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�
 ABSTRACT 

Purpose: Gene fusions are molecular rearrangements with 
oncogenic potential. However, their role in disease progression 
and therapy resistance remains largely unexplored, particularly in 
breast cancer. 

Experimental Design: In this study, we utilized multiomics 
data from the AURORA program to characterize gene fusions in 
metastatic breast cancer. We analyzed RNA sequencing data from 
325 primary tumors and 350 metastatic lesions across 476 pa-
tients to develop a high-confidence catalog of gene fusions. 

Results: In a subset of 398 matched samples from 199 patients, 
we observed a higher burden of gene fusions in metastatic tumors 
compared with their corresponding primary tumors. Metastatic- 
specific (acquired) gene fusions were characterized by few recur-
rent rearrangements and were generally absent in patients with 
de novo metastatic disease. We observed a colocalization of gene 

fusions with subtype-specific copy-number gains. Various scores 
indicative of genomic instability were found to be associated with 
the gene fusion burden. Fusions involving genes located within the 
same topologically associating domain (TAD) were common in 
HER2-positive tumors and frequently acquired in metastatic triple- 
negative breast cancer. The presence of gene fusions, particularly 
those that were acquired or involved in genes within the same 
TAD, was associated with poor prognosis in estrogen receptor– 
positive/HER2-negative tumors. Patients with acquired ESR1 fu-
sions exhibited a more aggressive disease course, characterized by 
shorter treatment response and poorer clinical outcomes. 

Conclusions: The AURORA gene fusion catalog may serve as 
a valuable resource for identifying targetable genetic alterations, 
thereby supporting the development of more effective therapeutic 
strategies for breast cancer. 

Introduction 
Each year, metastatic breast cancer accounts for approximately 

600,000 deaths worldwide (1). Understanding the oncogenic drivers 
and therapeutic vulnerabilities of metastatic breast cancer is crucial 
for developing treatment strategies to prevent metastases and im-
prove the outcomes for patients with advanced disease. The Breast 
International Group is conducting the AURORA (Aiming to Un-
derstand the Molecular Aberrations in Metastatic Breast Cancer) 

program (NCT02102165). This initiative aims to enhance the un-
derstanding of metastatic breast cancer through multiomics profil-
ing of paired primary tumors and metastatic samples, along with 
cell-free DNA from plasma, complemented with curated clinical 
data (2–4). Gene fusions, as a class of molecular alterations, have 
emerged as significant drivers of oncogenesis in various cancers, yet 
few studies have examined their role in breast cancer progression 
and therapeutic resistance. Gene fusions can disrupt critical cellular 
pathways, promoting cancer cell proliferation and invasion, and 
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have gained attention as potential therapeutic targets and bio-
markers (5, 6). Advances in molecular diagnostics, such as the shift 
in clinical practice from hotspot-only next-generation sequencing 
testing to comprehensive DNA hybrid capture–based molecular 
assays and DNA-/RNA-targeted panels, have expanded the array of 
targets in the precision medicine field (7). Indeed, gene fusions have 
proven to be highly actionable in specific tumor types such as with 
FGFR fusions in bladder (8) and biliary tract cancers (9) but also as 
tissue-agnostic therapies such as for NTRK and RET fusions 
(10–12). In the context of metastatic breast cancer, ESR1 fusions 
have been found to induce endocrine therapy resistance and 
contribute to metastatic progression (13–16). However, the full 
spectrum of gene fusions in metastatic breast cancer and their roles 
in tumor progression, molecular interplay, and treatment resistance 
are still largely unexplored. 

In this article, we leveraged the unique characteristics of the 
AURORA dataset, which contains a large collection of RNA se-
quencing (RNA-seq) data from paired primary and metastatic 
breast cancer samples, collected prospectively at metastatic relapse 
before treatment or after a maximum of one line of therapy for 
metastatic disease. We compiled a comprehensive and high- 
confidence catalog of gene fusions in metastatic breast cancer and 
investigated their evolution during the disease progression. By in-
tegrating gene fusions with other molecular alterations from the 
AURORA dataset, we explored their associations with mutations, 
copy-number alterations (CNA), and gene expression signatures. 
We also examined the link between gene fusions and genomic in-
stability in metastatic breast cancer and finally investigated their 
potential prognostic role using clinical outcome data from the 
program. 

Materials and Methods 
The AURORA molecular screening program 

The objectives, study design, and eligibility criteria of AURORA 
have been previously described (2, 3). The AURORA study 
(NCT02102165) is a multicenter study to investigate the molecular 
basis of metastatic breast cancer. The study has enrolled about 
1,150 patients with metastatic breast cancer who have been diag-
nosed with metastatic disease or who have received one line of 
therapy. Samples are collected from the primary tumor, metastatic 
biopsy, whole blood, plasma, and serum. Target gene sequencing 

(TGS) of 411 cancer genes was performed on DNA extracted from 
the primary tumor, the formalin-fixed, paraffin-embedded (FFPE) 
metastatic sample, whole blood, and baseline plasma sample (not 
included in this study). RNA-seq and CNA analyses by the Onco-
Scan FFPE Assay Kit (Affymetrix) were also performed on the 
available tumor samples. The study is conducted in collaboration 
with Institut Jules Bordet (IJB) and Frontier Science (FS). IJB’s 
Clinical Trials Support Unit holds the clinical database for AU-
RORA, in which clinical data, including information on previous 
and subsequent treatments, as well as survival follow-up for up to 
10 years, are collected. 

RNA-seq 
RNA was extracted from FFPE samples using the RNeasy FFPE 

kit (Qiagen) and eluded in RNase-free water. RNA concentration 
was determined using Qubit Fluorometric Quantitation (Thermo 
Fisher Scientific; RRID: SCR_020553) and its integrity (DV200) was 
assessed using the Agilent Bioanalyzer. Samples with an RNA 
DV200 <30% were discarded. Sequencing libraries were prepared 
from 100 ng of RNA from each FFPE sample using the tran-
scriptome capture library Illumina TruSeq RNA Access library 
following the manufacturer’s instructions and sequenced on Illu-
mina HiSeq 2500 (RRID: SCR_016383) in 2 � 100 bp paired- 
end mode. 

Samples were sequenced at a median of 119 million reads (IQR, 
90 million–148 million; minimum of 32 million). The median du-
plication rate as estimated by Picard tools (https://broadinstitute. 
github.io/picard/) was 84% (IQR, 74.9%–91.7%) and the median 
insert size was 1,547.7 (IQR, 1,383–1,687.8). 

Gene fusion identification 
Reads were analyzed with the nf-core/rnafusion (17) version 

1.0.2, including STAR-Fusion (18) version 1.5.0 (RRID: 
SCR_025853), FusionCatcher (https://doi.org/10.1101/011650) ver-
sion 1.00 (RRID: SCR_000060), EricScript (19) version 0.5.5, pizzly 
(https://doi.org/10.1101/166322) version 0.37.3, and squid (20) 
version 1.5, and the nf-core/rnafusion v 1.2 to include Arriba (21) 
version 1.0 (RRID: SCR_025854), for a total of six fusion callers. For 
each sample, the pipeline provides the fusions called by consensus of 
at least two tools using a scoring formula based on the number of 
tool consensus and databases hits [FusionGDB (22), Mitelman (23), 
and Cosmic (24)], as well as executing common quality control steps 
browsable through the MultiQC (25) version 1.7 report (RRID: 
SCR_014982). The MultiQC report and running logs were reviewed 
and no major bias in sequences was discovered. For each sample, a 
list of fusions called by at least two tools or present in at least one 
database was in silico validated by FusionInspector (26) v2.1.0 
(using GENCODE version 31, RRID: SCR_014966, annotation and 
examine_coding_effect). For paired samples, we considered a 
patient-specific list, including the list of detected gene fusions in 
primary and metastatic samples, and then validated by Fusio-
nInspector (paired-sample validation). Only validated (single- 
sample or paired-sample validation) fusions were kept for down-
stream analysis. 

Relevant data related to the fusions, including protein effect, 
fusion fragments per million total reads (FFPM), fusion-coding 
DNA sequence, fusion protein sequence, junction read count, 
spanning fragment count, and breakpoints, were retrieved by 
FusionInspector output. In case of more than one validation per 
fusion, we selected the one with the highest FFPM and according to 
the fusion model (in-frame > frameshift > other). 

Translational Relevance 
This study provides one of the most comprehensive analyses 

of gene fusions in metastatic breast cancer to date, using mul-
tiomics data from the AURORA program. We demonstrate that 
gene fusions are more prevalent in metastatic lesions and are 
associated with genomic instability, subtype-specific alterations, 
and poor prognosis, particularly in estrogen receptor–positive/ 
HER2-negative disease. Gene fusions within the same topolog-
ically associated domain, particularly those acquired in metas-
tases, were more frequent in triple-negative breast cancer. The 
identification of clinically relevant and potentially targetable 
fusions, including acquired ESR1 rearrangements, highlights the 
importance of fusion profiling in guiding therapeutic strategies 
and improving patient outcomes in advanced breast cancer. 
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A single-sample validation rate was used to select the best fil-
tering strategy among the possible filters. The validation rate in-
creased with the growing consensus among the number of tools 
used, reaching >90% when fusions were identified by at least four 
tools in agreement. The mean number of fusions called per sample 
with these criteria was also in line with previous results by The 
Cancer Genome Atlas (TCGA) consortium (6), thus confirming its 
validity. The use of six different tools enabled the identification of 
putative gene fusions with different features as highlighted by the 
clustering reported in Supplementary Fig. S1. The code used to 
generate the AURORA gene fusion catalog is available at https:// 
github.com/bighq/aurora-gene-fusion-catalog. 

Gene fusion filtering 
Validated fusions called by at least four tools were selected. Fu-

sions present in normal tissues [TCGA normal samples (27), GTEx 
tissues (28), and noncancer cell study] were removed as previously 
done (29). Paralog and same gene fusions were also discarded (list 
downloaded from https://github.com/STAR-Fusion/STAR-Fusion_ 
benchmarking_data/tree/master/resources). Fusions involving genes 
classified by oncoKB (30) as actionable with any level of confidence 
in any tumor types and present in the list of fusions detected by at 
least three tools and validated were added. Reciprocal fusions were 
also added. The final list was completed with annotations using 
BiomaRt (RRID: SCR_019214; ref. 31). Protein kinase domains were 
retrieved using annoFuse (32) and domains were considered present 
if at least partially retained. Detailed description on the number of 
gene fusion calls and filtering is reported in the flow diagram of 
Supplementary Fig. S2. 

Gene expression analysis 
Reads were processed with the nf-core/rnaseq version 3.8.1, aligning 

against GRCh38 using STAR version 2.7.10a (33). Gene expression 
levels were estimated by transcript per million using RSEM (34) version 
1.3.1 (RRID: SCR_000262). The PAM50 molecular subtype (35) was 
estimated by Genefu. The Hallmark signatures from MSigDB (36) 
version 7.5.1 (RRID: SCR_016863) were estimated by GSVA (37) ver-
sion 1.40.1 (RRID: SCR_021058), using Gaussian kernel. Functional 
enrichment analysis of genes involved in fusions was done using 
clusterProfiler (38) version 4.6.0 (RRID: SCR_016884). 

CNA and genomic instability scores 
Copy-number aberration profiling using the Affymetrix Onco-

Scan FFPE array was performed as previously described (4). Copy 
numbers (CN) were extracted from Affymetrix SNP arrays when 
available. ASCAT (39) version 3 (RRID: SCR_014695) was used 
with default parameters. When both primary and metastasis were 
available, they were co-segmented. The resulting fits were checked 
manually, and samples for which no copy-number aberrations were 
found, because of lack of aberrations or lack of purity, were dis-
carded. Samples for which the fits reported were not optimal were 
reoptimized. Cases with ASCAT-provided different ploidies for the 
primary and metastatic samples of the same patients were manually 
assessed. If there was no clear evidence for that change of ploidy, a 
fit with similar ploidies was chosen instead. Homologous Recom-
bination Deficiency (HRD) score was computed by scarHRD (40) 
version 0.1.0. Chromosomal instability signatures (CIN; CX signa-
tures) by the CINSignatureQuantification R package version 1.1.1 
(using scaledAct3 value; ref. 41) were calculated. Ploidy was deter-
mined through the calculation of the weighted median of the total 
CN, with the alteration size serving as the weighting parameter. 

Gain, neutral, and loss regions were identified as regions with total 
CN values exceeding, equal to, or below the ploidy level. In the 
genomic profile presented in Fig. 3A, amplifications were desig-
nated for regions with three or more copies above the ploidy, 
whereas deletions were attributed to regions with one copy below 
the ploidy. 

Somatic mutations 
Mutations (i.e., single-nucleotide variants and insertion/ 

deletions) were identified by combining protein-affecting somatic 
calls identified in single-sample mode from OncoDNA (https:// 
oncodna.com) and by the somatic caller PipeIT2 (42) using 
matching blood samples as controls from a TGS panel, including 
411 cancer genes (4). PipeIT2 was also used to identify variants 
acquired in metastatic samples using corresponding primary sam-
ples as controls. After the exclusion of variants due to technical 
biases, variants were filtered based on the following filtering criteria: 
tumor alternative allele count (FAO) > 10, tumor read depth 
(FDP) > 100, strand bias (STB) < 0.90, control alternative allele 
percentage (computed as AO/DP) < 1%, and variant quality call 
(QUAL) > 100. For this study, we considered only protein-affecting 
mutations [based on SnpEFF annotation (43); RRID: SCR_005191] 
in TP53, PIK3CA, and ESR1. As TP53 and PIK3CA mutations are 
mostly clonal and shared between primary and metastatic samples, 
we classify a tumor as mutated in these genes if a mutation is 
present in metastatic samples. If metastatic samples are not avail-
able, we determined the mutational status from primary samples. 

Statistical analysis 
Statistical analyses were performed with the R software envi-

ronment for statistical computing and graphics (RRID: 
SCR_001905; R core team, 2022 https://www.R-project.org/). 

Survival analyses used the Cox proportional hazards method, 
with the log-rank test. Overall survival (OS) was left truncated be-
tween the time of diagnosis of the metastatic disease and the time of 
inclusion in AURORA. Time to relapse (TTR) was computed from 
the diagnosis of primary breast cancer to diagnosis of metastatic 
disease (resectable locoregional recurrences were not counted as 
events). The median duration of follow-up was estimated with the 
Kaplan–Meier reverse method on the time interval between en-
rollment and death or between enrollment and database freeze for 
patients still alive on September 30, 2024. A multivariate Cox re-
gression model was fitted to evaluate the independent effect of each 
covariate on OS and TTR. Relevant covariates were selected 
according to clinical relevance and differently when considering 
primary or metastatic samples. These included Ki67 measured on 
metastatic samples (continuous), type of metastatic disease 
(visceral vs. nonvisceral), metastatic burden (<3 sites 
vs. ≥3 sites), IHC subtypes [estrogen receptor–positive (ER+)/ 
HER2� vs. ER+/HER2+ vs. ER�/HER2+ vs. triple-negative 
breast cancer (TNBC)], and presence of mutated TP53 in met-
astatic samples (True vs. False) for OS and primary tumor size 
(continuous), node status (positive vs. negative), Ki67 measured 
on primary (≥20 vs. <20), IHC subtypes, and presence of mu-
tated TP53 in primary samples for TTR. 

Mann–Whitney (for two groups) or Kruskal–Wallis (for three 
groups or more) tests were used to assess the significance of the 
relationship between continuous and categorical variables. All cor-
relations are Spearman correlations. Significances between two 
categorical variables were assessed using the Fisher exact test. 
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Ethics declarations 
Written informed consent was obtained from all patients regis-

tered in the AURORA program. The study was conducted in ac-
cordance with the Declaration of Helsinki and was approved by the 
ethics committees of all participating hospitals. 

Results 
The AURORA dataset 

Details on the AURORA program have already been published 
elsewhere (3). The present analysis focuses on patients from the 
AURORA program for whom RNA-seq data were available at the 
time of the analysis. This cohort includes 476 patients, with 
325 primary RNA-seq results and 350 metastatic RNA-seq results, 
including biopsies from a wide range of metastatic sites (Fig. 1A). 
The IHC subtype for each patient was based on that of primary 
sample. Supplementary Table S1 presents a summary of the clinical 
characteristics of these patients. Additionally, the availability of the 
different types of molecular data utilized in this study is illustrated 
in Supplementary Fig. S3. 

The AURORA gene fusion catalog 
To generate a high-confidence catalog of gene fusions charac-

terizing primary and metastatic samples collected as part of the 
AURORA program, we used a pipeline that included the following 
steps: (i) gene fusion detection by six state-of-the-art tools, (ii) 
stringent filtering criteria to exclude fusions commonly observed in 
normal tissue or known as artifacts, and (iii) in silico validation of 
passing filter fusions (see “Materials and Methods” for more details). 
A total of 2,007 high-confidence gene fusions were identified across 
675 samples, corresponding to 816 and 1,191 gene fusions in pri-
mary and metastatic samples, respectively (Supplementary Table 
S2). No gene fusions were detected in 127 primary and 98 metastatic 
samples, corresponding to 190 patients (among the 199 patients 
with paired samples, 93 patients had no fusions in either sample). 
Tumor purity, available from matched OncoScan data (see “Mate-
rials and Methods”), was not associated with the likelihood of fusion 
detection in either primary or metastatic samples (Supplementary 
Fig. S4). The average number of gene fusions per primary sample 
was 2.5 (range, 0–30), in line with recent TCGA findings in the 
TCGA-BRCA dataset (6). A significantly higher number of gene 
fusions were observed in metastatic versus primary samples 
(P < 0.001; Fig. 1B). When examining IHC subtypes, this trend was 
significant in ER+/HER2� samples (P < 0.001) and present, al-
though not statistically significant, in ER�/HER2+ (Fig. 1C). There 
was a trend for numerically higher number of fusions across dif-
ferent metastatic biopsy sites compared with their corresponding 
primary samples, which was statistically significant for chest wall 
(P ¼ 0.01) and liver (P ¼ 0.02) biopsies (Supplementary Fig. S5). 

Nineteen fusions, representing 1% of the total, were detected in 
two or more patients and therefore considered recurrent in our 
dataset (Fig. 1D). Top recurrent fusions included TTC6–MIPOL1 
(n ¼ 9), THSD4–LRRC49 (n ¼ 8), ESR1–CCDC170 (n ¼ 4), 
EIF3H–TRPS1 (n ¼ 3), LRBA–SH3D19 (n ¼ 3), and PCD4–RBM20 
(n ¼ 3). IHC subtype–specific recurrent fusions were observed. 
ESR1–CCDC170 and LRBA–SH3D19 were detected only in ER+/ 
HER2� samples. In particular, ESR1–CCDC170 was detected only 
in metastatic samples. Other recurrent fusions identified exclusively 
in metastases included EIF3H–TRPS1, CDK12–MIEN1, MAP3K1– 
GPBP1, PHF6–HPRT1, PPM1D–BCAS3, and UR1–GPI. Seven of 
the 19 recurrent fusions were previously reported in public 

databases and 18 of 19 were intrachromosomal. Most of these fu-
sions showed recurrent transcript breakpoints involving 50 and/or 30
genes. A higher frequency of alteration was observed for 50 and 30
fusion partner genes (Fig. 1E, fused in three or more patients). 
TTC6 and MIPOL1 were the most frequently fused 50 and 30 genes, 
respectively, occurring in both ER+ primary and metastatic samples 
(irrespective of HER2 status). Genes in the same amplicon as or 
near CCND1 (SHANK2, CTTN, CPT1A, UVRAG, and NARS2) were 
commonly involved in fusions as both 50 and 30 partners, primarily 
in ER+ cases across primary and metastatic samples. ESR1 was 
predominantly a 50 partner, specifically in ER+/HER2� metastases. 
In HER2+ cancers, genes within the ERBB2 cytoband, such as 
CDK12 and STARD3, were frequently fused. Of the 20 most fre-
quently fused genes, 16 also had recurrent breakpoints. Half of these 
genes (TTC6, SHANK2, ESR1, ETV6, KDM2A, CDK12, STARD3, 
VPS13B, and MIPOL1) exhibited at least three recurrent 50 or 30
breakpoints. With regard to fusions proposed for tissue-agnostic 
therapeutics (7), FGFR1 fusions were detected in five patients (1%). 
A total of 149 (9%) fusions involved a gene coding for a kinase, 
aligning with TCGA findings (11%), 77 of which retained an intact 
or partial kinase domain (Supplementary Fig. S6). 

Paired sample analysis for characterizing gene fusions in 
metastatic breast cancer 

Next, we compared paired samples (i.e., primary and metastatic 
samples from the same patient) to study the evolution of gene fu-
sions with disease progression. Exploiting 398 RNA-seq samples 
from 199 patients, we first observed a high correlation between the 
number of fusions detected in primary versus corresponding met-
astatic samples (Spearman rho ¼ 0.6, P < 1e�20). A significantly 
higher number of fusions were detected in metastatic compared 
with primary samples (paired P < 1e�4; Fig. 2A). We also found a 
statistically significant higher number of fusions in samples of chest 
wall (paired P ¼ 0.03), liver (P ¼ 0.001), and skin (P ¼ 0.04) me-
tastases compared with primary tumors (Fig. 2B). When consid-
ering IHC subtypes, these results were confirmed for liver and skin 
metastases only in ER+/HER2� cases, which represented the most 
numerous group (Supplementary Fig. S7). 

Gene fusions were categorized into three classes: shared, 
(i.e., present in both primary and metastatic samples), lost (private 
to the primary tumors), and acquired (detected only in the metas-
tasis). Of all fusions detected in paired samples (n ¼ 1,216), 43%, 
19%, and 38% were identified as shared, lost, and acquired, re-
spectively, showing comparable distribution across IHC subtypes 
(Fig. 2C). Lost fusions were associated with lower purity in meta-
static compared with matched primary tumors (Spearman 
rho ¼ 0.33, P ¼ 0.01), suggesting that tumor purity may influence 
the classification of these events, whereas no association was ob-
served for acquired fusions (Supplementary Fig. S8). A median of 
one acquired gene fusion per patient was observed (range, 0–16), 
with comparable distribution across IHC subtypes (Fig. 2D). For 
patients with de novo metastatic disease, a higher fraction of shared 
and a lower fraction of acquired fusions were observed compared 
with those with a metastatic relapse (P < 1e�6; Fig. 2E). When 
considering biopsies collected before the first-line therapy for 
metastatic disease, a significantly higher number of acquired gene 
fusions in patients with relapsing disease compared with de novo 
metastatic disease were observed (P ¼ 0.01), with no difference for 
metastatic samples collected after the first-line treatment (Fig. 2F). 
Leveraging ER+/HER2� tumors, the most prevalent subtype, we 
observed no association with the adjuvant regimen and in particular 

950 Clin Cancer Res; 32(5) March 1, 2026 CLINICAL CANCER RESEARCH 

Biagioni et al. 
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
c
l
i
n
c
a
n
c
e
r
r
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
3
2
/
5
/
9
4
7
/
3
7
3
9
7
1
5
/
c
c
r
-
2
5
-
2
7
0
7
.
p
d
f
 
b
y
 
O
s
p
e
d
a
l
e
 
P
o
l
i
c
l
i
n
i
c
o
 
S
a
n
 
M
a
r
t
i
n
o
 
?
 
I
R
C
C
S
 
u
s
e
r
 
o
n
 
1
3
 
J
u
l
y
 
2
0
2
6



with the type of chemotherapy received (Supplementary Fig. S9). 
Among acquired fusions, we identified breast cancer–relevant and 
potentially actionable genes based on OncoKB (version November 
2022; ref. 30), including ESR1, BRIP1, PPM1D, RAD51C, STAT5B, 
and NF1 in ER+/HER2�, ETV6 in ER+/HER2+, CDK12 in 
ER�/HER2+, and BRAF, FANCL, NF1, and PTEN in TNBC 
(Fig. 2G). We did not identify acquired gene fusions with current 
drug approvals in specific disease settings such as FGFR2 or in a 
tissue-agnostic fashion like NTRK and RET. Functional enrichment 
analysis of genes involved in acquired fusions showed enrichment of 
mitotic spindle assembly (q-value ¼ 0.003; Supplementary Fig. S10). 
Among recurrently (in at least two patients) acquired fused genes, 
relevant breast cancer 50 genes (TTC6, ESR1, BCAS3, and NF1) and 
30 genes (MIPOL1, BCAS3, CCDC170, and CSMD3) were identified. 

A total of five recurrent acquired fusions were observed, all intra-
chromosomal, including TTC6–MIPOL1, THSD4–LRRC49, ESR1– 
CCDC170, EIF3H–TRPS1, and URI1–GPI, with the last two fusions 
not previously reported in public databases. TTC6–MIPOL1 and 
ESR1–CCDC170 were specifically detected in ER+/HER2� patients 
(Supplementary Fig. S11). Focusing on the 78 fusions involving 
kinase domain, disrupted domains seemed to be more frequent in 
lost (82%, n ¼ 9) than acquired (44%, n ¼ 14) and shared (50%, 
n ¼ 18) fusions (P ¼ 0.11, Fisher exact test; Supplementary 
Fig. S12). 

Focus on ESR1 gene fusions 
Next, we examined gene fusions involving ESR1. In metastatic 

samples, ESR1 fusions were detected in seven ER+/HER2� tumors; 
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Figure 1. 
The AURORA gene fusion catalog. A, Schematic representation of the distribution of metastatic sites among the patients included in the study, categorized by 
IHC subtypes (one patient not reported because of missing subtype). B, Box plots displaying the distribution of the number of gene fusions detected in both 
primary (in red) and metastatic (in blue) samples from the AURORA dataset. C, Box plots representing the distribution of the number of gene fusions detected 
in primary (in red) and metastatic (in blue) samples, stratified by various IHC subtypes. P values were estimated by Wilcoxon test. D, From left to right: bar plots 
indicating the number of patients with recurrent gene fusions (present in at least two patients), with sub-bars corresponding to different IHC subtypes. Dot chart 
presenting the number of primary (in blue) and metastatic (in red) samples associated with the recurrent gene fusions. Table displaying the presence of 
recurrent gene fusions in publicly available datasets (FusionGDB, Mitelman, COSMIC, and TCGA). Detailed features of recurrent gene fusions, including intra- or 
interchromosomal rearrangement, recurrent 50 and 30 breakpoints, and the number of samples showing different fusion products (such as inframe, frameshift, 
and noncoding). E, Recurrent fused 50 (left) and 30 (right) genes annotated with cytoband. The bar plots show the frequency of genes by patient annotated with 
breakpoint recurrence (s, single occurrence of breakpoint; d, duplet; t, triplet; q, quadruplet). Genes involved in breast cancer are reported in bold. The waffle 
chart represents the number of samples with fusion involving the corresponding gene, by sample type and primary subtype. 
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paired primary–metastatic samples were available for four, all 
showing fusion acquisition in metastasis. The recurrent ESR1– 
CCDC170 fusion was detected in four metastatic samples; three 
were acquired in metastasis, whereas for one, the primary sample 
was not available. In two of four cases of ESR1–CCDC170, the first 
two untranslated exons of ESR1 and exon 3 to 11 of 
CCDC170 were involved, resulting in a truncated form of 
CCDC170, found previously associated with endocrine resis-
tance (15, 44). In the other two cases, the first six exons of ESR1 
were retained, affecting the ER ligand–binding domain and 
potentially leading to a constitutionally active protein (45, 46). 
Consistently, ESR1 gene expression was higher in the cases with 
retained domain (Supplementary Fig. S13). While looking at the 
PAM50 subtypes, ER+/HER2� harboring ESR1 fusions were 
classified as luminal B (LumB; n ¼ 6) or Her2 enriched, (n ¼ 1), 
suggesting a more aggressive biology. 

Two ESR1 fusions were found exclusively in the primary tumors. 
AKAP7–ESR1 was identified in a TNBC primary tumor classified as 
basal by PAM50 in both the primary and metastatic samples. ESR1– 
IYD was detected in a patient with ER+/HER2� primary tumor 
who exhibited ER loss at relapse; this case showed PAM50 subtype 

switching from LumB in the primary tumor to HER2 enriched in 
the metastasis. 

Most cases (seven of nine, 78%) developed visceral metastases 
(mostly in the liver, lung, brain, pleura, pericardium, and ovary). In 
two cases of ESR1 fusions detected in the metastatic samples, breast 
cancer was de novo metastatic. In both cases, samples were collected 
after first-line treatment with chemotherapy, followed by aromatase 
inhibitor. In the relapsed cases, all patients had received endocrine 
therapy ± chemotherapy in the early setting. Details of ESR1 fusions 
per single patient and main baseline characteristics and clinical 
outcomes are reported in Supplementary Tables S3 and S4. 

Gene fusions and the other omics generated in AURORA 
We investigated the association between gene fusions and the 

other molecular data generated within the AURORA program, in-
cluding CNAs, mutations, and gene expression signatures estimated 
from the same RNA-seq data. Overall, we observed a marked 
overlap between the genomic locations of gene fusions and subtype- 
specific CN amplifications (Fig. 3A). Specifically, in ER+/HER2�
tumors, gene fusions frequently involved cytoband 11q13 (con-
taining CCND1), whereas in HER2+ tumors, fusions frequently 
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Figure 2. 
Gene fusions characterizing metastatic breast cancer. A, Left, scatter plot reporting the number of fusions detected in metastatic (y-axis) vs. corresponding 
primary (x-axis) samples, with correlation estimated by the Spearman correlation test. Right, box plots displaying the distribution of the number of fusions 
detected in paired primary (blue) and metastatic (red) samples. P values were estimated by paired Wilcoxon test. B, Box plots displaying the distribution of the 
number of fusions detected in paired primary (blue) and metastatic (red) samples across the different metastatic sites. P values were estimated by paired 
Wilcoxon test. C, Bar plots reporting the fraction of shared (gray), lost (blue), and acquired (orange) gene fusions detected in paired samples. D, Box plots 
showing the distribution of the number of acquired fusions across the IHC subtypes. P value was estimated by Kruskal–Wallis test. E, Bar plots of the fraction of 
shared, lost, and acquired fusion in samples from patients with recurrent and de novo metastatic disease. P value was estimated by Fisher’s exact test. F, Box 
plots displaying the number of acquired fusions for samples from patients with recurrent and de novo metastatic disease collected before and after the first line. 
P values were estimated by paired Wilcoxon test. G, Circle plots reporting acquired gene fusions detected in ER+/HER2�, ER+/HER2+, ER�/HER2+, and TNBC 
tumors. Actionable genes based on OncoKB are shown. 
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affected cytoband 17q12 (ERBB2). No clear association was found 
for TNBC, likely because of the lack of recurrent, specific CN gain 
events. These associations were confirmed by testing the correlation 
between cytoband-wise frequencies of gene fusions and CN gains. 
We observed a stronger correlation between fusion frequency and 
CN gain when comparing IHC subtypes with concordant ER/ 
HER2 status (except for TNBC; Supplementary Fig. S14). We then 
checked gene fusion alterations occurring more frequently in met-
astatic compared with primary samples (P value < 0.2 from an FDR- 
unadjusted proportion test between primary and metastatic sam-
ples). In ER+/HER2�, we observed prevalent alteration of 17q23 
(containing BRIP1), 17q24, 10q23 (containing PTEN), 19p13, 14q21, 
14q13 (TTC6–MIPOL1 fusions), 11p15, 6q16, and 6q21. The cyto-
band 8q24 (MYC) was more frequently involved in gene fusions in 
metastatic versus primary TNBC. These results, except for the 
cytobands 17q23 and 17q24, were consistent with the frequency of 
acquired versus shared gene fusions in paired samples (Supple-
mentary Table S5; Supplementary Fig. S15). Fusions involving the 
ESR1 cytoband (6q25) were predominantly observed as acquired 
events (n ¼ 4, 3.2%) than shared (n ¼ 1, 0.8%) in ER+/HER2�
tumors. In TNBC, the most frequently fused cytoband was 12p13, 
containing ETV6. Using matched CNA data, we verified that fused 
genes (both 50 and 30) tended to occur more frequently in CN gain 
and less in CN loss events than expected by chance (P < 1e�10; 
Fig. 3B for metastatic samples). Consistent results were observed 
across IHC subtypes in both primary and metastatic samples 
(Supplementary Fig. S16). 

We then studied the association between the number of gene 
fusions per sample and the three most frequently mutated genes in 
metastatic breast cancer (TP53, PIK3CA, and ESR1) across breast 
cancer subtypes. No evident associations were found between mu-
tational status of TP53 and PIK3CA and gene fusions detected in 
primary and metastatic samples or when considering paired samples 
(Supplementary Figs. S17 and S18). In metastatic samples from 
patients with relapsing ER+/HER2� disease, ESR1 mutations ten-
ded to co-occur with ESR1 fusions (P ¼ 0.11, Supplementary Fig. 
S19), with statistically significant association when considering fu-
sions involving the cytoband of ESR1 (P ¼ 0.02; Fig. 3C). In patients 
with both paired mutation and RNA-seq data, no concurrent ac-
quired ESR1 mutations and ESR1 fusions were detected in our 
dataset. 

We then explored the association with gene expression signa-
tures. Using the PAM50 molecular subtype (35) estimated in pri-
mary samples, we observed a higher gene fusion burden in 
metastatic versus primary samples of the LumB subtype (P ¼ 0.043). 
Higher burden was also observed for normal (P ¼ 0.005) and 
borderline significant for luminal A (LumA; P ¼ 0.053; Fig. 3D). 
We and others (4, 48, 49) previously reported a significant fraction 
of PAM50 subtype switching events between primary and metastatic 
samples, with the majority involving LumA/B tumors switching to 
Her2 enriched. Among these cases, a higher number of acquired 
fusions were identified in LumA/B tumors that switched to 
Her2 enriched compared with those that remaining LumA/B in 
metastases (P ¼ 0.017; Fig. 3E). 

We then interrogated gene expression signatures associated 
with gene fusion burden in primary and metastatic samples 
across the different breast cancer subtypes (Fig. 3F). Correlation 
analyses revealed subtype-independent association between the 
number of fusions and hallmarks associated with proliferation 
and DNA damage. These included statistically significant asso-
ciations for the terms MYC target, E2F target, DNA repair, and 

UV response down in the most numerous ER+/HER2� and 
TNBC subtypes (Supplementary Table S6). Subtype-specific 
associations were also noted. These included metabolic terms, 
such glycolysis in metastatic ER+/HER2�, epithelial– 
mesenchymal transition in primary TNBC, negative associa-
tion for ER signaling in TNBC subtypes, and immune-related 
terms in metastatic ER+/HER2+. 

Gene fusions and genomic instability 
We conducted specific analyses examining the association be-

tween gene fusions and genomic instability. We first observed 
higher gene fusion burden in HRD score–high (>41) versus –low 
samples, regardless of the sample type (P < 5e�3 for primary and 
P < 1e�4 for metastatic samples; Fig. 4A; Supplementary Fig. S20). 
This trend was confirmed in metastatic ER+/HER2� (P ¼ 0.001) 
and primary and metastatic TNBC (P ¼ 0.001) tumors (Fig. 4B; 
Supplementary Fig. S21). The change of HRD score (rho ¼ 0.3, 
P ¼ 0.03) and mutational load (rho ¼ 0.24, P ¼ 0.0046) in meta-
static versus primary samples was positively associated with the 
number of acquired fusions (Fig. 4C; Supplementary Fig. S22), 
driven by ER+/HER2� samples (rho ¼ 0.41, P ¼ 0.015 and 
rho ¼ 0.26, P ¼ 0.016 for HRD score and mutational load, re-
spectively; Fig. 4C; Supplementary Fig. S23). We therefore consid-
ered a recently published catalog of CIN signatures (CX signatures; 
ref. 41). The top positively associated signature was CX13, originally 
linked to extrachromosomal DNA (ecDNA) circularization and 
amplifications (41). We observed positive association for signatures 
related to replication stress (CX13 and CX8), involving short-to- 
medium–sized events and impaired homologous recombination 
(CX3 and CX7; long sized), whereas negative association was de-
tected for CX1, CX14, and CX6, all related to whole-arm/chromo-
some alterations (Fig. 4D; Supplementary Figs. S24 and S25). 
Notably, these associations were also observed as statistically sig-
nificant in the TCGA-BRCA dataset (Supplementary Fig. S26). We 
therefore exploited our gene fusion catalog to investigate the rela-
tionship between the size of underlying genomic alterations (ge-
nomic distance between 50 and 30 breakpoint) and genomic 
instability. A shorter genomic distance between 50 and 30 break-
points of gene fusion partners was observed for TNBC, indeed 
typically characterized by higher levels of genomic instability and 
DNA repair defects (4, 50–53), compared with ER+/HER2� pa-
tients considering both primary (P < 1e�2) and metastatic 
(P < 1e�3) samples. This finding was validated in the TCGA-BRCA 
dataset (P < 1e�10; Fig. 4E). Consistent with this finding, intra-
chromosomal fusions involving genes within the same topologically 
associating domains (TAD; ref. 54) were more frequent in ER�/ 
HER2+ and TNBC compared with ER+/HER2�, both in primary 
(46% in ER�/HER2+ and 33% for TNBC vs. 26% in ER+/HER2�) 
and metastatic (36% and 33% vs. 25%) samples. This different 
distribution of intrachromosomal fusions involving genes within the 
same TAD was also validated in the TCGA-BRCA dataset (Sup-
plementary Fig. S27, P < 1e�10). Interestingly, acquired intra-
chromosomal fusions in TNBC were enriched for those involving 
genes within the same TAD compared with other subtypes (48%, 
P ¼ 0.029 and P ¼ 0.014 vs. ER+/HER2� and ER+/HER2+, re-
spectively). In ER�/HER2+ samples, 46% of intrachromosomal 
fusions in primary samples involved genes within the same TAD 
and were frequently located (five of 12 fusions, 42%) in the TAD 
including ERBB2 (Fig. 4F). Of note, considering metastatic 
samples collected before any systemic therapy for metastatic 
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disease, we observed that these fusions involving genes within 
the same TAD were enriched in TNBC samples having received 
previous adjuvant treatment compared with patients with de 
novo disease (P ¼ 0.032; Supplementary Fig. S28). 

Impact of gene fusions on clinical outcomes 
Next, we evaluated the impact of gene fusions on the outcome of 

patients with metastatic breast cancer (n ¼ 350). To do that, we 
studied the association between gene fusions and OS and TTR. The 
median duration of follow-up from study entry was 73 months 
(IQR, 58–83 months). A total of 341 patients had died, including 
214 patients with ER+/HER2�, 24 ER+/HER2+, 18 ER�/HER2+, 
and 84 TNBC. When considering the overall study population, the 
presence of gene fusions in primary tumor samples (not of patients 

with de novo metastatic breast cancer) was associated with a shorter 
TTR [31 vs. 43 months; HR, 1.33; 95% confidence interval (CI), 
1.02–1.74], although not reaching statistical significance when 
controlling for covariates. Patients with gene fusions in metastatic 
biopsies (n ¼ 252) also showed a statistically significantly shorter OS 
(25 vs. 41 months; HR, 1.58; 95% CI, 1.19–2.11) compared with 
those without (n ¼ 98). This association was mostly driven by the 
patients with ER+/HER2� subtype, which remained independently 
associated with shorter OS (HR, 1.5; 95% CI, 1.05–2.2) in multivariate 
analysis controlling for relevant covariates, including proliferation 
(Ki67 in metastases) and TP53 mutational status as a proxy for genomic 
instability. Considering 199 patients with paired primary and metastatic 
samples, we observed that the presence of acquired gene fusions 
(n ¼ 113) was significantly associated with a shorter OS (21 vs. 

A
1

0.5

0

0.5

1

0.20

0.15

0.10

0.05

0.00

1 2

F
re

q
u
e

n
c
y

3 4
F

G
F

R
3
 (

4
p
1
6
)

lo
ss

es

E
S

R
1 

(6
q
2
5
)

F
G

F
R

1 
(8

p
11

)
G

R
H

L2
 (

8
q
2
2
)

M
YC

 (
8
q
2
4
)

M
YC

 (
8
q
2
4
)

M
YC

 (
8
q
2
4
)

M
YC

 (
8
q
2
4
)

P
TE

N
 (

1
0
q
2
3
)

F
G

F
R

2 
(1

0
q
2
6
)

CCND1 (11q13)

CCND1 (11q13)

C
C

N
D

1
(1

1
q
1
3
)

R
B

1 
(1

3
q

1
4
)

TP
53

 (
1
7
p

1
3
)

E
T

V
6

(1
2
p

1
3
)

ERBB2, CDK12
(17q12)

ERBB2, CDK12
(17q12)

BRIP1 (17q23)

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

0.0

0.0

0

5

10N
u
m

b
e
r 

o
f 
fu

s
io

n
s

N
u
m

b
e
r 

o
f 
a
c
q
u
ir
e
d
 f
u
s
io

n
s
 i
n

m
e
ta

s
ta

s
e
s
 (

L
u
m

A
/B

 i
n
 p

ri
m

a
ry

)

L
u
m

A

C
el
lu
la
r c

om
po

ne
nt

D
ev

el
op

m
en

t

D
N
A d

am
ag

e

Im
m

un
e

M
et

ab
ol
ic

Pat
hw

ay

Pro
lif
er

at
io
n

Sig
na

lin
g

L
u
m

B

H
e
r2

B
a
s
a
l

N
o
rm

a
l

L
u
m

A
/B

(n
o
 s

w
it
c
h
)

H
e
r2

15

20

0

P

M

P 0.5

S
p
e
a
rm

a
n
 rh

o

0

−0.5

M

P

M

P

M

5

10

15

20
97 19

P = 0.01725

30 P = 0.053 P = 0.043

Primary Metastatic

P = 0.41 P = 0.25 P = 0.0045

ESR1 status

Primary

P = 1

Metastatic

P = 0.024

Paired

P = 1

0.2

0.4

0.6

0.8

1.0

1 133

5
’

3
’

R
a
n
d
o
m

F
ra

c
ti
o

n
 o

f 
e
ve

n
ts

F
re

q
u

e
n
c
y

w
t 

(n
 =

 1
5
6

)

m
u

t 
(n

 =
 6

)

w
t 
(n

 =
 2

0
5

)

m
u

t 
(n

 =
 2

8
)

w
t 
(n

 =
 1

1
8
)

a
c
q
u
ir
e
d

(n
 =

 1
4
)

0.2

0.4

0.6

0.8

1.0
CN state

P < 1e–10

Fusion in 6q25 (ESR1 cytoband)
Gain
Neutral
Loss

1 P = 56; M = 32

P = 69; M = 73

P = 8; M = 9

P = 17; M = 17

P = 22; M = 17

ER+/HER2–

ER+/HER2+

ER–/HER2+

TNBC

P = 30; M = 36

Primary = 164; metastatic = 121

Primary = 208; metastatic = 224

0.5

0

0.5

1

0.20

0.15

0.10

0.05

0.00

1 2

F
re

q
u
e

n
c
y

3 4

Common Higher in primary Higher in metastases

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

1

0.5

0

0.5

1

0.4

0.3

0.2

0.1

0.0

1 2

F
re

q
u

e
n
c
y

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2122 X

B

D

1

0.5

0

0.5

1

0.6

0.4

0.2

0.0

1 2

F
re

q
u

e
n

c
y

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

E

F

C
g

ai
ns

ER+/HER2−

ER+/HER2+

ER−/HER2+

TNBC

A
p
ic

a
l 
ju

n
c
ti
o
n

A
p
ic

a
l 
s
u
rf

a
c
e

P
e
ro

x
is

o
m

e

A
d
ip

o
g
e
n
e
s
is

A
n
g
io

g
e
n
e
s
is

E
p
it
h
e
lia

l–
m

e
s
e
n
c
h
y
m

a
l 
tr

a
n
s
it
io

n

M
y
o
g
e
n
e
s
is

P
a
n
c
re

a
s
 β

 c
e
lls

S
p
e
rm

a
to

g
e
n
e
s
is

D
N

A
 r

e
p
a
ir

U
V

 r
e
s
p
o
n
s
e
 D

N

U
V

 r
e
s
p
o
n
s
e
 u

p

C
o
a
g
u
la

tio
n

C
o
m

p
le

m
e
n
t

A
llo

g
ra

ft
 r

e
je

c
ti
o

n

IL
6
–
J
A

K
–
S

T
A

T
3
 s

ig
n
a
lin

g

In
fl
a
m

m
a
to

ry
 r

e
s
p
o
n
s
e

IF
N
α 

re
s
p
o
n
s
e

IF
N
γ 

re
s
p
o
n
s
e

B
ile

 a
c
id

 m
e
ta

b
o
lis

m

C
h
o
le

s
te

ro
l 
h
o
m

e
o
s
ta

s
is

F
at

ty
 a

ci
d 

m
et

ab
ol

is
m

G
ly

c
o
ly

s
is

H
e
m

e
 m

e
ta

b
o
lis

m

O
xi

d
a
tiv

e
 p

h
o
sp

h
o
ry

la
tio

n

X
e
n
o
b
io

ti
c
 m

e
ta

b
o
lis

m

A
p
o
p
to

s
is

H
y
p
o
x
ia

P
ro

te
in

 s
e
c
re

ti
o
n

R
e
a
c
ti
v
e
 o

x
y
g
e
n
 s

p
e
c
ie

s
 p

a
th

w
a
y

U
n
fo

ld
e
d
 p

ro
te

in
 r

e
s
p
o
n
s
e

E
2
F

 t
a
rg

e
ts

G
2
M

 c
h
e
c
k
p
o
in

t

M
it
o
ti
c
 s

p
in

d
le

M
y
c
 t

a
rg

e
ts

 V
1

M
y
c
 t

a
rg

e
ts

 V
2

P
5
3
 p

a
th

w
a
y

A
n
d
ro

g
e
n
 r

e
s
p
o
n
s
e

E
s
tr

o
g
e
n
 r

e
s
p
o
n
s
e
 e

a
rl
y

E
s
tr

o
g
e
n
 r

e
s
p
o
n
s
e
 l
a
te

E
s
tr

o
g
e
n
 r

e
s
p
o
n
s
e
 l
a
te

H
e
d
g
e
h
o
g
 s

ig
n
a
lin

g

IL
2
–
S

T
A

T
5
 s

ig
n
a
lin

g

K
R

A
S

 s
ig

n
a
lin

g
 D

N

K
R

A
S

 s
ig

n
a

lin
g
 u

p

M
T

O
R

C
1
 s

ig
n
a
lin

g

N
o
tc

h
 s

ig
n
a
lin

g

P
I3

K
–
A

K
T

–
M

T
O

R
 s

ig
n
a
lin

g

T
G

F
β 

si
g
n
a
lin

g

T
N

F
A

 s
ig

n
a
lin

g
 v

ia
 N

F
-κ

B

W
N

T
–
β 

c
a
te

n
in

 s
ig

n
a
lin

g

Figure 3. 
Multiomics analysis of gene fusions. A, Frequency plot showing cytoband-wise alteration frequency of CNA (top) and gene fusions (bottom) for the different IHC 
subtypes. A selection of breast cancer–relevant genes involved in fusions with corresponding cytobands is reported. Blue and red sub-bars refer to cytobands 
showing higher alteration frequency in primary and metastatic samples, respectively. B, Bar plots of the fraction of 50 , 30 , and a random selection 
(n ¼ 10,000 events, genes x samples) of genes involved in fusions and detected as CN loss (yellow), neutral (pink), or gain (orange) in metastatic samples. P 
value was estimated by Fisher’s exact test. C, Bar plots showing the frequency of fusions involving genes mapping to the cytoband 6q25 (containing ESR1), by 
the mutational status of ESR1 in primary and metastatic samples, and acquired mutations in metastases, considering paired samples. D, Box plots showing the 
number of fusions in primary (blue) and metastatic (red) samples across PAM50 subtypes estimated in primary samples. P values were estimated by Wilcoxon 
test. E, Box plots showing the number of acquired fusions in LumA/B primary samples remaining LumA/B and for those classified as Her2 enriched in metastatic 
samples. P value was estimated by Wilcoxon test. F, Heatmap showing the Spearman rho between the number of gene fusions in primary (P) and metastatic (M) 
samples and the levels of the hallmarks’ signatures grouped by process categories as defined by Liberzon and colleagues (47). Significant associations identified 
by Spearman correlation test are marked with asterisks. 

954 Clin Cancer Res; 32(5) March 1, 2026 CLINICAL CANCER RESEARCH 

Biagioni et al. 
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
c
l
i
n
c
a
n
c
e
r
r
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
3
2
/
5
/
9
4
7
/
3
7
3
9
7
1
5
/
c
c
r
-
2
5
-
2
7
0
7
.
p
d
f
 
b
y
 
O
s
p
e
d
a
l
e
 
P
o
l
i
c
l
i
n
i
c
o
 
S
a
n
 
M
a
r
t
i
n
o
 
?
 
I
R
C
C
S
 
u
s
e
r
 
o
n
 
1
3
 
J
u
l
y
 
2
0
2
6



42 months; HR, 1.89; 95% CI, 1.35–2.64) compared with those without 
(n ¼ 86). Consistent with previous analyses, the association was sig-
nificant exclusive for the ER+/HER2� subtype, although not reaching 
statistical significance when controlling for covariates (Fig. 5A). We 
then considered fusions involving genes within the same TAD and 
studied their association with OS and TTR. No association was found 
between the presence of these fusions and TTR. In ER+/HER2�, de-
tection of same TAD fusions in metastases (n ¼ 59) was statistically 
significantly associated with worse OS (21 vs. 46 months; HR, 1.94; 95% 
CI, 1.27–2.97) compared with the absence of fusions (n ¼ 69), 
remaining independently associated when controlling for covariates. 
Similar results were obtained for acquired fusions involving genes in the 
same TAD (21 vs. 45 months; HR, 2.43; 95% CI, 1.38–4.28; Fig. 5B). 

Discussion 
In this study, we conducted an extensive characterization of gene 

fusions in metastatic breast cancer leveraging the rich dataset 

obtained through the AURORA molecular screening program. 
The program includes the largest collection to date of RNA-seq 
data from paired primary tumors and metastases, along with 
mutational and CNA data from a cohort of 476 patients with 
prospectively collected clinical data. Our program, along with the 
AURORA US project (48), is aimed at advancing knowledge of 
metastatic disease and guiding the development of new treatment 
strategies. 

Using multiple gene fusion callers and strict filtering criteria, we 
identified a low number of gene fusions per patient, consistent with 
previous studies (6, 55). Differently from most existing studies on 
primary tumors, our study provides a characterization of gene fu-
sions associated with metastatic disease in breast cancer, offering 
valuable insights to better understand the role of gene fusions in 
disease progression. Although few recurrent gene fusions were 
identified, some of them exhibited consistent transcriptomic 
breakpoints, suggesting potential utility in developing assay tests 
specifically targeting these recurrent events. Focusing on the 
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Figure 4. 
Gene fusions and genomic instability. A, Box plots displaying the distribution of the number of fusions detected in metastatic samples based on HRD score 
classification (high vs. low), and B, by subtype. P values were estimated by Wilcoxon test. C, Scatter plot of change in HRD score in paired metastatic vs. primary 
samples (y-axis) vs. the number of acquired fusions (x-axis) for all, ER+/HER2�, and TNBC samples. Correlation was estimated by Spearman correlation test. 
D, Heatmap showing the Spearman correlation coefficient between the number of fusions and the different CINs (CX) defined by Drews and colleagues (41) for 
fusions detected in primary and metastatic samples and for acquired fusions. Significant associations identified by Spearman correlation test are marked with 
asterisks. E, Box plots displaying the log10 of genomic distance between 50 and 30 genes across the different subtypes in primary and metastatic samples, for 
acquired fusions, and in the TCGA-BRCA dataset. P values were estimated by Wilcoxon test. F, Bar plots showing the frequency of intrachromosomal fusions 
involving genes mapping to the same TAD (dark gray) vs. not across IHC subtypes for fusions detected in primary, metastatic, and acquired fusions. 
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partners of fusions, breast cancer–relevant genes, including ESR1, 
CDK12, NF1, and BRIP1, were found recurrently fused. Data exist 
on the oncogenic role of ESR1 fusions in mediating endocrine re-
sistance (14, 56, 57). There is, however, to the best of our knowledge 
no clinical or nonclinical data on the role of gene fusions involving 

CDK12, BRIP1, or NF1 in the development or progression of breast 
cancer despite evidence on the pathogenicity of point mutations and 
their vulnerability to specific therapies with variable levels of evi-
dence such as CDK12 and BRIP1 with PARP inhibitors (58) and 
NF1 with MEK inhibitors (59, 60). 
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Figure 5. 
Impact of gene fusions on clinical outcomes. A, Univariate and multivariate analysis of TTR by the presence or absence of gene fusions detection in primary 
samples of not de novo metastatic patients, left-truncated OS by the presence or absence of gene fusions detection in metastatic samples, and left-truncated OS 
by the presence or absence of acquired gene fusions detection in metastasis of patients with paired samples. B, Univariate and multivariate analysis of TTR by 
the absence of gene fusions, presence of gene fusions not in the same TAD, and in the same TAD in primary samples of not de novo metastatic; left-truncated 
OS by the absence of gene fusions, presence of gene fusions not in the same TAD, and in the same TAD in metastatic samples; and left-truncated OS by the 
absence of gene fusions, presence of acquired gene fusions not in same TAD, and presence of acquired gene fusions in the same TAD in metastasis of patients 
with paired samples. All analyses were performed in all populations (overall) and by IHC subtypes with adequate sample size. Cox regression hazards ratio 
estimate with 95% CI is reported. Multivariate analysis of survival outcomes and relevant clinicopathologic factors, reported in the table footnotes, was 
performed with the Cox proportional hazards model. 
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We exploited the unique feature of the AURORA dataset that 
includes paired primary tumors and metastases to characterize fu-
sions specific to metastatic samples and to classify gene fusion 
events into shared (present in primary tumors and metastases) and 
acquired (private to metastases) fusions. Our data showed that gene 
fusion burden can increase during the recurrence or progression of 
the disease as demonstrated by the higher number of gene fusion 
events detected in metastases compared with paired primary tu-
mors. As gene fusions are mostly generated through genomic 
rearrangements, this is consistent with the typical increase of CNA 
burden during disease evolution (53, 61, 62). Interestingly, 
treatment-näıve biopsies from patients with de novo metastatic 
disease showed significantly lower number of acquired fusions 
compared with those collected from patients with recurrent disease, 
in line with our previous findings showing less acquired mutations 
and more similar gene expression profiles in de novo compared with 
recurrent disease (4). This finding suggests that acquired fusion 
events may be induced by the pressure of neoadjuvant therapies as a 
means of drug resistance as previously suggested for mutations 
private to metastases in different tumor types (63). Technically 
relevant, this further demonstrated the reliability of the computa-
tional approach we used for gene fusion identification and of the 
catalog of gene fusions provided in this study. Acquired gene fu-
sions were characterized by few recurrent but actionable (as defined 
in OncoKB) rearrangements, such as fusions involving ESR1 (only 
in ER+ tumors), NF1, CDK12, and CSMD3. With regard to fusions 
that might be targetable with tissue-agnostic therapeutics (7), such 
as those involving FGFR1, FGFR2, BRAF, NTRK1, RET, ROS1, ALK, 
ERBB2, and MET, FGFR1 (n ¼ 5 patients, 1%), BRAF (n ¼ 2, 0.4%), 
and ERBB2 (n ¼ 2, 0.4%) were identified in our cohort. Of note, 
although ESR1 fusions had been previously described as a non-
targetable mechanism of endocrine resistance, recent nonclinical 
experiments have suggested RET inhibition for the treatment of 
ESR1–TAF–driven endocrine-resistant breast cancer (64, 65). 
Proteasome inhibition could also be a therapeutic strategy (66). 
A randomized phase II study investigating proteasome inhibitor 
bortezomib was completed but did not select for tumors harboring 
ESR1 fusions (67). Designing clinical trials to test novel therapeutics 
poses a recruitment challenge when the prevalence of alterations is 
low. Successful single–cancer type examples include bladder cancer 
in which FGFR1 to FGFR4 gene rearrangements are found in 2.8% 
of cases (in addition to 14% short variants) and 8.6% of biliary tract 
cancers (68), leading to registrational phase II and phase III clinical 
trials and drug approvals in these settings (9, 69). The other 
regulatory approvals for therapies targeting gene fusions came 
after the results of multi-histology basket trials, investigating the 
efficacy of a drug in different types of cancers characterized by 
the same biomarker. Therapies targeting NTRK fusions found 
in <1% of cancers and RET fusions in ∼1% are successful ex-
amples of drug development in niches. These clinical data would 
have been extremely difficult to generate in tumor-specific 
clinical trials. This is particularly relevant in the breast cancer 
field as studies designed to investigate targeted therapies against 
targetable gene fusions in patients with breast cancer would not 
be feasible. Indeed, a large molecular profiling study on kinase 
fusions in metastatic breast cancer identified kinase fusions in 
only 27 of 4,854 patients (0.6%; ref. 70). The expanding use of 
comprehensive genomic profiling will allow the identification of 
patients with metastatic breast cancer with gene fusions involv-
ing actionable genes that can be enrolled in ongoing basket 
studies (7) in a tissue-agnostic fashion. 

The multiomics profiling of primary and metastatic samples in-
cluded in the AURORA study enabled the integrative analysis of 
gene fusions with CNA and mutations, with the goal of evaluating 
the interplay between fusion rearrangements and other molecular 
alterations. We observed evident colocalization of gene fusions and 
subtype-specific copy-number gains and amplifications, such as 
fusions involving 11q13 (CCND1) for ER+ and 17q12 (ERBB2) for 
HER2+. This finding is consistent with previous studies conducted 
in breast cancer tumors (55) and cell lines (71), for which in the 
latter, the authors proposed classifying these events as passenger 
aberrations. Some hallmark gene expression signatures seemed to be 
enriched in specific breast cancer subtypes or differ between pri-
mary and metastatic samples. These data may suggest a potential 
driver role for fusions although further studies are needed to con-
firm these findings. Notably, our data show that ESR1 fusions pre-
dominantly occurred in cases with no CN gain (four of five, three 
neutral CN and one deletion, considering samples with both RNA- 
seq and CNA data), suggesting mechanisms independent of gene 
amplification underlying the generation of these fusions. In TNBC, 
we observed frequent fusions involving genes mapping to 12p13. 
This cytoband includes ETV6, a member of the family of ETS 
transcription factors like the commonly fused protein ERG (72, 73). 
ETV6 has been found fused with several partners, and in particular 
with NTRK1-2-3, in various types of both hematologic and solid 
tumors (74), including breast cancer (75). Consistently, the TCGA 
consortium reported detection of ETV6 fusions prevalently in 
TNBC (three of five cases, one of which with no available IHC 
subtype; ref. 6). A trend toward co-occurrence between mutations 
and fusions of ESR1 was observed, consistent with previous studies 
(14). However, upon analyzing paired samples, we did not observe 
any cases of acquired ESR1 fusion in tumors with acquired ESR1 
mutations. Although novel endocrine therapies are currently being 
investigated in endocrine resistance mediated by ESR1 mutations, 
positive phase III data have been reported with selective estrogen 
receptor degraders (SERD) and PROTACs, and oral SERDs ela-
cestrant and imlunestrant have already received regulatory approval 
in this setting. Data are still however lacking on the efficacy of this 
class of drugs in the presence of ESR1 fusions. 

The evident association of gene fusion burden with gene ex-
pression proliferation signatures, in addition to the aforementioned 
integrative analyses, suggested a link between gene fusions and ge-
nomic instability. Conducting specific analyses to evaluate this re-
lationship, we indeed confirmed strong positive association between 
gene fusion burden and HRD score and that, in paired ER+/HER2�
samples, the increase in genomic instability by HRD score and 
mutational load was positively correlated with the number of ac-
quired fusions. By using a recent catalog of 17 CN signatures spe-
cifically designed to characterize different types of chromosomal 
instability (41), we observed positive association between gene fu-
sion burden and signatures associated with replication stress and 
impaired homologous recombination and negative with those 
involved in chromosome missegregation via defective mitosis. 
Interestingly, a signature originally associated with ecDNA cir-
cularization and amplifications (CX13) resulted as having the 
highest correlation with gene fusion burden. Also, gene fusion 
burden tended to positively correlate with signatures character-
ized by short-to-medium size alterations. Consistently, among 
subtypes, the typically most genomically instable TNBC showed 
intrachromosomal fusions characterized by shorter genomic 
distance between 50 and 30 genes. In primary HER2+, fusions 
were characterized by genes located in the same TAD of ERBB2. 
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Of note, in TNBC, intrachromosomal acquired fusions tended to 
involve genes mapping to the same TAD. The higher fraction of 
these fusions in metastatic samples from recurrent compared 
with de novo patients enrolled before the start of the first-line 
suggests that these events are associated with resistance to ad-
juvant chemotherapy, similar to what has been reported for 
ecDNA (76). Collectively, our data confirm a role for gene fu-
sions in depicting genomic instability in breast cancer, with fu-
sions within the same TAD exhibiting similar characteristics to 
ecDNA alterations (77, 78) and representing, per se, a proxy of 
genomic instability. Elucidating how gene fusion formation is 
mechanistically linked to HRD or other forms of genomic in-
stability could provide important insights into tumor biology 
and guide strategies to target these alterations and their under-
lying causes. The detection of fusions in tumor samples of ER+/ 
HER2� breast cancer was found to be associated with a poor 
prognosis in our study. Indeed, in general, patients with fusions 
detected in the primary tumor tended to have a shorter TTR, and 
those with fusions detected, particularly those with acquired 
gene fusions in the metastasis, had a shorter OS. Notably, in our 
study, this association retained prognostic value after controlling 
for proliferation and TP53 mutational status as a proxy for ge-
nomic instability. This finding could allow the selection of pa-
tients for treatment escalation in the neoadjuvant setting and the 
identification of ideal candidates for novel therapies in the 
metastatic setting. This is particularly relevant for patients with 
tumors harboring ESR1 fusions. Indeed, such patients with ER+/ 
HER2� metastatic breast cancer in our cohort had a short TTR 
on adjuvant endocrine therapy and a progression-free survival 
on first-line CDK4/6 inhibitor (CDK4/6i) below the median 
expected from the pivotal phase III trials. The patients also had 
an aggressive biology (LumB or HER2 enriched) and a dismal 
course of disease as demonstrated by the presence of visceral 
metastases, consistent with previous reports (16). Recent ad-
vances in the escalation of neoadjuvant therapy in ER+/HER2�
breast cancer include the approvals of the CDK4/6is abemaciclib 
and ribociclib in combination with adjuvant endocrine therapy 
for patients with ER+/HER2� early breast cancer selected fol-
lowing high-risk clinical features (79). Nonclinical data suggest 
that CDK4/6is are active in the setting of ESR1 fusions (13) that 
can be therefore used to rationalize patient selection. Novel en-
docrine therapies such as SERDs, PROTACs, and CERANs are in 
clinical development, specifically in tumors harboring ESR1 
mutations (80). Elacestrant and imlunestrant, two oral SERDs, 
are already approved in ER+/HER2� metastatic breast cancer 
with ESR1 mutations following the results of the EMERALD and 
EMBER 3 phase III trials (81, 82). Phase III studies in the ad-
juvant setting are ongoing. ESR1 fusions could be additional 
biomarkers to be studied in such studies. Their predictive and 
prognostic impact can additionally be investigated in correlative 
studies in the pivotal phase III trials that tested novel endocrine 
agents. Indeed, ESR1 fusions can be found in up to 10% of ER+/ 
HER2� metastatic breast cancers with no detected ESR1 muta-
tions (57). These studies included a substantial number of pa-
tients with no detected ESR1 mutations: 249 in EMERALD, 
405 in the monotherapy arms of EMBER 3 (82), and 354 in 
VERITAC-2 (83). This is, however, more challenging for fusions 
involving genes other than ESR1 that have a much lower prev-
alence in breast cancer. Although our analyses demonstrate that 
gene fusions influence clinical outcomes in HR+/HER2� meta-
static breast cancer, it is unlikely that the prognostic impact of 

fusions involving driver genes can be adequately assessed within 
the recent pivotal clinical trials that supported new drug ap-
provals in this setting. The sample sizes of these studies—ranging 
from 325 patients in INAVO-120, which evaluated the PI3Kα 
inhibitor inavolisib (84), to 866 patients in DESTINY-Breast06, 
which evaluated the anti-HER2 antibody–drug conjugate tras-
tuzumab deruxtecan (85)—would include only a very limited 
number of patients harboring recurrent pathogenic fusions. This 
rarity poses challenges for future prospective studies, which 
would require comprehensive RNA-seq and dedicated bio-
informatics pipelines for fusion detection during screening and 
patient stratification. 

Limitations 
The limitations of our study must be recognized. First, multio-

mics data, in particular CNA, were not available for all RNA-seq 
samples, limiting a more extensive evaluation of the associations 
tested in this study. Second, primary tumor samples were collected 
at the time of the initial breast cancer diagnosis, whereas metastatic 
biopsies were obtained specifically for the AURORA program. 
These differences may have affected sample quality and, conse-
quently, influenced fusion detection; nonetheless, we have taken 
measures to address this limitation through careful analyses, in-
cluding the in silico validation of gene fusions in paired samples; we 
also verified that tumor purity was not associated with the likelihood 
of fusion detection in either primary or metastatic samples. We 
observed a weak but statistically significant association between lost 
fusions and lower tumor purity in metastatic compared with 
matched primary samples, which may limit the reliability of clas-
sifying these events. Third, the sample size of our study could have 
affected the ability to detect some statistically significant associa-
tions. Despite these limitations, our study provides valuable insights 
into the role of gene fusions in metastatic breast cancer, how they 
evolve with disease progression, how they can contribute to geno-
mic instability, and their role as a prognostic biomarker indepen-
dent from other clinical factors especially in ER+/HER2� tumors. 

We also acknowledge the limitations of our findings about 
prognostication. AURORA has prospectively collected treatment 
information, including treatment lines and outcomes on therapy. 
The very small number of recurrent fusions, including fusions in 
actionable genes, did not allow us to study the predictive and/or 
prognostic role of individual gene fusions beyond what was de-
scribed in the article with regard to the identification of gene fu-
sions, acquired fusions, and their association with prognosis. 
Furthermore, results of gene fusions were not reported to the 
treating physicians as RNA-seq was performed in batches at a 
subsequent time. Thus, drug–genomic alteration matching in AU-
RORA did not include any matching based on the identification of a 
specific gene fusion (4). AURORA recruited patients irrespective of 
the subtype of breast cancer, and treatment choices were at the 
discretion of the treating physician: neoadjuvant chemotherapy, 
endocrine ± targeted therapy in all settings, anti-HER2 therapy, 
immune checkpoint inhibitors, and PARP inhibitors. The prog-
nostic findings in our study are therefore applicable to the patient 
population of AURORA, a patient population seen in the clinic. 
They would require further validation in less heterogeneous groups 
of patients recruited in the same setting and treated with the same 
therapies such as in randomized controlled clinical trials. Investi-
gating the prognostic potential of the detection of gene fusions and 
acquired gene fusions in correlative translational studies within the 
pivotal trials mentioned above could lead, if validated, to the 
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integration of our findings as stratification factors in future ran-
domized clinical trials. 

Data Availability 
Instructions to access the processed data other than gene fusions for reproduc-

ibility purposes are available at the webpage https://aurora.bigagainstbreastcancer.org 
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to applicable laws. Instructions to access processed or raw article data to perform 
original research are also available on the webpage and investigators can contact 
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Steering Committee and after entering into an appropriate data access agreement 
subject to applicable laws. 
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