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Breast cancer is a highly heterogeneous disease whose prognosis and treatment as
defined by the expression of three receptors—oestrogen receptor (ER), progesterone
receptor and human epidermal growth factor receptor 2 (HER2; encoded by FRBB2)—
isinsufficient to capture the full spectrum of clinical outcomes and therapeutic
vulnerabilities. Previously, we demonstrated that transcriptional and genomic
profiles define eleven integrative subtypes with distinct clinical outcomes, including
four ER*subtypes withincreased risk of relapse decades after diagnosis'* Here, to
determine whether these subtypes reflect distinct evolutionary histories, interactions
with theimmune system and pathway dependencies, we established a meta-cohort of
1,828 breast tumours spanning pre-invasive, primary invasive and metastatic disease
withwhole-genome and transcriptome sequencing. We demonstrate that breast
tumours fall along a continuum constrained by three genomic archetypes. The ER*
high-risk integrative subgroup is characterized by complex focal amplifications, similar
to HER2" tumours, including cyclic extrachromosomal DNA amplifications induced
by ER through R-loop formation and APOBEC3B-editing, which arise in pre-invasive
lesions. By contrast, triple-negative tumours exhibit genome-wide instability and
tandem duplications and are enriched for homologous repair deficiency-like signatures,
whereas ER" typical-risk tumours are largely genomically stable. These genomic
archetypes, whichreplicate in anindependent cohort of 2,659 primary tumours, are
established early during tumorigenesis, sculpt the tumour microenvironment and are

conserved in metastatic disease. These complex structural alterations contribute to
replication stress and immune evasion, and persist throughout tumour evolution,
unveiling potential vulnerabilities.

Breast cancer is the most common malignancy in women, account-
ing for more than 15% of new cancer cases in the USA annually’. Clini-
cally, breast tumours are stratified into threeimmunohistochemistry
subtypes—ER'HER2", HER2 and triple-negative breast cancer (TNBC)—
onthebasis of the expression of ER, progesterone receptor and HER2
(ref. 2). Although heterogeneity in gene expression, especially meas-
ures of proliferation, within these subtypes correlates with prognosis
and patterns of relapse, and is used to guide therapy?, ultimately the
paradigm of three major subtypes dictates our understanding of and
approach to the disease.

We previously defined eleven subtypes of breast cancer on the basis
of integrative clustering (IC) of genomic and transcriptional profiles,
and demonstrated their distinct prognosis and relapse trajectories*’.
Among patients with ER" cancer (80% of cases), one-quarter had a
45% chance of distant recurrence two decades post-diagnosis’. This
ER" ‘high-risk’ subgroup, corresponding to IC1, 1C2, IC6 and IC9 sub-
types, is enriched for luminal B tumours harbouring focal oncogene

amplification and overexpression, similar to ERBB2-amplified tumours
(IC5,10-15%). Moreover, genes within these amplicons mediate resist-
ance to hormonal therapy®’. TNBC comprises genome-unstable
basal-like IC10 and IC4ER™ tumours, the latter with relapse risk that
persists beyond 5 years.

Although the IC subgroups improve relapse prediction and define
new drivers’, their origins, evolution and tumour immune microen-
vironments (TMEs) remain unknown. To investigate, we assessed the
genomicarchitecture and microenvironmental composition of breast
tumours from a meta-cohort of 1,828 tumours spanning pre-invasive
ductal carcinoma in situ (DCIS), primary and metastatic lesions,
profiled using whole-genome sequencing (WGS) and transcriptome
sequencing®'°, We furtherimplemented a machinelearning framework
todetermine IC subtypes from DNA-based profiles alone. Our analyses
reveal three primary genomic archetypes of breast cancer— (i) TNBC:
ICs (IC10 and IC4ER"); (ii) typical-risk ER'HER2™ (IC3, IC4ER", IC7 and
I1C8); and (iii) high-risk ER"'HER2" (IC1,1C2,IC6 and IC9) and HER2" (IC5)
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(referred to as ER" high-risk + HER2"). The last group is characterized
by early, recurrent amplifications, including extrachromosomal DNA
(ecDNA) owing to APOBEC3B (A3B)-editing at ER-induced R-loops.
These genomic patterns, accompanied by variable TMEs, implicate
complex rearrangements as a major driver of immune escape and
highlight new therapeutic vulnerabilities in aggressive subgroups.

Evolution of the IC subgroups

The mutational processes underlying breast cancer initiation and
progression are incompletely understood” ™. Herein we uniformly
processed 1,828 samples from DCIS (n =406), primary (n=702) and
metastatic (n =720) lesions using a harmonized, state-of-the-art bio-
informatics pipeline toidentify single nucleotide variants (SNVs), copy
number aberrations (CNAs), structural variants (SVs), ecDNA and muta-
tional signatures (Fig. 1a, Supplementary Fig. 1a-c and Supplemen-
tary Table 1). Owing to shallow coverage of the archival DCIS cohort,
SNVs and SVs were not called™. Additionally, we used the Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC)
cohortof primary invasive tumours* (n =1,894) with both RNA and DNA
profiles and about 20 years of clinical follow-up. To our knowledge,
this represents the largest collection of uniformly processed breast
tumours spanning all disease stages.

Although the ICs predict distant relapse and delineate genomic
drivers*’, current methods fail to accurately capture them using DNA
profiles alone®. Accordingly, we developed Ensemble Integrative Clus-
tering (ENiClust), whichreliably infers IC subtypes from whole-exome
sequencing or WGS, across all stages of disease (Fig. 1b and Supplemen-
tary Table 2). The final ensemble model yields a nine-class prediction
(Fig.1b and Supplementary Table 2), which is further splitinto ten on
the basis of the ER status of IC4 (that is, IC4ER*and IC4ER"). These ten
classes comprise four clinically distinct IC subgroups—TNBC (IC10 and
IC4ER"), HER2* (ICS), ER" typical-risk (IC3 +1C7,IC4ER"and IC8) and ER*
high-risk (IC1,1C2,1C6 and IC9). Throughout we refer to HER2" tumours
asthose classified as IC5, enriching for ERBB2 amplification. ENiClust
outperformed iC10 DNA alone? (Methods and Supplementary Fig. 1d)
andimproves patient stratification, with high-risk tumours exhibiting
worse distant recurrence-free survival (METABRIC; Fig.1c-e and Sup-
plementary Fig.1d-f). Thus, ENiClust identifies clinically meaningful
subgroups with distinct biology.

Using ENiClust, we interrogated the distribution of ICs across dis-
ease stages. DCIS was enriched for IC5 tumours (Fisher’s exact test
P=2.98 x107%; Fig. If), corroborating our previous findings™. ER*
high-risk ICs were enriched among metastatic tumours, consistent
withtheirincreased relapse risk (Fig. 1f and Extended Data Fig.1a).1C10
basal-like tumours were depleted in the metastatic cohort, potentially
owing to differences in ancestry (Extended Data Fig. 1b—d). The ICs
were largely stable from primary to metastasis (concordance = 71.8%;
Extended Data Fig. 1e,f).

Therewasanincreased proportion of luminal B versus luminal Afrom
pre-invasive to primary (A(LumB/(LumA + LumB)) = +11%) and primary
to metastatic (A(LumB/(LumA + LumB)) = +29%; Extended Data Fig.1g)
lesions. Among primary tumours, ER signalling in ER" high-risk tumours
was more akin to that of HER2'ER" tumours®” and significantly lower
than that of ER" typical-risk tumours (Extended Data Fig. 1h), with no
difference between primary and metastatic tumours (Extended Data
Fig.1i). Compared to ER" typical-risk, ER* high-risk was enriched among
patients with tumours that wereresistant to endocrine therapy (odds
ratio (OR) = 5.58, P < 0.03; Supplementary Fig. 1g). In a clinical trial
(NCT00651976) in early-stage ER* breast cancer, high-risk tumours had
adecreased proliferation score with letrozole treatment but it remained
significantly higher than that for typical-risk tumours (P < 0.02; Sup-
plementary Fig. 1h). Thus, ER" high-risk tumours may experience
persistent proliferation despite endocrine treatment. New therapies
(selective oestrogen receptor degraders and proteolysis-targeting

chimeras) that more fully suppress proliferation might particularly
benefit this subgroup.

Early IC-specific SVs fuel progression

TheIC subtypes have distinct CNA landscapes (Extended Data Fig. 1j),
but their SVlandscape and evolution have not been investigated. Lev-
eraging ENiClust, we found that the IC-subgroup-specific genomic
landscape of breast cancer is consistent throughout disease pro-
gression despite an increased burden of alterations'®**'*" (Fig. 2a
and Extended Data Fig. 2a,b). Both HER2" and ER" high-risk primary
and metastatic tumours exhibit characteristic sharp increases in SV
burden at their respective recurrently amplified loci (IC5:17q12; IC6:
8p11;1C2:11q13; IC1:17923). The peak of SV burden at 17q12 (ERBB2)
suggests that ERBB2 amplification is fuelled by complex alterations,
such as ecDNA®, The mutational burden in primary ER" typical-risk
tumours was minimal (Supplementary Fig. 1i) but increased in met-
astatic disease (Fig. 2a), in part owing to treatment (Extended Data
Fig. 2¢).IC10 and IC4ER™ tumours exhibit diffuse genome-wide insta-
bility with anincreased SV burden, although the latter show an atten-
uated pattern and harbour fewer pathogenic SVs and alterations in
DNA repair pathways, confirming previous reports® (Extended Data
Fig. 2d,e). Across metastatic sites, the cumulative burden of altera-
tions was higher in lung and subcutaneous metastases and lower in
soft-tissue and in-breast recurrences (Extended Data Fig. 2f). These
subgroup-specificalterations were seen in DCIS (Extended DataFig. 2a),
emphasizing early oncogene addiction and mechanisms of malignant
transformation.

Next we characterized CNA and SV signaturesin 702 primary breast
tumours, replicating the 24 CNA? and 6 rearrangement®*' signatures
(RSs) previously reported (Supplementary Fig. 2a-c). RS3, RS5 (asso-
ciated with homologous repair deficiency (HRD); Supplementary
Fig. 2d) and CN17 were enriched in IC10 tumours, whereas RS4, RS6
(associated with complex amplifications) and CN7 were enriched in
ER" high-risk and HER2" tumours (Extended Data Fig. 2g,h and Sup-
plementary Fig.2e-g). ER" typical-risk tumours were enriched for CN1
(associated with diploid genomes; Supplementary Fig. 2d,e).

Projected onatwo-dimensional plane (Supplementary Fig. 3a,b), the
architectural profiles follow a continuum and formapolyhedron remi-
niscent of Pareto optimum theory, whichillustrates trade-offs between
biological tasks?. Primary breast cancers map onto three dominant
genomic archetypes (Supplementary Fig. 3c-f): TNBC-enriched, ER*
typical-risk-enriched and ER* high-risk + HER2*-enriched. Tumours
dominated by a single mutational process are proximal to a vertex,
whereas those characterized by multiple processes cluster at the centre
(Fig.2b and Extended DataFig. 2i). The TNBC-enriched archetype was
positively correlated withgenomicinstability, HRD and APOBEC-editing
SNVs (Fig. 2c and Supplementary Fig. 3g). Compared to ER" high-risk
tumours, HER2" tumours were enriched for tyfonas (Extended Data
Fig. 2j). The ER" high-risk + HER2"-enriched archetype was positively
correlated with complex amplifications, reactive oxygen species and
APOBEC-associated SNVs harbouring co-amplification of multiple
cytobands (Extended DataFig. 3a). By contrast, the ER" typical-enriched
archetype negatively correlated with most genomic features.

Tumours predicted to be BRCA-like on the basis of germline or
somatic genomic features® map to the TNBC-enriched archetype
(Extended Data Fig. 3b). Indeed, both BRCA1-like and BRCA2-like ER*
and ER” tumours demonstrated significantly higher TNBC-archetype
scores than non-HRD tumours, and HRD-like ER" high-risk tumours were
closertothe TNBC-enriched archetype than their non-HRD-like coun-
terparts (OR =5.09; P= 6.5 x10™*). Additionally, the mutational patterns
of BRCA1-like and BRCA2-like ER” and ER* tumours were highly concord-
ant (Supplementary Fig.3h,i). Notably, whereas 43.6% of TNBC tumours
were HRD-like, 13.2% of ER" high-risk tumours were also predicted to be
HRD-like, with most being ER" high-risk IC1orIC9 (OR = 4.43; P=0.03;

Nature | Vol 638 | 13 February 2025 | 511


https://clinicaltrials.gov/ct2/show/NCT00651976

Article

a Discovery BC cohorts Mutational landscape TME Replication cohort
A o o Immune-enriched  Immune-enriched Reference for
00O HTAN w w fibrotic non-fibrotic integrative 0aa 2‘8
2 o DCIS Atlas 0 SIS on® subtypes (ICs) 5o
a] sSWGS (n = 406) s and outcome £z
RNA (n = 481) § 0 analyses e =
2 CNAs
Q o o o © i
>0 TCGA, PCAWG 3
g »g ol |, Nik-Zainal et al. N Depleted METABRIC
= § WGS (n = 702) g - CNAs DNA (n = 1,894)
Z RNA (n = 189) g RNA (n = 1,894)
[*]
o
9] . . =
= (g ] Hartwig Medical ﬁ BTt Gen 20 years
B O o Foundation = lificati \ . e of clinical
g @ — WGS (n = 720) amplifications = i @ Lymphoid @@ Tumour expression follow-up
= RNA (n = 428) J W Fiproblast & Myeloid
b ¢ 100+ iC10 DNA + RNA ER" typical vs high-risk (METABRIC)
ENiClust iti
LS
TCGA WES (0 = 1,013) Hartwig WGS (n = 297) 050 | g 0.20 A S
(primary) (metastatic) 025 | HR=167 @ ________
- - P=6.75x 10 £ 0157 B
Feature extraction l Data processing and cleaning 0, " : : : 5
CNA Clinical Reference 1.00 4 ENiClust _‘é 0.10 4 /lf,’f .
Gene Cytoband Genome Hormone iC10 0.75 4 ‘a‘ .,'/l “ %’:'glsrs\‘tA RNA
level level level receptor status|| DNA + RNA o w 0.054 ) b *
T 0.50 1 o K -« iC10 DNA only
o] o o # iC10 RNA only
Model N Independent < 025 HR=1.63 o #
Holdout test data (20%) E e s g o P=1.94x10° ‘ ‘ ‘ ‘
. validation = i T j ! T 5 10 15 20
Training data (80%) S 1.00 iC10 DNA onl
Fivefold cross- 2 - : ony Time (years)
efol (I S 075
\alidation : Nik-Zainal et al. v 0504 0.02
=1 c Y 029
[] Train [J Test LTI 1IM n=189 O 425 HR=1.48 _ i
¥ 0. P=525x10" f
Performance Trained METABRIC ‘ ‘ j ‘ ‘ o e
0.75 4 LR
v 0024 -
0.50 4 HR=1.64 A 1
IC-subtype ER* high (IC1, IC2, IC6 and IC9), P=158x10° N
predictions T " 0.25 4 P=1.58x e
ER" typical (IC3/IC7, IC4ER™ and IC8), = High-risk = Typical-risk oo
HER2* (IC5) and TNBC (IC10 and IC4ER) o = Tighrisk 7 Typlear : : ‘ ‘
0 5 10 15 20 5 10 15 20
Time (years) Time (years)
e 110 - f P=0.019
5 06 dor Al - Gumuativd] 'O TR | o0s{lC3+IC7+IC8 100 | n=481 n=700 n=713 | n 481 n 700 n 713
T 0.4 1 8 04+ _
5 oz,m, 2 Oz,j&: g 1C subtype
< o . = S
¢ ol . 0l e 8 8 75 8 o1
< 06 ]lct lice 0.6 |IC4ER" z 2 mc2
3 @ 5 IC6
o 0.4 R 0.4+ w » IC subgroup 1c9
T 02 ] £ 021 A&;\/: e %07 ) ER"high I IC3+IC7
5 o ] 2 4 _% ER" typical [ IC4ER*
Z 06 {ICY Jic2 w Jics 5 M HER2® 1C8
£ 0.6 G 06 | g 254 b M ic1o0 M c5
E 0.4 4 1 0.4 ‘N x M cio
° 0.2 — 0.2 & IC4ER
o I 0
0 T T T " T T T T 0- T T T T J T T T T T T
5 10 15 20 5 10 15 20 5 10 15 20 DCIS P M DCIS P M
Time (years) Time (years) Time (years) (RNA) (RNA)

Fig.1|ENiClustidentifies the ICsubtypes. a, Schematic of the study design.
BC, breast cancer; HTAN, Human Tumor Atlas Network; sSWGS, shallow WGS;
TCGA, The Cancer Genome Atlas; PCAWG, Pan-Cancer Analysis of Whole
Genomes.b, Schematic of the ENiClust IC classifier. WES, whole-exome
sequencing.c, Kaplan-Meier curves of distant relapse-free (DRF) survival of
the ER" typical-riskand ER" high-risk classes detected by the four IC subtype
classifiers. Shaded arearepresents 95% confidence interval. HR, hazard ratio.
d, Differenceindistant relapse-free survival probability (top) or deltain Cox

Extended Data Fig. 3c and Supplementary Fig. 3j). Indeed, although
foldback inversions and pyrgos were enriched in TNBC (foldback
inversion: 17.3%, P=2.00 x 107%; pyrgos: 18.8%, P=9.33 x10™*), these
mutational events were also observed in ER" tumours (5.1% and 4.1%,
respectively; Extended Data Fig. 3d). These data reinforce multiple
mechanisms of genome instability in TNBC* that also affect a subset
of ER" tumours.
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proportional hazard ratio (bottom) between ER" typical-risk and ER* high-risk
classes detected by the four different IC classifiers. Error bars represent the
difference in 95% confidence intervals between ER" typical-risk and ER" high-risk
ineach model. e, Differential pattern of relapse across theICs, illustrated by
the cumulative (black) and annual (red) risk of relapse over time. f, IC subgroup
(left) and subtype (right) distributions across disease stages. P, primary;
M, metastatic. The schematicsina,b were created with BioRender.com.

Thethree genomicarchetypesreplicated inanindependent cohort
0f 2,229 primary tumours from Genomics England® (Extended Data
Fig. 3e). Overall, the genomic landscape of primary breast tumours
falls along a continuum with mutational patterns captured by three
main genomic archetypes, namely, genome-stable, diploid genomes
(ER"typical-risk-enriched), genome-wide instability (TNBC-enriched)
and focal, complex amplifications (ER* high-risk + HER2"-enriched).
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samples. b, Pareto front projection onternary plot of CNA and SV signature
profiles from primary (left) and metastatic (right) tumoursindependently,

Metastatic lesions exhibit increased SNV and SVburdens compared to
unpaired primary tumours, probably owing to therapy, aswe and others
have shown'", Using the above approach, we identified six de novo SV
signaturesin metastases that correlated with those in primary tumours
(Supplementary Fig. 4a,b) and showed similar subgroup-specific
enrichment patterns (Extended Data Fig. 3f). Two-dimensional projec-
tion againrevealed three dominant archetypes (Supplementary Fig. 4c)
that overlap with those in primary tumours (Fig. 2b,c, Extended Data
Fig.3gand Supplementary Fig.4d). Our results were robust to choice
of dimensionality reduction algorithm (Supplementary Fig. 4e-g).
Thus, the three genomic archetypes of breast cancer are conserved
in metastatic disease.

SV signatures were generally conserved, although increased, in
metastatic tumours except for RS4 and RS6 in ER" high-riskand HER2*
tumours, respectively, which were stable (Extended Data Fig. 3h). These
data support the early occurrence of complex rearrangements and
their persistence through metastasis. Although the distribution of
CNA signatures mirrored primary tumours, the Pareto front revealed
increased alteration burden and more intermixed profiles in metasta-
sis, consistent with increased whole-genome doubling and genomic
instability"” (Extended Data Fig. 3i and Supplementary Fig. 4h,i). Thus,
metastatic tumours retain the scars of subgroup-specific mutational
processes operative in early-stage disease.

Although ER" typical-risk tumours have a favourable prognosis, 29%
of patients experience distant relapse*. We investigated whether the
genomic archetypes improve risk stratification. Mapping METABRIC

Genomic feature

resultinginthree genomicarchetypes. Each plotted circle representsatumour.
¢, Lollipop plotsillustrating the correlation between mutational features and the
distance to each archetype.amp., amplification; BFB, breakage-fusion-bridge;
TIC, templatedinsertion chain; LOH, loss of heterozygosity; WGD, whole-genome
doubling; FGA, fraction of genome altered.

onto the Pareto front (Methods, Extended Data Fig. 3j and Supple-
mentary Fig. 4j-1), the position of ER* typical-risk tumours was pre-
dictive of relapse, with recurrent tumours mapping closer to the ER*
high-risk + HER2" archetype (Extended DataFig. 3k,) accompanied by
ahigher HRD loss-of-heterozygosity score, invasive lobular carcinoma
(ILC) histology and increased proliferation.

In METABRIC, ILCs were enriched in ER" typical-risk tumours
(OR=2.20,P=2.27 x107,Fisher’s exact test; Supplementary Fig. 4m).
Within ER" high-risk tumours, ILCs exhibited a higher 5-year recurrence
risk (39% versus 30%) and cumulative recurrence risk (62% versus 54%
at20years; Extended Data Fig. 3m). This difference was more marked
among ER*typical-risk tumours (55% versus 37% at 20 years). ILCs were
closer to the ER* typical-risk archetype than their invasive ductal car-
cinoma (IDC) counterparts (P=2.10 x 10~; Extended Data Fig. 3n,0)
giventheirlower levels of whole-genome doubling, ploidy and fraction
of genome altered. Thus, given comparable genomic architectures,
lobular histology remains a high-risk feature.

ER-induced R-loops fuel ecDNA genesis

ER" high-risk and HER2" breast tumours were enriched for complex
amplifications in two independent cohorts (OR>10.1; P<2.2x107;
Fig.3aand Extended DataFig. 4a), motivating further exploration of
their origin and nature (Supplementary Fig. 5a,b). There was no differ-
enceincyclicamplificationsin HER2'ER™ primary tumours compared
to HER2'ER" primary tumours (Extended Data Fig. 4b). Leveraging
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Fig.3|Cyclicamplifications are early mutational processesin ER" high-
riskand HER2' breast tumours. a, Proportion (top) and number (bottom) of
samples with atleastone cyclic or complex non-cyclicamplificationin primary
or metastatic tumours. b, The density of SNVs occurring before amplification
inprimary (top) and metastatic (bottom) tumours. Boxplot represents median,
0.25and 0.75 quantiles with whiskers at1.5x theinterquartile range. ¢, lllustration
showing copy number (CN) and SVs linking together disjoint segments in
ecDNA (top), ratio of read depthin the tumor versus normal sample (middle)
andlocation of oncogenesinecDNA (bottom) inarepresentative primary [C2
tumour. d, Ratio of sequencing coverage in digested versus parental UCD65
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(IC2) celllineinthe predicted ecDNAregion (dashed red line) compared to
1,000 nullregions. e, Proportion of tumours within each IC subtype that harbour
cyclic, complex non-cyclic or linear amplification in IC-specific oncogenes.
f,Schematic for the genesis of cyclic amplifications. TC-NER, transcription-
coupled nucleotide-excision repair. g, The density of ER-induced R-loops
incyclic versus complex non-cyclicamplifications. h, The percentage of
breakpoints that overlap ER-induced R-loops with (+) or without (-) E2 treatment.
Error barsrepresent the standard deviation across threereplicates. i, The
distance of each oncogene to the nearest ER-induced R-loop. The schematicin f
was created with BioRender.com.
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two independent ecDNA inference methods, 43-67% of primary ER"
high-riskand HER2" cases were predicted to harbour ecDNA (Extended
Data Fig. 4c,d). A proportion of HER2* primary tumours (25.7%) har-
boured amplifications in loci specific to the ER" high-risk subgroup
(Extended Data Fig. 4e and Supplementary Fig. 5¢), with 8.57% pre-
dicted to be onecDNA. Additionally, we observed amodest enrichment
of inversions at the 11q13 locus in primary tumours. HRD and ecDNA
were mutually exclusive in primary ER" high-risk and IC10 tumours
(OR=0.21-0.29; false discovery rate (FDR) < 0.02; Supplementary
Fig.5d). Weinterrogated complex amplifications in406 pre-invasive
DCIS profiled with shallow WGS (5x median coverage)'°. We predicted
35 cyclicand 205 complex non-cyclic amplifications, enriched in ER*
high-risk + HER2* tumours (OR = 4.21; P=2.48 x10™*; Extended Data
Fig.4fand Supplementary Fig. Se). This patternreplicated in 12 DCIS
samples from Genomics England (92.8x)%. Leveraging the clock-like
accumulation of mutations, SNV density informs the timing of cyclic
amplifications (Methods). Compared to cyclicamplificationsin TNBC
tumours, cyclicamplificationsin ER" high-riskand HER2* tumours had
alower SNV density before amplification, suggesting an earlier origin
(Fig.3band Supplementary Fig. 5f). Median time of cyclic amplifica-
tion in ER" high-risk and HER2" tumours occurs decades earlier than
in IC10 tumours, respectively, implicating cyclic amplifications as
early events.

Most cyclic amplifications in ER* high-risk (88%) and HER2" (96%)
tumours overlapped at least one COSMIC-defined oncogene (Extended
Data Fig. 4g). Of these, 79-92% involved oncogenes in IC-associated
cytobands (Extended Data Fig. 1j) and 15% involved two or more cyto-
bands (Extended DataFig. 4h and Supplementary Table 3). In cell line
models of IC2 (UCD65) and IC6 (UCD12) before and after linear DNA
digestion, significantly higher sequencing coverage occurred at regions
predictedtoencode ecDNA, corroborating our computational predic-
tions (Fig.3c,d and Supplementary Fig. 5g,h). Oncogene incorporation
varied across subtypes, with HER2" tumours harbouring the largest
number per megabase (Extended Data Fig. 4i,j). A total of 82% of IC2,
59% of IC5 (HER2"), 48% of IC6 and 32.5% of IC1 tumours had predicted
cyclic amplifications at subgroup-defining cytobands, whereas 3% of
IC1and IC9 tumours harboured cyclic amplifications at 20q13, span-
ning the NCOA3 oncogene (Fig. 3e). Overall 42% of IC9 tumours harbour
ecDNA, but these ecDNAs are diffuse along the genome and do not
include MYC. In support, focal SV peaks were not observed at 8q24
spanning the MYC oncogene in IC9 primary or metastatic tumours.
Instead, abroader region is subject to enhancer hijacking by the long
noncoding RNA PVTI, as we previously reported®. PVTI co-amplifies
with MYCin about 90% of tumours (Supplementary Fig. 5i). Frequent
enhancer hijacking at MYC may explain the weak correlation between
MYC copy number and mRNA abundance (Supplementary Fig. 5j,k).

The subset of ER" typical-risk tumours harbouring ecDNA fell along
the ER" typical-risk versus high-risk archetype continuum (Extended
Data Fig. 4k-1). By contrast, ER™ tumours with ecDNA had limited
structural conservation (Extended Data Fig. 5a). Across all subgroups,
similar patterns were observed in metastatic and pre-invasive tumours
(Extended Data Fig. 5b-f).

Increased replication stress has been associated with response to
checkpoint” and DNA repair®® inhibitors, and hence is a therapeutic
vulnerability in TNBCS. Assessing replication stress across the IC sub-
groups, we found increased levels of oncogene-induced replication
stressin ER" high-riskand HER2* tumours compared to ER typical-risk,
IC10 and IC4ER™ tumours (FDR < 0.026; Extended Data Fig. 6a,b and
Supplementary Table 2). The replication stress signature was positively
correlated with TNBC-enriched and ER" high-risk + HER2"-enriched
genomicarchetypes (effect size > 0.154, P < 4.98 x 107; Extended Data
Fig. 6¢c—e). Within ER* typical-risk tumours, ILC had a higher replication
stress than IDC (FDR = 4.08 x 107%). Meta-analysis suggests a positive
association between ecDNA and replicationstressin HER2*, IC1and IC6
tumours (Extended Data Fig. 6f) and higher levels of type-linterferon

signature in ecDNA" tumours (Supplementary Fig. 6a). Finally, ER"
high-risk and HER2* tumours demonstrated increased cGAS-STING
activity (Extended DataFig. 6g,h), a possible therapeutic target linked
to chromosomal instability and replication stress.

Consistent with the findings of ref. 30, our data showed that cyclic
amplifications were significantly enriched for translocations com-
pared to complex non-cyclic amplifications in ER" primary tumours
(Fig. 3f, Extended Data Fig. 7a,b and Supplementary Fig. 6b). These
cyclic-amplified ER" high-risk tumours had a higher ESRI mRNA abun-
dance (8=1.27; P=6.90 x 1073 Extended DataFig. 7c) and enriched ER
binding within the amplified region (Extended Data Fig. 7d and Supple-
mentary Fig. 6¢). Nonetheless, ER signalling was lower in ER* high-risk
compared to typical-risk tumours (Extended Data Fig. 1h). Given the
evidence for ecDNA in pre-malignant lesions, we reasoned that ER
signalling is increased in DCIS lesions that classify as ER" high-risk
and subsequently decreases ininvasive disease. Leveraging 18 paired
ER* DCIS and primary tumours with transcriptome sequencing'®, we
observed decreased ER signalling in ER* high-risk tumours (effect
size = 0.33; P=0.03; Extended Data Fig. 7e). These data support the
role of ER in ecDNA genesis through translocations and emphasize
their early origin.

The mechanism by which ER activation induces translocations
remains unknown. ER recruitment of A3B promotes double-stranded
breaks (DSBs) at ER binding sites™ (Fig. 3f and Extended Data Fig. 7a).
Increased ER-induced transcription leads to the formation of R-loops
producing single-stranded DNA, a substrate for A3B-editing®’. A3B
deaminates cytosine to uracil, which can berepaired by base-excision
repair (BER). Single-strand nicks induced by BER coupled with
transcription-coupled nucleotide-excision repair processing of the
R-loop canresultin DSBs™. Together, these findings indicate that A3B
can exacerbate chromosomalinstability in the pre-invasive setting®. We
reasoned that ER-induced R-loopsinitiate translocation-bridge amplifi-
cations through A3B-editing and confirmed that A3B bindingin ER" cell
lines was enrichedin cyclic versus non-cyclicamplifications (Extended
DataFig.7d and Supplementary Fig. 6¢). Treatment with oestradiol (E2)
in MCF7 cell lines induced R-100ps (g i0ps = 212) in the same regions
where cyclicamplifications were observed in patient tumours (Fig.3g
and Extended Data Fig. 7f,g). This finding was specific to ER-induced
R-100DS (Mg00ps =13,965; Extended Data Fig. 7h). Unresolved R-loops
due to A3B knockout in MCF10A cells were preferentially enriched in
regions of cyclic amplifications in primary breast tumours (Extended
Data Fig. 7i and Supplementary Fig. 6d). Tumours containing ecDNA
were also enriched for transcription-replication collision-associated
large tandem duplications (>100 kb), indicative of impaired R-loop
resolution? (Supplementary Fig. 6e). Translocations within cyclic
amplifications were significantly closer to ER-induced R-loops than
those outside cyclic amplifications (Extended Data Fig. 7j,k). These
datasupportarolefor A3BinR-loopresolution, contributing toecDNA
formation.

Accordingly, we reasoned that oestrogen-induced SV breakpoints
would be enriched at ER-induced R-loops. Comparing SV patterns
in E2-treated MCF7 cells through high-throughput genome-wide
translocation sequencing of DSBs forming translocationsinduced by
CRISPR-Cas9 (ref. 30), we confirmed the enrichment for E2-induced
breakpoints at E2-induced R-loops (Fig. 3h) compared to all R-loops
(Extended Data Fig. 71). There was no difference in replication tim-
ing between cyclic and non-cyclic amplifications (Supplementary
Fig. 6f). ER-induced R-loops were enriched closer to the IC-specific
oncogenes PAK1 (IC2), ZNF703 (IC6) and MYC (IC9) than to all other
COSMIC-defined oncogenes, including ERBB2 (Fig. 3i). There was no
enrichment of ER-induced R-loops near IC1 oncogenes.

Germline CNA polymorphisms in A3B have been associated with
APOBEC-dependent mutations** and immune activation in breast can-
cer®, Despite limited power, our analyses found amodest but nonsig-
nificant decreasein ecDNA prevalence in ER* high-risk and typical-risk
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Fig.4|Complex alterations contribute to IC-specificimmune escape.

a, Schematic of TME subtypes and selectimmune escape pathways.

b, Comparison of TME subtypes by IC subgroup. The number of tumoursin
eachsubgroupisindicated onthetop of eachbar.c, Left: proportion of primary
and metastatic samplesin eachIC subgroup with GIE. Right: proportion of
samples with alterations in each pathway stratified by ICsubgroup and stage

samples with the homozygous deletion allele (n = 5; Extended Data
Fig.7m). Together, these dataindicate that ER activity promotes cyclic
amplifications through R-loop formation and A3B-editing.

ThelCs harbour distinct TMEs

Tumour clonal composition and genomic features are sculpted
by immune pressures®, and oncogenic alterations promote both
pro-tumour and anti-tumour immune responses®. Using transcrip-
tomic profiles, we characterized the TME in primary (ncg, =1,015;
Nyverasric = 1,894) and metastatic (n = 360) tumours focusing on four
subtypes defined by immune infiltration and stromal composition:
immune-enriched fibrotic,immune-enriched non-fibrotic, fibroticand
depleted® (Fig.4a, Extended Data Fig. 8aand Supplementary Table 2).
The reproducibility of the TME subtypes is supported by single-cell
spatial proteomic profiling (n = 384; Extended Data Fig. 8b) and cell
type proportions estimated from bulk transcriptomics (Supplemen-
tary Fig. 7a).

We then quantified microenvironmental differences across the IC
subgroups. Primary IC10 and IC4ER™ were enriched forimmune-rich
(immune-enriched non-fibrotic and immune-enriched fibrotic)
TMEs (OR =3.004, P=5.17 x 107", Fisher’s exact test; Fig. 4b and
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of progression.d, Proportion of alteration types in primary and metastatic
samples foreach of theimmune escape pathways. The schematicinawas adapted
from BioRender.com (credit: A. Iwasaki &J.-H. Lee; https://app.biorender.com/
biorender-templates/figures/all/t-5f4fb77c3b02b700b74df8c6-mhc-class-i-
and-ii-pathways).

Supplementary Fig. 7b), as previously reported®. ER" high-risk and
HER2" primary tumours harboured immune-depleted TMEs (OR =3.09,
P=1.06 x107, Fisher’s exact test), whereas genome-stable ER*
typical-risk and IC4ER™ primary tumours were enriched for fibrotic
signatures (fibrotic and immune-enriched fibrotic subtypes; OR =5.619,
P<2.2x107, Fisher’s exact test). These observations replicated using
asecond transcriptional immune score (Supplementary Fig. 7c,d).
Within ER" high-risk tumours, immune enrichment did not differ
across subgroups (Extended Data Fig. 8c). Among ER" typical-risk
tumours, ILCs were enriched for the immune-enriched fibrotic
subtype compared with IDCs (OR =2.18, P=1.17 x107%; Extended
DataFig. 8d).

IC4ER™ tumours have amore favourable prognosis but longer-term
risk of recurrence than IC10 tumours® despite similar genomic land-
scapes (Fig. 2a). To investigate differences in their TME, we leveraged
single-cell spatial proteomic data and discovered anincreased propor-
tion of fibroblasts and T cells in IC4ER™ compared to IC10 tumours
(Extended Data Fig. 8e and Supplementary Fig. 7e). In support, pre-
vious work has linked increased T cell infiltration with improved
overall survival in TNBC*. Compared to primary tumours, ER” meta-
static tumours were depleted of immune-enriched non-fibrotic and
immune-enriched fibrotic features (OR=3.01; P=2 x 10™*; Extended
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b, Temporal changesin genomic stability, ER signalling and immune enrichment
from pre-invasive, primary invasive to metastatic disease across subgroups.
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Data Fig. 8f). By contrast, HER2" and ER* tumours exhibited stable
TMEs through metastasis (Fig. 4b, Extended Data Fig. 8g and Supple-
mentary Fig. 7f), consistent with previous reports that ER promotes
immunosuppression and immunoediting in pre-invasive lesions*%*.,

We found that 43.86% of primary and 47.67% of metastatic tumours
exhibited geneticimmune escape (GIE), most of which occurredin a
single pathway with varying prevalence across IC subgroups (Fig. 4c
and Supplementary Tables 4 and 5). IC2 and IC6 tumours were more
immune-depleted than IC1 and IC9 tumours (Extended Data Fig. 8c)
but harboured fewer GIE (Extended Data Fig. 9a). Instead, 60% of pri-
mary IC6 tumours amplified /DO1, which encodes the heme-containing
enzyme indoleamine 2,3-dioxygenase located within 8p11.21 that
metabolizes tryptophan involved in immune tolerance* (Extended
DataFig. 9b,c). ER* typical-risk ILCs exhibit fewer GIE alterations than
ER" typical-risk IDC tumours (Extended Data Fig. 9d), and GIE was not
associated with antigen burden (Supplementary Fig. 7g).

Complexalterations and SVs have been overlooked when evaluating
GIE¥. We found that about 20% of primary and metastatic tumours with
GIE harboured SVs or complex amplifications (Fig. 4d and Extended
DataFig.9e). HER2" tumours demonstrated the largest increase in GIE
between primary and metastatic disease, potentially owing to greater
pressure to evade anti-HER2 therapies (OR =2.23, FDR = 0.19, Fisher’s
exact test; Extended Data Fig. 9f). These datailluminate the role of com-
plexalterations inimmune escape and tumour-immune co-evolution
during disease progression.

Discussion

Here weidentify three dominant genomic archetypes of breast cancer
driven by distinct mutational processes, describing a continuum of
genomic profiles and providing amechanistic basis for these patterns
(Fig. 5a). These three archetypes overlap with the main clinical breast
cancer subgroups withanotable difference. For asizeable proportion

amplification-

of ER" tumours (43.2%), the ER" high-risk + HER2" archetype dominates
and the mutational processes are indistinguishable from those of HER2*
tumours. Rather than amplifying ERBB2, these ER" high-risk tumours
harbour focal amplifications of other oncogenes (Extended DataFig. 1j)
and have anincreased risk of recurrence akin to HER2" tumours before
theintroduction of anti-HER2 therapies’. These ER" high-risk tumours
may similarly benefit fromagents directed at their amplified oncogenic
drivers and/or shared vulnerabilities.

Adefining feature of the ER* high-risk + HER2" archetypeis the gen-
eration of focally amplified ecDNA through ER-induced R-loops and
A3B-editing. ER-induced R-loops create single-stranded DNA, which
serves as a substrate for A3B-editing. DSBs arising from BER and
nucleotide-excision repair are resolved in the form of interchromo-
somal translocations. Dicentric chromosomes can form chromosome
bridges during mitosis, and breakage of these bridges can generate
ecDNA®°, ecDNA formation preferentially occurs at loci that define
the four ER" high-risk subgroups and HER2" disease. Although ecDNA
genesis depends on ER, circular amplification may reduce reliance on
ER by increasing a particular oncogene’s copy number and rewiring
its regulatory network®. This is supported by reduced ER signalling
in ER" high-risk tumours from DCIS to invasive disease. As ER tran-
scriptional activity can contribute to DSBs*, ecDNA formation may
balance increased oncogenic signalling with protection against fur-
ther ER-induced genomic instability (Fig. 5b), and hence reflects an
evolutionary trade-off, consistent with mutual exclusivity between
complex amplifications and diffuse genome instability.

Beyond tumour subtype, the mutational processes captured by our
architectural map may beindicative of distinct therapeutic vulnerabili-
ties. For example, HRD-like tumours are sensitive to PARP inhibition
and this hasbecome a mainstay of therapy for TNBC. We find that 44%
of TNBC tumours have HRD-like profiles on the basis of WGS, and 13%
of ER* high-risk tumours exhibit BRCA2-like patterns. Although HRD
as measured from sequencing datais not confirmed to correlate with
PARP inhibitor sensitivity, this result implies that additional patients
may benefit from these agents. Further, we find that focally amplified
ER" high-risk tumours exhibit increased replication stress pathway
activities, suggesting potential sensitivity to new agents targeting this
pathway. Additionally, although APOBEC3 mutagenesis canoccur early
during tumorigenesis, givenits effect on ER activity, A3B represents a
potential target in the ER" high-risk subgroup for which inhibitors are
in development®.

The mutational processes that generate and propagate genomic
instability both sculpt oncogenic signalling and mediate interactions
between tumour cells and the TME. More specifically, SVs contribute
to GIE in 9% of breast tumours, but have been overlooked, owing to
the need for WGS. Basal-like IC10 tumours, which harbour both high
genomic instability and immune infiltrates, probably adapt to this
immune pressure through GIE. By contrast, ER* tumours, both typical-
and high-risk, are more immune-depleted at the onset with fewer GIE
events, suggesting non-GIE mechanisms®. This is noteworthy given
the evolving utility ofimmunotherapy in breast cancer*. Despite high
immune infiltration, up to 62% of TNBC tumours are resistant to cur-
rentimmunotherapies, potentially owing to GIE, whereas 38% of ER"
tumours have immune-enriched TMEs, making them candidates for
such agents. Our findings highlight multiple potential strategies for
personalizing breast cancer treatment, which will be the focus of ongo-
ing preclinical and translational studies.
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Methods

Adetailed description of the methods and materialsis availablein the
Supplementary Information.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allcohorts are publicly available. Datafor TCGA BRCA samples canbe
found onthe Genomic Data Commons Data Portal (https://portal.gdc.
cancer.gov/). DNA-sequencingdatafortheInternational Cancer Genome
Consortium (ICGC) breast cancer samples canbe found on the European
Genome-Phenome Archive (accession numbers EGAD00001000141,
EGAD00001001322, EGAD00001001334, EGAD0O0001001335,
EGAD00001001336, EGAD00001001337 and EGAD00001001338).
In cases in which it was possible, alignments for both TCGA and ICGC
samples carried out by the Pancancer Analysis of Whole Genomes were
used (https://docs.icgc-argo.org/docs/data-access/icgc-25k-data).
RNA-sequencing datafor the ICGC breast cancer samples canbe found
on the European Genome-phenome Archive under accession num-
bers EGAD00001001323, EGAD00001001339, EGAD00001001340
and EGAD00001001341. Data for metastatic breast cancer samples
(Hartwig) are available for academic use under a Data Use 25 Agree-
ment (DR-230) from the Hartwig Medical Foundation (https://www.
hartwigmedicalfoundation.nl/en/data/data-acces-request/). Data
for HTAN DCIS tumours are available on the database of Genotypes
and Phenotypes (accession number phs002371.v4.p1). Data for
METABRIC breast cancer samples can be found on the European
Genome-Phenome Archive (accession number EGASO0000000083).
Data for paired primary and metastatic breast samples are available
on the database of Genotypes and Phenotypes under accession num-
bers phs000730.v1.p1, phs000676.v1.pland phs001674.v1.p1,and on
the Sequencing Read Archive under accession number SRP055001.
Single-cell proteomic data for 384 METABRIC samples can be found at

https://idr.openmicroscopy.org/webclient/?experimenter=-1(idr0076).
WGS data from GEL can be accessed through the Genomics England
Research Network; the process for joining is described at https://www.
genomicsengland.co.uk/research/academic/join-gecip.

Code availability

Code for computational analysis is available via the Curtis Lab GitHub
repository at https://github.com/cancersysbio/breast-architecture.
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Extended DataFig.1|ICsubgroup distribution varies across stages of
progression, ancestry and histology. a) ICsubgroup (left) and subtype (right)
across stages of progressionin ER+samples. b) Inferred ancestry (primary
samples, left or metastatic samples, right) across IC subgroups. ¢) IC subgroup
(left) and subtype (right) acrossinferred ancestry in primary (top) and metastatic
(bottom) stages. d) IC subgroup (left) and subtype (right) across inferred
ancestry in primary (top) and metastatic (bottom) stages in ER+samples.

e) ICsubtypes (left) and subgroups (right) across paired primary and metastatic
samples with WES data. f) Graphical network representing primary/primary or
primary/metastatic pairs; dots corresponding to atumour biopsy colored by

IC subgroup, the edge between two dots indicates whether the classificationis
stable (black) or changes (red) through metastasis. The surrounding color
represents the PAM50 subtype (gray indicates missing data). g) ICsubtypeor
subgroup consistency with PAM50 in pre-invasive DCIS (left), primary (middle),
and metastatic (right) samples. h) ER early transcriptional signature according
tosubgroup.i) ER early signaling transcriptional signaturein primary and
metastatic tumours. j) Schematic overview of IC-specific amplification
peaksand associated genes. ES, effect size. DCIS, ductal carcinomain situ;
LumA, luminal A; LumB, luminal B. The schematicinjwas created with
BioRender.com.


https://biorender.com

ad ER+ Hi C i i
igh i i ER+ High ER+ Typical
9 490 WS NG 7 IR RO O N 120 131 5 16 7 8 020zt 4 o o nHiah ER+ Tvoical HER2+ 600 110 9 P
0.4 [0}
0.0 e ey B 0.8 3
04 o ] é £ 8y 2y,
0.8 —— e ———————— o 06 = S 400{137 a2
» ER+Typical 2 04 5
8 1 2 200 S e 7 g O [0 A 420 M3 M4 15 e 17 18 19200122 < 2
S 0.3 %) 0.2+ @ 6
E 00 e oy i L LYY S 200 310
3-03 g IC10 IC4ER ———— 2
s T O g0 - 3888 &
c HERZ+ 5 s =:z:z 2
S gl 2 S0 A IS IS 7 e IO IO A 20 131 A5 16 17 18 19202122 .S ¢ 8| 2 333 < o
5 05 8 064 % g5 % PR3 @Q*@p\\g@‘ SR &’AQ*@O\@‘
2 o_thM#Hh‘u‘#L*w__—hJu.‘-AJ-‘. o 8 E E £ Q<\<‘\ (bﬂ\o«\gq%\ega\ ?‘\6‘ %\0«&%\®$eﬁ
& 08l LT T T P T DT WO T P IO L LT R A 0.4+ £ & § o o
IC10 0.2+ Alteration
8'20 1 3.4 5 6 7 8 9 10 11 12 1314151617 181920222 = Amplification
25| T T_ T | P Damaging structural variant
O_OA_A_._.._..__.__i—u.._.“ﬂ._...ﬁ_.._...___.__kﬂkuh_ $®%$C§o$ofo FF&EE [ i A
-0.25] Lt AT 1 >N S \\b ) §~oé B Non damaging structural variant
(?b@oé‘.@& %\fo‘\ c,\c-’.é@é & %@‘\ Protein coding SNV
SVburden — AvP DEL I MRS «° O & )
Primary
. e f Alteration g .. RSZ RS5 RS6 |
Fraction No. of B Amplification 107
genome altered Fraction LOH  damaging SVs SR;&M = aamaging strLchctluraI variant
o y 1 =0. lomozygous deletion ) 10° i
1.21ES=0.25 , 0-6]ES=0.14 ES=0.26 s & Cell cycle DDR Ubiquitination B Non damaging structural variant I
FDR=3.47x10 FDR=0.20 FDR=2.00x10 R . o Protein coding SNV ,, ;
o= 0. = 10
09 750 £ g £900 E
04 B 27 2 3 31 21 17 20 0
00 6 5 0.6/104 e 8 600 16 117278 2 10
[==] dl 39 71 © 3
0.6 st @ < I
£ 0 S
0.2 9503 % 300 I 10™
250 S 17, ]
0.3 o S P4 0 10'
0.0 —— R ERREES) Bl
O or O or O of PN RO
. O O OF RCRRR A 0 Ry
o OO o N .- T o Yo
o o K. Pathwayaltered [[a] TRUE [] FALSE Biopsy site @ql‘@ ©
. <
h Primary | TNBC-enriched <2 ER+ Typical -enriched <2 TNBC-enriched ER+ Typical -enriched
< -enriche 0. + Typical -enriche Yol ~enriche ypical -enriche:
10° RS4 RSS RS | 0/, sample 9{? ‘ sample 9;0 . sample ‘J% . sample
7 7 >
< < K3
10°] : % K %,
9,
o % 1’7%; W\Mﬂ ?
I i 2 ey, % .
> 0 - 1S
= o RST RS RS3 Y g
B Y g
< . &@ \a
10°] . 71209 Y%B’
A ®O
& 2%
10" o >z
=z Q
: 2 S o
- E > % % KA 4
Ottt 7 ER+ High'HER2+ 77 Mixed | % ER+ High/HER2+ % Mixed sample
) ixed sample @ i P!
RPCHRR ZFOHKRE R OSSP Of//o . -enriched sample %, Z . -enriched sample O}//o
*%Q/ &*QX/ &*\Qz{(/ 7 WNJ . 9, \Mq., - 9, %@QM 1 - O, M7 . Inter SV
y xa xa 130, \ 17 I 179 L 179 )
? Qp < < 7 Qf;({/&?},&& N @ qu (/Gg/ 23 \ y qu{{/&ﬁ{f \ @ 7‘7?23//851 K2 /.é m_ajorg:
X Pl & inor
J mBFB H Pygo © + @3 @ (Y s 1
.gEromoprI‘exy [ Rigma g‘ﬁs © zfsr i §o a; & CN
W Chromothripsis [ TIC ' \
B CPXDM =TRA > ’\fo 547 \\\/\(o & /\‘ ’\.g, 6¢ ,\‘o 2
DM W Tyfona ()Zr 0o LA é,f 0ol 106 B, !
| INVDUP & 88, & 23, & &8, & 2B, Mo
s __________ = NS xS & N ¥ N3 N N e xs]
00 02 04 06 08 10 o * o =% o I o 2
Proportion of Events e Qe = Qe = © 2 N ©

Extended DataFig.2| Genomicfeatures of primary ICsubgroups.a) ICgroup-
level copy number profile with SVburden overlay in DCIS. b) Fraction of genome
altered by subgroup across pre-invasive, primary invasive and metastatic
tumours. Boxplot represents median, 0.25and 0.75 quantiles with whiskers at
1.5xinterquartile range. c¢) Alteration burdenin metastatic tumours split based
ontreatment prior to biopsy. The samplesizeisindicated at the top of each bar.
d) Fraction genome altered, fraction LOH, and number of damaging SVsin IC10
and IC4ER- subtypes. e) Proportion of IC10 and IC4ER- tumours with alterations
ingenesinvolvedinthreekey pathways: cell cycle, DNA damage response (DDR),
and ubiquitination. f) Alteration burden distribution in metastatic samples
across metastatic sites. The sample size for each groupis at the top of each bar.

g-h) Activity of each of the six rearrangement signatures across the IC subgroups
(g) or the ER+ High-risk subtypes (h) in primary tumours. i) Copy number and
SV profiles of primary (left) and metastatic (right) samples, each representative
ofeithera TNBC -enriched, ER+ Typical -enriched, ER+ High/HER2 + -enriched,
or mixed profileinthe center of the Pareto front. j) Proportion thateach
complex SV event contributes to the total complex SV burden stratified by
subgroup. DEL, deletion; LOH, loss-of-heterozygosity; FDR, false discovery
rate; BFB, bridge-fusion breakage; CPXDM, complex double minute; DM,
double minute; INVDUP, inverted-duplication; TIC, templated insertion chain;
TRA, translocation.
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Extended DataFig.3|Genomic features are conserved though elevated
through metastasis. a) Pareto front projection with tumours colored by
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correcting for ERand HER2. Dots correspond to estimated hazard ratios and
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Extended DataFig. 4| Cyclicamplifications preferentially amplify IC-specific
oncogenes. a) Proportion or number of samples with atleast one cyclic or
complex non-cyclicamplificationin primary GEL tumours. b) Proportion or
number of samples with at least one cyclic or complex non-cyclicamplification
in HER2+ primary tumors stratified by ER positivity. c) Proportion or number
of primary samples with at least one cyclicamplificationaccording to

JaBbA. d) Proportion of samples where AmpliconArchitect called acyclic
amplification butJaBbA called an alternative type of alteration. Colors indicate
which alteration JaBbA called. e) Proportion of HER2+ primary tumours that
harbor cyclic or linear amplification in ER+ High-risk-specific oncogenes (left),
and the SV types (right).f) Proportion or number of samples with atleast one
cyclicor complex non-cyclic amplificationin DCIS lesions. Left panel: DCIS

cohortstratified by subgroup, right panel: DCIS cohort and additional samples
from GEL stratified by sequencing method. g) Proportion of cyclicamplifications,
stratified by subgroup, that amplify IC-specific or alternative oncogenesin
primary tumours, both the discovery and replication (GEL) cohorts. The number
of amplificationsineach category areincluded on each bar.h) Number ecDNA
involvingmore than one IC-specific oncogene. i) Number of oncogenes per
megabase involved inecDNA in each subgroup. Boxplot represents median,
0.25and 0.75 quantiles with whiskers at 1.5x interquartile range. j) Ratio of
oncogenes amplified onecDNA compared vs. oncogenesin the IC-specific
cytoband per megabase. k) Proportion of ER+ Typical-risk ecDNA that
incorporate each oncogene.l) Proportion of each archetype in ER+ High-risk,
ER+ Typical and ER+ Typical containing ecDNA tumours.
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Extended DataFig. 6 |Elevated replicationstress in TNBC, ER+High-risk
and HER2+tumours. a-b) Replication stress signature stratified by IC
subgroup (left) or by histology within ER+ Typical-risk subgroup IDCand ILC
(right) in the TCGA (a) and METABRIC (b) datasets. FDR adjusted p-values are
reported. c-d) Replication stress signature stratified by IC subtypesin TCGA
(c) and METABRIC (d) datasets. e) Pareto projection of METABRIC tumors,
colored by replication stress. f) Replication stress signature in HER2+ tumors;
IC1,1C6,and IC9 subtypes of ER+ High-risk; and TNBCIC10 stratified by

presence of ecDNA. ER+ High IC2 was excluded due to lack of sample size (n=2
for ecDNA+I1C2).g-h) cGAS/STING signature stratified by IC subgroup (left) or
by histology within ER+ Typical-risk subgroup IDC and ILC (right) in the TCGA
(g) and METABRIC (h) datasets. FDR adjusted p-values are reported.Ina-d,
effect sizes (ES) and FDR-adjusted p-values from Mann-Whitney Rank Sum test
areshown.Inf, ES and p-values fromlinear regression correcting for cohort
areshown. Additionally, the amplicon copy number was corrected for
amplicon-driven HER2+ and ER+ Typical tumors.
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Extended DataFig.7|Model for ER-induced R-loops in ecDNA genesis.

a) Simplified schematicillustrating model. Blue letters correspond to figure
panelsinExtended DataFig. 7. Created with BioRender.com.b) Number
oftranslocationsin cyclic vs. non-cyclicamplifications across subgroups.
Boxplot represents median, 0.25and 0.75 quantiles with whiskers at1.5x

interquartile range. ¢) ESRI mRNA abundance in cyclicamplification-positive
vs.-negative (top) and non-cyclic amplification-positive vs. -negative (bottom)

primary from Nik-Zainal et al., TCGA or metastatic tumors stratified by the IC

subgroups, considering ER+High-risk and HER2+ subgroups. Odds ratio from

logistic regression correcting for tumor purity and error bars represent 95%
confidenceintervals. d) Density of APOBEC3B and ER ChIP-Seq peaks within
cyclicand complex non-cyclicamplifications in primary tumours. e) ER early
signaling transcriptional signature in DCIS and primary ER+ Typical vs. ER+

High-risk tumors. f-g) Density of ER-induced R-loopsin cyclic and complex non-
cyclicamplifications stratified by IC subgroupsin primary (f) and metastatic (g)

tumours. h) Density of all R-loopsin cyclic vs. non-cyclicamplifications in
primary and metastatic tumors. i) Differencein number of R-loops between
A3Bknockout (KO) wildtype (WT) MCF10A cell lines overlapping cyclic or
non-cyclicamplifications at baseline or after A3B activation (PMA treatment).
j-k)Mediandistance between atranslocation and its closest ER-induced R-loop
considering translocations within or outside cyclic amplifications in primary

(j) and metastatic (k) tumors.I) Percent of breakpoints that overlap any R-loop

with (+) or without (-) E2 treatment. Error bars represent the standard deviation

acrossthreereplicates.m) Proportion of samples with or without ecDNA

stratified by inferred APOBEC3B germline copy number. The total number of
samplesisincluded at the top ofeach bar.Inbandj-1fold change (FC) and
p-values or false discovery rates (FDR) are from Mann-Whitney Rank Sum test.
Ind-i, effect sizes (ES) are the difference in medians and p-values are from

Mann-Whitney Rank Sum test. BER, base-excision repair; TC-NER, transcription-
coupled nucleotide excision repair; E2, estrogen.
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Extended DataFig. 8| ICsubgroups harbor distinct TMEs. a) Schematic
illustrating additional transcriptomic profiles and overlap with genomic profiles
inducedinFig.1a. Created with BioRender.com.b) Mean proportion of different
celltypes from IMC databy TME subtypes. The Wilcoxon test significance was
reported above each comparison as follow: ns: not significant, P < 0.05 (*),
P<0.01(**),P<0.001(***),and P <0.0001 (****). ¢) Proportion of TME subtypes
in primary and metastatic samples for the ER+ High-risk ICs and IC5 (HER2 +)

by ER status. d) Proportion of TME subtypes for primary samples (METABRIC)
in ER+ Typicalinvasive IDC and ER+ Typical ILC. e) Mean proportion of
fibroblasts and T cellsin TNBC samples with IMC proteomic data obtained
frombootstrapping (n=1000).f) Proportion of TME subtypes for primary and
metastatic samples stratified by ER status. g) Proportion of TME subtypes for
primary samples and liver metastases by groups. IMC, imaging mass cytometry;
SMA, smoothmuscle actin.
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Extended DataFig. 9| Genetic mechanisms ofimmune escapeinIC
subgroups. a) Proportion of primary and metastatic samplesineach ER+
High-risk subtype with geneticimmune escape (GIE) alterations, where
values correspond to the number of pathways altered (left). Proportion of
samples with alterationsin each pathway stratified by ICsubtype and

disease stage (right). b) Proportion of primary ER+ High-risk samples with
co-amplification of IDO1with FGFRI or ZNF703 by IC subgroup. ¢) Proportion
of IC6 tumours withimmune enriched (IE or IE/F) orimmune depleted (D or F)
TME subtypes stratified by the co-amplification of IDOI with FGFR1 or ZNF703
inMETABRIC and TCGA.d) Proportion of ER+ Typical IDC and ILC with GIE (left).

Odds ratio and p-value from Fisher’s exact test. Proportion of pathways
alteredinIDC and ILC with GIE (right). e) Number of alteration inimmune
escape pathways for primary and metastatic samples, normalized by number
of samples with alterations. f) Odds ratio for the frequency of GIE pathway
alterations, comparing metastatic to primary samples. Background shading
indicates FDR adjusted p-values (Fisher’s exact test). The color of the dot
represents the direction and magnitude of the odds ratio while the dot size
indicates the number of samples with a GIE in each pathway (y-axis). LOH,
loss-of-heterozygosity.
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- 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

All cohorts are publicly available. TCGA BRCA samples can be found on the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/). DNA-sequencing of




the ICGC breast cancer samples can be found on the European Genome-Phenome Archive (accession: EGAD00001000141, EGAD00001001322, EGAD00001001334,
EGAD00001001335, EGAD0O0001001336, EGADO0001001337, EGAD0O0001001338). Where possible, alignments for both TCGA and ICGC samples done by the
Pancancer Analysis of Whole Genomes were used (https://dcc.icgc.org/pcawg). RNA sequencing of the ICGC breast cancer samples can be found on EGA under
accessions EGAD00001001323, EGD00001001339, EGAD00001001340, EGADO0001001341. Metastatic breast cancer samples (Hartwig) are available for academic
use under a Data Use 25 Agreement (DR-230) from the Hartwig Medical Foundation (https://www.hartwigmedicalfoundation.nl/en/data/data-acces-request/).
HTAN DCIS tumors are available on the database of Genotypes and Phenotypes (dbGaP) (accession: phs002371.v4.p1). METABRIC breast cancer samples can be
found on the European Genome-Phenome Archive (accession: EGASO0000000083). Paired primary and metastatic breast samples can be on dbGaP under
accessions phs000730.v1.p1, phs000676.v1.p1 and phs001674.v1.p1, along with on the Sequencing Read Archive (SRA) under accession number SRP055001. Single
cell proteomic data for 384 METABRIC samples can be found https://idr.openmicroscopy.org/webclient/?experimenter=-1 (idr0076).
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Reporting on sex and gender The manuscript focuses on breast cancer, thus, the vast majority of tumors profiled were from women.

Reporting on race, ethnicity, or | Race and ethnicity were not considered. The study does consider the distribution of subtypes across genetically inferred

other socially relevant ancestry which was defined by ancestry informative polymorphisms as detailed in the methods.

groupings

Population characteristics All relevant population characteristics have been provided in Supplementary Table 1.

Recruitment All tumors profilied in this study were published previously. Please see the data availability statement for a description of

where all sequencing data were attained from.

Ethics oversight All tumors profilied in this study were published previously. Please see the data availability statement for a description of
where all sequencing data were attained from. Thus, no ethics oversight was required.

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

All studies must disclose on these points even when the disclosure is negative.

Sample size We uniformly processed 1,422 whole genome sequenced breast cancer tumors of which 702 were primary tumors and 720 were metastatic
tumors. Additionally, we considered 1,030 whole exome sequenced primary breast tumors and 406 pre-invasive ductal carcinoma in situ
lesions with shallow whole genome sequencing.

Data exclusions  Samples were excluded if they failed sequencing QC criteria: namely median tumor coverage (as assessed by Qualimap) was < 25 or median
normal coverage < 10.

Replication We leveraged a second cohort, METABRIC (n=1,894), with array and transcriptomic profiling to replicate findings from our cohort. Presence of
ecDNA in ER+ High-risk groups was experimentally confirmed in cell lines representing these subtypes.

Randomization  Tumors were stratified by subtype which was not known prior to inclusion of the sample in the study.

Blinding All participants were recruited into the study based only on clinical features. Therefore, neither subtype nor mutational profile was known
upon inclusion.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
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X|[ ] Antibodies [] chip-seq

|:| Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
X |:| Animals and other organisms

|Z |:| Clinical data

|Z |:| Dual use research of concern

X|[] Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)
Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Plants

The UCD12 and UCD65 cell lines employed in the validation experiment of ecDNA were derived from either the primary
breast tumor or metastatic lymph nodes of breast cancer in PDX models respectively, both originating from female donors.

The UCD12 and UCD65 cell lines utilized in this study have been undergone authentication by STR profiling to confirm their
origin from the corresponding PDXs at the University of Colorado Anschutz Medical Campus (PMID: 32576280).

All the cell lines were tested negative for mycoplasma contamination.

No commonly misidentified lines were employed in this study.

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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