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A key mutational process incancer |s structural variation, inwhich resrrangements
delete, amplify or reorder genomic segments that range in size from kilobases to
whole chromosomes® ', Here we develop methods to group, classifv and describe
somatic strectural variants, using data from the Pan-Cancer Analysis of Whole
Genomes (PCAWG) Consortium of the International Cancer Genome Consortium
(HOGE ) and The Cancer Genome Atlas {TCGA), which aggregated whole-genome
sequencing data lrom 2,658 cancers across 38 tumolr ypes”. Sixteen signatures of
structural variation emerged. Deletions have s multimodal size distribution, assort
uneventy across tmowr tvpes and patients, are enrichedin late-replicating regions
and correlate with inversions. Tandem duplications also have a multimodal size
distribution, but are enriched in early-replicating regions—as are unbalanced
translocations. Replication-based mechanisms of rearrangement generate varbed
chromosomal structures withlow-level copy-number gains and frequent inverted
rearcmgements, One prominent structure consists of 2-7 templaces copied rom
distinct regions of the genome strung together within one locus. Such oveles of
templated insertions correlate with tandem duplications, and—in liver cancer—
frequently activate the telomerase gene TERT, Awide variety of rearrangement
processes are active incancer, which generate complex configurations of the genome
upanwhich selection canact

Mutations that arise in somatic celis are the driving force of cancer
development. Soructuralvariation - inwhich genomdc rearrangement
actsto amplify, delete or reorder chromosomal matesial atscales that
range from single genes toentire chromosomies - s anespecially impor
tant class of somatic mutation. Previows analyses of both cancer and
germline genomes have enabled the descripticn of several distinctive
patterns of strsctural variants' 7, and hy potheses about the underlying
hasks of several of these patverns have been proposed on the basis of
their clustering. orientacion and associated copy-number changes.
Hypothesizs-drivenin vitro studies are now beginning to reveal some
of the mechanistic processes that generate chese structures™ ", and
menerate furcher predictions that can be assessed inthe genomic data.
However, the landscape of structural wariationinhuman cancer remains
incompletely mapped and thereare many complex structures that
eiude formal description.

The PCAWG Consortiom aggregated whole-genome scquencing
datafrom 2,658 cancers across 38 tumour types. generaced by the I0GC

and TCGA prajects. These sequencing datawere aligned to the human
genome freference build hs37d5 ) and analysed with standardized. high-
accuracy pipelines to call somatic and germiine variants of all classes®.
Here, we analyse thie patterns and signatures of strectural variants
across the PCAWE data. We propose & working classification scheme
that encompasses known and newly identified classes of strnectural vari

ants: We develop merhods for annotating the observed structural vari

antsin agiven cancer genome, identifying aclass of replication:based
rearrangement processes that generate clusters of several struceural
variants, We explore the size, activicy and genome-wide distribution of
classifiable strectural variant types across the cohort, using signature
analysis to define how they correlate within patienes. Other papers
produced by PCAWG address complementary aspects of structural
variants, including inference of positive selecton acting on recurrently
rearrangedregions of the genome™, how structural varianes affect the
transcriprome® and chromosome topology®, patterns of somatic retro-
transposition” and distribution of chromothripsis acrosscancer types™,
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Fig. 1 | Classification of structaral variants imcancer genomes. Schematicsof
major structural-variant (5Y) classes, grouped acconding to whetherthey are
simple or complex and arise throagh cot-and-paste or copy-and-paste
processes. Cach schematic comprises three pargs. Thetopsegment shomws
datted arcs for each rearrangement junction that jains twischromasamal
segments tapgether. The middle cepment shavws the copy num@er of genomaic
segments thatare involyed. Thebot tomsepment shows theconfigoration of
the final derivative chromoseme that results from the strociural variant; the
omuar af the segments correspondsto the colowr of thatsegment in the capy-
numberschematic. + indicates the diferent derivative chromesomes areated
far some of the classes: that s, the stroctural variants are not phased toasingle
derivative.

Classification of structural variants

Afstructural variant’ manifiestsas & ‘junction’ between two 'breakpoints'
inthe genome (berms ininverted commas here and below refer o those
defined in the glossaryin Extended Data Table 1), Generally, there will
beachange im copy numtber across a given breakpoint if only one side
ofthe break is rescoed by a structural variant: ifboth sides of a double-
stramded DMNA break are rescued, a ‘reciprocal’ or ‘balanced’ struc-
tural variant will result, without substanrial copy-number change. We
sometimes observe ‘clusters of structural variants” in which several
breakpoints oocur closevogether, intimeor ingenomicspace— usually
both: Such spacial andfor temporal prosimity generally, but not always,
Implies that the structural varianes within acluster are mechanistically
linked. Clusterscanbe ‘phased’ (in which case all structural variants in
the cluster reselve toa single derivative chromosome) or ‘unphased’,
inwhichcase the strecturalvariants are carried ondifferent derivative
chromosomes. Anexample of the latter is a reciprocal transkocation
that resulis in two derivative chromosomes, eachwith a single inger-
chromosomal breakpoint junction (Fig, 15,

We rpcognize distinet ‘classes of ssructural vamant from the orienca-
tiom of the two segments 2t the junction and associated copy-number
changes{Fig. 1, Supplementary Fig. Ik Some classes of structural vari-
ant {such as isochromosomes and rearrangemenes between extended,
highly homologous sequences) are difficult todetect with short-read
sequencing data; theseclasses arenot considered further here. We
proposecategorizing classes of structural variant across two facets: the
numberafbreakpaines imeolved (simple or complex) and by whether
the patterns are likely toarse from cut-and-paste’ or copy- and-paste’
Tearrangement processes, & cut-and-paste process generates a clus-
ter of structural variants consistent with reshuffling or loss of extant
EEnamic segments, and a copy-and - paste process is one inwhich cop-
ies of genomic ‘templates’ are newly replicated or synthesized and
inserted during the rearrangement process. Deletions, reciprocal
imversions, unbalanced translocations and reciprocal translocations
areexamples of simple cut-and-pasee structural variants, as they can
bereconstructed from the incorrect religaton of chromesomal breaks.
Tandem duplications are simple copy-and-paste strectural variants, as
they arise throwgh the local insertion of 3 newly gencrated extra copy
of a genomic template.

fore-complex cut-and paste processes that produce structural
variants also occur incancer. ‘Breakage-fusion- bridge events result
from cycles of DNA breakage, end-to-end slster chromatid fusions,
mitotic bridges and further DNA breakage. These events manifiest as
oneor a few proximate, inverted breakpoint junctlons with assoclated
copy-number change, which we call ‘fold-back inversions """ (Fig. 11
‘Chromoplexy ™ —which is particularly Frequent in prostate cancers—
resules from several simultancous double-stranded DMNA breaksin
saveral chromosomes that are rejoined incorrectly, leading tobalanced
chains of rearrangements. ‘Chromothripsis”®, inwhich chromosome
shattering and rearrangement oocur inasingle catastrophic event ™,
leads toa pattern of oscillating copy -number changes and localized
clustering of tens to hundreds of breakpoints=.

Inthe germiine, more-complex copy-and-paste classes of structural
variant have previowsly been described, which imvolye small duplica-
tions and eriplications and are thought to arise from the stalling of the
replication fork leading to template switching* ™. Here we describe
awide range of complex copy-and-paste types of somatic seructural
variant that occurin human cancers, and that are typically character
ized by copy-number geins and frequent inverted rearrangements.

Annotation of structural-variant classes

Wi analysed 2,559 whiole cancer genomes acnoss 38 tumour Ey pes
[alongside matched germline DMNA) that passed the most stringent
PCAWG quality-contred criteria: Lor more somatic structural variangs
were detected In 2,429 tumours”. As described In an accompanying
Article”, structural variants were identified using aberrantly map:
ping and/or split reads in paired-end sequencing data™. We used four
somatic structural-wariant callers*™* < and the final structural-wariant
dataset comprised events that were returned by =2 callers, merged
by a graph-based consensus method®, We consider only somatically
acquired structural varianes in this analysis, and exclude somatic
retrotransposition events. Validation of struceural variant calls was
undertaken using both manual inspection and pull-down with rese-
quencing of breakpoints. With these approaches, we estimate the
sensitivity of the consensus structural-variant call set to be 90 for
truecallsgenerated by any Lofthe 4 callers; specificity was estimared
a5 97.5%". Amean of 3.22 algorithms of the 4 that we used calied each
structural variant in the consensus set genome-wide, and this dif-
fered little across repetitive elements; the mean for short interspersed
nuchear elementswas 3,22, and the mean for long interspersed nuclear
clements was 321

Because the structural variants from a given cancer are often highly
clustered, we grouped rearrangements into clusterson thebasis of the
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Fig. 2 | Frequency of structural-variant classes 3o ross tumour Cypes. a, Viokn
plods of density of classifed stroctaralvariant cafegories scross pataents
withineach histology proug. Temoar type panelsare sorted indescenifing
order ol the average number of structural-variant breakpoints per sample.
Within ezchtumaur type; the freguency distribution { g axis) of different
struciural-variaht categories (v axish scross patients isshown as o demity:
regionsof highest denstty have the greatest wideh of shaded area_lneach
pamel. the numberof patients indicated st the topright. AdenaCa,
adenocarcinoma; BNHL, E-cellnon-Hodgkin lymphoma, ChRECC,
chramaphebe renat cell carcimoma: CLL, chronic bmphacytic leukaena, TS,
centralnervoes system; GBM, glioklastonmia: HOC, bepatocellular carcinoma:
Ieiomyn, leiomyosareoma; medullo, medulboblastoma; 8PN,
miyreloproliferative neoplasm eso, eesophageal oligo, oligadendrocytic; panc,
pancreatic: piloastro, pilecylic astrecy toma; prost, prostate; RCC, renal cell
carcinoma; sarg, sancoma; SCC squamons el carcinama: TCC, tramsitional cedl
catcinoma; thy, thyroid_b, Per-sample counts of comales (hattam)and
classified {Lopl structural-warfant breakpaint junceions For eesophageal
alenocarcinoma: ¢, Per-sample counts of comgples (hattam) and classifred
|taplseructural-variznt breakpoint uncticns fer ovaranadenacarcinoma.

proximity of breakpoines, the overall number of events inchat genome
amd the size distribution of these events (Supplementary Methods),
Essentially, a particular cluster contains structural variants that are
significantly closer vogether thamexpected by chance, given the overall
number and orientation of structura variants inthat pacient. Alongside
the clustering, we computed an insilico library of all possible genomic
configurations that resule From sequential simple structural variants
{deletions, tandemduplications, inversions, transtocations, and chro-
mosome duplications or losses), to a depth of five rearrangements.
We could then compare the genomic configuration of each observed
cluster of structural variants against che library oo determine how it
might havearisen.

This methodology hasthe advantage that breakpoing junctions are
classified according to thewider penomic contextin which they occur.
Thiz means that, for example. true deletions will be idencifiably dif-
ferent from breakpoint junctions that happen ta have adeletion-type
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oriencation but arise within {for instance} a chromaothripsis event of
miarkedly different mechanism and properties. Gver half the break:
point junctions that we observed arise within clusters of several or
many structural variants (Fig. 2ah: removing these junctions from the
catalogues of tree deletions, tandem duplications and inversions ena-
blesa more-precise description of the properties of simple structural
varlants.

Among the classes of simple strectural varants, deletion was the
maost common, fellowed by tandemeduplication and then unbalanced
translocation. Reciprocal translocations and reciprocal inversions
were uncommon events (Fig. 2at. There was considerable variability
intheoverall numbers and distribution of classes of structural variant
ACross tumowr types and across patients withina given tumaur type
1Extended Data Fig. 1). For example, ocsophagezl adenocarcinomas
wiere characterized by many deletions and a large number of complex
clustered rearrangements (Fig. 2b), and ovarian cancers often carried
high mumbers oftandem duplications andor deletons with moderace
numbers of unbalanced translocations (Fig. 2cl.

Cycles of templated insertions
Wenextexamined clusters that contain 2 10 structural varianes, One
newly identified configuration consisted of several segment=s of copy-
numbergains, typically on different reference chromosomes, linked
together throwgh struccural variants (Fig. 3, Extended Data Fig. 2).
Azequential path through consecutive segments can be Formed by
following the breakpoint junctions, which sugeests that cach clus-
ter represents 3 string of duplicated templates inserted into 3 single
derivative chromosome, protably acquired concurrently. Althoughit
Is thearetically possibie that the structural vartants insuch clesters are
not phased on the same derlvative chromosome or do not eoour con-
currentiy. we think this is unlikely for several reasons. Firse, we found
examples of RMA transcripts that spliced together exons separated
by two junctions in the structural-variant cluscer (Supplementary
Fig. 2}, which suggests that they are phased on the same derivative
chromosome. Second, long-read sequencing dats (reported inan
accompanying Article”) supported the phasing of structural varants
that link templated insertions: Third. we found that the clonal frac-
tion of tumour cells tended 1o be more similar for structoral vardants
within these clusters tham for randomly chosen strectural variants
ineach pattent (Supplementary Fig. 3), which suggests that they co-
oocur imevelutionary time. Fourth, the level of copy-number gain
for individual segments in the cluster tended oo be identical (Fig- 3,
Extended DataFig. 21

Wi define three basic categories on the basis of whether or not the
string of inserted segments returns to the original chromosome: we
term strings of inserted segments that do not retwrn ‘chains' of tem-
plated inserfions and those strings that do return bridges’ (which
leave a gap on the host chromosome} or ‘cycles’ (which rereplicate
a segment on the host chromosome). in the PCAWG dacaset overall,
wie observed 1467 cvclesand 1.275 bridges of templated insertions
{Fig. 3a, b, Extended [ata Fig. 2). In chains of templated insertions,
the string of genomic segments does not retum to the chromosome
of departure (Fig. 3c, Extended Data Fig. 2) but it is similarly associ-
aved with copy-number gains at each templated segment. There werne
285 instances of such chains in che dataset. commonly manifesting as
unbalanced translocations joined through one or more intermediary
templated imsertions.

fost templated insertion events invelve only two breakpoint
Junctions, but this can extend to three, four or more linked rear-
rangements (Extended Data Fig. 3al. The longest such event - from
acervical sguamous cell cancer—had seven vemplated insertions
strung together on an eighth host chromosome {Fig. 3¢ other
examples of long templaced insertion evenes are shown in Extended
DataFig. 3),
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Fig. 3 |Chains. cycles and bridges ol templated insertions. a-¢. Laamples ofa
typicalcyele (ay chain thil and bridge fel ol tensplated msertions. The estimated
oopy-number profile isshownas inFig. 1 with strocoural variant s shown as
dotted arcalimking two copy-number segments. The derivative

Templated insertions that affect TERT

Structural variants drive tumour development through cheir effects
on cancer gencs, whether by aleering gene copy number, disrupting
tumour-suppressor genes, creating fusion genes or juxtaposing the
coding sequence of ane gene with the regulatory apparatusof another.
‘We found that many liver cancers had cycles of cemplated insertions
that affect TERT {Fig. id. e, Extended Drata Fig. 4). Point mutations in
the TERT promoter are presentin 4% of liver cancers, and a further
5-10%of liver cancers have structural variants chat activace the gene™.
O the 30 patients with liver cancer that had structural varianes that
affect TERT. we find that 10 of these variants were cemplated inser-
tiom events imostly cycles). All of these events duplicaced the entire

chromasemeisithat could explain the copy-number and structural-variant
profile s shomnhelow, d, e, Cycles of templated insertionsthat affece the TERT
gene in twe hepatocel lular carcinomas. KA A LG i alse knomwen as MINART

TERT gene and linked it to duplications of whole genes, fragments of
genes or regulatory elements from elsewhere in the genome, and led
toincreased expression of TERT (Extended Data Fig. 4e). Thus. this
particular rearrangement process is distinctive for the precision with
which cancer copy-and: pastes normally disparabe functional clements
of its genome together without wholesale instability.
Tumour-suppressor zenes were also inactivated by templated inser-
tions {Extended Data Fig, 5). For example, among many straightforward
deletions, RS was hit by cycles of templated insertions, a templated
insertionwith deletion and one instance of the linked, inverved dupli-
cations detaifed in"Local m-jumps and local - distant clusters’. These
evenes typically generated duplications of internal exons in £81 and/or
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Fig. 4 | Examples of cdlusters of 2-Sréarrangene nisseen inhuman cancers.
a, Strectures created by twolocal rearrangemenis that canmot das iy be
explaimed by semiple stroctaral-variamt classes (whichwe call local 2-jumps).
Theedimated copy-nurmber profike is Shown asinFig. L with structural
variants shown as detted arca linking twocopy-number segments. Possible
oonfigurations of the derivative chromosome are shown below; multipie

insertions of exons from other genes, all of which presumably rendered
anan-funcricnal transcript.

Local n-jumps and local-distant clusters

Many clusters of 2- 10 structural variants in the daraset were confined
teasingle genomic region. Ofthose clusters thatcomprised bwo bocal
rearrangements, some had straightforward explanations, such as
nested or adjacent tandem duplications. However, many did not kave
atrivialexplanation (Fig. 4a). Theseincluded a duplication - inverted-
triplication- duplicationstructure that has previously been chservedin
germline structural variants™ {349 instances); a structure of pwo dupli-
cations linked byinverced rearrangements (531 instances): and struc-
tures of copy-number boss plus nearby duplication linked by inverced

ME | Mature | Vol 578 | 6 Febrneary 2020

-

solutions are possble for eachexample. Dup, duplication; inyDup, dupBcation
linked by mverted rearrangeme nd; trp, triphication. b, Stroctires created by
3-4local rearrangements that cannot easily beexplained by simple structural-
variant categories. & Stroctures created by one localrearrangement and one
reamrangement that reaches elspwhere inthe genome {local-distant clustersh

rearrangements (472 instances L All of these patterns had solutions in
which break points were phased vo a single derivative chromosome
{Fig. 4a), glthough non:phased solutions are theorerically possible
{ifunlikely). Bevond clusters of two rearrangements (two- jumps), we
also found examples invelving three, four or mone rearrangements
confined to one genomic locale (Fig. 4b). All of these configurations
of clusters of structural variants can be phased toasingle derivative
chromosome, with tightly grouped breakpoinis.

Beyond cluscers confined to a single genomic region, we found
clusters of 2-10 structural varianes that combined local jumps
with rearrangements that reach into one or more distant regions
of the genome (Fig. 4c). Simple examples of these evenes include
unhalanced translocations or large deletions with a focally derived
fragment inserted at the breakpoint, but there was also an extensive
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Fig. 5 Skxe distributionand genomic properties of classified struetwral
variants. o, Size distrihution of deletions per steheey group, with fumaur
types ordered according tietotal mumber of events seen. Vertical dashed lines
represent the two prominent modes, b, Size distrmbutionaf segments of
templatedinsertion pes histology group. For each tumeur type. the three
distributions for cydes, bridges andchainsof templated insertions are
superimpesed Ins, insertione ¢, Associations betweena subsetof the genomic
properibes rows) and chadzes of structural variant (columns). Each density
ourve represents the quantile distribution of the genomic proger ey valoes at
abserved breakpoints comgared to random genome positions. Asteriiks
malicate asignificant departure fram uniferm gsantiles after molple
hypathesis correction ona one-sided Bolmogorov-Smirnoy test hased ona
samplesize of 2, 559 genames containing stroctural variani s *False-Esoovery
rate = (L, *false-discovery rate< (UB01, ***False-distover v rite< 10 " Cells
withsignificant property asseciathons areshaded by the magnitude of the shifi
af the medion obsérved quantile above thlsehor below fred) 005, The

range of more-complex patterns. In some cases, the source of the
inserted fragment wasdistal to the major break, and the structural vari-
ant could feasibly result from several concurrent DNA breaks in chose
spatial proximity to the capture of a short DA fragment during repair
{cut-and-pastel. In other cases, the origin of the inserted fragment

imerpretation ofeach property fromleft to right ivindicated by the axes to the
rightof the property label. Camples uncl, comples clusters unclassfied: cplxy,
chramaplexy; del, deletion; iny, myver son; ins, insertbon; LAD, lamving-
sociated domain: redp, rediprocal; TAD, topologically assoaated domain;
T, txnalesmdupication; trans transiscation: unbal, unbalanced.

i, Rearrungement counts 25 a function of bases of juncionmicrohemslogy, Tit
to three linear functions consistent with dif Ferent fermation mechanisms.
MHE), non-lwemedogoss «nd foining; MME], microhaomaology-medisted

el jodming: S58, single-strandannealing. e, Enrichment or depleticnof
Breakgoint junciions between regions of the genome with particudar
annotations, comparedwitho permuted backgraund that preserves
Breakpoimt positins bt swaps break peint pertners. Centre podnts are the
meesin fodd change over the permu ted background; error bass represent three
sl Analysis s hasedon asampde sze of 2559 genome sonn taining structural
variants, LTR long terminad repeat: SINE, short inderspersed noclear element;
LIME, long mierspersed nieclear glement; heterochrom, beterschromatin,

wils proximal to the major break and associated with a gainincopy
number. This pateern is difficukt voexplain by a cut-and-paste mecha-
nism, because the copy-number gain implies the inserted segment
was a duplicate of the original temyplate rather than a separated frag:
ment redistributed fromits origingl locus. Instead, a copy-and-paste
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mechanism may be the more parsimonious explanation for thesec
CVENTS.

A comparison of local Footprings linked together through distant
Tearrangements revealed a strong connectivity of foooprints with the
sameor similar structure, often enriched tenfold or more than expected
by chance (see Foooprint connectivity analvsis’ in Supplementary
Rizsubts). The reasons For this are unclear, butit may reflect innace seruc-
tural symmetry introduced throwgh the gencration or the resolution
of rearrangements, or through the repeated action of 2 mechanism
that impaorts consistont structural meotifs.

Copy-and-paste patterns of clusters

The diverse patterns of 2-10 clustered structural variants (Figs. 3, 4)
share important morphological features: (1) genomic configurations
that canbe phased to a single derivative chromosome; (2] fow-level
gains in copy number, especlally duplicatlons and triplications: (31 a
highfrequency ofinverted rearrangementsin additionto noninverted
rearrangements; (4] cocurrence on @ chromasame background with
simikar awerage copy number tothe tumour overall; and (5) tight prox-
Imity of breakpoints within the local footprint (eyplcally <1 8h).

Using our insdlico library of genomric configurations, we could define
all possible routes by which sequential stroctural varianes could gener
ave these structures through the classically defined repertoire of dele-
tion. tandem duplication, inversionand transbocation (Supplementary
Fig.4). These routes typically would requere implausible mochinations
of chromosames (Supplementary Resuls), In particular, the high prova-
lence of inverted breakpobnt junctions and Focalcopy-number gains is
difficult po recreate using sequentlal simple rearrangements. Simple
inversion events arcuncommon incancers (Fig. 1d)and they tend not to
generate copy-number galns, except through breakage - fusion- bridge
cycles: these latter also cause terminal deletions®, which are not seen
inthe events discussed here.

If these events cannot be satisfactorily explained by sequential
simple rearrangements, amother possible explanationis a complex
cut-and-paste mechanism such as chromothripsis, chromeplexy or
repoaved hreakage-fuston-bridge cycles. However, the patterns of
the 2-10 clustered structural variants do not it with these processes
either {S3upplementary Results) Although chromothripsis with copy-
number gain has previously been described™'™'"* _the resulting copy
numberand rearrangement patterns have different properties o those
wie oheerved. Chromaoplexy, in which chromosome breaks lead toa
balanced interchange at muliple breakpointjunctions 7, typically gen
erates unphased solutions. Repeated breakage-fusion- bridge cycles
tend vo cause high-level copy-number gains associated withinverted,
fold-back rearrangements™”, unlike the structures reported here.

Instead, we believe that many of these locally complex clusters of
structural variants with lowlevel copy-numhber gains are generated
in a single event by a copy-and: paste process. That is. the copying of
genomic templatesis anintrinsic aspect of the structural variation pro-
cessin theseeyvents, with theextra copies being inserted inthe resulting
derivative chromaosome. IFthe genomic templates alloriginate locally,
wewould observe local m-jumps (suchasin Fig. 3a, b witha tight cluster-
ing ofbreakpoints, phased solutions. frequent copy-number gains and
amixofinverted and noninverted breakpoint junctions, If the original
templates for the copied segments derive from across the genome,
chains, cycles and bridges of templated insertions would arise (Fig. 2).

Genomic properties of structural variants

The size of tandem duplications and deletions followed complex—often
rmultimadal - distributions across tumour types {Fig- 5a. Exeended
Data Fig. a). However, as previously reported™™, individual paticngs
tend tohave asimpler—usually unimodal - distribution of deletions or
tandem duplications {Extended Data Fig. ob), which impkies that the
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complexityscenin agiven tumour oy pe resalos from combining samples
with different profiles, The sizes ofindividual fragments in templated
Imsertan events were also distnctly multimodal, with varying peak
heights across tumour types (Fig, 5hl, When comelating temiplate sizes
within agiven cvent, two patterns emerged: one inwhich template
sizes were closely correloted with one another, and one inwhich a smatl
{<1kb} remplatewas linked with ome of any size (Exvended Data Fig- 7a,
b Likewise, thesizes of segments within o given local twos jump event
showed moderately strong correlations with one another {Extended
Diata Fig. Fol.

A number of genomic properties ¢such as replication timing. tran-
seriptional activity ond chromatin state) influence the density of paint
mivtations™* and copy-number alterations™, but how this relates to
individual classes of structural variant is unciear. From the Hteraoure,
wie compiled alibrary of the genome-wide distribution of 38 features
including replication timing. GC content, repeat density, gene density
and distance toG-gquadruplex motifs, among others. Replication timing
had the strongest association with the oocurrence of structural vari-
anits; deletions are enriched in late replicating reglons, and candem
duplications and unbalanced translocations occur preferentially in
carly-replicating regions {Fig. 5c. Extended Data Fig. 8). For Individual
patients with kigh numbers of deletions or tandem duplications, we
observed notable heterogenelty inthe distribution of these struc-
tural varianes according to replication tming: some had evenis that
oocurred predominantly inlate-replicating regions, others had events
that sccurred exclusively inearly - replicating regions, and in others
events werne distributed more evenly (Supplementary Fig. 51, Regions
of active chromatin and increased gene density correlated positively
with the rate of rearrangement.

A structural variant requires DNA repair pathways to join two
sequences together, and several repalr mechanisms are available po
somatic cells: Some require sequence homology between the two ends,
amd others canoperate tojoin nen-homologous sequences. As provi-
oushy reported™™ ™, we find across the PCAWG data that many structural
variants do mot have sequence homology at the brezkpoint junction
{Fig. 5d) and therefore arise threugh non-homaologows end jpoining.
Monethebess, a sizable fraction of structural varkants has more micro-
homology than expected by chance, with an apparently bimodal dis-
tribution of microhomology lengths. One set of structural variants
has 2-7 bp of microhomology, probably generaced by microhiomil-
opy-mediated end joining, and a second set of structural variants has
10-30bp of microhomology, probably generated through single-strand
anrealing arother forms of homologows recombination (including
microhomology-meodiated break-imduced replication). Repetitive
sequences inthe genome, such as shorcand long interspersed nuclear
elements. gre the likely substrate of such structural variants, and we
find enrichment for structural variants jolningsuch elements {Fig. 5e.
Supplementary Fig b

Signatures of structural variation

The heterogeneoss specirum of point murations across Camcers can
bhe reconstrocted From che differential action of a relatively limited
repertoire of mutational precesses, each with a characteristic signa-
ture ™. The differences across patientsin the size distribution of tandem
duplication and deletion - together with the widely varving frequency
and patterns of structural variant across tumour types and genome
topology -sugmested that we could similarly learn such correlations
across individeal classes of structural variant.

We divided the setof structural varianes of each patient into mutu-
ally exclusive categories. We split the most frequent classes of simple
structural variant (deletions and candem duplications} into 11 catego-
ries according oo size, replication timing and occurrence at fragile
sites. Otherconfigurations of strectural vanants and copy-number
changesseen more than 50 times in the cohort were incleded as further
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Fig. & | Stroctural-yariant signaturesin human camcers.a, The 12 most
distinctive seructural-varient sigratures extracied by the Bayesian hicrarchical
Dirichlet process 2lparithm, un ona sample size of 2,559 genomes containing
structural variants. Here the lengrhsof the bars represent the estimated
proportionoleachevent class assipned to sach Sgnature rows sum toone);
the black line segments represent the 925 posterior interval for bar fength
From the Markoy cham FB fald-back  emid, mid-scied. b, Association of
pathogenic mutations (germiine and Ssomatlc combBimed) in ey DNA repatr
geneswithstructural-variant signatures. The sample size of patients who have

catezories, incleding cycles, chains and bridges of templated insertions
lalsosplit by size), local njumps and local-distant clusters.

Wi applied two methods for signature discovery, which yielded
comparable resulrs. We identified 16 structural-variant signatures:
the 12 most prevalent of these signatures are shownin Fig. 6a. Signature
extraction on the cohort randomly splitinto owo halves identified ten
highly correlated signatures (Supplementary Fig. 73, which closely
matched the signatures called in the full cobort despite the lower power.
Three signatures of deletions emerged. split by size: the signature of
small {<50:kb) deletions included small reciprocalinversions and the
signature of large (=50{-kb} deletions included large reciprocal inver-
sions. This implies that the frequencies of deletions and reciprocal
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pathogenic variants in the specdic genes asiessed & shown @ brackets after
each pene label [yaxisk Hypothesis testsand effect shees foreach gene are
derived from linear modeks for signature intensity alter correction for
histalagy. Significant asseciations from pao-sided testswithoorrection fog
mudtiple hypothesis testing are shown. The caloor and size of the points
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Miie, penesinthemismatch repair pathway, FAMC refers be genes asscociated
with Fancond anaemia, mamely PANCA, FANDC FANCDE, FANCE FANCE, FARCEG,
FANCE FANCL and FANCH.

inversions are correlaced across the cohort, and both Follow similar
size-distributions within an individual patient.

W identified five signatures of tandem duplications, splitby size
and replicatbon timing. Cyeles. bridges and chains of templated inser
tions were particularly prominent in signatures of carly-replicating
tandem duplications. whereas local two-jump sStructures were mong
closchy associated with lase replicating tandem duplications. All of
these patterns exemplify the copy-and-pasteconcept, inwhichextra
copies of genomic pemplates are produced and inserted as anintegral
feature of the scructural-variant process,

Another signacure was characterized by deletions and tandem dupli-
cationsatchromosomal fragile sives™, Tandem duplications were more
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prominent at the edgoes of the fragile site, and deletions were concen-
trated inthe centre (Extended [raca Fig. 9a, bl. The size range of (ragile
site deletions peaked at around [00 kb, similar to the larger deletion
signature, whereas the rarer fragile-site tandem duplications showed
no strong size peak {Exvended Data Fig. 9ol Sites of fragility varied
extensieely across tumour types |Extended Data Fig 9d).

Unbalanced transiocations comprised their own signatere, which
sugpests that they derive from a distinct rearrangement processin
cancer gemomes. A further signature comprised both the fold-back
inversions that are o hallmark of breakage -fusion-bridge cvcles and
similar seructures such as translocacions adjacent vo fold-back ineer-
sions, Finally, there was a signature of balanced rearrangemaents,
including reciprocal translocations and chromoplexy clusters®. This
signature probably arises from several double-stranded BMA broaks
{potentially occurring ininterphase). inwhich both sides of the break
are incorrectly repaired through ligation to other. simulteaneously
broken reglons of the genome.

DNA repairgenes and tumour type

We grouped annotations of pathogenic germline variants and somatic
driver mutations in DMA repair genes across the cohort”, correlat:
ing their presence with activity of the structural-variant signatures
{Fig. 6b). As previously described For breast and ovarian cancers™™,
BRCAT mutations are significantly associated with small tandem dupli-
cation signatures, the mechanistic basis of which is increasingly well
understood', As previously described™ ™, COK L2 variants predicted
signatures of mid-sized-todarge tandem duplications. BRCAZvariants
correlated with small deletions, as expected from previous work™,
and alsowiththe reciprocal structural-variant signature that includes
chromoplegy. PALB2 varlants showed the same correlatons with sig:
natures of small deletions and reciprocal structural variants as does
BRCAZ: PALBE? colocalizes with, stabilizes and assists BRCAZ during
homelogous recombination™, sowe might have predicted that inactiva-
tionof either genewould lead to 3 similar structural-variant signature.
These associations between driver mutations and structural-variant
signatures were consistently evident across many types of tumour
[Extended Data Fig 10]).

The structural-variant signatures showed considerable heterogene
ity in their activity across tumour types and among patients withina
given tumour type (Supplementary Fig. 8). Tumours of the gastroin:
testinal tract—including colorectal and cesophageal adenocarcino:
mas ~showed high rates of the fragile-site signature. Prostate cancer
was notable for the prevalence of the chromaoplexy signature, as pre-
viously repored™, and squamous cell carcinomas of the lung were
characterized by the fold-back inversion signature.

VWi assessed how classes of structural variant altered known cancer
menes (Supplementary Table 1), Some cancer genes acquire oncogenic
potential only with specific structural events, such as fusion genes or
enhancer hijacking. Mot surprisingly, these genes typically showed lictle
variability in which classes of structural variant could generate such
events (Extended Data Fig. iia-¢)-alkhough there were exceptions.
The TMPRSS2-ERG fusion gene of prostate cancer, forexample, was
gencrated by arange of processes (including simple deletions, chro-
mioplexy and chromothripsisy, all of which are prevalent signatures in
this tumour type {Excended Data Fig. Hd-f).

Tumour-suppressos genes and recurrently amplified genes showed
miore variabilicy inwhich types of structural variano were observed,
and these were shaped by signatunes active in the refevant tumour
types. Forexample, the tumour-suppressor genes, PTEN and RADSIE,
which are-commonly inactivated in breast and ovarian cancers, were
oftentargeied by tandem duplications penerating cut-of-frameexon
duplications {Extended Data Fig. 123, b). By contrast. deletions wene
the predominant events chat inactivated SMADY and COKNEA, in
keeping with their prevalence in cancers of the gastrointestinal tract
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(Extended Daea Fig, L2c, d ). MYC, one of the most commanly ampl ified
genes across all types of cancer, showed considerable diversity in the
mechanisms of its rearrangement: nested tandem duplications inbreast
cancer, tramslocations or chromoplexy with J&fHin lyvmphoma, &s well
as chromothripsis, cycles of templaved insertions, local n-jumps and
loecal-distant clusters in ocher types of tumour (Extended Data Fig, 131,

Discussion

‘Wehave described the patterns and signatures of structural variation in
alargecohorof uniformly enalysed cancer genomes. A major grouping
of pattems instructural variants that emerges from ourstudy isonein
whichextra copies of genomic templates are inserted during the rear-
rangement process. This incledes simple events such as tandemdupli-
cations, aswellas arange of morg-complex events with duplications and
triplications that are rearranged locally as well as inserted distantly. Our
signature analysisgrouped alarge proportion of these more-complex
events together with tandem duplications, which suggests that they
represent a continuum of processes that share underlying proporties. A
replication Based mechanism has previously beenproposed vo explain
Iocal twojumips =, inwhich stalled replication forks or other DNA
lesions cause the DNA polymerase vo switch templates and continue
replication in anew location. Studies inexperimental models are now
revealing that awide range of mechanisms and DNA lesions can resultin
templated insertions: these mechanisms include tandem duplications
in BRCAI deficiency', transiocations with templated insertions caesed
by dysregulated strand invasion™ and distant templated insertions in
the absence of replication hielicases™.

Genomic instability in cancer is not asingle phenomenon. Instead,
many different mutational processes can 20 to restructurs the genome
and, indoing so, generate a notably lexible array of possibie structures.
Any ghven tumowr draws onasubsecofthe available processes, shaped
by the cell of origin, germline predisposition and other, unknown, fac-
torsrselection thendoesthe rest, promoting the clone thathas chanced
on the structure that increases its potential for seif-determination.
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Methods

Mepstatistics] methods were used to predetermine sample size. The
expenments were not randomized and investigarors were not blinded
to allocarion during experiments and cutcome assessmoent,

A derailed description of the methods used in this paper and many
additional resilts are described in Supplementary Information. Here,
wi summarize the koy aspects of the analysis.

Generation of the structural-variant call set

The final set of structural variants used in this Article was generaoed
by the Technical Working Group of the PCAWG Consortium and is
described in the main PCAWG paper”, In brief, four variant callers
wiere used o identify somatically acguired structural variants from
muatched turmouwr and germline whole genome sequencing data: SvABA
{Broad pipeline), DELLY (DKFZ pipeline), BRASS (Sanger pipeline) and
diznger (Broad pipeline). These were merged into afinal call set using
agraph-based algorithe: vo identify overlapping breakpoint juncrions
across algorithms, Detailed visual inspection of seructural wariane calls
suggested that a simple approach of accepting all structural-variant
calls made by twoor more of the four algorichms gave the best trade-off
hetween sensitivity and specificity.

Structural-variant clustering and annotation

Tao identify clusters of stractural variants, we developed a method
for grouping structural variants into clusters and footprints to allow
structural and mechanistic inferences to be made systematically. In
paraflel, we processoed the somatic copy-number data and merged
itwich structural-variant junctions toenable us produce rearrange-
ment patberns from the generated structural-variant clusters and
footprints. We produced normalized representations of strectural

variant ¢luster patterns, which enable us to tabulate the number of
different cluster and footprint patterns and analyse their features.
Finally, we performed manual and simulation-assisted interpretation
of the recurrently observed cluster and footprint patterns. The indi-
vidual stepsofthe structural-variznt classification pipeline are outlined
below and detailed in the subsequent subsections: (1} computing the
exact breakpoint coordinates from clipped reads; (2 removing redun-
dant segment-bypassing’ structural varianes; (3 merging rearrange:
ment breakpoints with copy number datato yield structural-variant
breakpoint-demarcated, nommalized, absolute copy-number daca; (4)
clusteringindividual serecoural variangs into structural-variant cluscers
amd Footprines; {5) hewristically refining structural-variant clusters
and foot prines: {6) filtering artefactual fold-back-type structural vari-
ants with insufficient support; (71 determining balanced overlapping
breakpoints{this stepis todistinguish very short templated insertions
From mutually overlapping balanced breakpoints); and (8) computing
Tearrangement patcerns and categories.

Distribution of structural variants across the genome

‘We divided the hgl® human reference genome (autesomes and chromo-
some Xiinto 3,036 315 pixels of 1 kb, and calculated a suive of metrics
per pixel to summarize avariety of genome properties with potential
relevance to the distribution of rearrangements, as listed inche Sup-
plemencary Information. Properties were matched as closely as possible
tothe tissue of origin for cancer samples from the PCAWG data. All
other genome properties were held fixed across all tissues. To test for
assnciations between structural-variant event classes and the library
of genome properties, the genome property metrics were compared
between real structural-variant positions (randomly choosing one side
of eachbreakpoint juncrion to reduce dependence between observa-
ticnsl and one millicn wniform random positions feom the caliable
genome space. To compare the tissue-specific properties, cach ran-
dom position was assigned a random tissue type, drawing from the
nbserved tissue-type distribution inm the structural-variant call set.

Fareach genome property and eachevent class, the real obserations
wiere pooled amongst the random ones, and chen rank-transformed
and normalized ona scale from O to L Under the null hypothesis of no
event-versus-property association, the ranks of the real ohsorvations
wiould follow a uniform distribution. We tested this ineach case with
a Kolmogorow - Smirnoy test then applied o Benjamini-Yekutiedi cor
rection for False-discovery rabe across the entire suite of tests and set
the thre<hold for significance reporting at 0,00

Structural-variant-signature analysis

‘Weused twio algorichms for exracting structural-vanant signaiunes.
Both used the same input files, comprising a matrix of counts per
patient (across all paticnts} of structeral-variant clusters falling imco
anumber af mutually exclusive categories. These categories included
the major classes of strucoural variants, with the more-common events
{deletions, tandem duplications and inversions splic by size andfor
replication timing. The two algorithms that were used for extracting
thie signatures were (1} a hierarchical Dirichlet process and (2) non-
negative matrix facvorization. Further detalls on the implementation
of these algorithms are available inthe Supplementary Information.

Reporting summary
Further information on research design is availzble in the Nature
Rescarch Reporting Summary linked tothis paper.

Drataavailability

Somatic and germline variant calls, mutational signatures, subclonal
reconstructions, transcript abundance, splice calls and other core data
generated by the ICGC/ TCGA PCAWE Consortium are described inan
accompanying Artcle” and are avallable for download at hteps:idec.
icgc.org/freleases FCAWG. Additicnalinformartion on accessing the
data, Incleding raw read files, can be found at htrps:ddocs_cgeorg)!
peawiz/data’. In accordance with the data access policies of the ICGC
and TCGA projects, most molecular, clinicaland specimendamareinan
opentier that does not require acoess approval. Toaccess information
that could potentizlly identify participants, such as sermline alleles
and the underlying sequencing data, researchers will need to applyro
the TOGA data access committee via dbGalP (https:{dbgap.nchi.nlm,
nihmov/an/wga cgi?page=login) for access vo the TCGA portionofthe
dataset, andtothe ICGE data access compliance affice (http: ficae.org!
dacol for the ICGC portionof the dataser. Inaddition, toaccess somatic
single-nuckeotide variants derived from TCGA donors, researchers will
also need toobrain dbGaP authorization.

Code availabilicy

The core computational pipelines used by the PCAWG Consortiam
for alignment. guality control and variant calling are available to the
public achetps: dockstore orgfsearch?search=poawe under the GHL
General Public License v. 3.0, which allows for reuse and distribution.
These are described indetail inan accompanying Article®. The code
for grouping structural variants into stroctural-variant clusters and
footprints is available at httpsdgithub.comfcancerit/ClusterSYy (ver-
siom 1.0k The code For simulating rearrangements can be found at
hetps:/feithub.comdcancerit/SimSyGenomes (versicn L0 The code
forsampling from the hierarchical Dirichlet process for identification
of mutational signatures is implemented 5 an R package at hotps:
github.com/nicolaroberts, hdp (version UL
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Extended Data Fig. 11 | Patterns ol stroctural variants cassing fusion genes
and enhancer hijacking. a, Rainfall plar of strucearat-variant breakpoinisin
the genes KAA L% and S8AF, commaonly fused together througha tandem
duplicationin pibacytic astroey tamas, Structural variands are coloured by
classfication and arranged vertically by the distance tthe next breakpoint in
the cohort. [Fthe twosidesof a breakpaint juncteon are contained withinthe
plotting window, they sre joined by a curved lne. The number of sampled with a
breakpoint in the plotting window isannotated inthe table 2t the top ol each
panel. b, Rainfall plot of structural-vasiant break podmts that alTect &8ET,
comanenly fused to CODCs by inversion in papillary thyredd cancer. ¢ Kainfall

plot o structural-variantbreakpoints that alfect OCLE, commeanly hijacked
worthe NeH immunag lobudinlocos by trandocations in B cel lymphomas.

i, Raimfall plot ofstructural-varant breakpoints thataffect £, commondy
Fused with THIPEEED by debetionor more-complexevents in prostate
atenncarcinoma. g, Example of 3 TMPRSSI-ERG fusion gene maprostate
sdbenocarcinoma created by achromoplexy ovcle. The estimated copy-number
profile isshownas biack borizontalsegments, withatroctoral variants s bown
asdottedarcs linking theedges of two copy-number segments. I, Exaomgpie ol a
TMWPERES2-ERE Fuston gene in a prostate sdenvcarcinoma oreated by
chramathripsds.
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Extended Data Fig. 12| Patterns ol stmectur al variants that affect selected
tamour-suppressor genes. d, Rainlall plotof strocouraksariant bresk points in
the gene PTEN, commmanly inactivated im breast and ovarian adenocancinoamas,
mwhichtandem-duplicationsignatures are lreguent. Structural variantsare
ooloared by classlication andd 2ranged vertically by the distance tir the neit
Breakpointin the cvhorl If the twosides ofabreakpoint junciionare condained
within the plotting window, they are jedned by acurved line. The number of
sampleswith a breakpoint inthe plotiing window 1= annotatedin the tabde at
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Extended Data Table 1| Glossary of key terms

Term

Description

Structural Yeriant (S5

Justaposdion of non-contiguous chromogomal segments through & process of genomic
rearrangement.

Breakpoint The chromosomal possiion &t which a DA break i made. Each 8\ conalsts of & junction
between two breakpoinis in different regions of the gename.

Copy number Change In the numiber of copies of a given chromosomal segment from that expectad.

alteration [CHA)

Reciprocal or balanced A pair of SVa in which both sides of a esngle dsOMS break are rescued = the

=10 rearrangemment. Typically w=ad to describe some invearsions and soms tranalocetions.

LnioElanced SV An SV [wsually inveraion of translocation) in which only one side of the deDMNA Dreak =
rescued, theraby gensrating a cogy number alteration scross the breakpoint.

Chuster of 5 A get of 5Wa thet are closer ogether In genomis spece than expectsd by chance. Typlcally,
guch clustering imghes a shared mechenistic basis for the 5V generation.

Deervative A chromosome that carries ane or more S4s.

Chiramosome

Phased S\s Set of SWs and copy number alterstions in & cluster caried on & single dervetive
ChICMOS0me.

Chromasomal A contiguous stretch of DNA that is of constant copy numioer, used to denote the reglons

EEETIEnt of chromaaame betwesn SVe.

Template A regeon of chromeaomel DMA that is copessd and inseried alsewhers in the ganoms.

SV class & iype of strctural vananl, such as delstion, tandem duplication or trenskocaton,

Dradetion Loss of a eegment of chromosame from the genome spanned by a junction between the

Tandem duplication
FAecipracal mversion

Fold-beck mvarssan

Transhocation

Breakage-fusion-
brdge cycle

Chromopiesy

Chromathripsss

Liocal nump

Cyode, chain or bridge
of tesmplatad msertions.

Local-distant chaster

twin breakpomis aither slda.

Edfra copy of & segment of chromosome o which the dupscated regeon & nsered
immadiatshy ediscent to the onginal template in the same oneniaton.

A esgment of chromosomal DNA Inserted into As ariginal postson, but in the opposite
orienation

An Inverted reamangement batwesn two breakpoints typically <Z0&b apart on the
chromosomse, with associsted copy number change. Often a sign of breakape-luson-
bridige cyches.

Breakpoint junction betgesn two diferent chromosomes, either reciprocal or unbatanced.

SV mechanism m whech a naked DMA end {brezksge) s copled to its sister chromatid
during 5 phase, with the two ends undergoing fusion by fold-back meersion). Af
anaphase, the resuling deantric chromosome is stretched betwiaen the two daughter cels
{bwidgs), leading 1o further DMA breakage and potentially further cyclee.

A gat of =2 reciprocal Ve in which the chromaosormal ends aither side of each breakpoint
are shuffled such that every end is rescued & a rearrangement junciion.

& chuater of many 5Vs (10s to 100s) i one oF a few Chromosones, SCCurming @ a sngks
catastropha: event, with oscillabng copy number profile and rearangement junctions of all
four possie onentaions.

A clugter of n 5V ina sngle genomic reglon, tyolcally pheassd 1o a single dervative
chromasomse, exhibibng some copy number gasms and junctions with mverted and non-
inverted orertation.

Copies of one or more genomic lemplates drawn from across the genoms, stung logether
in & configuous sting and insered inlo & single derivative chromosome. A chain of
tesmplated insenions daes not retum tothe orginal chromosoms, lsading to an unbalanced
translocation. A cycle has & duplication on the host chromosome, whie & beidge Inseris
the tempiate copies into & deleton on the host chromosome.

& cluster of Vs that hes both local rearrangements and reamangements to other pars of
the genome,
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