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Extended Data Fig. 9 | Properties of structural variants at chromosomal 
fragile sites. a, Structural-variant breakpoints in the most affected fragile 
sites: FHIT, MACROD2 and WWOX. These are coloured by classification and 
vertically spaced by the distance to the next breakpoint in the cohort. If the two 
sides of a breakpoint junction are contained within the plotting window, they 
are joined by a curved line. The number of samples with a breakpoint in the 
plotting window is annotated in the tables at the top left. b, Number of 

deletions and tandem duplications (top) and number of affected samples 
(bottom) for the 18 fragile sites considered in this analysis. c, Size distribution 
of deletions and tandem duplications in fragile sites (FS) compared to the rest 
of the genome. d, Fragile-site preference for 20 cancer histology groups as 
indicated by the proportion of samples that contains a deletion in each of the 
18 fragile sites considered here. The number of samples is indicated in 
parentheses.
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Extended Data Fig. 10 | Consistency of associations between signatures and 
mutations in DNA-repair genes. a, Box-and-whisker plots showing the number 
of structural variants attributed to the small-deletion signature in different 
types of tumour, split by BRCA2 status (BRCA2 wild type in orange; 
BRCA2 mutant in cyan). The box denotes the interquartile range, with the 
median marked as a horizontal line. The whiskers extend as far as the range or 
1.5× the interquartile range, whichever is lower. Outlier patients are shown as 
points. There is an increase in events attributed to the small-deletion signature 
when BRCA2 is mutated, across multiple types of tumour (breast, pancreatic, 

ovarian, prostate, lung squamous and so on). b, Box-and-whisker plots as for a, 
showing the number of structural variants attributed to the small-deletion 
signature in different types of tumour, split by PALB2 status. c, Box-and-whisker 
plots as for a, showing the number of structural variants attributed to the early-
replicating, small-tandem-duplication signature in different types of tumour, 
split by BRCA1 status. d, Box-and-whisker plots as for a, showing the number of 
structural variants attributed to the large-tandem-duplication signature in 
different types of tumour, split by CDK12 status.
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Extended Data Fig. 11 | See next page for caption.



Extended Data Fig. 11 | Patterns of structural variants causing fusion genes 
and enhancer hijacking. a, Rainfall plot of structural-variant breakpoints in 
the genes KIAA1549 and BRAF, commonly fused together through a tandem 
duplication in pilocytic astrocytomas. Structural variants are coloured by 
classification and arranged vertically by the distance to the next breakpoint in 
the cohort. If the two sides of a breakpoint junction are contained within the 
plotting window, they are joined by a curved line. The number of samples with a 
breakpoint in the plotting window is annotated in the table at the top of each 
panel. b, Rainfall plot of structural-variant breakpoints that affect RET, 
commonly fused to CCDC6 by inversion in papillary thyroid cancer. c, Rainfall 

plot of structural-variant breakpoints that affect BCL2, commonly hijacked to 
the IGH immunoglobulin locus by translocations in B cell lymphomas. d, 
Rainfall plot of structural-variant breakpoints that affect ERG, commonly fused 
with TMPRSS2 by deletion or more-complex events in prostate 
adenocarcinoma. e, Example of a TMPRSS2-ERG fusion gene in a prostate 
adenocarcinoma created by a chromoplexy cycle. The estimated copy-number 
profile is shown as black horizontal segments, with structural variants shown 
as dotted arcs linking the edges of two copy-number segments. f, Example of a 
TMPRSS2-ERG fusion gene in a prostate adenocarcinoma created by 
chromothripsis.



Article

49
22
13
70

Prost−AdenoCA
Breast−AdenoCA
Skin−Melanoma

Other

PTEN

0

10

100

1000

10000

89,600,000 89,700,000 89,800,000

chr10

D
is

ta
nc

e 
to

 n
ex

t b
re

ak
po

in
t

35
31
19
107

Panc−AdenoCA
Liver−HCC

Skin−Melanoma
Other

CDKN2A CDKN2B

0

10

100

1000

10000

21,900,000 22,000,000

chr9

D
is

ta
nc

e 
to

 n
ex

t b
re

ak
po

in
t

39
9
5
25

Panc−AdenoCA
Eso−AdenoCA

Breast−AdenoCA
Other

SMAD4

0

10

100

1000

10000

48,500,000 48,600,000

chr18

Complex
Del
Tandem Dup

Recip Trans
Unbal Trans
Recip Inv

Unbal Inv
Templ Ins
Loc 2−Jump

LD 2−Jump
Cplxy
Foldback

34
18
16
82

Breast−AdenoCA
Ovary−AdenoCA

Liver−HCC
Other

RAD51B

0

10

100

1000

10000

68,500,000 69,000,000

chr14

PTEN RAD51B

CDKN2A SMAD4

A B

C D

Extended Data Fig. 12 | Patterns of structural variants that affect selected 
tumour-suppressor genes. a, Rainfall plot of structural-variant breakpoints in 
the gene PTEN, commonly inactivated in breast and ovarian adenocarcinomas, 
in which tandem-duplication signatures are frequent. Structural variants are 
coloured by classification and arranged vertically by the distance to the next 
breakpoint in the cohort. If the two sides of a breakpoint junction are contained 
within the plotting window, they are joined by a curved line. The number of 
samples with a breakpoint in the plotting window is annotated in the table at 

the top of each panel. b, Rainfall plot of structural-variant breakpoints that 
affect RAD51B, commonly inactivated in breast and ovarian adenocarcinomas. 
c, Rainfall plot of structural-variant breakpoints that affect CDKN2A, 
commonly inactivated in tumours of the gastrointestinal tract, in which 
deletion signatures are common. d, Rainfall plot of structural-variant 
breakpoints that affect SMAD4, commonly inactivated in tumours of the 
gastrointestinal tract.
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Extended Data Table 1 | Glossary of key terms

Term Description 

Structural variant (SV) Juxtaposition of non-contiguous chromosomal segments through a process of genomic 
rearrangement. 

Breakpoint The chromosomal position at which a DNA break is made. Each SV consists of a junction 
between two breakpoints in different regions of the genome. 

Copy number 
alteration (CNA) 

Change in the number of copies of a given chromosomal segment from that expected.  

Reciprocal or balanced 
SV 

A pair of SVs in which both sides of a single dsDNA break are rescued in the 
rearrangement. Typically used to describe some inversions and some translocations. 

Unbalanced SV An SV (usually inversion or translocation) in which only one side of the dsDNA break is 
rescued, thereby generating a copy number alteration across the breakpoint.  

Cluster of SVs A set of SVs that are closer together in genomic space than expected by chance. Typically, 
such clustering implies a shared mechanistic basis for the SV generation.  

Derivative 
chromosome 

A chromosome that carries one or more SVs. 

Phased SVs Set of SVs and copy number alterations in a cluster carried on a single derivative 
chromosome. 

Chromosomal 
segment 

A contiguous stretch of DNA that is of constant copy number, used to denote the regions 
of chromosome between SVs. 

Template A region of chromosomal DNA that is copied and inserted elsewhere in the genome. 

SV class A type of structural variant, such as deletion, tandem duplication or translocation. 

Deletion Loss of a segment of chromosome from the genome spanned by a junction between the 
two breakpoints either side. 

Tandem duplication Extra copy of a segment of chromosome in which the duplicated region is inserted 
immediately adjacent to the original template in the same orientation.  

Reciprocal inversion A segment of chromosomal DNA inserted into its original position, but in the opposite 
orientation. 

Fold-back inversion An inverted rearrangement between two breakpoints typically <20kb apart on the 
chromosome, with associated copy number change. Often a sign of breakage-fusion-
bridge cycles. 

Translocation Breakpoint junction between two different chromosomes, either reciprocal or unbalanced. 

Breakage-fusion-
bridge cycle 

SV mechanism in which a naked DNA end (breakage) is copied to its sister chromatid 
during S phase, with the two ends undergoing fusion (by fold-back inversion). At 
anaphase, the resulting dicentric chromosome is stretched between the two daughter cells 
(bridge), leading to further DNA breakage and potentially further cycles. 

Chromoplexy A set of >2 reciprocal SVs in which the chromosomal ends either side of each breakpoint 
are shuffled such that every end is rescued in a rearrangement junction. 

Chromothripsis A cluster of many SVs (10s to 100s) in one or a few chromosomes, occurring in a single 
catastrophic event, with oscillating copy number profile and rearrangement junctions of all 
four possible orientations.  

Local n-jump A cluster of n SVs in a single genomic region, typically phased to a single derivative 
chromosome, exhibiting some copy number gains and junctions with inverted and non-
inverted orientation. 

Cycle, chain or bridge 
of templated insertions 

Copies of one or more genomic templates drawn from across the genome, strung together 
in a contiguous string and inserted into a single derivative chromosome. A chain of 
templated insertions does not return to the original chromosome, leading to an unbalanced 
translocation. A cycle has a duplication on the host chromosome, while a bridge inserts 
the template copies into a deletion on the host chromosome. 

Local-distant cluster A cluster of SVs that has both local rearrangements and rearrangements to other parts of 
the genome. 
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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Workflow Step Algorithm Version Dockstore Package* 
WGS Alignment BWA-MEM v0.7.8-r455 https://goo.gl/oqp4Xd 
EMBL/DKFZ SV caller  DELLY v0.6.6 https://goo.gl/Y46MCo 
EMBL/DKFZ SCNA caller ACEseq v1.0.189 https://goo.gl/4zoV42 
EMBL/DKFZ SNV caller DKFZ somatic SNV workflow 1.0.132-1  
EMBL/DKFZ indel caller Platypus v0.7.4  
Sanger SCNA caller ascatNgs  v1.5.2 https://goo.gl/9DSrbA 
Sanger SV caller BRASS v4.012  
 grass v1.1.6  
Sanger SNV caller CaVEMan  v1.50  
Sanger indel caller Pindel  v1.5.7  
Broad SCNA caller ABSOLUTE/JaBbA v1.5/? https://goo.gl/YkdtDt 
Broad SV caller SvABA/dRanger/BreakPointer 2015-05-20/2016-03-13/2015-12-22  
Broad SNV caller MuTect v1.1.4  
Broad indel caller SvABA 2015-05-20  
MuSE SNV caller MuSE v1.0rc https://goo.gl/5SR4bF 
SMuFIN indel caller SMuFIN 2014-10-26 https://goo.gl/EuUP5k 
Oxidative artefact filter OxoG 2016-4- 28   https://goo.gl/cUKP9K 
SNV/Indel annotation VAGrENT v2.1.2 https://goo.gl/9DSrbA 
 ANNOVAR  v2014Nov12 https://goo.gl/4zoV42 
miniBAM generation VariantBAM v2017Dec12 https://goo.gl/S8h8e5 
SNV/Indel merging and consensus generation SNV-MERGE v2017May26 https://goo.gl/TETSB8 
SV merging and consensus generation SV-MERGE v2017Dec12 https://goo.gl/A9CEup 
Strand bias filter DKFZ Strand Bias Filter v2016Dec15 https://goo.gl/8jXrvZ 
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Data analysis We have described the algorithms in detail throughout the manuscript. Signatures analysis used the published NMF algorithm (PMID: 
23318258) and an unpublished Bayesian method, released on github (https://github.com/nicolaroberts/hdp).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The PCAWG-generated alignments, variant calls, annotations and derived data sets are available for general research use for browsing and download at http://
dcc.icgc.org/pcawg/. In accordance with the data access policies of the ICGC and TCGA projects, most molecular, clinical and specimen data are in an open tier 
which does not require access approval. To access potentially identifying information, such as germline alleles and underlying read data, researchers will need to 
apply to the TCGA Data Access Committee (DAC) via dbGaP (https://dbgap.ncbi.nlm.nih.gov/aa/wga.cgi?page=login) for access to the TCGA portion of the data set, 
and to the ICGC Data Access Compliance Office (DACO; http://icgc.org/daco) for the ICGC portion. 

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size We compiled an inventory of matched tumour/normal whole cancer genomes in the ICGC Data Coordinating Centre. Most samples came 
from treatment-naïve, primary cancers, but there were a small number of donors with multiple samples of primary, metastatic and/or 
recurrent tumours. Our inclusion criteria were: (i) matched tumour and normal specimen pair; (ii) a minimal set of clinical fields; and (iii) 
characterisation of tumour and normal whole genomes using Illumina HiSeq paired-end sequencing reads.  
We collected genome data from 2,834 donors, representing all ICGC and TCGA donors that met these criteria at the time of the final data 
freeze in autumn 2014.  
 
No formal power calculations were performed to decide sample size for PCAWG - we aggregated all genomes available at the time. 

Data exclusions After quality assurance, data from 176 donors were excluded as unusable. Reasons for data exclusions included inadequate coverage, 
extreme bias in coverage across the genome, evidence for contamination in samples and excessive sequencing errors (for example, through 8-
oxoguanine). Data exclusion criteria were pre-established.

Replication In order to evaluate the performance of each of the mutation-calling pipelines and determine an integration strategy, we performed a large-
scale deep sequencing validation experiment. We selected a pilot set of 63 representative tumour/normal pairs, on which we ran the three 
core pipelines, together with a set of 10 additional somatic variant-calling pipelines contributed by members of the SNV Calling Working 
Group. To assess accuracy of SV calls, we therefore used the property that an SV must either generate a copy number change or be balanced, 
whereas artefactual calls will not respect this property. For individual SV callers, we estimated the true positive rate to be in the range 80-95% 
for samples in the pilot-63 dataset.

Randomization Not applicable - this was a descriptive study.

Blinding Not applicable - this was a descriptive study.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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Population characteristics Patient-by-patient clinical data are provided in the marker paper for the PCAWG consortium (Extended Data Table 1 of that 
manuscript). Demographically, the cohort included 1,469 males (55%) and 1,189 females (45%), with a mean age of 56 years 
(range, 1-90 years). Using population ancestry-differentiated single nucleotide polymorphisms (SNPs), the ancestry distribution 
was heavily weighted towards donors of European descent (77% of total) followed by East Asians (16%), as expected for large 
contributions from European, North American and Australian projects. We consolidated histopathology descriptions of the 
tumour samples, using the ICD-0-3 tumour site controlled vocabulary. Overall, the PCAWG data set comprises 38 distinct tumour 
types. While the most common tumour types are included in the dataset, their distribution does not match the relative 
population incidences, largely due to differences among contributing ICGC/TCGA groups in numbers sequenced. 

Recruitment Patients were recruited by the participating centres following local protocols. Samples obtained had to meet criteria on amount 
of tumour DNA available, meaning that the cohort is potentially somewhat biased towards larger tumours. Otherwise, we 
anticipate no major recruitment biases.  

Ethics oversight The Ethics oversight for the PCAWG protocol was undertaken by the TCGA Program Office and the Ethics and Governance 
Committee of the ICGC. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.


