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ERa-associated translocations underlie
oncogene amplificationsinbreast cancer
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Focal copy-number amplification is an oncogenic event. Although recent studies have
revealed the complex structure'and the evolutionary trajectories* of oncogene

amplicons, their origin remains poorly understood. Here we show that focal
amplifications in breast cancer frequently derive from a mechanism—which we term
translocation-bridge amplification—involving inter-chromosomal translocations
thatlead to dicentric chromosome bridge formation and breakage. In 780 breast
cancer genomes, we observe that focal amplifications are frequently connected to
each other by inter-chromosomal translocations at their boundaries. Subsequent
analysisindicates the following model: the oncogene neighbourhood is translocated
in Gl creating adicentric chromosome, the dicentric chromosome is replicated, and
as dicentric sister chromosomes segregate during mitosis, achromosome bridge is
formed and then broken, with fragments often being circularized in extrachromosomal
DNAs. This model explains the amplifications of key oncogenes, including ERBB2 and
CCND1.Recurrent amplification boundaries and rearrangement hotspots correlate
with oestrogen receptor binding in breast cancer cells. Experimentally, oestrogen
treatmentinduces DNA double-strand breaks in the oestrogen receptor target
regions that are repaired by translocations, suggesting arole of oestrogenin
generating the initial translocations. A pan-cancer analysis reveals tissue-specific
biases in mechanisms initiating focal amplifications, with the breakage-fusion-
bridge cycle prevalent in some and the translocation-bridge amplificationin others,
probably owing to the different timing of DNA break repair. Our results identify a
common mode of oncogene amplification and propose oestrogen as its mechanistic
originin breast cancer.

Copy-number amplificationis acommon mode of oncogene activation
incancer'. In contrast to large-scale copy-number gains such as chromo-
some arm-scale aneuploidies, oncogene amplifications are frequently
focal with high amplitude®®, suggesting distinct causal mechanisms.
Previous work has established that cancer cells can take different evo-
lutionary paths to acquire high-level copy-number amplification. In
some cases, the oncogenes are linearly amplified after a single DNA
double-strand break (DSB) through the breakage-fusion-bridge (BFB)
cycle’—iterative cycles of chromosome breakage, DNA replication, sis-
ter chromatid fusion and dicentric chromosome bridge formation that
resultsinanother breakage. More recently, it was shown that high-level
amplifications canalso originate from chromothripsis, the phenomenon
of massive chromosomal fragmentation and rearrangement, through

the formation of extrachromosomal circular DNAs>" (ecDNAs).
Chromothripsis and BFB cycles are often intertwined because chro-
mothripsis can generate DNA breaks that initiate BFBs and the BFB
cycle can precipitate chromothripsis****. Despite these advances,
theinitial mutational events leading to focal oncogene amplifications
remain poorly understood.

Breast cancer is one of the cancer typesin which the focal amplifica-
tion of oncogenes has a crucial role in oncogenesis™. In many breast
cancers, bona fide oncogenes such as HER2 (also known as ERBB2)
and cyclin D1(CCNDI) undergo focal amplification, defining clinically
relevant subgroups™*. These focal amplifications typically occur
early in breast oncogenesis, probably contributing to the transition
from atypical ductal hyperplasia to ductal carcinoma in situ’®". Late
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Fig.1|Inter-chromosomal translocations frequently precede focal
amplificationsinbreast cancer.a, Copy-number profile and structural
variations (SVs) in 780 breast cancers. The fraction of tumours containing
amplified genomic regions with different copy-number thresholds (top) and
frequencies of SVs connecting two genomic regions (bottom) are shown. CN,
copy number b, Circos plots show the copy number and the SVsin three cases of
breast cancer, which are positive for oestrogenreceptor (ER) and progesterone

emergence of focal amplifications during treatment has also been
reported’®, suggesting their relationship to the on-going mutational
processes in cancer cells. Despite the importance of focal amplifica-
tionsinbreast cancer, how the cell of origin acquires the amplicons and
whether this process is associated with risk factors for breast cancer
have remained unclear.

Here we identify amechanisminitiating focal amplification in breast
cancer by analysing whole-genome sequencing (WGS), RNA sequencing
and epigenomic data. Throughbioinformatic analysis and experimen-
tal validation, we show that oestrogen-induced DNA breaks and their
repair by inter-chromosomal translocationsinitiate a cascade of events
leading to focal oncogene amplification.

Translocations prior to focal amplifications

We analysed 780 breast cancer whole genomes (Supplementary Table1)
collected from 5 published studies"*>"2, This merged cohort repre-
sents a heterogeneous group of breast cancers in terms of age, histol-
ogy and clinical subgroups (Extended Data Fig. 1a-c). All sequencing
datasets were uniformly processed in a validated bioinformatic pipe-
line??, with the variant calls showing excellent concordance with the
consensus calls by the Pan-Cancer Analysis of Whole Genomes (PCAWG)
consortium (Supplementary Fig. 1).

We first estimated the frequency of high-level amplifications and
low-level copy gains across the genomein the cohort (Fig.1a, top). The
regions showing modest copy gains (2x to 3x ploidy) corresponded
to the common arm-scale gains in breast cancer—for example, +8q
and +1q. By contrast, the regions amplified to a higher degree (more
than4x)were focal and frequently encompassed oncogenes or master
transcription regulators, including ERBB2, CCND1, ZNF703, MYC and
ZNF217.Some of the focal amplicons included genes whose roles in
breast cancer have not been clearly established. Integrative analyses
of RNAsequencing and CRISPR screen datasets® pointed to additional
putative oncogenes in these regions (Supplementary Figs. 2 and 3).

The focal amplifications were also rearrangement hotspots that
were frequently connected to each other by inter-chromosomal
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receptor (PR) expressionand overexpress HER2. ¢, Therelationship between
the amplified segments and the translocationsinarepresentative breast
cancer case harbouring the amplicons in chromosomes (chr.) 6 and11. The
number of supporting read fragments for the rearrangementis shownonthe
right y-axis.Brownlinesand arcsindicate the SVsattheborders between the
amplified and unamplified segments. Intra-chromosomal SVs are coloured on
thebasis of the orientation of their breakpoints.

translocations (Fig. 1a, bottom; hereafter, we use ‘translocation’ only
to refer to inter-chromosomal rearrangement). For example, trans-
locations between 11q and 17q were observed in 16 out of 25 breast
cancers that have co-amplifications of CCNDI1 and ERBB2, with some
cases showing a remarkably similar pattern of copy number and
rearrangements (Fig. 1b). There are two potential explanations for
translocations connecting the amplicons. First, they could represent
rearrangements that occur as a consequence of the amplification
process, such as translocations from aborted BFB cycles or integra-
tion of ecDNAs to the chromosomes*. Second, these translocations
could be causative events that give rise to the amplicons®. Notably,
we found that some of these amplicon-connecting translocations
were at the exact boundaries of the amplicons, demarcating the ampli-
cons from the unamplified neighbourhood. As evidenced by a large
number of supporting reads, these ‘boundary translocations’ were
amplified as part of the amplicons (Fig. 1c), indicating that the trans-
locations were formed before amplification®, strongly favouring the
second scenario.

By integrating copy number and structural variants (SVs), weidenti-
fied 5,502 discrete amplified regions that are flanked by unamplified
segments in the 780 genomes (506 had at least one focally amplified
region) (Supplementary Table 2). We identified SVs demarcating
the boundaries of amplicons in 80% of the cases (8,779 out of 11,004
boundaries), with 25% being translocations. Other boundary SVs were
large-scale intra-chromosomal SVs (typically around 10 Mb in size)
(Extended Data Fig. 1d). The boundary SVs were supported by larger
numbers of reads compared with the other SVs, indicating that they pre-
ceded theamplifications (Extended DataFig.1e). The breakpoints of the
boundary SVs showed less microhomology and were more frequently
in the early-replicating segments and genic regions (Extended Data
Fig. 1f-h). This suggests that the fragility of early-replicating regions
and their rearrangements by non-homologous end-joining? have an
important role ininitiating the focal amplification.

Thedistribution of the boundary SVs showed the rearrangements of
specificoncogene neighbourhoods before amplification (Fig. 2a). Of
note, many cases had their early translocations between two regions
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Fig.2|Translocationslead to the amplification of breast cancer oncogenes
viachromosomebridge formation. a, SVs connecting the ampliconboundaries
in479 breast cancer cases with focalamplifications are overlaidin the centre
(orange and purplearcsindicateintra-andinter-chromosomal SVs, respectively).
Theoutermost track shows average copy numbers. b, Clinicopathologicand
genomic features of 780 breast cancer cases and their associations with TB
amplifications (Amp). Further detailsin Extended DataFig. 2d. ¢, Arepresentative
case harbouring focal amplifications in CCND1and ERBB2. The boundary SVs
border the amplified and unamplified segments. Wereconstructed theinitial

thatboth contained oncogenes. For example, chromosomes17q (which
contains FRBB2and 17q23),11q (CCND1, RSF1and PAKI), 8p (ZNF703and
FGFRI),8q (MYC) and 20q (ZNF217) were frequently involved in such
translocations. These cases often displayed co-amplification of the
oncogenes from different chromosomes. In addition to the reported
translocations causing 11q—8p co-amplicons?, our analysis identified
many other pairs, confirming that translocation before amplification of
oncogenesis pervasive in breast cancer. We found that 31% of all breast
cancer cases (244 out of 780) and 48% of those with focal amplifica-
tion (244 out of 506) had their amplicons formed after translocations
(Fig.2b). These tumours were frequently associated with clinical HER2
positivity and HER2-enriched or luminal B expression phenotypes.
Notably, these breast cancers rarely showed the genomic footprints of

LOH in both 11g and 17q

rearrangementeventon the basis of theboundary SVsorthe SVsat the border of
the segmentsshowing LOH. Further detailsin Extended DataFig.3.d, Another
casewith focal co-amplifications after complex translocations. e, Aschematic
illustration of the classical BFB cycle (chromatid type). f, The TB amplification
model. LOH s frequently observedinbotharmsinvolved in the TB amplification
(c,d). Thisdual-LOH patternindicates that the initial translocation happened in
the Gl phase (further details in Extended Data Fig. 5¢). During mitosis, the
replicated, two ‘flipped’sister dicentric chromosomes form the chromosome
bridge.

defective homologous recombination (HR). Among the HR-proficient
tumours, the pattern of amplifications and their boundary transloca-
tionswere similar between the ER*and ER” subgroups (Extended Data
Fig. 2a-c). Furthermore, PTEN deletions were significantly depleted
in the tumours with the amplifications subsequent to translocations
(oddsratio, 0.15; 95% confidence interval, 0.0017-0.15; Extended Data
Fig.2d).

The translocation-bridge amplification model

To understand the cellular consequences of the early translocations,
we reconstructed the complex rearrangements for relatively simple
cases. TCGA-A8-A08Sisatriple-positive (for ER, PRand HER2) invasive
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ductal carcinoma from a 71-year-old woman (Fig. 2c, top), and its
genome showed multiple focally amplified segments in11q and 17q,
encompassing CCNDI and ERBB2, respectively. We found a massively
amplified boundary translocation connecting the telomeric border
of CCNDI amplicon and the centromeric border of the 17q amplicon
along with another amplified translocation connecting the other two
borders, reflecting an ecDNA structure containing both oncogenes
(Extended DataFig.3). By integrating the SVs at the major copy-number
junctions, we were able to reconstruct the original derivative chromo-
some with two centromeres. This dicentric chromosome was formed
by complex translocations between 11q and 17q, juxtaposing the two
telomeric neighbourhoods of ERBB2 and CCND1 (Fig. 2¢, bottom).
The dicentric chromosome then led to a chromosome bridge forma-
tion during mitosis, the segment between the centromeres was frag-
mented', and the DNA fragments containing the oncogenes formed
ecDNAs. Known fragility and recombination of ecDNAs explain the
dense, unamplified internal rearrangements". The segments show-
ing loss of heterozygosity (LOH) distal to the amplicons were acen-
tric and probably lost owing to missegregation during mitosis®.
Another case with asimilar patterninvolving1llqand 17qisillustrated
inSupplementary Fig. 5.

PD18188is also a triple-positive, invasive ductal carcinoma from a
75-year-old woman (Fig. 2d, top) with focal co-amplifications involv-
ing ERBB2, ZNF703 and FGFRI1. We found several highly amplified SVs,
including the boundary translocation connecting the telomeric bor-
ders of the 17q and the 8p amplicons. A sharp copy-number transi-
tion with numerous unamplified internal rearrangements indicated
an ecDNA formation. In this case, the initial rearrangement event is
a set of chain-like translocations involving four chromosomes, remi-
niscent of chromoplexy*®? (Fig. 2d, bottom). The original chain was
initially resolved into a dicentric and a monocentric chromosome.
Subsequently, the dicentric formed a chromosome bridge, whose
breakage andresolutionled tothe ecDNA amplification. The four large
telomere-bound regions were lost, causing LOH.

Incontrast to the classic chromatid-type BFB model (Fig. 2e), itis the
inter-chromosomal translocation that directly creates the dicentric
chromosomeinthe examples described above. We refer to this mecha-
nism as ‘translocation-bridge’ (TB) amplification (Fig. 2f). Tumours
with TB amplification typically show co-amplifications and adjacent
LOH segments (often subtelomeric) on the affected chromosome arms
(werefertothesearmsas ‘bridge arms’; Extended DataFig. 4a), whereas
the arms on the opposite side of the centromere (‘non-bridge arms’)
aregenerally spared from rearrangements (Extended Data Fig. 4b-d).
This asymmetric footprint strongly favours the TB amplification model
rather than an alternative explanation by multi-chromosomal chro-
mothripsis, which is more likely to cause symmetric and widespread
complex rearrangements affecting both arms of the chromosomes’
(Extended DataFig. 4e, f). The breakage of translocation-induced chro-
mosome bridge couldinitiate BFB cycles (similar to chromosome-type
BFB described in corn zygotes®) if the breakpoint is repaired by
fold-backinversionwith the replicated sister chromatid. However, this
patternis less frequentin breast cancer genomes. Instead, the locally
fragmented bridge segments are often ligated together and undergo
ecDNA formation in TB amplification, leading to co-amplifications of
different chromosomes.

The pattern of LOH segments provides critical information about
the timing of initial translocations in the cell cycle as well as the mecha-
nism of dicentric resolution in TB amplification. In many cases, both
bridge arms exhibited telomeric LOHs (Figs. 1cand 2c,d and Extended
Data Fig. 5a). These LOHs are typically large (affecting around 50% of
the bridge arm on average) (Extended Data Fig. 4d) and contiguous,
consistent with simultaneous generation of a dicentric chromosome
and acentric fragments. To generate daughter cells with the observed
‘dual-LOH’ pattern and retention of heterozygosity in both non-bridge
arms, it requires replicated dicentricsisters (Fig. 2f). The patternis not
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consistent with the expected copy-number outcome from the chromo-
some bridge formation by a single dicentric chromosome (Extended
DataFig.5b).Inour TBamplificationmodel, the tworeplicated dicentric
sistersaligninananti-parallel orientation on the bridge, as previously
proposed in cases of acute lymphoblastic leukaemia® and an in vitro
model of bridge formation™. If two kinetochores of a dicentric attach
to the microtubules emanating from opposing poles of the mitotic
spindle (in trans), the two dicentric sisters will be pulled away to the
two daughter cells in an anti-parallel orientation within the bridge
(alternative scenarios are further discussed in Extended Data Fig. 5¢c).
Through bridge breakage between the centromeres of sister dicentrics,
each ofthe two daughter cells willinherit two broken hemi-dicentrics
(one with intact 11p and the other with intact 17p in Fig. 2f), retaining
heterozygosity of these segments and causing the dual-LOH pattern
inthe bridge arms. We also frequently observed large segmental gains
orlosses affecting the bridge arms (for example, Extended Data Figs. 3
and 5a). This canbe explained by asymmetry of the breakpoints of the
twosister dicentrics. Notably, the initial translocation has to happen
before DNAreplication—thatis,in Gl phase—inthe TB model (Extended
DataFig. 5d). This differs from the chromatid-type BFB modelin which
fusion between the sister chromatids occurs after DNA replication
(Fig. 2e).

Stabilization of broken hemi-dicentrics will be essential for the sur-
vival of daughter cells. We found cases where non-bridge arms were
coordinately gained to similar copy-number levels (Extended Data
Fig. 5e). In these cases, the two hemi-dicentrics may have been sta-
bilized by mutual ligation and subsequent amplification. Although
such ligation would produce another dicentric chromosome, some
cases showed focal copy-number lossesin the peri-centromeric region
(Fig.2cand Extended Data Fig. 5f), which could generate monocentric
chromosomes from the original dicentrics®.

Together, the strong consistency between the TB model and the
various features of the data presents compelling evidence that the
oncogene amplifications in breast cancer frequently originate from
TB amplification.

ERa«-associated breaks and translocations

To understand the origin of the initial breakage events that led to
TB amplification, we explored molecular correlates of the recur-
rent focal amplification boundaries using epigenomic features in
breast cancer cell lines® (Supplementary Table 3 and Extended Data
Fig. 6a-c). In amultivariate LASSO regression model, we found that
chromatin binding of oestrogen receptor-a (ERa) after oestradiol
(E2) treatment (E2-ERa) was the best predictor for the location of the
amplification boundary hotspots, followed by CTCF, topoisomer-
ase 2B and DNase I hypersensitivity regions (Fig. 3a). Our modelling
based on mixed-effect linear regression also showed a similar result
(Extended Data Fig. 6d,e). E2-ERa was of particular interest because
previous studies have shown that E2-induced ERa binding promotes
DNA DSBs at adjacent loci***. Notably, the telomeric neighbourhood
of ERBB2 (around RARA), where the amplification boundaries were
frequently located, exhibited a E2-ERa binding peak that is an order
of magnitude stronger than the other peaks in the genome (Fig. 3b).
The presence of amplification boundaries associated with E2-ERa
was dependent on the ER status of the tumours, with a strong corre-
lation in the ER* subgroup but not in the ER™ subgroup (Fig. 3a) that
included many tumours with HR deficiency (126 of 271 ER” tumours;
46%).Inaddition, genomic regions that frequently overlap the ampli-
fication boundaries showed more intense E2-ERa binding and were
more proximal to prominent E2-ERa peaks (Extended Data Fig. 6f,g).
We assessed whether this correlation is specific to the amplification
boundaries orif E2-ERa is generally associated with SVs genome-wide.
Supporting the latter, SV breakpoints, including those in unamplified
regions, were generally concentrated around E2-ERa peaks (Fig.3cand
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breast cancer. a, Association between the amplificationboundaries and the
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valuesinthe E2-treated experiment.c, The degree of overlap between the
unamplified SV hotspots and E2-ERa binding. Statistical significance was
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Extended DataFig. 6h,i). This pattern was present in the HR-proficient
group but not in the HR-deficient group (Extended Data Fig. 6j).
This raises an interesting possibility of E2-induced, ERa-associated
fragility in the breast cancer genomes and its role in triggering
TB amplification.

To experimentally determine whether the E2 treatment could
induce DNA breaks in the ERa binding regions and whether the breaks
could be repaired by translocations, we performed high-throughput
genome-wide translocation sequencing® (HTGTS), a method for
genome-wide profiling of DNA DSBs that are translocated to aninduced
CRISPR-Cas9break.Intwo ER" breast cancer cell lines (MCF7 and T47D),
we generated a DSB in intron 10 of SHANK2 or intron 1 of RARA in sep-
arate experiments (Fig. 3d and Extended Data Fig. 7a). We selected
these loci because their neighbourhoods frequently contained the
telomeric boundaries of CCNDI and ERBB2 amplicons, respectively,
and encompassed prominent E2-ERa peaks. Cells were incubated in
oestrogen-depleted mediaand were treated with E2 or vehicle control
for three days before being harvested for HTGTS library preparation.
Robust upregulation of the oestrogen-responsive genes by E2 was
confirmed by quantitative PCR with reverse transcription (RT-qPCR)
(Extended Data Fig. 7b).

We observed an increased number of HTGTS breakpoints after E2
treatment in all experiments (Extended Data Fig. 7c), consistent with
the known effect of E2 causing DNA DSBs***. As expected, the HTGTS
breakpoints were enriched in genicregions compared with intergenic
regions in both control and E2-treated experiments® (odds ratios,
2.37 and 2.41; 95% confidence intervals, 2.34-2.40 and 2.38-2.44,

correlation; two-sided test, P=2.7 x107).d, Schematicillustration of

the experiments. FBS, fetal bovine serum. e, Hotspots of E2-induced
translocations (n=1,012 hotspots, more than fourfold increase following E2
treatment) between theinduced breaks (the green arcs for those in SHANK2
intron10 and the purple arcs for thoseinRARA intron1) and the prey regionsin
the MCF7 cells. f, Multivariate LASSO regression model for the HTGTS
translocation breakpoints. Raw Pvalues from two-sided tests. g, The gene sets
enrichedinthe E2-induced HTGTS breakpoint hotspots. g values provide the
estimated false discovery rate (FDR).

respectively; Extended Data Fig. 7d). To understand the mechanisms
of E2-induced translocations, we modelled the ratio of the HTGTS
breakpoints between the E2-treated and the control experiments
across the genome (Fig. 3e and Extended Data Fig. 7e) in terms of the
epigenomic features using LASSO regression. E2-ERa was indeed the
best predictorin this model (Fig. 3f), confirming that the E2 treatment
conferred fragility near the E2-ERa peaks. The second-best correlate
was topoisomerase 2B binding, suggesting the mechanistic role of
topoisomerase 2Binthe E2-induced, ERa-associated fragility, asshown
ina previous study**. Next, we characterized the genes frequently tar-
geted by the E2-induced HTGTS breakpoints. Gene set enrichment
analysis (GSEA) showed that the early and late oestrogen-responsive
genes were the two most enriched gene sets® (Fig. 3g and Supplemen-
tary Table 4). For example, we found that the E2 treatment substan-
tially increased DSBs near RARA (one of the E2 target genes) and they
were frequently repaired by translocations with the CRISPR-Cas9
break in SHANK2 (Extended Data Fig. 8a), consistent with our model
that this translocation initiates TB amplification involving CCND1
and ERBB2. We also observed increased RARA-SHANK2 transloca-
tions when we induced the break in RARA (Extended Data Fig. 8b).
Some recurrent SVs in unamplified regions—for example, rearrange-
ments involving GATA3 or FOXAI—also overlapped with the HTGTS
hotspots near the E2-ERa peaks, suggesting a similar mechanism
(Extended DataFig. 8c,d).

Together, the SV hotspotsin breast cancer, notably the amplification
boundaries, are associated with E2-ERa, which causes DSBs. Repairing
these breaks by translocations caninitiate TB amplification.
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Fig.4|Timing and transcriptional effect of TB amplification. a, Top,acase
with TB amplification showing both non-bridge arms amplified to the same
copy-number level. Middle, SNVs were plotted based on their location and copy
number. Their colour codesindicate the classification based on timing.
Bottom, schematic of the evolution after the bridge breakage in this case.

b, Timing of frequent copy-number gains in 780 breast cancers, based on the
estimated tumour mutation burden (per diploid genome) at the timing of
copy-number gains. Two-sided Wilcoxon test. Raw Pvalues from top tobottom:
8.2x107%,4.9x10™,0.0026,0.78,6.6 x107%,0.052,1.3x10™,6.5x10°%,
0.00070,1.1x107%,1.1x107%,0.050, 0.15,0.053 and 0.0043. The comparisons

Timing and effect of TB amplification

Next, we inferred the timing of TB amplification during breast can-
cer evolution by estimating the burden of mutations preceding the
amplifications®?%, Because of the small size of the amplicons and the
paucity of pre-amplification mutations, direct timing of TB amplifica-
tion is challenging. We therefore used an indirect approach of esti-
mating the timing of bridge breakage from the cases with global copy
gaininthe non-bridge arms (Fig. 4a and Extended DataFig. 9a). These
non-bridge arms were probably amplified after bridge breakage when
the hemi-dicentrics were separated from the originalamplicon (Fig. 2f).
Therefore, the timing of non-bridge arm gains enables us to infer the
latest possible time of bridge breakage. Analysing 28% (69 out of 244) of
cases with TB amplification and gain of non-bridge arms, we found that
the gains occurred when the ancestral cell had accumulated a median
single-nucleotide variant (SNV) burden of 0.52 per Mb. If we assume a
gradualaccumulation of clonal mutations at arate of 29 SNVs per year,
which we inferred from a select set of tumours without hypermuta-
tion or whole-genome duplication (WGD) (Extended Data Fig. 9b),
the median timing of non-bridge arm gainin the 69 cases corresponds
to 51years, which is slightly less than the median age of menopause®
(approximately 52.5 years). This suggests that a majority of bridge
breakage happened inreproductive ages, inline with our experimental
evidence of E2-induced DNA DSBs.

We also compared the timing of non-bridge arm gains to the timing
of common arm-level copy-number events (Fig. 4b). We found that +1q
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with FDR <0.1are annotated as black horizontal lines. White lines indicate
non-significant comparisons. CNA, copy number alteration. c, A case with two
rounds of TBamplification. The A (involving chromosomes 17, 8,and 4) and

B (12,20, and others) rounds of TB amplifications form two discrete clusters of
complex genomic rearrangements without exchanging translocations to each
other.d, Theactivity of ERa-medicated transcriptome from RNA sequencing.
Box plotsindicate median (middleline), first and third quartiles (edges) and
1.5x theinterquartile range (whiskers). Statistical significance was assessed by
linear regression. e, Aschematicillustration of the consequence of
ERa-associated fragility.

and -16q (from the cases with paired +16p, likely creating anisochro-
mosome 16p) were the earliest common events*°, occurring after a
median of 0.34 and 0.40 per Mb, respectively, and predating the other
three common aneuploidies, +8q (0.59 per Mb), WGD (0.70 per Mb)
and +20q (0.80 per Mb). We thus infer that, on average, TB amplifica-
tiontook placelater than +1q, but earlier than WGD and +20q (Fig. 4b).

TB amplification events were variable in their complexity, ranging
fromthe simplest two-chromosome cases to those involving multiple
chromosomes. Some showed evidence of multiple rounds of TB amplifi-
cations. For example, atriple-positive tumour (TCGA-AR-AOTX) showed
two separate bundles of translocations, one between 8p and 17q, and
another between 12q and 20q (Fig. 4c). The absence of intermingled
translocations between these two sets of chromosomesindicates that
their fragmentation likely occurred at different time points (Extended
DataFig. 9¢). By contrast, cases with such intermingling transloca-
tions suggested all-at-once process involving multiple chromosomes
(Extended Data Fig. 9d).

Extensive TB amplification had substantial effects on the
transcriptome. Notably, the ER* breast cancer cases with more
extensive TB amplification events were associated with reduced
ERa-transcriptome activity, as measured by our score based on the
list of oestrogen-responsive genes™ (Fig. 4d). Although the expression
of ERa was unaffected, several oestrogen-responsive genes showed
significantly decreased expression in the tumours with extensive TB
amplifications (Extended DataFig. 9e). Notably, one of the few upregu-
lated genesin the tumours with extensive TB amplifications was ASCL1,
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the transcriptional regulator of neuroendocrine lineage, suggesting
an altered differentiation state. Overall, these data suggest that TB
amplification disrupts the neighbourhood of oestrogen-responsive
genes, leadingto degradation of the ERa-driven transcriptional activ-
ity (Fig. 4e).

Different mechanisms across cancer types

Finally, we investigated the mechanisms of focal amplification
in other tumour types. We re-analysed more than 2,600 samples
across 38 tumour types from PCAWG?, focusing on SVs located at
amplicon boundaries (Supplementary Table 5). The expanded set
of oncogenes in this cohort were amplified in more diverse patterns
thanin the breast-only cohort (Extended Data Fig. 10a,b). We classi-
fied the boundary SVs into four categories based on how the initial
DNA break was repaired (Fig. 5a): (1) fold-back inversions, which can
result from BFBs; (2) TB amplifications; (3) focal amplicons gener-
ated by simple self-ligation of an unrearranged DNA segment with
one intra-chromosomal SV connecting the head (=) and tail (+) of the
segment, formingan ecDNA; and (4) intra-chromosomal SVs that were
notincludedinthe other categories, mostly complex rearrangements
generated by chromothripsis.

Hierarchical clustering of all tumour types on the basis of the cat-
egories of boundary SVsidentified four major groups (Fig. 5b). Group 1
was enriched for fold-backinversionsandincluded head and neck, lung
squamous cell carcinomas and pancreatic adenocarcinomas. Group 3
often contained simple ecDNA amplicons in high copy numbers and
included glioblastoma and medulloblastoma. Group 4 was enriched
forinter-chromosomal translocations indicative of TB amplifications
andincluded liposarcomas, melanomas, and adenocarcinomas of the
lung and breast. Group 2 showed mixed features of Groups 1and 4.

The distribution of these classes of events suggested a tissue
type-specific, rather than locus-specific, bias for the underlying
rearrangement process. For example, CCNDI amplifications in head
and neck squamous cell carcinomas appear to be driven primarily by
BFB-mediated amplification (Extended DataFig.10b) rather thanby TB
amplifications as observed in breast cancer. EGFR amplifications (7p)
inglioblastoma were frequently generated from head-to-tail SVs that

) No SV support P DM
‘) Intra-chromosomal complex ‘ Tandem duplication
Inter-chromosomal FBI
clustering using the boundary SVsin all chromosomes. AC, adenocarcinoma;
BNHL, B cell non-Hodgkin lymphoma; CNS, central nervous system; DM,
double minutes; FBI, fold-back inversion; GBM, glioblastoma; HCC,
hepatocellular carcinoma; medullo, medulloblastoma; RCC, renal cell
carcinoma; SCC, squamous cell carcinoma; TCC, transitional cell cancer.

formed ecDNAs** (Extended Data Fig.10c), in contrast to the common
BFB-type amplification of EGFR in oesophageal adenocarcinomas.

Some Group 4 tumour types, especially liposarcomas and acral mela-
nomas, showed highly complex patterns of translocations involving
multiple chromosomes*. These tumours probably share the mecha-
nistic basis of TB amplification, given that many translocations are
highly amplified at their amplicon boundaries. We found a marginal
trend towards more frequent TB amplification among female patients
compared to male patients (odds ratio, 1.14; 95% confidence inter-
val, 1.01-1.29; Extended Data Fig. 10d) in a merged analysis excluding
cancers of female- or male-specific organs. TB amplification was not
associated with ESRI expression, age or survival inmost cancer types,
although this analysis had limited power due to the small number of
patients (Extended Data Fig.10e-g).

Collectively, this analysis determined that TB amplification is fre-
quent in multiple tumour types, and there are tissue type-specific
patterns of SVs at the initial steps of focal oncogene amplifications.

Discussion

Exposureto oestrogen—affected by the timing and duration of menstru-
ation, pregnancy and exogenous replacement—is a major risk factor for
breast cancer development**. Accordingly, pharmacologic inhibition
of oestrogen has effectively reduced breast cancer incidence among
high-risk individuals***¢. These clinical observations have been fre-
quently attributed to the role of oestrogen as the master transcriptional
regulator of mammary epithelial tissues, promoting their prolifera-
tion and preventing apoptosis. Our study suggests that, additionally,
oestrogen has a direct effect on genome structure, contributing to
oncogenesis through TB amplification.

The initial rearrangements forming the dicentric chromosome
in breast cancer cases were often complex, reminiscent of chromo-
plexy in prostate cancers®, Association between the androgen recep-
tor binding and the DNA breaks causing TMPRSS2-ERG fusion, which
frequently exists as part of achromoplexy chain, has been proposed
previously®*7#8_If prostate cancers share a similar mechanistic back-
ground with breast cancers, TB amplification would be expected to
be common in prostate cancers, but this is not the case. We speculate
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that this reflects differences in the timing of events. TMPRSS2-ERG
is one of the earliest genomic events in prostate oncogenesis*:. In
this early oncogenesis with nearly intact DNA repair system, extreme
copy-number events such as focal amplifications would be subject
to negative selection. Accordingly, we found some prostate cancer
cases showing a genomic footprint of chromosome bridge forma-
tion but without focal amplifications. In these cases, the broken
bridge would have been stabilized without causing high-level ampli-
fication (Extended Data Fig. 10h). By contrast, TB amplification in
breast cancer appears to occur in already-aneuploid breast cells,
often harbouring driver point mutations*’; furthermore, E2-ERa
antagonizes the p53-induced apoptosisinbreast cancer cells®. These
events could provide a permissive cellular environment for focal
oncogene amplifications.

Our pan-cancer analysisindicates that TB amplificationiscommon
inother cancer types withamodestly increased frequency in women.
Whether thisindicates a pervasive genomic effect of oestrogen beyond
breast cancer is unclear. Notably, we found that DNase I hypersensitivity
was thebest predictor of amplificationboundary hotspotsin ER”breast
cancers, and this may provide clues for the origin of TB amplificationin
other cancer types. Some oestrogen-responsive genes have vital roles
in many other tissue types (for example, CCNDI and RARA), and their
chromatin features could confer local fragility.

Some tissues favour DSB repair with sister chromatids, leading to
classical BFB, whereas others prefer inter-chromosomal transloca-
tion as the initial step for focal amplification. We propose that this
tissue type-specific bias could be owing to the differences in the cell
cycle phase in the timing of the DNA end-joining events for chromo-
somal breakages. Fusion with sister chromatid will be favoured if a
chromosome is broken in G1 but the break ends are not resolved until
G2, where the replicated break ends will typically be ligated to each
otherbecausethey are held in close proximity by chromatid cohesion.
Notably, multiple fold-back inversions are present in the amplicons
for the Group 1tumours (Extended Data Fig.10b), suggestingiterative
cycles of BFB. By contrast, if DSBs occur in a breast cancer cell in G1
owingtoan oestrogen-mediated mechanism, these breaks are probably
resolved by inter-chromosomal translocation prior to theinitiation of
DNA-replication. After DNA replication, sister dicentric chromosomes
cangenerate ecDNAs, either through the fragmentation of bridge seg-
ments and their direct circularization or through chromothripsis of
hemi-dicentrics in the next cell cycle®.

Insummary, we identified TB amplification as amutational process
underlying focal oncogene amplification that is particularly impor-
tantinbreast cancer. Although the conventional BFB modelinvolving
sister chromatid fusions has been studied extensively, we find that
inter-chromosomal translocationis the most frequent source of bridges
inmultiple cancer types, including breast cancer. Our findings extend
agrowingbody of work implicating oestrogen-induced DNA breaks as
animportantdriver of breast oncogenesis.
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Methods

Patient cohort

We merged five breast cancer WGS datasets, downloaded from public
repositories: (1) 208 cases from the PCAWG consortium’; (2) 72 cases
from the International Cancer Genome Consortium (ICGC) French
cohort; (3) 395 cases from the Sanger cohort® (among the original 560,
108 and 47 wereincluded in the PCAWG and ICGC French cohort stud-
ies, respectively; we were able to download 395 of the remaining 405);
(4) 87 cases from the British Columbia cohort?® (among the original 93,
5 cases that were sequenced from formalin-fixed paraffin-embedded
tissues were excluded, 1 could not be downloaded); and (5) 20 cases
from the Yale study?. Two cases were excluded owing to poor data
quality. This established our 780-patient cohort for detailed analysis
(Supplementary Table1). The institutional review board of the Harvard
Faculty of Medicine approved this study (IRB18-0151). Individual stud-
ies complied required ethical guidelines per published manuscripts.

Uniform data processing and identification of variants

To remove any potential artefacts that may arise from different data
processing and analysis steps for different cohorts, we re-processed
all dataand applied a uniform set of variant calling methods. We used
Bazam (v1.0.1)*'to extract FASTQ files from the BAM or CRAM files and
realigned the reads to hs37d5 (as done in PCAWG) using BWA-MEM
(v0.7.15)°%, We used Samtools (v1.3.1)>* to merge the realigned bam
fragments and Picard (v2.8.0) to add read groups and to mark PCR
duplicates.

We applied the Hartwig Medical Foundation (HMF) bioinformat-
ics pipeline? for our analysis (https://github.com/hartwigmedical/
hmftools), as it provides a streamlined software suite for analysing
multiple variant types including SNVs, indels, SVs and allele-specific
CNVs. We chose this pipeline because, in their PURPLE algorithm
(v2.54), the boundaries of copy-number segments were determined
byjointly analysing regional depth of coverage (COBALT v1.11), B-allele
frequency (AMBERv3.5), and, mostimportantly, SVs. Thisintegration
resulted in near-complete concordance between the rearrangement
breakpoints and the copy-number boundaries, which was pivotal in
analysing the SVs at the amplification boundaries. SVs were called
primarily by GRIDSS2 (ref. 54) (v2.12.0), annotated with RepeatMasker
(v4.1.2-p1) and Kraken2 (ref. 55) (v2.1.2), filtered by GRIPSS (v1.9), and
further annotated and analysed with LINX*® (v1.15). SNVs and indels
were primarily called by SAGE (v2.8) with recommended parameters
for 30x tumour coverage. Tumours showing genomic features of HR
deficiency were identified using CHORD* (v2.00).

Based on our benchmark analysis (Supplementary Note), we applied
anin-house filter for short, non-reciprocal, and singleton inversions
for samples that showed a large number of such probably artefactual
patterns. We also filtered out somatic L1 transduction events that
originated from the 18 hot source retroelements detected from 279
breast cancers (PCAWG + Ferrari et al. study®) using xTea® (v0.1.6;
Supplementary Note and Supplementary Table 6).

Defining focal amplifications

We defined an amplicon as agenomic segment for which the absolute
copy number was more than three times greater than the baseline copy
number of the chromosome arm. The arm-level baseline was defined
astheinteger copy number supported by the largest of the combined
genomic segments sharing the same copy number. For the chromo-
some arms where the most common copy number was haploid, we
considered diploid as the baseline copy number. Contiguous amplicons
were merged, and the amplicons less than 1kb in size were removed.
From the 780 breast cancer cases, we identified 11,490 amplicons.
Among these, we focused on 5,502 (48%) amplicons thatbordered an
unamplified region (Supplementary Table 2). The unamplified regions
were defined asthose where the copy number was no greater thanone

above the arm-level baseline. We included regions where the copy num-
ber was one copy above the arm-level baseline, because the unequal
breakpointsin the two flipped dicentric chromosomes during the TB
breakage could result in duplicated genomic segments.

For pan-cancer analysis, we also applied the same steps to the PCAWG
consensus calls to define amplicons. Due to the incomplete concord-
ancebetween copy-number boundaries and SV breakpoints, we created
additional copy-number segments on the consensus copy-number
calls: we divided a copy-number segment into two when there was an
SVbreakpointinthe middle, atleast10 bp apart frombothboundaries;
next, the absolute copy number was re-calculated for each genomic
segment from BAM files considering depth, GC content and mappabil-
ity. Based on this analysis, we focused on 6,586 amplicons adjacent to
the unamplified regions.

The SVs at their boundaries were classified into six categories
(fold-backinversion, translocation, simple head-to-tail, tandem dupli-
cation, intra-chromosomal complex, and no SV support) as describedin
Fig.5b. Fold-backinversion were defined as head-to-head or tail-to-tail
intra-chromosomal SV with breakpoints less than 5 kb apart. Among
the amplicons generated by simple head-to-tail SVs (duplication-like),
double minutes (DMs) were defined as amplicons with copy number
more than three times greater than that of adjacent segment; while
those with acopy number three times or less were classified as tandem
duplications. Other amplicons bordered by intra-chromosomal SVs
were classified as intra-chromosomal complex rearrangements, which
often resulted from chromothripsis. Amplicons without supporting
boundary SVs were grouped as ‘no SV support’. Hierarchical clustering
of tumour types was performed using their fraction of fold-back inver-
sion, translocation, and DMs at the ampliconboundaries. The optimal
number of clusters was determined to be k = 4 due to the distinct dif-
ferences observed among the groups.

Correlative analysis with TB amplification

Among the 244 breast cancer cases with TB amplification, many
displayed the genomic footprints of TB amplification and chromo-
thripsis at the same time. Some cases showed a heavier burden of
intra-chromosomal rearrangements than of boundary translocations,
suggesting a predominant role of chromothripsisin these cases. To con-
ductacorrelative analysis between TB amplification and driver genomic
events, we selected 151 (out of 244) cases exhibiting an extensive foot-
print of TB amplification with 10 or more translocations between the
involved chromosomes. We used the potential driver genetic altera-
tionsidentified by the PURPLE algorithm, whichincluded recurrently
altered genes by mutation (n = 363), germline alterations (n=15) and
deletions (n =124). We excluded gene amplifications (n =127) here
because many of them were TB amplification. We selected the top 10%
ofgenesineachclassand examined their presencein the tumourswith
and without extensive footprint of TB amplification. We excluded the
genetic alterations present in less than 5% of the samples (39 cases).
Primary statistical testing was performed by the two-sided Fisher’s
exact test with FDR <0.1.

Reconstruction of complex genomic rearrangements
Complex genomic rearrangements were reconstructed as described?.
Giventhe higher structural complexity of theamplicons compared to
that of fusion oncogenes, we focused onthe SVs at the borders of LOH
segments as well as on the amplified SVs, which are more likely to have
occurred earlier than the SVs on the already-amplified segments. The
amplified SVs were defined based on the abundance of supporting read
fragments with respect to a tumour-specific threshold. To determine
the threshold, we sorted all SVs in each tumour by the number of sup-
porting read fragments and chose an inflection point, beyond which
theincrease in the number of supporting reads changed markedly.
Toreconstruct the rearrangements, we first connected the chromo-
somal regions through the amplified SVs. The unamplified SVs within
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the amplicons were excluded due to their late timing (probably after
the ecDNA formation). Then, the SVs outside of the amplicons were
connected to finalize the most likely ancestral karyotype. For visu-
alization (for example, Fig. 1c), we plotted the allelic absolute copy
number as well as the SVs (vertical lines and connecting arcs) with
their number of supporting read fragments (available in the PURPLE
output), which provides the relative timing information within the
amplified regions. On these plots, we often displayed chromosomes
in their flipped orientations (p arm on the right and q arm on the left)
for easier mechanistic interpretation. To avoid overlap between the
major- and the minor-allele copy-number segments, we subtracted
0.2 fromthe minor-allele copy numbers. We shaded amplicon regions
with orange colour and annotated key oncogenes on top.

Clustering structural variations

We used LINX*® (v1.15) to identify genomic rearrangement clusters. In
brief, LINX uses multiple additional criteria to group SVsinto clusters
other than breakpoint proximity, including: SVs that are phased by a
deletion bridge or an LOH segment, translocations connecting two
chromosome arms in common, all fold-back inversions on a chromo-
some arm, and others. In 780 breast cancers, we identified 1,556 com-
plex genomic rearrangement clusters with 10 or more SVs involved.
Among these, 295 clusters (found in 245 samples) involved multiple
chromosomes and contained boundary translocations, which are the
key features of TB amplification (Extended Data Fig. 4b). On average,
these clusters contained 137 SVs (range: 10-1,515) and 3.75 boundary
translocations (range: 1-33). Fusion genes were analysed as part of
this step, and the result was discussed in Supplementary Note (Sup-
plementary Fig. 6).

Analysis of mutational signatures

We calculated the mutational spectra of SNVs and indels using SigPro-
filerMatrixGenerator® (v0.1.0) with the SBS-96 and ID-83 classification
system. We performed de novo extraction of the mutational signatures,
matched them to the reference catalogue, and refitted and validated
them using MuSiCal®® (v1.0.0-beta). We used an expanded SBS and ID
signatures catalogue described in the MuSiCal manuscript. One ID
signature did not match to the ID catalogue but had high similarity to
arecently described ID signature commonly observed in people with
African ancestry®.. We also separately analysed the mutational signa-
tures near the SV breakpoints (Supplementary Fig. 4). In this analysis,
the observed SBS mutational spectrawere linearly decomposed using
SBS1, SBS2, SBS5, SBS13 and SBS18.

Mutational timing analysis

We analysed the timing of copy-number gains for genomic segments
larger than 5 Mb. Two approaches were used. First, we used relative
timing, the temporal order among the different copy number-gained
segments. This could be estimated by the ratio of amplified versus
unamplified mutations in each amplified segment, using Mutation-
TimeR algorithm® (v1.00.2). Synchronous copy-number gain events
were determined using the code accompanyinga previous publication®
(available at https://gerstung-lab.github.io/PCAWG-11/). Second, we
calculated the absolute mutation burden of the ancestral cell at the
moment of copy-number gains. We quantified the number of mutations
amplified up to the maximal major copy number of the non-bridge
arms from the cases with TB amplification. A mutation was assumed to
be a pre-amplification event when the estimated copy number of the
mutation was larger than the major copy number of the locus times
0.75.If the estimated copy number was smaller, the mutation was clas-
sified as post-amplification or on the minor allele. The probabilities of
being pre-amplification, post-amplification or on the minor allele, and
subclonal mutation were estimated using the binomial distribution
as previously described”. We used this approach in estimating the
absolute timing of common aneuploidies, including gain of 1q, 8q,

16p (inthose cases with a paired 16q loss) and 20q and whole-genome
duplication.

Assuming astable mutationratein early oncogenesis, we estimated
the timing of non-bridge arms and common arm-level copy-number
gains. The clonal mutation burden increases with age at a rate of 29.4
mutations per year in our selected cases (n = 147; purity 0.6, number
of SNVs <10,000, fraction of SBS2 + SBS13 <0.5, no whole-genome
duplication, microsatellite stable, and HR proficient; Extended Data
Fig. 9b). We divided the median ancestral mutation burden by this
rate to estimate the typical age when the common aneuploidy events
occurred. Whenwe repeated this analysis using total SNV counts (which
may overestimate the rate of accumulation due to the inclusion of
all subclonal mutations), we found a rate of 33.1 mutations per year
(Extended DataFig. 9b).

RNA analysis

We used the RNA-sequencing data fromref. 15 to quantify the activity
ofthe ER-driven transcriptome. For the 263 samples for which the data
were available, we studied the expression of the frequently amplified
geneswithrespectto their amplification status. The findings were vali-
dated in the METABRIC cohort*, using their diploid samples (n =1,904)
to minimize the impact of whole-genome duplication. We defined the
ER target genes based on the Hallmark gene sets in MSigDB¥. The list
of 275 genes in the early and late oestrogen-responsive set included
well-known ER target genes such as GREBI, TFFI and PGR. We tested if
these genes were differentially expressed betweenthe ER"and the ER
groups (n =188 and 69, respectively, with 6 ER-unknown cases). Using
the 136 genes showing asignificantly higher level of RNA expressionin
the ER* group, we determined the ER activity of each tumour, calculat-
ingthe fraction of genes that had an expression level of 50th percentile
or higher. We tested different percentile cutoff values, and the score
based onthe 50th percentile showed the best separation between the
ER"and ER" cases and a good spread within the ER" cases (Fig. 4€).

Integration of the CRISPR screen information

To study the functional importance of the amplified genes, we inte-
grated CRISPR screen data from the DepMap project®. Of the 46
breast cancer cell lines studied, ER and HER2 status were available
for 41 cell lines. We used the gene effect score as the readout for cel-
lular dependence on a given gene. (0 indicated no viability effect on
cells by knockout of the gene; -1indicated the median cytotoxic effect
observed by knockout of common essential genes*). We compared
gene effect score among the putative target genes in the amplicons
(Supplementary Note).

Integration of the epigenomic data

We used epigenomic profiles from the ENCODE* and Roadmap Epig-
enomics® consortia (accession numbers and further details are pro-
vided in Supplementary Table 3). When MACS (v2)®*-processed output
was not available, we downloaded FASTQ files from GEO and aligned the
reads to hgl9 using Bowtie (v1.2.2.)** with the unique mapping option.
For generating input-normalized ChIP enrichment tracks and detecting
significant peaks, we used MACS2 callpeak and bdgcmp functions with
the g-value threshold of 0.01.

To quantify the relative enrichment of an epigenetic feature with
respect to amplicon boundaries, we first identified all 100-kb bins
that overlap the epigenetic feature, and then compared the number
of bins that overlap versus not overlap amplicon boundaries. The sig-
nificance was calculated using the one-sided Fisher’s exact test unless
otherwise specified.

Tofind associations betweenthe distribution of amplicon boundaries
and epigenomic variables, we used the multivariate LASSO regression
model, which is more tolerant to the multicollinearity between the
variables compared to other linear regression models. A multivariate
linear mixed-effect model also supported the conclusion. We evaluated
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multicollinearity among the epigenetic features by calculating the
variance inflation factor (VIF), astandard method for quantifying col-
linearity between the dependent variables. We considered VIF >5 as
concerning and >10 as serious collinearity issues®.

Analysis of three-dimensional chromatin contact

We explored the relationship between the chromatin contact fre-
quencies and the chromosomal regions frequently involved in TB
amplification (Supplementary Fig. 8). For the comparison of chro-
matininteractions between the E2-treated and untreated conditions,
we used chromatin conformation capture-based high-throughput
sequencing datainuntreated- and E2-treated MCF7 cells®®. The contact
frequencies were combined for each chromosome arm-pair and then
compared between the E2-treated and untreated conditions. We also
analysed Hi-C data from T47D luminal breast cancer cell line from
4D Nucleome Data Portal (https://data.4dnucleome.org). Contact
frequencies were normalized by balance-based method (KR normaliza-
tion) using Juicer® to reduce the effects from possible copy-number
variations.

Celllines and cultures

MCF7 (ATCC, HTB-22) and T47D (ATCC, HTB-133) cells were main-
tained in RPMI 1640 medium (Corning, 15-040-CV) supplemented
with 10% fetal bovine serum (FBS; Gibco, 10437-028), 100 U ml™
penicillin-streptomycin (Corning, 30-002-Cl), and 2 mM L-glutamine
(Corning, 25-005-ClI). For RT-qPCR, cells were cultured in RPMI 1640
medium without phenol red (Corning, 17-105-CV) supplemented
with 10% charcoal- and dextran-treated FBS (R&D System, S11650H)
and either (1) 0.01% ethanol or (2) 1 pM B-estradiol (Sigma Aldrich,
E2758) for 4 days with fresh -estradiol every 24 h. For the HTGTS
experiment, cells were plated in RPMI 1640 medium (Corning,
15-040-CV) supplemented with10% FBS (Gibco,10437-028),100 U ml™
penicillin-streptomycin, and 2 mM L-glutamine and were transduced
with CRISPR-Cas9-containing lentiviral supernatants targeting SHANK
intron 10 or RARA intron 1 with 6 pg/ml polybrene. Thirty hours after
the lentiviral infection, cells were washed with phosphate-buffered
saline (PBS) three times and cultured as described above for RT-qPCR.
Cellswere collected for the HTGTS library preparation on day 6. 293FT
(Invitrogen/ThermoFisher Scientific, R70007) cells were used to pro-
duce CRISPR/Cas9-containing lentiviral particles and were maintained
in DMEM medium (Corning, 15-017-CV) supplemented with 10% FBS,
100 U mI™ penicillin-streptomycin, and 2 mM L-glutamine. All cell lines
were tested negative for mycoplasma contamination and were cultured
at37°Cin 5% CO2 atmosphere.

Genomic DNA (gDNA) was extracted from MCF7 and T47D cells using
rapid lysis buffer 100 mM Tris-HCI pH 8.0,200 mM NaCl, 5 mMEDTA,
0.2% SDS) containing 10 pg ml™ proteinase K (P2308, Sigma Aldrich).
After overnightincubationat 56 °C, gDNA was precipitated in one vol-
ume isopropanol, and the DNA pellet was resuspended in Tris-EDTA
buffer. gDNA was used for preparation of the HTGTS library.

Total RNA was isolated from the cells using Rneasy Plus Mini Kit
(Qiagen, 74136). cDNA was synthesized using iScript cDNA synthesis
kit (Bio-Rad, 1708891). All RT-qPCR experiments were performed in
triplicate onlIcycleriQReal-Time PCR Detection System (Bio-Rad) with
iTaq universal SYBR green supermix (Bio-Rad, 1725121). Expression
levels forindividual transcripts were normalized against ACTB. Primers
for RT-qPCR are listed in Supplementary Table 7.

Lentiviral particle productions

To produce lentiviral particles, 5.5 x 106 293FT cells were plated in a
10 cm dish a day before the transfection. On the following day, cells
were transfected using Xfect transfection reagent (TakaraBio, 631318)
with 20 pg of lentiCRISPR-Cas9 plasmid, 3.6 pg of pMD2.G plasmid
(Addgene, 12259), 3.6 pg of pRSV-Rev plasmid (Addgene, 12253) and
3.6 ug of pMDLg/pRRE plasmid (Addgene, 12251). The medium was

changed with complete culture medium 6 h after transfection. The
viral supernatant was collected 48 h post-transfection, passed through
a0.45-pm syringe filter (PVDF membrane; VWR, 89414-902), pooled,
and used either fresh or snap frozen.

CRISPR-Cas9 sgRNA design and cloning

For SpCas9 expression and generation of single guide RNA (sgRNA),
the 20-nt target sequences were selected to precede a 5'-NGG
protospacer-adjacent motif (PAM) sequence. The human SHANK2
intron 10-targeting sgRNA and human RARA intron 1-targeting sgRNA
were designed with the CRISPR design tool CRISPick (https://portals.
broadinstitute.org/gppx/crispick/public). Oligonucleotides synthe-
sized by Integrated DNA technology were annealed and cloned into
the Bsmbl-Bsmbl sites downstream from the human U6 promoter
in lentiCRISPR v2 plasmid (Addgene, 52961). sgRNA sequences
were confirmed by Sanger sequencing with U6 promoter primer
5-GAGGGCCTATTTCCCATGAT-3’. Oligonucleotides for sgRNA clon-
ingare listed in Supplementary Table 7.

High-throughput genome-wide translocation sequencing
HTGTS libraries were generated by the emulsion-mediated PCR
(EM-PCR) methods as previously described®®. In brief, gDNA was
digested with Haelll enzyme (New England Biolabs, RO108) overnight.
Haelll-digested blunt ends were A-tailed with Klenow fragment (3’>5’
exo-; New England Biolabs, M0212). An asymmetric adaptor (com-
posed of an upper liner and alower 3’-modified linker; Supplementary
Table 7) was then ligated to fragmented DNA. To remove the unrear-
ranged endogenous SHANK2 and RARA locus, ligation reactions were
digested with Xbal (New England Biolabs, R0145L) for SHANK2 locus
and EcoRI(New England Biolabs, RO101L) for RARA locus, respectively.
Inthe first round of PCR, DNA was amplified using an adaptor-specific
forward primer and a biotinylated reverse SHANK2 primer oriented
to capture the 5" portion of SHANK2 junction and using a biotinylated
forward RARA primer and an adaptor-specific reverse primer with
Phusion High-Fidelity DNA polymerase (ThermoFisher Scientific,
F530S). Twenty cycles of PCR were performed in the following condi-
tions: 98 °Cfor10s,58 °Cfor30s,and 72 °Cfor 30 s. Biotinylated PCR
products were enriched using the Dynabeads MyOne streptavidin C1
(ThermoFisher Scientific, 65002), followed by an additional digestion
withblocking enzymes for 2 h. Biotinylated PCR products were eluted
fromthe beads by 30-minincubation with 95% formamide/10mMEDTA
at 65 °C, and purified using Gel ExtractionKit (Qiagen, 2870). In the sec-
ond round of PCR, the purified products were amplified with EM-PCR
in an oil-surfactant mixture. The emulation mixture was divided into
individual aliquots and PCR was performed using the following condi-
tions: 20 cyclesof 94 °Cfor30s, 60 °Cfor30s,and 72 °Cfor 1min. The
PCR products were pooled and centrifuged for 5 minat 14,000 rpmto
separate the PCR product-containing phase and the oil layer. The layer
was removed and the PCR products were extracted with diethyl ether
three times. EM-PCR amplicons were purified using the Gel Extrac-
tion Kit. The third round of PCR (10 cycles) was performed with the
same primers as in the second round of PCR, but with the addition of
linkers and barcodes for [llumina Mi-seq sequencing. The third round
PCRproducts were size-fractionated for DNA fragments between 300
and 1,000 base pairs on a 1% agarose gel (Bio-Rad, 1613102). The PCR
products containing lllumina barcodes were extracted with the Gel
Extraction Kit.

The HTGTS libraries were sequenced on Mi-seq (Illumina NS500
PE250) at the Molecular Biology Core Facility of the Dana-Farber Cancer
Institute. The libraries were generated from each of the three biological
replicate experiments and analysed for each experimental condition.
Oligonucleotide primers used for SHANK2 and RARA library prepara-
tions are listed in Supplementary Table 7.

The HTGTS data were processed and aligned as previously
described®®. In brief, the reads for each experimental condition were
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demultiplexed by designed barcodes. To enhance the specificity and
ensure that the analysed sequences contain the bait portion, reads
were further filtered by the presence of primer sequence and addi-
tional five downstreambases. After the filtering, barcode, primer, and
bait portions of the reads were masked for alignment. Then, the pro-
cessed reads were aligned to GRCh37/hg19 using BLAT. We removed
PCRduplicates (reads with same junction positionin alignmentto the
referencegenome and astart positioninthereadlessthan3 bpapart),
invalid alignments (including alignment scores < 30, reads with mul-
tiple alignments having a score difference <4 and alignments having
10-nucleotide gaps), and ligation artefacts (for example, random Haelll
restriction sites ligated to bait break site). The position of HTGTS break-
points (often referred to as ‘junctions’ in previous publications®**8)
were determined based on the genomic position of the 5’ end of the
aligned read.

Due to the universal increase of the HTGTS breakpoints by the E2
treatment in all biological replicates and in both cell lines (Extended
DataFig.7c), we primarily analysed breakpoint ratios in genomicbins
between the E2-treated group and the control group (for absolute
counts, the normalization-based approach used in previous HTGTS
experiments®® negated the effect of the E2 treatment, as discussed in
ref. 69). Thus, toinvestigate the mechanisms underlying the E2-induced
translocations, we modelled the ratio of the HTGTS breakpoints
(E2-treated/control) in genome-wide bins (250 kb) using multivari-
ate LASSO regression. We used the same epigenomic datasets that
were used in the modelling of the amplicon boundaries. In addition,
we performed GSEA to study the gene sets enrichedinthe E2-induced
HTGTS breakpoint hotspots. For this analysis, we calculated per-gene
HTGTS breakpoint ratios (included +5 kb upstream and downstream
of the gene) and averaged the ratios from four experimental pairs
(MCF7/SHANK2, T4A7D/SHANK2, MCF7/RARA and T47D/RARA) after
excluding the bait region (+1 Mb from the CRISPR target site). Based on
the ordered list of all genes, a pre-ranked GSEA was performed using
the GSEA application (v4.2.3).

Statistics and reproducibility

The sstatistical tests or methods are described in the figure legends. We
used R (v4.1.1) for all data processing and secondary computational
analysis. For the HTGTS, we performed three biologically independ-
entexperiments per group (defined by cell line and CRISPR targets) as
specified in the figure legends.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

WGS datasets generated through ICGC or PCAWG consortium are
available at the ICGC Data Portal (download instructions and links
available in the downloading PCAWG data section; https://docs.icgc.
org/pcawg/data/). The other WGS data are available from European
Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/) with
the following accession numbers: Ferrari et al.”’, EGAS00001001431;
Nik-Zainal et al.’>, EGAD00001001334, EGAD00001001335,
EGAD00001001336, EGAD00001001338 and EGAD00001001322;
Zhao et al.*°, EGAS00001001159; and Li et al., EGAS00001004117.
The HTGTS dataset is available in Gene Expression Omnibus (GEO)
under the accession number GSE227369. Epigenomic datasets are avail-
able at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo),
4D Nucleome Data Portal (http://data.4dnucleome.org), and other
repositories under the accession numbers provided in Supplementary
Table 3. MSigDB gene set collections are available from GSEA (http://
www.gsea-msigdb.org/gsea/downloads.jsp). Somatic variant calls,
including SNVs, indels, SVs and allelic copy-number information for

780 breast cancer cases are available from the Park laboratory website
(http://compbio.med.harvard.edu/TBAmplification/).

Code availability

The codes used in this study are publicly available at https://github.
com/parklab/focal-amplification. Source code for genomic event
analysis tool (GEAT; v0.1), which was developed in the Chiarle labora-
tory toperformthe HTGTS analysisis available at https://github.com/
geatools/GEAT.
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Extended DataFig.2|Genomicalterationsin 780 breast cancers and their
relationship with translocation-bridge amplification. a. Landscape of
boundary SVs by the ERand homologous recombination (HR) status. Frequently
amplified genesand common aneuploidies are annotated. b. Amplified
genomic segments in ERBB2-amplified tumors by the ER status (left panel).
ERBB2and two oncogenesin17q23 are annotated. Co-amplification of the 17q23
region (harboring PPM1D, MIR21, USP32, etc.) was numerically more frequentin
the HER2'/ER" group compared to the HER2'/ER” but without statistical
significance (37% vs 18%; odds ratio =2.63; 95% Cl = 0.98-7.71by two-sided
Fisher’s exact test). Amplified genomicregionsin CCNDI-amplified tumors by
the ER status (right panel). CCNDI, PAK1,and RSFI are shown as shaded areas.

CCNDI amplification was more commonin the ER+group compared to the ER—-
(21% vs 6%; odds ratio=3.85; 95% CI=2.22-7.05 by two-sided Fisher’s exact test).
c.Representative cases of ERBB2 amplificationin ER"/HR-proficient breast
cancers (ER/HER2"). The pattern of copy-number amplification with frequent
translocations at their boundariesis similar to what was observed inthe
ER'/HER2" cases. d. Whole-genome alteration landscape of 780 breast cancer
cases shows therelationship between the translocation-bridge amplifications
and driver genetic alterations. IHC,immunohistochemical stain; ISH, in situ
hybridization; HR, homologous recombination; TSG, tumor suppressor gene;
MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol-3-kinase;
TF, transcription factor.
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Extended DataFig.4|Genomicevidence supportingthe
translocation-bridge amplification model. a. Evidence of chromosome
bridge formation and breakage in three cases with TB amplifications. Complex
genomicrearrangements were clustered based on the proximity of SV
breakpoints (Methods). Bridge arms typically show massive amplification with
heavy rearrangements and adjacent segments with LOH. In contrast,
non-bridge arms arerelatively spared from rearrangements and often
amplified moderately. b. The fraction of SVs on the bridge arms (left panel) and
non-bridge arms (right panel) among the complex genomic rearrangement
clusters showing TB amplifications. Most clusters have their SVs concentrated
onthebridge arms, whereas their non-bridge arms are often spared from the
SVs.c.Thedensity of SVson the bridge and the non-bridge arms, including all
SVs (left panel) and among the non-amplified SVs (right panel). The bridge arms
showed ahigher density of SVs compared to the non-bridge arms (median1.74 vs.
0.33SVs/Mbp; p=2.7x107%; by two-sided, two-sample t test), and this trend
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wasstill significant after excluding all the SVsin the amplified regions
(median 0.75vs. 0.26 SVs/Mbp; p =1.3 x10 ). Violin plotsin cand d show the
distribution of SV density, the box plotin the center of the violinindicates
median (white dot), first and third quartiles (edges), and 1.5x of interquartile
range (verticalline). d. The fraction of genomic segments affected by LOH on
the bridge arms and non-bridge arms. The bridge arms showed amore
extensive LOH compared to the non-bridge arms (median 49% vs 25% of the
arm; p =3.7x107%; by two-sided, two-sample t test). e. An exemplary case of
multi-chromosomal chromothripsis (yellow cluster). The SVs are distributed
more-or-lessevenly intheinvolved chromosomes without sparing one arm.
f.Chromosomes showing typical features of chromothripsis. The SVs are
distributed evenly on two chromosome arms, and the rearrangements are
more-or-lessrandom, in contrast to the asymmetric footprint of TB
amplification.
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Extended DataFig. 5|Evidence ofinter-chromosomal translocationin G1
before the DNAreplication. a. ‘Dual-LOH’ pattern of the bridge armsinthe
tumors with TBamplification. Both bridge armsin each case show substantial
loss of heterozygosity (LOH). Notably, the bridge arm segments proximal to the
TBamplification (theinter-centromeric segment on the bridge) often show
complex copy-number pattern with segmentalloss (first panel;in BRO14) or
gain (second panel;in TCGA-EW-A1)5) by one copy. This s likely due to the
unequal breakpoints between the sister dicentrics. Depending on the location
ofthebreak, some segments can be duplicated (exhibiting one-copy gain) or
lost (one-copy loss) inadaughter cell after the bridge resolution. b. Copy
number outcome after the translocation forming a single dicentric
chromosome, chromosome bridge, and its resolution. The two daughter cells
willinheritone broken arm after the bridge breakage, leading to their ‘single-
LOH’ copy-number pattern. c. Three different scenarios of mitotic spindle
attachmentsinthe setting of replicated dicentric sisters (initial translocation
inGl).If the microtubules are attached in cis, normal mitosis will be secured
(upper panel).Ifin trans, chromosome bridge will be formed by two ‘flipped’

dicentricsinanti-parallel orientation and the resultant copy number profile
matches with the dual-LOH pattern frequently observed in breast cancer cases
with TB amplifications (middle panel). If the microtubules from one pole are
attached to the same centromeres (syntelic attachment), each daughter cell
will have LOH affecting one arm of achromosome and whole length of another
chromosome (lower panel). d. Four different copy number outcomes
depending on the timing and orientation of the translocation. We expect post-
replicationinter-chromosomal translocation tobeless frequent due to the
active homologous recombinationinthe S/G2 cells. e. Copy-number difference
between the twonon-bridge armsin the 58 TB amplification events where the
two non-bridge arms are globally amplified more than three copies. 36 (62%)
outof 58 events showed a copy number difference of less than 2. f. A case
indicating possible repair by mutual ligation between the non-bridge arms
(8qand16p) after TB amplification. The two non-bridge arms (8q and 16p) are
connected to each other by multiple translocations at the copy-number
boundaries. Awhole-genome duplication took place after the translocations
betweennon-bridge arms and led to the coordinated copy-number gain.
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Extended DataFig. 6 | Associations between the epigenomic featuresand
the amplificationboundaries. a. Replication timing and amplification
boundaries. Violin plots show the replication timing weighted average values
in100-Kbp bins. The box plotin the center of the violinindicates median (black
dot), firstand third quartiles (edges), and 1.5x of interquartile range (horizontal
line). Comparisons were made by one-sided Wilcoxon’s rank sum test.

b. Fraction of 100-Kbp bins overlapping with various epigenomic features in
thebackgroundandintherecurrent hotspots of amplification boundaries
(recurrence >9). The background represents the bins that do not contain
amplification boundaries. All epigenomic features were from MCF7 cells,
except for TOP2B (from MCF10A cells). DHS, DNase I hypersensitivity sites.
c.Pearson’s correlation coefficients between the ERa binding in MCF7 cells and
intissues, including multiple breast cancer samples and normal luminal breast
epithelial cells from a previous study (Supplementary Table 3). The analysis is
based on1Mbp-sized genome-wide bins. d. Assessment of multicollinearity
between the epigenomic features by variantinflation factor (VIF; Methods).
Some variables showed moderate degree of multicollinearity (VIF 3-5)
althoughothersincluding E2-ERa showed low degree of multicollinearity

(VIF <3).Giventhesereassuring features, we performed multivariate linear
mixed-effect model (panel e), as an adjunct analysis. e. Predictors of
amplification boundaries in the multivariate linear mixed-effect model, by the
ERstatus.100 Kbp-sized genome-wide bins were used in this analysis. Raw
p-values fromtwo-sided test are shown. f. A greater cumulative E2-ERa binding
isobservedinthe100-Kbp bins with more frequent overlaps with the focal
amplification boundaries. E2-ERa ChIP-seq data from MCF7 cell line was used
inthis analysis. Box plotsindicate median (thickline), first and third quartiles
(edges), and 1.5x of interquartile range (whiskers). Statistical significance was

determined by the one-sided rank sum test. g. Binding intensity (fold
enrichment) of E2-treated ERx, CTCF, FOXA1,and GATA3 in MCF7 cells based
onthe1Mbp-sized genomic bins with differentlevels of overlap with the focal
amplificationboundaries (upper panel). The numbers of genomicbins used in
each categoryare as follows:n=25663 (recurrence = 0), 4334 (1-3),118 (4-6),
and 39 (7). Box plots indicate median (thick line), first and third quartiles
(edges), and 1.5x of interquartile range (whiskers). A statistically significant
increaseinthebindingintensity of E2-treated ERotwas observed with
increasing recurrence of amplificationboundaries (p =2.8 x107%, one-sided
Wilcoxon’s rank sum test). Genomic distances from the bins containing the
amplification boundaries to the strong binding peaks (top 10%) of E2-ER«,
CTCF, FOXA1, and GATA3 in MCF7 cells (lower panel). Black dots indicate
median, and the vertical linesindicate the range between first and third
quartiles. h. Enrichment of different classes of variants with respect to the
expected values under the assumption of uniform distributionin 100-Kbp
genomicbins within 5-Mbp window for each E2-induced ERa peak locus.
Statistical significance was assessed by one-sided Fisher’s exact test. i. Relative
density of amplificationboundaries, SVs, and indels by their subgroups around
the E2-ERa peaks (+50-Kbp window from the center of the peak). Here, the
amplificationboundary hotspots were defined as100-Kbp bins supported by
>4 tumors. Number of variants used in the analysis was marked on the right.
HRP, HR-proficient tumors; HRD, HR-deficient tumors.j. Subgroup analyses of
therelationship between the SV hotspots of the unamplified regions and the
frequency of E2-ERa binding peaksin the regions (related to Fig. 3c). A positive
correlationbetween the E2-ERa peaks and the unamplified SV hotspotsis
observed among the HR-proficient tumors. In contrast, the trend is not found
inHR-deficient tumors.
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Extended DataFig.7 | Estradiolinduces transcription of its target genes
andincreases HTGTS translocations. a. Design of the HTGTS experiment.
Using CRISPR/Cas9 system, we induced the DNA double strand breaks (DSBs)
intheintronicregions near the prominent E2-ERa binding peaks (intron 10 of
SHANK2andintron1of RARA). Thesessites are alsolocated at the downstream
neighborhood of the oncogenes of interest (ERBB2and CCNDI). We designed
thelibrary toamplify the translocated sequences to the centromericend of the
CRISPR breaks, whichisinthe orientation potentially forming adicentric
chromosome.b. Anincreased mRNA expression of canonical target genes of
ERa by the E2 treatment. All three genes showed robust upregulation of their
expressioninboth MCF7 and T47D cells. n=5biologically independent
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experiments were performed for TFF1and PGR, and n=3 for GREBI intwo
different cell lines. Box plotsinb and cindicate median (thickline), firstand
third quartiles (edges), and 1.5x of interquartile range (whiskers). Inboth,
statistical comparisons were made by two-sided, two-sample t test.c.An
increased number of unique HTGTS translocation breakpoints by the E2
treatmentinall four experimental pairs. n =3 biologicallyindependent
experiments were performed ineach group. d. Genomicannotation of the
HTGTS translocation breakpointsin the control and E2-treated experiments.
e.Acircos plotvisualizing the hotspots E2-induced translocations (> 4-fold
change by the E2 treatment) between the induced breaks and the prey regions
inthe T47D cells.
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Extended DataFig. 8| Association of E2-induced HTGTS translocations and
thedriver eventsinbreast cancer genomes. a. Associationbetween the
E2-induced HTGTS translocations and ERBB2 amplicons. The 10-Mbp genomic
region around ERBB2 (orange shadow) was visualized. Frequency of
amplification boundary per bin (uppermost panel), amplified segmentsin
eachtumor, ordered by thelocation of telomeric boundary and the ER status
(mid-upper panel), ERa ChIP-seq profilein MCF7 cells (mid-lower panel), and
the HTGTS translocation breakpoints from the experiments using sgSHANK2
(lowermost panel). Extensive E2-ERa binding was observed in several hotspots
inthe neighborhood of CDC6,RARA, IGFBP4,and CCR7 (purple shadow), and
thisregion overlaps with the telomeric border of the ERBB2 amplicon.
E2treatmentincreased the frequency of translocations >3 fold (from 22 to 69;
oddsratio:1.87 compared to the background; p=0.009 by Fisher’s exact test,
two-sided) in the purple shadow region (chr17:38,450,000-38,750,000).
E2-induced HTGTS translocation hotspots, prominent E2-ERa binding peaks,
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and the telomericboundary of the ERBB2 amplicons well overlapped each
other, suggesting E2-induced, ERa-mediated fragility as the mechanism of
initial translocation thatled to the TB amplification. Local DNA fragmentation
and segmentalloss after the chromosome bridge breakage could explain the
tumorswith more proximal boundaries. b. A similar example of CCNDI (orange
shadow) amplification and its neighborhood. The HTGTS translocation
breakpoints were fromthe experimentsusing sgRARA.E2 treatment also
increased the frequency of translocations from 14 to 40 in the regionaround
SHANK2 (chr11:70,300,000-71,000,000; purple shadow), but this was not
significantly larger than the backgroundincrease (odds ratio:1.70; p=0.09 by
two-sided Fisher’s exact test). Further discussionsin Supplementary Fig. 7.
c.Anexample of unamplified SV hotspot in GATA3, which overlaps with the
E2-induced HTGTS translocation hotspot. d. Another example of unamplified
SV hotspotin FOXAL.
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Extended DataFig.9|See next page for caption.




Extended DataFig. 9| Timing, complexity, and transcriptionalimpact of
translocation-bridge amplification.a. ATB amplification case from PD14450
showing anamplified non-bridge arm, 1q. The paucity of the SNVs amplified up
totheallelic copy-number of 1qindicates that the TB amplification and the
subsequent1qamplification are early events. b. Relationship between the age of
diagnosis and the burden of clonal single-nucleotide variations (SNVs) innon-
hypermutated, diploid, and HR-proficient breast cancers (Methods). The
dashedlineis based onlinear regression (r = 0.29 by Pearson’s correlation; two-
sided p=0.0004), indicating our cohort’s approximate baseline clonal mutation
rate of29.4/years. A similar analysis using all SNVs in the same group of patients
showed amutationrate of33.1/years (r = 0.26 by Pearson’s correlation; two-
sided p=0.002; corresponding to amedianof45.3 years for the latest possible
timing of bridge breakage). c. Cases suggesting multiple rounds of dicentric
chromosome bridge formation and breakage. Translocationbundles are
spatially separated on chromosomes. In PD4962 tumor (upper panel), two
bundles of translocations were observed — t(17q;20q) and t(17q;22q). However,
thereisnodirect translocation between chromosome 22qand 20q, indicating
the two translocation bundles were formed at different time points. Inthe same
way, TCGA-E2-A15H tumor (lower panel) shows t(8p;17q) and t(9p;17q), but no
direct connection was observed between 8p and 9p.d. Casesindicatingone
round of multi-chromosomal TB amplifications, likely involving multiple
dicentric chromosomes or amore complexstructure, brokenand ligated at one
event.Incontrastto (c), these cases show dense bundles of translocations

between all pairs of chromosomesinvolvedin the event. Individual chromosome
arms have translocations connected to all otherinvolved chromosome arms,
indicating that these arms werein the bridge simultaneously, and the broken
DNA fragments were ligated in amixed manner.In PD9193 tumor (upper panel),
chromosomes1q,17q, and 7q were rearranged first and underwent massive
rearrangements. The LOH selectively affecting one of the two arms of each
chromosomeis consistent with typical TB amplification. After the catastrophic
breaks, the DNA fragments were ligated to form an amplicon containing multiple
oncogenes. In TCGA-A2-A04X tumor (lower panel), theinitial event might bea
chromoplexy involving chromosomes1,7,8,11,17. Four telomeric LOH segments
were observed in theinvolved chromosomes, so two dicentric chromosomes
would likely have existed and were fragmented simultaneously. e. Associations
between the extent of TB amplifications and the expression of estrogen-
responsive genes. Numbers of the ER+tumorsusedintheright panelareas
follows: n =141 (0 chromosome arm pairsindicating a TB amplification event),
20(1),15(2),8(3),and 4 (4). Box plots indicate median (thick line), first and third
quartiles (edges), and 1.5x of interquartile range (whiskers). Statistical tests by
linear regression, and the gray dashed lineis the regression line. Nine out of 273
genes showed statistically significant trend (FDR <0.1after correcting multiple
testing). Amongthese genes, CDC6 and TOP2A showed significant upregulation
among the tumors withextensive TB amplification likely due to their presencein
theamplicon. We excluded these two genes from this plot.
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Extended DataFig.10|See next page for caption.



Extended DataFig.10|Diverse mechanisms of focal amplificationin pan-
cancer.a. Common target genes of focal amplification in the PCAWG cohort.
Colorsinthestacked bar plotindicatesthe tumor type.b. Representative cases
offocal amplifications from diverse mechanismsin different tumor types.
DMs, double minutes; BFB, breakage-fusion-bridge c. Two different modes of
simple ecDNA formationin glioblastoma samples. Two glioblastoma cases
showed an ecDNA formation from cut-out piece of DNA fragment containing
EGFR (left panel).Inthese cases, alarge deletion totally encompassing the cut-
out fragments were observed. These cases demonstrate episomal exclusion
mechanismingenerating ecDNA. In contrast, many cases showed an ecDNA
formation from an extra copy of short DNA patch harboring the EGFR (right
panel), likely explained by over-replication and recombination. d. A meta-
analysis excluding cancers of female or male organs showed a marginal trend
of more translocations at theamplicon boundaries in female patients.e. TB
amplification was associated with low ESRI mRNA expressionin endometrial
andliver cancers, although not reaching to our level of statistical significance
after correcting multiple testing (FDR <0.1with two-sided, two-sample t test).
Inthese two tumor types, the tumors with TB amplification were rare (6/41for
endometrialand 11/300 for liver) and showed alower ESR1 expression

comparedtothosewithout TB amplification (7.1vs.22.8;p =0.02for
endometrial, 0.37 vs. 0.82; p = 0.02 for liver, by two-sided, two-sample ¢ test;
FDR =0.20 for both). Box plotsin e and findicate median (solid vertical line in
themiddle), firstand third quartiles (edges), and 1.5x of interquartile range
(whiskers). f. TB amplification status was associated with old ages in uterine
cancer (76 vs. 67 years; p = 0.03 by two-sided, two-sample t test). However, the
number of tumors with TB amplification was small (n = 6), and the statistical
comparisonwas insignificant after correcting multiple testing (FDR = 0.69).
No age difference was noted in other cancer types dependingonthe TB
amplification status. g. We performed survival analysis by tumor type when
thereare 50 or more patients with available survival information. Survival
information of the four tumor types with10 or more cases with TB amplification
areplotted. Statistical test was made by two-sided log-rank test, and none of
the four tumor types showed significantly different overall survival depending
onthe TBamplification status. h. Arepresentative case of TMPRSS2-ERG fusion
from complex genomicrearrangements suggesting bridge breakage. In this
case,16qand 21qwould have been translocated to each other, forminga
dicentricchromosome. Bridge formation and resolution left a typical footprint
of dual LOH on both bridge arms without causing focal amplification.
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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 Data was downloaded and extracted with EGA Download Client V3 (available at https://github.com/EGA-archive/ega-download-client).

Data analysis List of softwares:
- R (version 4.1.1): https://www.r-project.org
- BWA MEM (version 0.7.15): https://github.com/Ih3/bwa
- Samtools (version 1.3.1): https://github.com/samtools/samtools
- Bazam (version 1.0.1): https://github.com/ssadedin/bazam
- Picard (version 2.8.0): http://broadinstitute.github.io/picard
- PURPLE (version 2.54): https://github.com/hartwigmedical/hmftools/blob/master/purple
- COBALT (version 1.11): https://github.com/hartwigmedical/hmftools/blob/master/cobalt
- AMBER (version 3.5): https://github.com/hartwigmedical/hmftools/blob/master/amber
- GRIDSS2 (version 2.12.0): https://github.com/PapenfussLab/gridss
- RepeatMasker (version 4.1.2-p1): https://github.com/rmhubley/RepeatMasker
- Kraken2 (version 2.1.2): https://github.com/DerrickWood/kraken2
- GRIPSS (version 1.9): https://github.com/hartwigmedical/hmftools/blob/master/gripss
- LINX (version 1.15): https://github.com/hartwigmedical/hmftools/blob/master/linx
- SAGE (version 2.8): https://github.com/hartwigmedical/hmftools/blob/master/sage
- CHORD (version 2.00): https://github.com/UMCUGenetics/CHORD
- xTea (version 0.1.6): https://github.com/parklab/xTea
- SigProfilerMatrixGenerator (version 0.1.0): https://github.com/AlexandrovLab/SigProfilerMatrixGenerator
- MusSiCal (version 1.0.0-beta): https://github.com/parklab/MusSiCal




- MutationTimeR (version 1.00.2): https://github.com/gerstung-lab/MutationTimeR

- MACS (version 2): https://hbctraining.github.io/Intro-to-ChIPseq/lessons/05_peak_calling_macs.html
- Bowtie (version 1.2.2): https://github.com/BenLangmead/bowtie

- GSEA (version 4.2.3): https://www.gsea-msigdb.org/gsea

- GEAT (version 0.1): https://github.com/geatools/GEAT

Custom code is available (also stated in the manuscript): https://github.com/parklab/focal-amplification
No commercial software is used.

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 and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio 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 description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

WGS datasets generated through ICGC or PCAWG consortium are available at the ICGC Data Portal (http://dcc.icgc.org) with download instructions and links
available in the downloading PCAWG data section (https://docs.icgc.org/pcawg/data/). For 72 tumors in French study by Ferrari et al., we downloaded the BAM files
from European Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/) under the accession number of EGAS00001001431. BAM or CRAM files from the
Sanger 560 breast cancer project were downloaded from EGA under the accession number of EGAD00001001334, EGAD00001001335, EGAD00001001336,
EGAD00001001338, and EGAD00001001322, those from the British Columbia study were under EGAS00001001159 (more detailed sample-by-sample accession
numbers are available in Table S4 in the published paper), and those from the Yale inflammatory breast cancer project were under EGAS00001004117. HTGTS
dataset is available in Gene Expression Omnibus (GEQ) under the accession number of GSE227369. MSigDB gene set collections are available at GSEA website
(http://www.gsea-msigdb.org/gsea/downloads.jsp). Epigenomic datasets are also publicly available at Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo), 4D Nucleome Data Portal (http://data.4dnucleome.org), and other repositories under accession numbers provided in Supplementary
Table 3. Somatic variant calls, including SNVs, indels, SVs, and allelic copy number information for 780 breast cancer cases are available at the Park lab website
(http://compbio.med.harvard.edu/TBAmplification/).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender This is a meta-analysis study that we do not directly collect information from participants. Instead, we collected sex
information from five published studies. Because breast cancer predominantly affects female, and the biological mechanism
that we describe in the paper is associated with female endocrine physiology, we focused on biological sex in our study.

Population characteristics This study primarily describes 780 patients with breast cancer. This is a meta-analysis of five published studies based on
whole-genome sequencing, and the details of each study is available in "Patient cohort" section of the Methods.
Clinicopathologic characteristics of the patients are described in Extended Data Fig. 1.

Recruitment This study is a meta-analysis without direct recruitment of participants. Whole-genome sequencing datasets were obtained
from public repositories (accession numbers available in the data availability section of the Methods).

Ethics oversight The institutional review board of the Harvard Faculty of Medicine approved this study (IRB18-0151). Individual studies
complied required ethical guidelines per published manuscripts.

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

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.

|X| 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 For genome analysis, no sample size calculations were performed. Sample size was determined by the number of sequencing datasets
available in each individual study. In total, breast cancer genomes from 780 patients were analyzed in this study. For in vitro experiments, n=3
biological replicate experiments were performed for reliability and feasibility for statistical analysis. Each biological replicate is defined as an
independent cell cultures.
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Data exclusions  We originally downloaded 787 cases. Five cases were excluded because they were sequenced from formalin-fixed paraffin-embedded tissues,
and two cases were excluded due to the failure in quality assessment step in our bioinformatic analysis.

Replication We performed high-throughput genome-wide translocation sequencing with three biological replicates per experiment. Result was
concordant among the biological replicates. Details are available in Extended Data Fig. 7.

Randomization  No randomization was performed, given the descriptive nature of the study.

Blinding No blinding was performed, given the descriptive nature of the 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.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

[] Antibodies X[ ] chip-seq

[X] Eukaryotic cell lines X[ ] Flow cytometry

|:| Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
[] Animals and other organisms

[] clinical data

XXXNX[X s

[ ] Dual use research of concern

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MCF7 (ATCC), T47D (ATCC), and 293FT (Invitrogen/ThermoFisher)

Authentication The suppliers of these cell lines provide information on the generation, characteristics, and authentication of the cell line in
its website (MCF7: https://www.atcc.org/products/htb-22; T47D: https://www.atcc.org/products/htb-133; 293FT: https://
www.thermofisher.com/order/catalog/product/R70007). Cell lines authentication was performed using short tandem repeat
(STR) by the supplier.

Mycoplasma contamination The cells were tested negative for Mycoplasma contamination

Commonly misidentified lines  None listed in the ICLAC register.
(See ICLAC register)
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