1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Cancer. Author manuscript; available in PMC 2024 May 08.

-, HHS Public Access
«

Published in final edited form as:
Nat Cancer. 2022 October ; 3(10): 1247-1259. doi:10.1038/s43018-022-00404-y.

Starfish infers signatures of complex genomic rearrangements
across human cancers

Lisui Baol#, Xiaoming Zhong?, Yang Yang?, Lixing Yang1:2:3."
1.Ben May Department for Cancer Research, University of Chicago, Chicago IL, USA

2Department of Human Genetics, University of Chicago, Chicago IL, USA
3-University of Chicago Comprehensive Cancer Center, Chicago, IL, USA

4Present address: Institute of Evolution & Marine Biodiversity, Ocean University of China,
Qingdao, Shandong, China

Abstract

Complex genomic rearrangements (CGRs) are common in cancer and are known to form via two
aberrant cellular structures—micronuclei and chromatin bridge. However, which mechanism is
more relevant to CGR formation in cancer and whether there are other undiscovered mechanisms
remain unknown. Here we developed a computational algorithm “Starfish” to analyze 2,014
CGRs from 2,428 whole-genome-sequenced tumors and discover six CGR signatures based

on their copy number and breakpoint patterns. Through extensive benchmarking, we show

that our CGR signatures are highly accurate and biologically meaningful. Three signatures

can be attributed to known biological processes—micronuclei- and chromatin-bridge-induced
chromothripsis and circular extrachromosomal DNA. More than half of the CGRs belong to the
remaining three signatures not been reported previously. A unique signature, we named “hourglass
chromothripsis”, with localized breakpoints and small amount of DNA loss is abundant in prostate
cancer. We find SPOP s associated with hourglass chromothripsis and may play an important role
in maintaining genome integrity.

Introduction

Genome instability is a hallmark of cancerl, and somatic genome rearrangements are
abundant in human cancers?3. Genomic rearrangements, also known as structural variations
(SVs), include simple forms such as deletions, duplications, inversions and translocations,
as well as complex forms24. A peculiar type of complex genomic rearrangements (CGRS)
called chromothripsis refers to a single catastrophic event resulting in numerous somatic
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genome rearrangements, and has been found in many tumor types®6. In addition, other
forms of CGRs have been described, such as chromoanasythesis’, chromoanagenesis® and
chromoplexy?.

Understanding the molecular mechanisms leading to the formation of somatic genome
rearrangements in cancer is of clinical significance in disease screeningl® and treatment!1.
Different mutational processes operate in different tissues and leave distinct footprints
(genetic alterations) in the DNA which can be used to mathematically decompose

the mutational signatures corresponding to individual mutational processes. Mutational
signatures have been deconvoluted for single nucleotide variants (SNVs)12, copy number
variations (CNVs)13 and SVs!4. Although CGRs are abundant in cancer®, their forming
mechanisms are still largely unknown. Recently, /n vitro studies revealed two CGR

forming mechanisms. Firstly, chromosomes trapped in micronuclei due to segregation
errors!® shatter into many pieces and randomly rejoinl6. The rearrangement breakpoints are
evenly distributed across the chromosomes and the DNA segments have two or three copy-
number states!®. Secondly, a chromatin bridge can form through dicentric chromosomes7-18
and the broken bridge result in chromothripsis® with highly localized breakpiontsl’19

and two or three copy-number states. Before being resolved as chromothripsis, the
dicentric chromosome may undergo breakage-fusion-bridge (BFB) cycles during which
DNA fragments can be duplicated and lost leading to more than three copy-number

states. In BFB-cycles/chromatin-bridge-induced chromothripsis, the chromosomes involved
frequently lose telomeres, and foldback inversions are often present. Moreover, micronuclei
and chromatin bridge can both lead to the formation of circularized extrachromosomal
DNAI5:20 (ecDNA), also known as double minutes (DMs), which is common in human
cancer?l, In ecDNA, small DNA fragments from different genomic regions are connected
and highly amplified. However, the extent to which of these mechanisms contribute to CGR
formation in disease tissues, and whether there are additional mechanisms remain unclear.

Methods such as non-negative matrix factorization (NMF) have been developed to extract
the mutational signatures2. However, such strategy cannot be used to decompose signatures
of CGRs, because a large number of variants are required from tumor genomes. Although
numerous rearrangements are present in CGRs, they are formed as one-time events, and each
tumor only carries one or two CGRs. Therefore, alternative approaches are needed to study
CGR signatures. Several studies have used graphs to classify CGRs2223, but had limited
abilities to incorporate the CGR breakpoint distribution and telomere loss. Here, we describe
a robust computational algorithm called “Starfish” to infer CGR signatures in human cancer
based on their CNV and SV breakpoint patterns.

CGR signatures inferred from human cancers

A set of criteria were proposed to define chromothripsis2#: clustering of breakpoints,
randomness of DNA fragments, oscillating copy-number states, involvement of a single
haplotype and ability to walk through the derived chromosome. In our recent study?®,

we followed the above criteria to detect chromothripsis using ShatterSeek in 2,428 whole-
genome sequenced (WGS) tumors from Pan-cancer Analysis of Whole Genomes (PCAWG).
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However, the definition of chromothripsis has been imprecise and evolving®24. In some
studies, the term chromothripsis is used loosely without the requirement of oscillating copy-
number states?%:25, Here, we define “CGRs” broadly as complex events formed via one-time
events rather than accumulation of multiple individual events over time. We removed the
requirement of oscillating copy-number states in ShatterSeek (see details in Methods) and
re-analyzed the PCAWG samples®. A total of 2,014 CGRs were detected in 1,289 (53%)
samples (Supplementary Table 1). The 613 CGRs detected without oscillating-copy-state
requirement demonstrated interleaved SVs (Extended Data Fig. 1a) and comparable CGR
calling scores (Extended Data Fig. 1b). We also manually reviewed all cases to ensure high
quality. Out of 285,791 somatic SVs detected in 2,428 tumors, 106,759 (37%) are involved
in CGRs. Therefore, CGRs are a major source of genomic instability.

We hypothesize that the CGR copy-number pattern and distribution of breakpoints can be
used to infer their mechanisms of formation. To this end, we developed a computational
algorithm called “Starfish” to infer CGR signatures (see details in Methods). Briefly,

we first selected 12 features to comprehensively depict the copy number and breakpoint
patterns of each CGR (Fig. 1a). These features include breakpoint dispersion score, copy
loss percentage, copy loss density, copy gain percentage, copy gain density, number of
copy states, median copy number change, maximum copy number, highest telomere loss
percentage, ratio of telomere loss and CGR loss, median breakpoint microhomology and
median breakpoint insertion size. Features related to the magnitude of CGR events (i.e.
number of chromosomes involved, number of rearrangements and size of CGR regions)
were not used. After removing highly correlated features (Extended Data Fig. 2a) and
features with small variances (Extended Data Fig. 2b), there were five features remaining:
CGR breakpoint dispersion score (measuring the randomness of breakpoint distribution on
chromosomes), copy loss percentage, copy gain percentage, telomere loss percentage and
maximum copy number. We performed unsupervised consensus clustering for all 2,014
CGRs (Fig. 1a) using the five features and discovered six clusters (Fig. 1b and Extended
Data Fig. 2c). Examples of CGRs are shown in Fig. 1c. Clusters constructed by different
clustering approaches were very similar (Extended Data Fig. 2d). We use six clusters
produced by the partition around medoids (PAM) algorithm for the remainder of this
manuscript and refer to the clusters as CGR signatures (Supplementary Table 1). The CGR
signatures jointly inferred based on their CNV and SV patterns are different from SNV or
SV signatures deconvoluted using NMF. Our goal is to infer the molecular mechanisms of
CGR formation, and therefore, we still use the term “signature” to reflect the similarity. We
then trained a neural network classifier (Extended Data Fig. 3a), namely Starfish classifier,
using the five features and CGR signature labels. For CGRs detected in additional samples,
we can classify them into one of the CGR signatures derived from PCAWG samples.

Benchmarking CGR Signatures

To link CGR signatures to known mechanisms, we took advantage of five studies that
induced chromothripsis events through experimental approaches'®>17:19.28 There were 186
whole-genome-sequenced single cells and cell clones in which micronuclei or chromatin
bridges were observed in parental cells. We detected a total of 57 CGRs in these samples
and predicted CGR signatures by Starfish classifier. In micronuclei samples, 63% of
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the CGRs (22 out of 35) were assigned to Signature 4, whereas in chromatin bridge
samples, 64% of the CGRs (14 out of 22) were classified as Signature 2 (Fig. 2a

and Supplementary Table 2). Signature 4 CGRs have the lowest breakpoint dispersion
scores (i.e., breakpoints evenly distributed) with modest copy gains and losses (Fig. 1b),
whereas Signature 2 CGRs highlight the largest amount of telomere loss (Fig. 1b). These
properties are consistent with the molecular mechanisms of micronuclei- and chromatin-
bridge-induced chromothripsis events. Some CGRs in Signature 2 display more than three
copy states and may have undergone BFB cycles before dicentric chromosomes being
resolved via chromatin bridge. Although micronuclei can result from chromatin bridgel?, the
mechanisms of DNA breakage in these aberrant structures are different. The chromosomes
in micronuclei are shattered into many pieces due to nuclear envelope assembly defect??,
whereas DNA breakage and local fragmentation of a chromatin bridge are caused by
actomyosin-dependent mechanical force, and nuclear envelope rupture is not required?®,
The mechanistic difference leads to distinct patterns of chromothripsis. Micronuclei-induced
chromothripsis events have even distribution of breakpoints, whereas bridge-induced events
have localized breakpoints and are accompanied by loss of telomere. In the Umbreit et

al. study, 13 CGRs formed via chromatin-bridge-induced micronuclei. Among these, 8
displayed patterns of Signature 4, similar to other micronuclei-induced chromothripsis

(Fig. 2a). In summary, micronuclei- and chromatin-bridge-induced chromothripsis can be
properly distinguished by Signatures 4 and 2.

To associate CGR signatures with ecDNA, we utilized ecDNA predicted by
AmpliconArchitect?? since 85% of the AmpliconArchitect-predicted ecDNA in cell

lines were confirmed to be DMs by florescent in situ hybridization (FISH)22. In 289
AmpliconArchitect-predicted ecDNA from 849 tumors shared between this and the
AmpliconArchitect studies, most were relatively simple (Extended Data Fig. 3b) as
ecDNA/DM can form with only one DNA fragment ligated head-to-tail220, Out of the

100 complex circular events, 64 (64%) were classified as Signature 1 by Starfish. There
were another 309 CGRs in Signature 1 not classified as ecDNA by AmpliconArchitect
which could be the linear form of homogeneous staining regions (HSRs). To validate this,
we compared them to tyfonas events predicted by JaBbA23 which were experimentally
validated as HSRs. In 887 tumors shared by this and the JaBbA studies, 38 out of 46 (83%)
JaBbA-predicted tyfonas events were classified as Signature 1 by Starfish (Extended Data
Fig. 3b). These results combined suggest that the Signature 1 captures both ecDNA and
HSRs. Signature 1 features highest maximum copy number with moderate percentages of
copy gain (Fig. 1b) which is consistent with the properties of ecDNA and HSRs (small DNA
fragments being highly amplified).

Since AmpliconArchitect and JaBbA can classify CGRs into different types, we applied
both algorithms to the 57 experimentally induced CGRs from five studies!®:17:19.26.28 Note
that all three algorithms (Starfish, AmpliconArchitect and JaBbA) classify rearrangement
types based on event patterns and not trained on experimental data. Starfish only used
experimental data to name CGR signatures. AmpliconArchitect did not classify any of

the micronuclei- or chromatin-bridge-induced chromothripsis as complex events or BFB
(Extended Data Fig. 3c) as it was mainly designed to detect ecDNA. Most of the CGRs
were unassigned by JaBbA with only one micronuclei-induced chromothripsis classified
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as chromothripsis (Extended Data Fig. 3c). Therefore, Starfish classifier performs better
than existing algorithms when classifying micronuclei- and chromatin-bridge-induced
chromothripsis. In summary, our CGR signature inference based on event patterns is highly
accurate and biologically relevant.

We then investigated the differences in event magnitude among six CGR signatures.
Signatures 1 and 2 have more chromosomes and SVs involved and affect larger genomic
regions compared to the other signatures (Fig. 2b). The number of foldback inversions has
been used to classify BFB-cycle events?2:23, However, we found that the number of foldback
inversions cannot effectively separate Signature 2 from others (Extended Data Fig. 3d).

To further evaluate the performance of the six CGR signatures derived from the five
features (Fig. 1b), we tested various alternatives. Firstly, if we clustered the CGRs into
seven signatures, Signature 1 could be divided into two signatures 1a and 1b (Extended
Data Fig. 4a), and both were mixtures of ecDNA and HSRs (Extended Data Fig. 4b).

The main difference between ecDNA and HSRs are their topology (circular and linear),
and therefore, graph-based approaches are better suited to distinguish them. Then, we
evaluated the impact of our revision of CGR detection. Most CGRs of Signature 1 could be
detected by the original version of ShatterSeek and discarding the oscillating-copy-number-
state requirement (modified ShatterSeek) facilitated the detection of Signature 5 CGRs the
most (Extended Data Fig. 4c). Our approach of CGR detection improved micronuclei-

and chromatin-bridge-induced chromothripsis classification on experimentally induced cases
(Extended Data Fig. 4d). To further test clustering using other features, we replaced one

of the five features in Fig. 1b with another one or added an additional feature. The
signatures identified are quite similar and the ones presented in Fig. 1b performs best

when classifying ground-truth cases (Extended Data Fig. 5a,b). Using ten features to
construct CGR signatures adds no benefit either (Extended Data Fig. 5¢,d). Therefore, the
six signatures constructed based on the five features we selected (Fig. 1b) are the optimal
solution.

CGR signatures with unknown mechanisms and distribution of CGRs

There are three signatures that cannot be associated with any known biological processes.
Signatures 3 and 5 present the largest amount of genomic copy losses and gains respectively
(Fig. 1b,c). In sharp contrast, Signature 6 manifests the highest breakpoint dispersion scores
(breakpoints unevenly distributed) with a very small amount of copy loss and no copy gain
(Fig. 1b). We named this signature “hourglass chromothripsis” (Fig. 1c) due to the shape

of its copy-number profile (small fractions of content leaking to the lower level). Note that
Signatures 3, 5 and 6 are named based on their CNV and SV patterns but not their biological
processes. Among the six signatures, Signature 6 is the most abundant one with 431 events
in the PCAWG cohort while Signature 3 is the least common one with 240 events (Fig.

1b). More than half of the CGRs (1,043 out of 2,014, 52%) belong to the three signatures
that cannot be attributed to any known mechanisms which highlights the advantage of our
signature inference strategy.

The frequencies of CGRs significantly vary across tumor types (Fig. 3a and Extended
Data Fig. 6a). CGRs are most abundant in glioblastoma, osteosarcoma and esophageal
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cancer, while pilocytic astrocytoma and chronic lymphocytic leukemia barely have any.
Signature 1 is frequently observed in many tumor types including various types of sarcoma,
esophageal cancer and glioblastoma (Fig. 3a), which is consistent with previous studies?1:22,
In contrast, Signature 2 is most abundant in clear cell renal cell carcinoma (Fig. 3a) in
which chromosomes 3 and 5 are known to be prone to chromothripsis2®. This signature

is also abundant in osteosarcoma and ovarian cancer (Fig. 3a). The enrichment of the
Signatures 1 and 2 being consistent with previous studies again demonstrated the accuracy
of our signature inference. Signature 6 is found in almost all tumor types (Fig. 3a) and is
strikingly common in prostate cancer (107 out of 187, 57%). We also observed biases of
CGR occurrences among tumor subtypes. For example, Signature 5 is enriched in basal
breast cancers (Extended Data Fig. 6b). A total of 405 tumors have more than one CGR
signatures (Fig. 3a).

CGRs also have uneven distribution across the genome (Extended Data Fig. 6¢). It was
reported that regions with frequent CGRs often carry major cancer-driving genes, such

as ERBBZ2in breast cancer3® and £GFR in glioblastoma?. In fact, we were able to find
cancer-driving genes in the majority of the CGR hotspots including CCND1, ERBBZ,
PTEN, TMPRSSZ, MYCL, MYC, CCNE1, GATA6, TERT, CDK4, MDM?Z2, TP53, EGFR,
MYCNand CNKNZA (Extended Data Fig. 6d). GATAG is known to be the most frequently
amplified gene in pancreatic cancer3! and is an important subtype defining transcription
factor32. The amplifications are often due to CGRs (Fig. 3b) of different signatures (Fig.
3c). Prostate cancers also have two CGR hotspots on chromosome 21 (Extended Data Fig.
6d) corresponding to fusions involving TMPRSS2 and £RG in seven tumors (Fig. 3d—g),
even though most TMPRSS2-ERG fusions (84 out of 91) are caused by simple deletions.
Therefore, a subset of CGRs are major drivers of tumorigenesis.

Genetic associations of CGRs

To better understand the mechanisms of CGR formation, we sought to identify genetic
alterations associated with CGR signatures. It has been shown that 7”53 mutations are
associated with chromothripsis in tumors®33. In cell line models, 7753 has to be inactivated
so that the cells can tolerate chromothripsis without undergoing apoptosis®>=17. We observed
Signatures 1, 2, 4 and 5 are significantly associated with 7253 mutations (Fig. 4a) with
FDRs of 3.5e-12, 2.2e-3, 4.5e-4 and 9.1e-12 respectively. When individual tumor types are
tested, 7P53 mutations remain to be associated with Signatures 1, 2, 4 and 5 in various
tumor types (Supplementary Table 3). Interestingly, Signatures 3 and 6 (in an extended
prostate cancer cohort) are significantly associated (FDRs 3.8e-2 and 5.9e-2 respectively)
with mutations in Speckle Type BTB/POZ Protein (SPOP) (Fig. 4a), a subunit of an E3
ubiquitin ligase complex involved in protein ubiquitination and degradation. We will study
Signature 6 in a greater detail in a later section.

Kataegis, clustered somatic SNVs, occurs in 50% (1,004 out of 2,014) of the CGRs (Fig.
4b). Although kataegis is known to be associated with chromothripsis334 as a consequence
of APOBEC3B activity!8, we observed dramatic differences among six CGR signatures. The
vast majority (83%) of Signature 1 CGRs are accompanied by kataegis in sharp contrast

to about 40% in other signatures (Fig. 4c). Such enrichment is present in almost all tumor
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types (Fig. 4d). Interestingly, in melanoma, kataegis co-occurs with most of the CGRs
regardless of their signatures (Fig. 4d and Extended Data Fig. 7a). We then randomly
selected one chromosome from 20 CGRs of each signature in which we could phase the
kataegis SNVs and CGR SVs using WGS data. In almost all cases, kataegis SNVs and

CGR SVs are phased to the same DNA molecules (Fig. 4e). The distances between kataegis
SNVs to the nearest CGR SVs display multi-modal distributions with three peaks at ~1kb,
~1Mb and ~10Mb (Fig. 4f). There are distinct differences across six signatures. Most CGR
signatures have kataegis SNVs about 1kb and 1Mb away from SVs. However, there are
hardly any kataegis SNVs at 1Mb distance from hourglass chromothripsis SVs, but many

at about 10Mb distance. In addition, 24% and 32% of the kataegis SNVs are within 10kb

of CGR SVs for Signatures 1 and 2, whereas a lot more (58% and 56%) kataegis SNVs

are in that range for Signatures 4 and 5. A recent study8 reported that kataegis occurs on
single-strand DNA resulting from the resolution of chromatin bridge and APOBEC3B may
facilitate DNA fragmentation, whereas another study3® concluded that ecDNA-associated
kataegis occurs after the amplification of ecDNA. If kataegis forms after the amplification of
ecDNA, we would expect that a subset of reads/read pairs supporting CGR SVs do not carry
kataegis SNVs. However, such reads/read pairs are very rare in the 20 Signature 1 CGRs we
investigated (Fig. 4e). Similar trends are seen in all six signatures (Fig. 4e) which suggests
that the majority of kataegis SNVs near CGR breakpoints are formed during CGR formation
including ecDNA.

Aneuploidy can promote genome instability and chromothripsis3¢:37. When all tumors

are considered, most CGR signatures are significantly associated with whole genome
duplication (WGD) (Fig. 49). However, when controlled for 7P53 mutation status, only

the tumors with Signatures 1 and 5 as well as the tumors with more than one CGR signature
carry significantly more WGD (Fig. 4g). Among tumors with multiple CGR signatures, the
ones harboring Signature 1 or 5 CGRs are more likely to carry WGD (Fig. 4h). We further
investigated tumor-type-specific effects. Although sample sizes are limited, Signatures 1
and 5 remain significantly associated with WGD in several tumor types such as ovarian,
pancreatic, stomach cancers and melanoma (Extended Data Fig. 7b). In summary, two CGR
signatures, Signatures 1 and 5, are associated with WGD, while other signatures are not.

CGR breakpoint distribution biases

The uneven distribution of CGR breakpoints may provide clues for their formation. We
observed that all CGRs are enriched in high GC content, high gene density and early-
replicated regions (Fig. 5a) similar to most simple SVs38 suggesting that CGRs are more
likely to form in open chromatin regions. The CGR breakpoints being closer to repetitive
elements than expected (Fig. 5a) indicates that repetitive elements may play a role in DNA
fragmentation and/or ligation during CGR formation. Interestingly, CGRs of Signatures 1
and 2 tend to occur far away from telomeres while CGRs of Signatures 3, 4, 5 and 6
preferentially occur near telomeres (Fig. 5a). It is possible that acentric DNA fragments
resulted from breaks near the telomeres are more likely to produce micronuclei and
chromothripsis.
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Role of transcription-replication collision

DNA replication stress is a major source of genome instability3°. Collision between
transcription and DNA replication machineries can result in replication fork collapse and
genome instability4?. Some very large genes, known as common fragile sites, are hotspots
for deletions due to transcription-replication collision?!. Recently, it was reported that
deletions, insertions and point mutations can frequently form when such collisions are
induced in bacteria*2. Here, we sought to evaluate whether transcription-replication conflict
contributes to CGRs in cancer. First, we defined left- and right-replicated regions based
on RepliSeq data from cell line Bg02es (derived from human embryonic stem cells) as
previously described*3 (Extended Data Fig. 8a). These regions are largely conserved in
different cell types (Extended Data Fig. 8b). Then, head-on and co-directional collision
regions could be defined based on replication and transcription orientations (Fig. 5b).

We found Signature 1 breakpoints are significantly enriched in head-on collision regions
(Fig. 5¢, Chi-square tests with Bonferroni correction) compared to randomly shuffled
breakpoints. If the rearrangements are caused by transcription-replication conflict, we expect
the enrichment depends on gene expression. When controlled for gene expression level,
we indeed found the enrichment is only significant in top 50% of the genes (highly or
moderately expressed) ranked by expression level in tumors, but not in the bottom 50% of
the genes (lowly expressed or not expressed) (Fig. 5d). It is possible that the high gene
expression is the consequence of CGRs. To rule out this possibility, we performed the
same test using gene expression in normal tissues and observed a similar bias (Extended
Data Fig. 8c). To further rule out the effect of selection, we removed breakpoints within

1 Mb of CGR hotspots (Extended Data Fig. 6d) and the bias could still be observed
(Extended Data Fig. 8d). To control for tissue-specific differences in replication timing,
we defined conserved left- and right-replicated regions using six solid-tissue-derived cell
lines. Signature 1 breakpoints remain enriched in head-on collision regions depending on
gene expression (Extended Data Fig. 8e). Previous studies based on /n vitro experiments
in cell lines reported that ecDNA can form via chromothripsis®20, Our results indicated
that the conflicts between DNA replication and transcription may contribute to ecDNA
formation in tumor tissue. When a replication fork collapses, DNA polymerase can switch
to a new template and different types of genomic rearrangements can form depending

on the destination of the polymerase®4. Template switching upon transcription-replication
collision (Fig. 5e) can be a plausible alternative mechanism to produce circular DNA
molecules. Further studies using experimental approaches are needed to elucidate the role of
transcription-replication collision in ecDNA formation.

Hourglass chromothripsis in prostate cancer

The Signature 6 hourglass chromothripsis is dominant in prostate cancer (Fig. 3a).
Chromoplexy is another form of CGR enriched in prostate cancer3?. It is considered

to be the result of ligation of simultaneously broken DNA ends of several chromosomes®
—a complex form of reciprocal translocations3. We sought to address whether

hourglass chromothripsis is equivalent to chromoplexy. Using two strategies to detect
chromoplexy: ChainFinder® and junction patterns38, we found hourglass chromothripsis
events have little overlap with chromoplexy (Extended Data Fig. 9a). In addition, most
hourglass chromothripsis cases only involve one or two chromosomes (Fig. 2b) while
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chromoplexy usually involves multiple chromosomes®. Other than prostate cancer, hourglass
chromothripsis is commonly seen in glioblastoma and bladder cancer (Fig. 3a), whereas
chromoplexy is enriched in thyroid cancer and lymphoid malignancies®. Therefore,
hourglass chromothripsis is a unique type of CGRs and distinct from chromoplexy.

To test whether hourglass chromothripsis is a one-time event, we utilized linked-read
sequencing data of 23 prostate cancers*®. We identified 10 hourglass chromothripsis events
in 15 tumors including two in an SPOP mutant tumor 01115468-TA3. In this tumor,

one hourglass chromothripsis occurred in chromosome 8 (Fig. 6a). Once the rearranged
tumor chromosome was reconstructed based on somatic SVs (Fig. 6b), all rearranged

DNA fragments could be phased into a single haplotype using linked-read barcodes.

The same tumor harbored another more complex hourglass chromothripsis involving five
chromosomes (Fig. 6¢). We identified seven phased blocks with more than one somatic SVs.
If hourglass chromothripsis results from simple SVs accumulated over time, we expect the
somatic SVs to be evenly represented in different haplotypes. However, 144 out of the 155
somatic SVs in the seven phased blocks can be phased to one haplotype (Fig. 6d) which

is extremely unlikely to occur by chance (p=1.3e-28, binomial tests, p values combined

with Fisher’s method). These results suggest that hourglass chromothripsis events are indeed
one-time catastrophic events.

We then took advantage of additional 329 publicly available WGS prostate cancers

from International Cancer Genome Consortium?#®47 and identified another 359 CGRs
(Supplementary Table 4). In the combined cohort of 516 prostate cancers, we found that
somatic mutations in SPOP are significantly associated with hourglass chromothripsis
(p=3.4e-3, Fisher’s exact test, Fig. 7a). SPOPis known to be recurrently mutated in prostate
cancer and the mutations are mutually exclusive with ETS fusions (TMPRSS2-ERG, -ETV1,
-ETV4and -ETV5)*8. All mutations are missense mutations in the meprin and TRAF
homology (MATH) domain (Extended Data Fig. 9b) and potentially disrupt SPOF’s target
binding. Signatures 3 and 4 are also associated with SPOP mutations (p=1.4e-10 and 1.5e-3,
respectively, Fisher’s exact test; Fig. 7a). In addition, SPOP mutations are associated with
elevated levels of simple genomic rearrangements (Extended Data Fig. 9c). Therefore, we
conclude that SPOP may be a gatekeeper of genome stability. Mutant SPOP may allow the
cells to tolerate various types of genomic rearrangements. Further experimental studies are
needed to establish causal relationships of SPOP mutations and CGRs.

Next, we sought to investigate the functional consequences of hourglass chromothripsis in
prostate cancer. We identified recurrently deleted regions resulting from Signatures 3, 4

and 6 as well as simple deletions. We found that CGRs as well as simple deletions mostly
delete the same regions leading to loss of tumor suppressors such as PTEN (Fig. 7b). This
suggests that CGRs are under positive selection. A few peaks of simple deletions are not
found in CGRs including the most frequent one in chromosome 21922 (Fig. 7b) causing
TMPRSS2-ERG fusions*®. TMPRSS2-ERG fusions should be less likely to result from
CGRs because both TMPRSS2and ERG reside on chromosome 21 and are 3 Mb away from
each other. The easiest way to form a fusion gene is through simple deletions. The chance of
forming fusion gene via CGRs is expected to be much lower since DNA fragments in CGRs
are randomly ligated. Nonetheless, we still observed four TMPRSS2- ERG fusions resulting
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from hourglass chromothripsis in 187 prostate cancers in the PCAWG cohort (Fig. 3d-g),
which further suggested that hourglass chromothripsis promotes tumorigenesis in prostate
cancer.

It is possible that hourglass chromothripsis is a special case of micronuclei-induced
chromothripsis with less amount of DNA loss because both display oscillating copy number
states. If both events are the results of random ligation of shattered DNA fragments,
individual fragments being retained or lost should follow a Bernoulli distribution. In
hourglass chromothripsis, larger fragments are always retained while smaller ones are
always lost. If hourglass chromothripsis has the same forming mechanism as micronuclei-
induced chromothripsis, hourglass chromothripsis should be rare. However, hourglass
chromothripsis is more common than micronuclei-induced chromothripsis (Fig. 1b) which
suggests that they are unlikely to form via random chromosomal shattering and ligation.

In addition, the most dominant feature of hourglass chromothripsis is high breakpoint
dispersion score while micronuclei-induced chromothripsis has the lowest score (Fig.

1b). Hourglass chromothripsis is abundant in prostate cancer while micronuclei-induced
chromothripsis is not enriched in any tumor type (Fig. 3a). Intriguingly, the breakpoints

of hourglass chromothripsis, but not micronuclei-induced chromothripsis, are depleted in
the transcription-replication head-on collision regions only in the bottom 50% of the genes
ranked by expression level but not in the top 50%, which is the opposite of ecDNA (Fig. 5d).
These results indicate that the formation of hourglass chromothripsis might be associated
with transcription-coupled repair. All of the above notable differences between hourglass
and micronuclei-induced chromothripsis suggest that hourglass chromothripsis may have a
distinct mechanism of formation.

Discussion

To study CGR forming mechanisms in human cancer using existing genomic sequencing
data, there are two plausible approaches: train a computational model using ground-truth
cases and classify CGRs detected from cancers; or classify CGRs detected from cancers and
link them to known mechanisms. Here, we took the latter approach because the experimental
studies on CGRs are still limited to only two mechanisms, and more importantly, the
former approach would not allow us to detect types with unknown mechanisms. Our
strategy does not rely on prior knowledge of CGR mechanisms, and the benchmarking
results demonstrate high concordance with experimentally induced CGRs (Fig. 2a). Most
CGR signatures have one dominant feature (Fig. 1b). So, some CGR events might be
misclassified. For example, Signature 2 has the highest score in telomere loss (Fig. 1b)
which is consistent with chromatin bridge mechanism?’. If the breakpoint junction is too
close to the telomere, the event would have low telomere-loss score and be misclassified as
a different signature. Indeed, a fraction of CGRs are misclassified in benchmarking samples
(Fig. 2a). Nevertheless, we were able to correctly classify most of the CGR events from

five independent experimental studies (Fig. 2a) suggesting the good overall performance of
Starfish classifier.

Several studies have shown that one mechanism can lead to many different types of
rearrangements20:28:50 ranging from simple SVs, local jumps, BFB cycles to very complex
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rearrangements. Linking simple SVs to micronuclei or chromatin bridge would be extremely
challenging. However, our study focuses on CGRs. The patterns of CGRs are distinct
enough to be distinguished (Fig. 2a). Furthermore, when certain cell lines were exposed

to drugs, various types of genomic alterations could be observed to confer resistance to

drug such as arm-level copy gains, simple rearrangements, BFB cycles, chromothripsis and
ecDNA with various configurations2. The experimental results demonstrated the exceeding
complexity of genomic alterations. What we observe in human tumors is highly consistent
with the experimental observation that one gene could be amplified through several distinct
mechanisms (Fig. 3c). In our previous study, we have reported that EGFR in glioblastoma
could be amplified as a single fragment in DM or co-amplified with many other fragments?.
In many Signature 1 CGRs, some fragments in the CGR regions are amplified (e.g.,
chromosomes 1, 12 and X in Fig. 1c ecDNA of leiomyosarcoma) while others are not
amplified or amplified at low levels (e.g., chromosomes 6 and 7 in Fig. 1c ecDNA of
leiomyosarcoma). Our results also revealed unique features of ecDNA—their breakpoints
are enriched in transcription and DNA replication head-on collision regions (Fig. 5c,d). This
suggests that although ecDNA can form through micronuclei-induced and chromatin-bridge-
induced chromothripsis events 7n vitro*>-20, transcription activity and replication stress may
play important roles in ecDNA formation during tumorigenesis.

Our research complies with all relevant ethical regulations.

Samples, variant calling and annotations

PCAWG WGS data for 2,428 tumor and matched-normal pairs across 37 cancer types
(https://dcc.icge.org/pcawg) from our previous study® were used for the majority of this
study unless otherwise noted. All variants (SNVs, CNVs, SVs, tumor purity, ploidy and
WGD) for PCAWG samples were called by the PCAWG consortium using multiple
algorithms?. Kataegis was detected by SeqKat (https://cran.r-project.org/web/packages/
SegKat/index.html). Additional 329 WGS prostate cancers from ICGC were used to study
CGRs in prostate cancer. Somatic variants in these samples were downloaded from ICGC
data portal (https://dcc.icge.org/). For linked-read sequencing data of 23 prostate cancers®?,
somatic SNVs and SVs were obtained from the previous study#°, copy number segments
were identified by BIC-Seq®4, and integer copy number was calculated by Sequenza®®. CpG
island annotation was downloaded from UCSC Genome Table Browser (genome.ucsc.edu/
cgi-bin/hgTables). G-quadruplex (G4) clusters and fragile site positions were obtained from
previous studies®1®2, Nucleosome occupancy (mean values at 5 base-pair resolution) of
K562 cell line, replication timing of NHEK (derived from normal skin) cell line, DNase
hypersensitivity (average imputed negative log p-value in 1 kb window) of GM12878

cell line, histone modifications (average signal values in 1 kb window) of Gm12878

cell line, and repeat sequence annotations were downloaded from UCSC Genome Table
Browser (genome.ucsc.edu/cgi-bin/hgTables). Lamina associated domain (LAD) (proportion
of bases in 1 Mb window) in the Tig3 cell line of normal human embryonic lung
fibroblasts were obtained from a previous study®3. Replication timing profiles for Bg02es,
Bj, HelaS3, HepG2, IMR90 and MCF7 cell lines were obtained from ENCODE (https://
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www.encodeproject.org/). Gene expression levels (upper-quartile-normalized fragments per
kb per million mapped reads [FPKM-UQ)]) of tumor tissues were available from PCAWG
and gene expression levels of normal tissues (only a subset of tumor types have matched-
normal tissues) from the Cancer Genome Atlas (TCGA) samples were downloaded from
Genomic Data Commons (https://portal.gdc.cancer.gov/). All coordinates were based on
hg19 reference genome. GENCODE v19 was used for gene annotation.

Identification of CGRs

Modified ShatterSeek® was used to identify CGR “seed” regions based on interleaved SVs,
chromosomal enrichment test, exponential distribution of breakpoints test and fragment
joins test. Oscillating-copy-state criteria was removed from the original ShatterSeek
package. In each sample, linked regions were identified if they were connected by at

least two translocations within 10 kb of any seed regions. The search was performed
iteratively until no new linked regions could be found. Finally, a CGR event was defined
as all connected seed and linked regions combined (Extended Data Fig. 10). The somatic
SVs of CGR were defined as all inter-chromosomal translocations and interleaved intra-
chromosomal SVs in the CGR regions. The remaining SVs were defined as simple SVs.

CGR signature inference

Twelve features were initially selected to comprehensively describe the patterns of 2,014
CGR events including breakpoint dispersion score, copy loss percentage, copy loss density
(number of copy loss fragments per 10Mb, log scale), copy gain percentage, copy gain
density (number of copy gain fragments per 10Mb, log scale), number of copy states (log
scale), median copy number change (log scale), maximum copy number (log scale), highest
telomere loss percentage, ratio of telomere loss and CGR loss (log scale), median breakpoint
microhomology (log scale), and median breakpoint insertion size (log scale). In Fig. 1a,

the size of CGR region [s] equals to Y a:g. Breakpoint dispersion score was defined as

mean absolute deviation of [a:g] which measured the randomness of breakpoint distribution
of a CGR. Copy loss and copy gain percentages were calculated by (Y 5, £)/[s] and

(X d, )/[s]. Copy loss and copy gain densities were length[b,f]/([s]/10Mb) and length[d,g]/
([s]/10Mb). Telomere loss percentage was t/L. All values were converted to z scores. To
reduce collinearity among these features, the features with high correlation (abs(correlation
coefficient)>0.5) were removed, including copy loss density, copy gain density, number of
copy states, median copy number change, and ratio of telomere loss and CGR loss. Features
with small variance were further removed including median breakpoint microhomology

and median breakpoint insertion size. After feature selection process, five features were

kept for downstream analysis: breakpoint dispersion score, copy loss percentage, copy

gain percentage, maximum copy number and highest telomere loss percentage. Then, a
2,014 x 5 matrix was constructed for all CGRs. Four clustering methods (k-means based

on Euclidean distance, partitioning around medoids [PAM] based on Euclidean distance,
hierarchical clustering based on Pearson distance, and hierarchical clustering based on
Euclidean distance) were used to perform unsupervised clustering. Optimal cluster number
K and the best clustering method were determined based on four scores: Silhouette score, C-
index, Calinski-Harabasz score, and Dunn-index. The K maximizing the ratio of intra-cluster
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similarity/inter-cluster similarity was selected. The final clustering was performed by R
package “Consensuscluster Plus™ using PAM with 0.9 item and 5000 iterations.

Neural network classifier (Starfish classifier)

The feature matrix and CGR signature labels from Fig. 1b were used to construct a signature
classifier. The R package “neuralnet” was used to train a one layer neural-network classifier
with 5-fold cross validation using 70% of CGR events as the training data and 30% of them
as the validation data for each iteration. One to sixteen neurons were used in each iteration
with 10e6 steps to converge at the error of 0.01. The model with 8 neurons was selected.

Benchmarking using experimentally induced chromothripsis

A total of 186 WGS samples from five published studies®-17:19.26 yere used to benchmark
our CGR signatures. Somatic SVs and CNVs were obtained from the corresponding
publications. The CGRs were detected as described above. The feature matrices from
individual studies were combined with PCAWG feature matrix and normalized. The CGR
signatures were predicted using the Starfish classifier. AmpliconArchitect and JaBbA were
used to analyze these samples with default parameters. All three tools were compared

on the same CGRs detected by the modified ShatterSeek. Clustering, classification and
benchmarking using CGRs detected by the original version of Shatterseek or using different
features were conducted the same way as using five features.

Associations of CGR sighatures

Co-occurrence and mutual exclusivity of CGR signatures were tested using DISCOVER
package®6. Oncogenes and tumor suppressors were collected from Cancer Gene Census®’.

Protein-coding gene mutation status and the presence/absence of CGR signatures were used
to construct two by two contingency tables across all PCAWG samples. Only genes mutated
in more than 10 tumors were considered. Fisher’s exact test was used to compute p values
and false discovery rate was computed by Benjamini- Hochberg procedure for each CGR
signature. Significant genes were selected by FDR<0.1. Mutation status was permuted using
R package “QQperm” with 1000 iterations to calculate expected p values and generate Q-Q
plots.

CGR signatures in prostate cancers

The CGR signatures were predicted in 329 ICGC prostate cancers*647 and 23 prostate
cancers sequenced by linked reads*® as described in the benchmarking section using the
Starfish classifier. Recurrently deleted regions were identified by GISTIC®®,

CGR breakpoint enrichment analysis

Two random SVs were generated for each CGR SV by fixing the SV size and orientation
and then placing them randomly to uniquely mappable regions of the same chromosome.
Distances to CpG islands and G4 structures were 1og10 transformed. Gene density

was calculated as the proportion of bases in protein-coding genes in 1 Mb window

based on GENCODE v19. The density of short tandem repeats was calculated as the
proportion of bases belonging to short tandem repeats in a 3 kb window. For each
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genomic property, a quantile distribution for the genomic property values at the observed
breakpoints and randomly shuffled breakpoints were generated and the median shift was
calculated as “the median quantile of observed breakpoints” minus “the median quantile of
shuffled breakpoints”. A Kolmogorov-Smirnov test was conducted to compare normalized
genomic property values from observed and random breakpoints, and a Benjamini-Yekutieli
correction for false discovery rate was performed.

Transcription-replication collision

Left- and right-replicated regions were defined as regions where the changes of replication
timing were more than 0.02 per kb (Extended Data Fig. 8a). In Bg02es, a total of 10,421
genes were in left- or right-replicated regions. Conserved regions were defined as those
consistently annotated as left- or right-replicated in at least three out of the six cell

lines. A total of 9,422 genes were in conserved regions. Transcription orientations were
derived using gene annotation of GENCODE v19. Only breakpoints in protein-coding genes
were considered. Breakpoints in overlapping genes of different orientations were discarded.
Median expression levels of protein-coding genes within each tumor type were used. The
numbers of SV breakpoints observed in tumors and the numbers of randomly generated

SV breakpoints were used to test breakpoint enrichment in head-on collision regions using
Chi-square test with Bonferroni correction.

Reconstruction of hourglass chromothripsis using linked reads

Phased blocks were inferred in the tumor samples by Long Ranger based on heterozygous
SNVs (both germline and somatic) and barcoded reads. The barcoded reads with at

least three heterozygous SNVs were retrieved to assign unique haplotypes by gemtools®®.
Somatic SVs in the tumor samples were phased using barcodes and shared SNVs. Phased
blocks were further merged if they shared at least ten barcoded read pairs or were connected
by at least two somatic SVs. The haplotype contained more SVs was assigned as the

major haplotype and the other one was assigned as the minor haplotype. Binomial test was
performed in each of the seven phased blocks with more than one somatic SVs to test the
enrichment of SVs in the major haplotype, and the p values were combined by Fisher’s
method.

Statistics & Reproducibility

No statistical method was used to predetermine sample size, but our sample sizes are similar
to those reported in previous publications®45-47. No data were excluded from the analyses.
The experiments were not randomized. The Investigators were not blinded to allocation
during experiments and outcome assessment. Data distribution was assumed to be normal
but this was not formally tested. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1. Modification of Shatterseek by removing oscillating-copy-number-state
requirement.
a, Examples of CGRs not detected by the original version of ShatterSeek. The SV and copy

number profiles are shown for four CGRs. CGR regions are marked by red bars below SVs.
b, Comparisons between CGR seed regions detected with and without oscillating-copy-state
requirement. Breakpoint enrichment test is a binomial test corrected for mappability to
evaluate the enrichment of SVs in each chromosome. Exponential distribution test evaluates
whether the distribution of SV breakpoints differ from an exponential distribution. The
smaller p values for breakpoint enrichment test and exponential test the better. Fragment
joins test evaluates whether the distribution of DNA fragment joins diverges from a
multinomial distribution with equal probabilities for each category using the goodness-of-
fit test for the multinomial distribution. The larger p values for fragment joins test the

better. FDR correction was performed on all p values. The newly detected CGRs without
oscillating-copy-state have better p values for exponential distribution test and comparable
p values for fragment joins test compared to CGRs detected by the original Shatterseek.
CGRs detected with oscillating-copy-state have better p values in breakpoint enrichment test
because more CGRs of Signatures 1 and 2 are detected with oscillating-copy-state (Figure
S4c) and these CGRs have more SVs (Figure 2b). Although the newly detected CGRs are
less enriched in each chromosome, they all pass the Shatterseek p value cutoff. N = 3,996
CGR seed regions.
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Extended Data Fig. 2. Clustering of CGRs.
a, Correlation heatmap of twelve genomic features. The colors and numbers represent the

correlation coefficients. b, Distributions of seven genomic features with low correlations.
The x axes are normalized Z scores. Two features (median breakpoint microhnomology size
and median breakpoint insertion size) have low variations and are not used in the clustering
step. ¢, Four indexes to evaluate number of clusters. d, Unsupervised clusters produced

by three clustering methods (K-means, Hierarchical clustering with Euclidean distance and
Hierarchical clustering with Pearson distance). N = 2014 CGRs.
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Extended Data Fig. 3. Starfish classifier and benchmarking CGR signatures.
a, A neural network classifier (Starfish classifier) to classify any given CGRs into one of the

six signatures derived from the PCAWG cohort. The left panel shows the scheme of neural
network classifier, and the right panel shows performance of the neural network classifier. b,
Comparison between ecDNA predicted by AmpliconArchitect, tyfonas events predicted by
JaBbA, and CGR Signature 1. N = 289 Circular events, 46 tyfonas events and 368 ecDNA
CGRs. ¢, CGRs classified by AmpliconArchitect and JaBbA in five experimental studies.
The raw sequencing data, which is required by AmpliconArchitect, are not available for
several samples. Therefore, the number of CGRs classified by AmpliconArchitect is less
than that of Starfish and JaBbA. d, Fractions of foldback inversions in six CGR signatures. N
=791 CGRs.
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Extended Data Fig. 5. Performances of clustering using different features.
a, Benchmarking CGR classification by replacing one feature from the five used in Figure

1h. b, Benchmarking CGR classification by adding one feature. N = 57 CGRs. ¢, Six clusters
formed using ten features. All features related to CGR CNV and SV properties are used. The
SV breakpoint microhomology and insertion size are not used because these measures are
not available in the experimentally induced CGRs. d, Benchmarking CGR classification by
using ten features. In each benchmarking test in a, b and d, CGRs from five experimental
studies are used. Each colored bar shows CGRs classified with the corresponding features in
each study. The numbers of corrected classified CGRs and total CGRs are displayed above
the bars.

a Sample size <20

Basal Her2 LumA LumB
75% 4 /ecONA

1 6cONA 2Chrbridge.
50% 1 2Chrbridge 3Largeoss
3 Large loss 4Micronudel
4 Miconudei —
25% - 5 Large gain o
6 Hourglass 6 Hourglass I
- NoCGR NoGGR
cg £
I 2
¢ 8 ]
E z
3 8 =
g
H
€ ow 15 610 1118 1820 20x
50
8u0
E=
. o = = %
(1%0) (18 (109) @) Liver-HCC (311) Kidney-RCC (133)
0
n
)|
© " Skin-Melanoma (106)  Eso-AdenoCA (86) Lung-SCC (47) Bone-Leiomyo (33) Bone-Osteosare (35) CNs-GBM (38)
o
o g e | L 1 = st :
Stomach-AdenoCA (69 Uterus-AdencCA (¢1)  Lung-AdenoCA (36) ONS-Medulo (122) Silary-AdenoCA (33) Lymph-BNHL (103)
o
© ™" Head-scc (55) Bladder-TCC (23) ColoRect-AdenoCA (62 Panc-Endacrine (68) Breast-Lobular (13) Kidney-ChRCC (39)
o
° Cemi-sco(l®) | Bone-Cant(®) Bone-Epith (10) T Thy-AdenoCA@(0)  ONS-Olgo(17)  Lymph-GLL(36)
0 1ecDNA  3largeloss 5 Large gain

© ™ Bone-Osteoblast (4) Myeloid-MPN (6) Cervix-AdencCA (2) Breast-DCIS (3) 2Chr bridge 4 Micronuclel |6 Hourgless |

EreB2 PTEN  CONET  GATAG conot

" » CCNDT 124 TMPRSS2 .

ke dh o M HL M . A
5

* od . n_.m.lh. k M J-mi 1L m

i1 ohrt il e o

Breast-AdenoCA Prost-AdenoCA 0vsry~AdenaCA Panc-AdenoCA  Liver-HCG Kldney-RCC

TERT EreB2 o SO P53 EGFR ERBB2
”

104
|

cenpt MOM2 B

coKke

chis e “cnrt 17
Skin-Melanoma Eso-AdenoCA g “sce Bone-tei T eimosare “Nea Stomach-AdenoCA

5

o ‘w'-lﬂl-m o

| 1
i

#of tumors

TERT o TERT

Mh |u\h|tm dW J I ] 3‘“ “I\ III“ 1 lllll QHH

het1dnri7

ch2 i chro chis
Lung—AdenuCA CNS-Medullo Lymph-BNHL Head-SCC Kidney-ChRCC

Extended Data Fig. 6. Distribution of CGRs.
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signatures. If one tumor carries more than one CGR signatures, it is painted by more than
one colors horizontally. The height of each tumor may be different in different tumor types
since all tumor types are scaled to the same height. b, Occurrences of CGRs in four breast
cancer subtypes. N = 74 tumors. c, Frequencies of CGRs per chromosome in different
tumor types. CGRs from chromosomes 1 to X are shown with 23 bars and painted by their
signatures. The numbers after tumor types denote sample sizes. d, CGR breakpoint hotspots
and cancer-driving genes. CGR breakpoint frequencies on most frequent chromosomes for
18 tumor types. Each vertical line represents the number of tumors having CGR breakpoints
in a 100 kb window.
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and without WGD stratified by 7253 mutation status, tumor type and CGR signature. Only
tumor types with at least five samples in no CGR group and at least five samples in any

one of the CGR signature group are displayed. P values calculated by two-sided Fisher’s
exact test with Bonferroni correction are shown above the CGR signatures with at least five
samples. The ones significant at 0.05 level are labelled in red. The numbers at the bottom of
each graph represent the number of samples.
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Extended Data Fig. 8. Transcription-replication collision and CGR breakpoints.
a, Defining DNA replication orientations based on replication-timing profile of Bg02es cell

line. b, Replication timing profiles and replication orientations in four other cell lines (Bj,
HepG2, HelaS3 and MCF7). ¢, Breakpoint biases in six CGR signatures stratified by gene
expression level from normal tissues. d, CGR breakpoint biases after excluding breakpoints
within 1 Mb of CGR hotspots. e, CGR breakpoint biases computed using conserved left- and
right-replicated regions identified from six cell lines. In ¢, d and e, p values are calculated

by comparing observed breakpoints and randomly shuffled breakpoints in head-on and
co-directional collision regions using two-sided Chi-square tests. Bonferroni corrections are

performed. Dashed lines represent the 0.05 p value cutoff.
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Genomic regions satisfying interleaved SVs, goodness-of-fit, fragment joins test,
chromosomal enrichment test, and exponential distribution of breakpoints test using the
ShatterSeek package are defined as CGR seed regions. Linked regions are defined as
regions connected to seed regions by at least two translocations. All seed and linked regions
combined are defined as one CGR event.
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Figure 1. Six CGR signatures detected in the PCAWG cohort.

a, An overview of Starfish workflow. CGR regions are identified in PCAWG samples.
Twelve features are selected to comprehensively describe the patterns of CGR events.
Highly correlated features and features with low variability are removed. The remaining
five features are used to perform unsupervised clustering. Once major clusters, referred to
as CGR signatures, are detected from the PCAWG cohort, a CGR signature classifier is
trained to assign additional CGRs to one of the six PCAWG signatures. The left most panel
shows DNA copy number profiles (colored horizontal bars) and somatic SVs (dashed arcs)
in CGR regions. Letters “a” to “g”, “n”, “t”, “s” and “L” in this panel denote the lengths

of DNA segments. b, Six major clusters (CGR signatures) are detected from 2,014 CGRs in
PCAWG cohort based on five features. The scores of five features are shown at the bottom.
The numbers of CGRs in each signature are shown below the cluster 1Ds. ¢, Examples of
CGRs from six signatures. In each example, chromosomes involved in CGRs are displayed
side-by-side as grey bars at the bottom. The red dots in grey bars represent centromeres. The
colored arcs on the top are five types of somatic SVs (deletions, duplications, head-to-head
inversions, tail-to-tail inversions and translocations). CGR regions are marked by thick red
lines below the SV arcs. Copy number profiles are shown below the CGR regions and above
the chromosome bars. Tumor types and sample uuids are provided below the chromosome
bars.
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Figure 2. Benchmarking CGR signatures.
a, Benchmarking CGR signatures predicted by Starfish classifier using experimentally

induced events. Each set of colored stacking bar represents CGRs detected from WGS data
of one study. Different colors denote Starfish-predicted CGR signatures. b, Differences in
magnitude of six CGR signatures. The colors of the violin plots denote CGR signatures.
Horizontal lines in the violin plots are median values. P values are calculated by Kruskal-
Wallis tests and shown with red texts if significant at the 0.05 level.
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Figure 3. Distribution of CGRs.

a, CGR occurrences in tumor types with at least 20 samples. Tumors are painted by
CGR signatures. If one tumor carries more than one CGR signatures, it is painted by
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more than one colors horizontally. The height of each tumor may be different in different
tumor types since all tumor types are scaled to the same height. Numbers in parenthesis
denote sample sizes of the corresponding tumor types. b, GATAG6 frequently amplified by
CGRs in pancreatic cancers. Boxplot shows median value (thick black lines), upper and
lower quartiles (boxes), 1.5x interquartile ranges (whiskers) and outliers (black dots) of
log2( GATAG6 copy numbers). Pvalue is calculated by two-sided Wilcoxon rank sum test.

¢, Examples of GATA6 amplified by CGRs of different signatures in pancreatic cancers.
Locations of GATAG in three CGR regions are noted by green arrows. d-g, TMPRSS2-ERG
fusions generated by CGRs in prostate cancer. d and f, SV and CNV profiles of two CGRs
in prostate cancers. The lower panels show zoomed-in regions of 7TMPRSS2and ERG on
chromosome 21. Fusion-producing SVs are bolded. e and g, Reconstructions of fusions. Red
and blue bars on the reference genome represent £ERG and TMPRSSZ genes. Purple lines in

g represent two translocations between chromosomes 3 and 21.
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calculated by two-sided Fisher’s exact tests and permutation tests. b, Examples of kataegis

co-occurring with CGRs. Inter-mutational distances are shown below the SV and copy

number profiles of CGRs. SNVs are colored by mutation types. Small distances indicate
clustered SNVs. ¢, Percentages of CGRs with co-occurring kataegis. d, Frequencies of

Signature 1 CGRs with and without co-occurring kataegis in different tumor types. e,

Phasing kataegis SNVs and CGR SVs. Percentages of read pairs supporting reference alleles
and alternative alleles for read pairs spanning closely located SNVs and SVs are shown in 20
randomly selected CGRs from each signature. There are only 15 phasable Signature 3 CGRs
(at least one SNV/SV pair located within 1kb of each other) of which the raw sequencing
data are available. f, Distributions of distances of kataegis SNVs to their nearest CGR SV
breakpoints. g, Associations of CGR signatures with WGD. Each colored bar shows tumors
carrying only one CGR signatures. Black and dark grey bars are tumors with multiple CGR
signatures. The fractions of tumors with and without WGD are compared to samples without

any CGRs (light grey bars on the right). P values are calculated by two-sided Fisher’s
exact tests with Bonferroni correction and are shown on top of the bar plots. h, WGD

frequencies in 379 tumors with multiple CGR signatures. The percentages on the right show
the fractions of tumors to be WGD positive when carrying the corresponding CGRs. Tumors
carrying either Signatures 1 or 5 are more likely to be WGD positive.
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Figure 5. Biases of CGR breakpoints.
a, Associations of CGR breakpoints with various genomic properties. Median shift

represents the difference between the observed and randomly shifted breakpoints in quantile
distribution of the genomic property values. The direction of bias is noted in the parenthesis
of each genomic property. For example, Signature 1 has negative median shift value for
telomere which means Signature 1 breakpoints are far away from telomere. b, Scheme of
transcription-replication collision. Head-on collision regions are defined as transcription and
DNA replication orientations to be the opposite and co-directional collision regions are
defined as transcription and DNA replication in the same orientation. c, Biases of CGR
breakpoints in head-on collision regions. Bonferroni-corrected p values are calculated by
comparing CGR breakpoints and randomly shuffled breakpoints in head-on/co-directional
collision regions using two-sided Chi-square tests. d, Biases of CGR breakpoints in head-on
collision regions controlled for gene expression level. Pvalues are calculated by two-sided
Chi-square test with Bonferroni correction. Dashed lines in ¢ and d denote 0.05 corrected p
value cutoff. e, Model of DNA polymerase switching template after transcription-replication
collision. When DNA replication complex collides with transcription complex, replication
fork collapses. DNA polymerase then switches template and continues replication. This
process may be involved in ecDNA formation.

Nat Cancer. Author manuscript; available in PMC 2024 May 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bao et al.

Page 31

a DEL — DUP — h2hiNV — 20NV — TRA b d
& — »
o p=1.3e-28
g2 normal %
5 L N 7 Y
. hourglass region | se— v 2 major haplotype
i s i haplotype
E?é;- : - wnor EH G EHEG B BHEEEE  ° i mino haplotyp
S E 2 ™, | " i il 3
24 [l retained fragments | lost fragments. £2
- 5
chrg = 10
c o T
o phased blocks
fe
£E%
3 Y | A
3 ,/N.J } A | A
[ | A N\l bR A

hourglass regions s— — '

W ' P e

e W | | 1 e |

—— - — 0 — — i — - — B ]
T — wowm e— T m— R ' na 0

Copy
number

chri chr2 chrs chr? chri5

Figure 6. Reconstruction of hourglass chromothripsis using linked-read sequencing data.
a, An hourglass chromothripsis on chromosome 8 in a prostate cancer with SPOP mutation.

b, Reconstruction of hourglass chromothripsis in a in the tumor genome. Genomic segments
are re-scaled for the chromothripsis region. The normal chromosome and SVs are shown

on the top and the reconstructed tumor chromosome is shown at the bottom. Segments with
flipped texts in tumor chromosome represent inverted DNA fragments. ¢, Another hourglass
chromothripsis in the same tumor involving five chromosomes. d, Phasing somatic SVs in ¢
using barcoded reads. Seven phased blocks with more than one somatic SVs are shown as
vertical bars. Two-sided binomial test is performed in each of the seven phased blocks to test
the enrichment of SVs in the major haplotype, and the p values are combined by Fisher’s
method.
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Figure 7. Hourglass chromothripsisin prostate cancer.

a, CGRs and genetic alterations in a combined cohort of 516 prostate cancers. Each
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track shows corresponding information for 516 tumors. Red texts depict CGR signatures
significantly associated with SPOP somatic mutations. b, Recurrently deleted regions shown
as blue peaks in four types of copy-loss-associated rearrangements in prostate cancer. Y axis

shows q values.
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