uses a greedy algorithm to iteratively find an alternative

assignment of rearrangements to signatures that improves or does not change the cosine

—

similarity between the catalogue M and the reconstructed catalogue M =5 x E{;, wherein

E{j is the version of the vector E obtained by moving the mutations from the signature i
to signature j, wherein, in each iteration, the effects of all possible movements between
signatures are estimated, and the filtering step terminates when all of these possible

reassignments have a negative impact on the cosine similarity.

The subject may be a cancer patient or a suspected cancer patient. For example, the method
may be used in the determination or identification of a rearrangement sequence to predict
whether the subject has cancer or not or what type of cancer a patient has, or to select the

subject for a particular form of treatment.

The method may further include the step of determining if the number or proportion of
rearrangements in the rearrangement catalogue which are determined to be associated with
one or more of said rearrangement signatures each or in combination exceeds a
predetermined threshold and, if so, determining that said rearrangement signature is present

in the sample.

The present inventors have determined that, by classifying rearrangement mutations by
clustered/non-clustered, type and size (where appropriate), clear rearrangement signatures

can be identified in a number of tumours. Accordingly, these classifications, in conjunction
5
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with the method of the present embodiment can provide an ability to identify the presence of
particular rearrangement signatures and therefore determine a likelihood that a sample from
a patient is indicative of the presence of a tumour and/or the form of cancer causing the
tumour. As different forms of cancer are known to react different to particular treatments, the
identification of the likely form of cancer present in a sample can guide the selection of the

treatment for the subject.

The present inventors have also identified clear links between the rearrangement signatures
and the underlying mechanisms contributing to a cancer. Accordingly, the presence (or
absence) of a particular rearrangement signature (or collection of rearrangement signatures)
can alternatively or additionally be used to determine the underlying mechanisms that are

contributing to the tumour from which the sample is taken.

The method of the present aspect may include any combination of some, all or none of the

above described preferred and optional features.

Further aspects of the present invention include computer programs for running on computer
systems which carry out the method of the above aspect, including some, all or none of the

preferred and optional features of that aspect.

A further aspect of the present invention provides a computer program product containing non-
transitory memory storing a computer program which, when run on a computer, performs the
steps of. cataloguing the somatic mutations in said sample to produce a rearrangement
catalogue for that sample which classifies identified rearrangement mutations in the sample
into a plurality of categories; determining the contributions of known rearrangement signatures
to said rearrangement catalogue by computing the cosine similarity between the

rearrangement mutations in said catalogue and the rearrangement mutational signatures.

A further aspect of the present invention provides a computer having a processor, wherein the
processor is configured to: catalogue the somatic mutations in said sample to produce a
rearrangement catalogue for that sample which classifies identified rearrangement mutations
in the sample into a plurality of categories; determine the contributions of known
rearrangement signatures to said rearrangement catalogue by computing the cosine similarity
between the rearrangement mutations in said catalogue and the rearrangement mutational

signatures.
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The computer program and the processor of the above two aspects may also carry out some

or all of the optional or preferred steps described above in relation to the first aspect.

These and other aspects of the invention are described in further detail below.

IDENTIFICATION OF REARRANGEMENT SIGNATURES LINKED TO CANCER

The complete genomes of 560 breast cancers and non-neoplastic tissue from each individual
(556 female and four male) were sequenced. 3,479,652 somatic base substitutions, 371,993
small indels and 77,695 rearrangements were detected, with substantial variation in the

number of each between individual samples.

To enable investigation of signatures of rearrangement mutational processes, a

rearrangement classification was adopted incorporating 32 subclasses.

In many cancer genomes, large numbers of rearrangements are regionally clustered, for
example in zones of gene amplification. Therefore, the rearrangements were first classified
into those that occurred as clusters or were dispersed, further sub-classified into deletions,
inversions and tandem duplications, and then according to the size of the rearranged segment.

The final category in both groups was inter-chromosomal translocations.

Application of the mathematical framework used for base substitution signatures [2, 14, 15]
extracted six rearrangement signatures. Unsupervised hierarchical clustering on the basis of
the proportion of rearrangements attributed to each signature in each breast cancer yielded
seven major subgroups exhibiting distinct associations with other genomic, histological or

gene expression features as shown in Figure 2.

Rearrangement Signature 1 (9% of all rearrangements) and Rearrangement Signature 3 (18%
rearrangements) were characterised predominantly by tandem duplications. Tandem
duplications associated with Rearrangement Signature 1 were mostly >100kb, and those with
Rearrangement Signature 3 <10kb. More than 95% of Rearrangement Signature 3 tandem
duplications were concentrated in 15% of cancers, many with several hundred
rearrangements of this type. Almost all cancers (91%) with BRCA1 mutations or promoter
hypermethylation were in this group, which was enriched for basal-like, triple negative cancers
and copy number classification of a high Homologous Recombination Deficiency (HRD) index
[17-19]. Thus, inactivation of BRCA1, but not BRCA2, may be responsible for the

Rearrangement Signature 3 small tandem duplication mutator phenotype.

7
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More than 35% of Rearrangement Signature 1 tandem duplications were found in just 8.5%
of the breast cancers and some cases had hundreds of these. The cause of this large tandem
duplication mutator phenotype is unknown. Cancers exhibiting it are frequently TP53-mutated,
relatively late diagnosis, triple-negative breast cancers, showing enrichment for base
substitution signature 3 and a high Homologous Recombination Deficiency (HRD) index but

do not have BRCA1/2 mutations or BRCA1 promoter hypermethylation.

Rearrangement Signature 5 (accounting for 14% rearrangements) was characterised by
deletions <100kb. It was strongly associated with the presence of BRCA1 mutations or
promoter hypermethylation (Figure 2, Cluster D), BRCA2 mutations (Figure 2, Cluster G) and

with Rearrangement Signature 1 large tandem duplications (Figure 2, Cluster F).

Rearrangement Signature 2 (accounting for 22% rearrangements) was characterised by non-
clustered deletions (>100kb), inversions and interchromosomal translocations, was present in
most cancers but was particularly enriched in ER positive cancers with quiet copy number
profiles (Figure 2, Cluster E, GISTIC Cluster 3). Rearrangement Signature 4 (accounting for
18% of rearrangements) was characterised by clustered interchromosomal translocations
while Rearrangement Signature 6 (19% of rearrangements) by clustered inversions and
deletions (Figure 2, Clusters A, B, C).

The methods according to embodiments of the invention set out below determine the presence
or absence of a rearrangement signature in DNA samples obtained from a single patient.
Preferably, these are whole genome samples and the presence or absence of mutational

signatures may be determined by whole genome sequencing.

The DNA samples are preferably obtained from both tumour and normal tissues obtained from
the patient, e.g. blood sample from the patient and breast tumour tissue obtained by a biopsy.
Somatic mutations in the tumour sample are detected, standardly, by comparing its genomic

sequences with the one of the normal tissue.

METHOD OF DETECTION OF REARRANGEMENT SIGNATURES IN A SINGLE PATIENT

In embodiments of the present invention, detection of a rearrangement signature in the DNA
obtained from a single patient is performed. In these embodiments, this detection is performed

by a computer-implemented method or tool that examines a list of somatic mutations

8
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generated through high-coverage or low-pass sequencing of nucleic acid material obtained
from fresh-frozen derived DNA, circulating tumour DNA of formalin-fixed paraffin-embedded
(FFPE) DNA representative of a suspected or known tumour from a patient. The steps of this

method are illustrated schematically in Figure 1.

The list of somatic mutations for these embodiments can be provided in variety of different
formats (including, VCF, BEDPE, text etc.) but at the very minimum needs to contain the
following information: genome assembly version, lower breakpoint chromosome, lower
breakpoint coordinate, higher breakpoint chromosome, higher breakpoint coordinate and
either rearrangement class (inversion, tandem duplication deletion, translocation) or strand
information of lower and higher breakpoints to enable orientation of rearrangement

breakpoints in order to correctly classify them.

In broad terms, after loading the list of somatic mutations from the DNA sample ($101) the
tool firstly filters out any known germline and/or artifactual somatic mutations (S$102), then
generates the rearrangement catalogue of the sample, then classifies the rearrangements
based on the classification described below (5103), then evaluates the contributions of known
consensus rearrangement mutational signatures to this sample (S104) and finally determines
the set of signatures of rearrangement processes, and their respective contributions, that are

operative in the sample (S105).

By default, the patterns of the consensus rearrangement signatures are those shown in Table
1, but these patterns of mutational signatures could be also user provided and the method is
not limited to known signatures and can be readily applied to new or modified signatures which

are discovered in the future.

Filtering initial data

Prior to analysing the data, the input list of somatic rearrangements is extensively filtered to

remove any residual germline mutations as well as technology specific sequencing artefacts.

Germline rearrangements or copy number polymorphisms are filtered out from the lists of
reported somatic mutations using the complete list of germline mutations from dbSNP [21],
1000 genomes project [22], NHLBI GO Exome Sequencing Project [23] and 69 Complete

Genomics panel (http://www.completegenomics.com/public-data/69-Genomes/).

Technology specific sequencing artefacts (related to library-making or sequencing chemistry)
and mapping-related artefacts caused by errors or biases in the reference genome, are filtered

out by using panels of BAM files of unmatched normal human tissues containing at least 100

9
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normal whole-genomes. The remaining somatic mutations are used to construct the

mutational catalogue of the examined sample.

Generating the mutational cataloque for a sample

The list of remaining (i.e., post-filtered) somatic rearrangements is used to generate the

rearrangement mutational catalogue of a sample.
(1) Clustered vs non-clustered

The first classification applied to the mutations is whether they are clustered (closely-grouped)

or not.

To distinguish collections of rearrangements that are clustered or close together in a patient’s
cancer genome from other rearrangements that are distributed or dispersed throughout the
genome, the data is parsed through a PCF-based algorithm. The PCF (Piecewise-Constant-

Fitting) algorithm is a method of segmentation of sequential data.
Before applying PCF, a number of steps are performed on the rearrangement data.

Unlike substitutions or indels that have a single genomic coordinate to signify their position,
rearrangements have two coordinates or “breakpoints” that identify two distant genomic loci

that have been brought together by a large structural mutation event.

First, both breakpoints of each rearrangement are treated independently. The breakpoints are
then sorted according to reference genomic coordinate in each sample. The intermutation
distance (IMD), defined as the number of base pairs from one rearrangement breakpoint to
the one immediately preceding it in the reference genome, is calculated for each breakpoint.
The calculated IMD is then fed to the PCF algorithm.

To identify regions of “clustered” rearrangements from “non-clustered” rearrangements, a set
of rearrangements was required to have an average density of rearrangement breakpoints
that was at least 10 times greater than the whole genome average density of rearrangements
for an individual patient’'s sample. Additionally, a gamma parameter (a measure of smoothness
of segmentation) was stipulated, y = 25, and required that a minimum of 10 breakpoints were
present in each region, before it could be classified as a cluster of rearrangements.
Biologically, the respective partner breakpoint of any rearrangement involved in a clustered
region is likely to have arisen at the same mechanistic instant and so can be considered as
being involved in the cluster even if located at a distant genomic site according to the reference

genome.

10
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Thus rearrangements are first classified as “clustered” or “non-clustered.
(2) Type and Size

In both clustered and non-clustered categories, rearrangements are then classified based on

the information provided into the main classes of rearrangements:
- tandem duplications

- deletions

- inversions

translocations

Tandem duplications, deletions and inversions can then be categorised into the following 5
size groups where the size of a rearrangement is obtained through subtracting the lower

breakpoint coordinate from the higher one.

- 1-10kb

- 10-100kb

- 100kb-1Mb

- 1Mb-10Mb

- >10Mb

Translocations are the exception and cannot be classified by size.

In all, there will be 16 subgroups of clustered and 16 subgroups of non-clustered

rearrangements and thus 32 categories altogether. These are listed in Table 1.

The outcome of this classification can then be fed into a latent variable analysis such as
NNMF, to obtain a non-negative vector of 32 elements describing each rearrangement

signature.

Evaluating the numbers of somatic mutations attributed to re-arrangement signatures in the

mutational catalogue of the examined sample

Calculating the contributions of all mutational signatures is performed by estimating the
number of mutations associated to the consensus patterns of the signatures of all operative

mutational processes in the sample. Below a method of estimating this using non-negative

11
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matrix factorisation (NNMF) is set out, although alternative methods such as EMU or a

hierarchical Dirichlet process (HDP) may equally be used.

More specifically, all consensus rearrangement signatures are examined as a set P containing
1 1 1 1
pl p2 ps—l ps

s vectors P = ,where each of the vectors is a discrete

o) Lez ] Lon Lo
probability density function reflecting a consensus rearrangement signature. For the currently
known rearrangement signatures, these vectors are set out in the respective columns of Table
1. Here, s refers to the number of known consensus rearrangement signatures (currently 6)
and the 32 nonnegative components of each vector correspond to the different categories of
rearrangements (i.e., clustered/non-clustered, type & size) of these consensus rearrangement

signatures.

The contributions of all consensus rearrangement signatures are estimated independently for
the mutational catalogue of the examined sample. The estimation algorithm consists of

computing the cosine similarity between each signature and examined sample. For a set of

vectors S, ,,q <s, the cosine similarity 5i is given by:
- §l " M

€= ——

IS i M Il

The number of rearrangements E; associated with the ith mutational signature §‘i is

proportional to the cosine similarity (5}):

E. =
[4 q 6
=17t j=1

wherein E; and M are equally-sized vectors with nonnegative components being,

respectively, a known rearrangement signature and the mutational catalogue and q is the

number of signatures in said plurality of known rearrangement signatures.

In the above equation, §; and M represent vectors with 32 nonnegative components

(corresponding to the clustered/non-clustered characteristic and the type and size of the

rearrangements) reflecting, respectively, a consensus mutational signature and the mutational

catalogue of the examined sample. Hence, S, € R while M  N?. Further, both vectors

have known numerical values either from the consensus mutational signatures (i.e., S, ) or

12
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from generating the original mutational catalogue of the sample (i.e., M ). In contrast, E,

corresponds to an unknown scalar reflecting the number of rearrangements contributed by

signature 5; in the mutational catalogue M .

The above equation is universally constrained in regards to the parameter£Z,. More

specifically, the number of somatic rearrangements contributed by a rearrangement signature
in a sample must be nonnegative and it must not exceed the total number of somatic mutations
in that sample. Furthermore, the mutations contributed by all signatures in a sample must

equal the total number of somatic mutations of that sample. These constraints can be

—

s,

— q
mathematically expressed as0 < E, < ||Sl|| ,i=1., and ZEZ. =
! =1

1

When no prior biological knowledge is available the whole set Q of signatures is used in the

determination of £, ., and a filter step is used to move the mutations from the least correlated

signatures the ones that best explain the considered sample (signature highly correlated).

Given the catalogue M and given all || Q2 |l possible movements between two signatures i and
ji#jandi,j=1,..,0), the filtering step uses a greedy algorithm to iteratively choose the

movement that improves or does not change the cosine similarity between the catalogue
M and the reconstructed catalogue M’ = S x Ej;. (Ej; is the version of the vector E obtained

by moving the mutations from the signature i to signature j). The filtering step terminates when

all the movement between signatures have a negative impact on the cosine similarity.

The filtering step can thus reduce the “noise” in the DNA sample which may initially result in
the attribution of a small number of rearrangements to a signature which is not in fact present.
The filtering allows such rearrangement to be reassigned to a signature which is more

prevalent.

It is then possible to determine whether the sample exhibits one or more of the rearrangement
signatures from the known rearrangement signatures from the number of rearrangements
which are present in the sample and which are associated with a particular signature. Different
thresholds for this determination may be set depending on the context and the desired
certainty of the outcome. Generally the threshold will combine the total number of
rearrangements detected in the sample (to ensure that the analysis is representative) along
with a proportion of the rearrangements which are associated with a particular signature as

determined by the above method.

13
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For example, for data obtained from genomes sequenced to 30-40 fold depth, the
requirements for detection may be that there are at least 20, preferably at least 40, more
preferably at least 50 rearrangements and a signature is deemed to be present if a proportion
of at least 10%, preferably at least 20%, more preferably at least 30% of the rearrangements
are associated with it. As indicated below, the proportional thresholds may be adjusted
depending on the number of other signatures which make up a significant portion of the
rearrangements found in the sample (e.qg., if 4 signatures are present each with 25% of the
rearrangements, then it may be determined that all 4 are present, rather than no signatures at

all are present, even if the general requirement for detection is set higher than 25%).

The rearrangement signatures are generally “additive” with respect to each other (i.e. a tumour
may be affected by the underlying mutational processes associated with more than one
signature and, if this is the case, a sample from that tumour will generally display a higher
overall number of rearrangements (being the sum of the separate rearrangements associated
with each of the underlying processes), but with the proportion of rearrangements spread over
the signatures which are present). As a result, in determining the presence or absence of a
particular signature, attention may be paid to the absolute number of rearrangements
associated with a particular signature in the sample (as calculated by the method above).
Such alternative requirements for detection can better account for the situation where multiple
signatures are present. Under this approach, a signature may be determined to be present if

at least 10 and preferably at least 20 rearrangements are associated with it.

The systems and methods of the above embodiments may be implemented in a computer
system (in particular in computer hardware or in computer software) in addition to the structural

components and user interactions described.

The term “computer system” includes the hardware, software and data storage devices for
embodying a system or carrying out a method according to the above described embodiments.
For example, a computer system may comprise a central processing unit (CPU), input means,
output means and data storage. Preferably the computer system has a monitor to provide a
visual output display (for example in the design of the business process). The data storage
may comprise RAM, disk drives or other computer readable media. The computer system
may include a plurality of computing devices connected by a network and able to communicate

with each other over that network.

The methods of the above embodiments may be provided as computer programs or as
computer program products or computer readable media carrying a computer program which
is arranged, when run on a computer, to perform the method(s) described above.
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The term “computer readable media” includes, without limitation, any non-transitory medium

or media which can be read and accessed directly by a computer or computer system. The

media can include, but are not limited to, magnetic storage media such as floppy discs, hard

disc storage media and magnetic tape; optical storage media such as optical discs or CD-

ROMs; electrical storage media such as memory, including RAM, ROM and flash memory;

and hybrids and combinations of the above such as magnetic/optical storage media.
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CLAIMS

A method of detecting rearrangement signatures in a previously obtained DNA
sample, the method including the steps of:

cataloguing the somatic mutations in said sample to produce a rearrangement
catalogue for that sample which classifies identified rearrangement mutations in the
sample into a plurality of categories; and

determining the contributions of known rearrangement signatures to said
rearrangement catalogue by computing the cosine similarity between the
rearrangement mutations in said catalogue and the rearrangement mutational

signatures.

The method according to claim 1 wherein the method includes the further step of,
prior to said step of determining, filtering the mutations in said catalogue to remove
one or more of: residual germline mutations; copy number polymorphisms; and

known sequencing artefacts.

The method according to claim 2 wherein the filtering uses a list of known germline

polymorphisms.

The method according to claim 2 wherein the filtering uses BAM files of unmatched
normal human tissue sequenced by the same process as the DNA sample and
discards any somatic mutation which is present in at least two well-mapping reads in

at least two of said BAM files.

The method according any one of the preceding claims wherein the classification of
the rearrangement mutations includes identifying mutations as being clustered or

non-clustered.

The method according to claim 5 wherein mutations are identified as being clustered
if they have an average density of rearrangement breakpoints that is at least 10 times
greater the whole genome average density of rearrangements for an individual

patient’'s sample.
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The method according to any one of the preceding claims wherein the classification
of the rearrangement mutations includes identifying mutations as one of: tandem

duplications, deletions, inversions or translocations.

The method according to claim 7 wherein the classification of the rearrangement
mutations includes grouping mutations identified as tandem duplications, deletions or

inversions by size.

The method according to any one of the preceding claims further including the step of

determining the number of rearrangements E;in the rearrangement catalogue
associated with the ith known mutational signature §i , which is proportional to the

cosine similarity (C;) between the catalogue of this sample M and S, :

- Sl " M

€= —————

MS; nnMi

wherein:

> 36

C; .

E; 7 M7
=1t j=1

wherein §; and M are equally-sized vectors with nonnegative components being,

respectively, the known rearrangement signature and the rearrangement catalogue
and q is the number of signatures in said plurality of known rearrangement

signatures, and wherein E; are further constrained by the requirements that

—_

S

. q
OSE.S"S.",':I.. Cand YE, =
1 l1 l q ; 1

1

The method according to claim 9 wherein the step of determining the number of
rearrangements further includes the step of filtering the number of rearrangements
determined to be assigned to each signature by reassigning one or more
rearrangements from signatures that are less correlated with the catalogue to

signatures that are more correlated with the catalogue.

The method according to claim 10 wherein the step of filtering uses a greedy algorithm

to iteratively find an alternative assignment of rearrangements to signatures that
improves or does not change the cosine similarity between the catalogue M and the

reconstructed catalogue M’ =S x E!

/;, wherein E/; is the version of the vector E
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obtained by moving the mutations from the signature i to signature j, wherein, in each
iteration, the effects of all possible movements between signatures are estimated, and
the filtering step terminates when all of these possible reassignments have a negative

impact on the cosine similarity.

The method according to any one of the preceding claims further including the step of
determining if the number or proportion of rearrangements in the rearrangement
catalogue which are determined to be associated with one of said rearrangement
signatures exceeds a predetermined threshold and, if so, determining that said

rearrangement signature is present in the sample.

A computer program product containing non-transitory memory storing a computer
program which, when run on a computer, performs the steps of:

cataloguing the somatic mutations in said sample to produce a rearrangement
catalogue for that sample which classifies identified rearrangement mutations in the
sample into a plurality of categories;

determining the contributions of known rearrangement signatures to said
rearrangement catalogue by computing the cosine similarity between the
rearrangement mutations in said catalogue and the rearrangement mutational

signatures.

A computer having a processor, wherein the processor is configured to:

catalogue the somatic mutations in said sample to produce a rearrangement
catalogue for that sample which classifies identified rearrangement mutations in the
sample into a plurality of categories;

determine the contributions of known rearrangement signatures to said
rearrangement catalogue by computing the cosine similarity between the
rearrangement mutations in said catalogue and the rearrangement mutational

signatures.
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