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Background: Estrogen receptor-positive (ER-positive) metastatic breast cancer is often intractable due to endocrine therapy
resistance. Although ESRT promoter switching events have been associated with endocrine-therapy resistance, recurrent £SR1
fusion proteins have yet to be identified in advanced breast cancer.

Patients and methods: To identify genomic structural rearrangements (REs) including gene fusions in acquired resistance, we
undertook a multimodal sequencing effort in three breast cancer patient cohorts: (i) mate-pair and/or RNAseq in 6 patient-
matched primary-metastatic tumors and 51 metastases, (i) high coverage (>500x) comprehensive genomic profiling of 287-
395 cancer-related genes across 9542 solid tumors (5216 from metastatic disease), and (iii) ultra-high coverage (>5000x)
genomic profiling of 62 cancer-related genes in 254 ctDNA samples. In addition to traditional gene fusion detection methods
(i.e. discordant reads, split reads), ESRT REs were detected from targeted sequencing data by applying a novel algorithm
(copyshift) that identifies major copy number shifts at rearrangement hotspots.

Results: We identify 88 ESRT REs across 83 unique patients with direct confirmation of 9 £SRT fusion proteins (including 2 via
immunoblot). ESRT REs are highly enriched in ER-positive, metastatic disease and co-occur with known ESRT missense
alterations, suggestive of polyclonal resistance. Importantly, all fusions result from a breakpoint in or near £SRT intron 6 and
therefore lack an intact ligand binding domain (LBD). In vitro characterization of three fusions reveals ligand-independence and
hyperactivity dependent upon the 3’ partner gene. Our lower-bound estimate of ESRT fusions is at least 1% of metastatic solid
breast cancers, the prevalence in ctDNA is at least 10x enriched. We postulate this enrichment may represent secondary
resistance to more aggressive endocrine therapies applied to patients with ESRT LBD missense alterations.

Conclusions: Collectively, these data indicate that N-terminal ESRT fusions involving exons 6-7 are a recurrent driver of
endocrine therapy resistance and are impervious to ER-targeted therapies.
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Introduction

Inhibiting estrogen receptor alpha (ERo/ER/ESRI) activity in es-
trogen receptor-positive (ER-positive) breast cancer is one of the
most successful targeted therapy strategies in cancer. ER-targeted
endocrine therapies reduce ligand-mediated ER signaling and
can be grouped into two major classes: (i) selective ER modula-
tors/degraders that inhibit estradiol (E2) from binding ER and
(ii) aromatase inhibitors that are used in postmenopausal women
to reduce E2 production. Both therapy classes disrupt the inter-
action of estrogen with the ER ligand binding domain (LBD).

Despite the success of these agents, many ER-positive tumors
recur and become resistant to endocrine therapy [1, 2]. Although
crosstalk with other growth factor pathways, such as HER2, ap-
pears to contribute to resistance [3], recent data indicate that
acquired ESRI missense alterations are a common mechanism
for resistance, being present in approximately 20-30% of ER-
positive recurrent breast cancers [4-7].

Genomic structural rearrangements (REs) produce critical
driver alterations in many cancer types [8—10]. In breast cancer,
examples of noncoding promoter switching gene fusions have
been shown to be recurrent in advanced disease [11, 12], how-
ever, only a single example of an ER-alpha protein fusion in a
xenograft model (ESRI-YAPI) has been reported [13].

Here, we present a detailed view of RE events in recurrent ER-
positive metastatic breast cancer. We identify recurrent ESRI fu-
sion proteins eliminating the LBD and functionally characterize
them as hyperactive and ligand-independent.

Methods

Detailed descriptions of patient samples/methods are presented in sup-
plementary methods, available at Annals of Oncology online.

Normal-primary-metastasis tumor paired tissues from 6 advanced
breast cancer patients and 51 unpaired metastatic tumors were obtained
from the University of Pittsburgh Health Science Tissue Bank (HSTB)
following approval from local Institutional Review Board (IRB#
PRO11060660, 11100645, 10050461, and 0506140). Mate-pair sequenc-
ing and/or RNAseq was performed to identify REs and fusion transcripts.

Comprehensive genomic profiling was performed on 9542 solid tumor
samples and 254 blood samples from breast cancer patients in a CLIA-
certified, New York State-, and CAP-accredited laboratory (Foundation
Medicine, Cambridge, MA) [14, 15]. In addition to identification of sub-
stitutions, short insertions/deletions, rearrangements, and copy number
changes, shifts in copy number (copyshift) at specific rearrangement hot-
spots were identified to increase sensitivity of rearrangement calls.
Briefly, log2 normalized data were compared on each side of previously
described RE hotspots. Copyshift-positive was defined as significant dif-
ferences (P < 0.01 by two-tailed #-test) and an absolute drop in log2 ratio
of >0.2.

Results

Discovery of ESR1 fusion proteins in recurrent
breast cancer

To examine the impact of REs on ER-positive breast cancer pro-
gression and therapy resistance, we collected metachronous,
patient-matched, primary-recurrent breast cancer tissues from
six patients (Pitt-1-Pitt-6), with a median time to recurrence of

7.3 years (supplementary Figure S1 and Tables S1 and S2, avail-
able at Annals of Oncology online). In total, 18 tissue samples were
available: 4 normal, 4 primary tumor (PrT), and 10 recurrences/
metastases from diverse sites including local recurrence (LoR),
contralateral breast metastasis (CoM), lymph node (LnM), chest
wall (ChM), lung (LuM), liver (LiM), bone (BoM), and brain
(BrM).

DNA mate-pair and RNA sequencing were applied to identify
REs and fusion transcripts. To assess the biological impact of gen-
omic REs, we focused our analysis on those with both ends over-
lapping genic regions (bigenic REs) and supporting RNAseq
evidence of fusion transcripts (Figure 1A). On average, only 7%
of bigenic REs produced fusion transcripts (average: 1.8 ex-
pressed bigenic REs per tumor; supplementary Tables S3-S5,
available at Annals of Oncology online).

This analysis identified a fusion between estrogen receptor-o
(ESR1) and disabled-2 (DAB?) in a supraclavicular LnM in Pitt-1
(Figure 1A and B, supplementary Figure S2, available at Annals of
Oncology online). Of note, focal copy number amplifications
were also seen overlapping with both ends of the translocation
only in LnM (Figure 1A inset), a characteristic often seen around
REs [16, 17]. The fusion transcript is in-frame and joins ESRI
exons 1-6 with DAB2 exons 3—15. OncoFuse is a naive bayesian
classifier built to predict the oncogenic potential of fusion genes
[18] and this showed the ESRI-DAB?2 fusion to have a score of
0.99 (P<0.0001). Notably, the location of the fusion junction
within ESRI was identical to the ESRI-YAP]I fusion previously re-
ported in a xenograft model [13]. Expression of the transcript
was confirmed to be specific to Pitt-1 LnM by RT-PCR (Figure
1C) and the protein product was confirmed in Pitt-1 LnM by
immunoblot (Figure 1D).

RNAseq was then performed on a set of 51 breast cancer meta-
stases. A second in-frame fusion protein (ESRI-GYGI) with an
identical ESRI breakpoint was identified in an ER-positive bone
metastasis (Pitt-7) and subsequently validated with RT-PCR and
immunoblot (Figure 1E-G). This discovery prompted us to hy-
pothesize that ESRI fusion proteins with polygamous 3’ partners
eliminating the LBD may be a recurrent mechanism of endocrine
therapy resistance.

ESR1 fusion proteins are recurrent in ER-positive
metastatic breast cancer

To test this hypothesis, we examined hybrid-capture—based target
sequencing data from a cohort of 9542 breast tumors and a co-
hort of 254 ctDNA samples from patients with advanced breast
cancer (Foundation Medicine; abbreviated as FMI). It should be
emphasized that this approach is not designed to detect ESRI fu-
sions but is used to provide additional evidence of recurrent
ESRI fusions rather than to assess their prevalence.

Similar ESRI fusions were identified in four solid tumors
(ESRI-SOX9, ESRI-MTHFDIL, ESR1-PLKHGI, and ESRI-TFG)
and three ctDNA samples (ESRI-NKAIN2, ESRI-AKAPI2, and
ESRI-CDK13; Figure 2A). Other nonfusion-producing REs
involving ESRI were identified in 38 additional tumors as fol-
lows: intra-ESRI REs (n=17), no partner gene/noncoding
region (n=11), incorrect orientation of genes (n=38), or ESRI-
CCDC170 promoter rearrangement [11] (n=2). These data es-
tablish that ESRI fusions are recurrent in metastatic ER-positive
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Figure 1. Rearrangements (REs) in metastatic breast cancer and the identification of £SRT fusion proteins. (A) Tileplots show the distribution
of REs across tumors from Pitt patients 1-6. REs with breakpoints in two genes and supporting RNAseq gene fusion evidence are indicated in
green. (inset) Circos plot of copy number variation data for primary (outer ring) and nodal recurrence (inner ring) and structural variants spe-
cific to the nodal recurrence (arcs in center). (B, E) RNAseq split read evidence, (C, F) RT-PCR validation, and (D, G) immunoblot of ESRT fusions
in Pitt-1 and Pitt-7, respectively. (D) Overexpression in HEK293 cells was used for positive controls.

breast cancer, albeit with unique 3’ partners, with junctions clus-
tering between ESRI exons 6 and 7.

Detailed clinical histories were available for four patients with
tumors containing ESRI fusions (Pitt-1, Pitt-7, FMI-1, and FMI-
52; Figure 2B-D; supplementary Table S9, available at Annals of
Oncology online). In all cases, the ESRI fusion was identified in a
recurrence following extensive ER-targeted endocrine therapies.

The clinical history of FMI-1 (ESRI-SOXY) is an illustrative
case to demonstrate the importance of ESRI fusions in disease
progression (Figure 2C). The patient presented with Stage IV ER-
positive, PR-negative, HER2-positive invasive ductal carcinoma
with metastatic disease to the liver which was initially treated ef-
fectively with HER2- and ER-targeted therapies. However, the
liver metastasis biopsy obtained late in disease progression (con-
taining ESRI-SOX9) lost HER2 amplification and become
strongly ER/PR-positive. This strongly suggests that the ESRI-
SOXO9 fusion enabled the ER-positive portion of the tumor to be-
come the dominant clone over the HER2 portion.

FMI-52 presented with a liver metastasis after receiving an aro-
matase inhibitor for 2 years. Despite switching to fulvestrant and
adding various chemotherapy agents, the disease continued to
progress. Late in advanced disease, a liver biopsy revealed the
presence of the copyshift event likely explaining the resistance to
ER-targeted therapies.

ESR1 fusions are ligand-independent and often
hyperactive

To better understand the functional impact of these fusions of ER
signaling, we performed in vitro ERE-Tk-luciferase assays for
three ESRI fusions (ESRI1-DAB2, ESRI-GYGI, and ESRI-SOX?Y;
Figure 3A). All three fusions have ligand-independent activity
and two (DAB2 and SOX9) are considered hyperactive, resulting
in ER activity ~40x higher than basal wild-type ER activity. The
ESRI-GYGI fusion results in a ~2-3 X increase over basal ER ac-
tivity but this is ~20x less than the other two fusions. In contrast,
a truncation mutant lacking the LBD (ER ALBD) results in a
slight decrease compared with basal wild-type ER activity, high-
lighting a role for the 3’ fusion gene. ESRI-DAB?2 is also able to
maintain the ligand-dependent pS118 post-translational modifi-
cation (Figure 3B) and downstream E2 signaling is sustained in
Pitt-1 LnM despite the patient receiving aromatase inhibitor
therapy (Figure 3C). Together, these data establish that ESRI fu-
sion proteins are sufficient for endocrine therapy resistance.

Development of copyshift method for
rearrangement detection

To further explore this exon-targeted, DNA sequencing dataset
for evidence of ESRI fusions, copyshift, a method to detect a shift
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Figure 2. £SRT fusion proteins identified via direct discordant read evidence. Gene fusions have clustered junctions in ESRT between exons 6
and 7. The ESRI reference transcript is shown at the top with functional domains overlaid. AF1, ligand-independent activation domain; DBD,
DNA-binding domain; H, hinge region; AF2, ligand-dependent activation domain. *FMI-78 was called initially as copyshift-positive only, with
subsequent RNAseq identified the ESRT-TFG fusion. (B-D) Clinical history summaries for patients with ESRT fusion positive tumors. Timelines
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mentary Table S9, available at Annals of Oncology online, for more details).
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Figure 3. ESRT fusion proteins are constitutively hyperactive. (A) ESRT fusion activity determined via ERE-Tk-Luc assay in HEK293 cells. Data
points represent mean firefly luciferase values normalized to renilla (transfection control) from three independent transfections in one experi-
ment. Similar results were repeated in three independent experiments. Drug concentrations are as follows: E2 (estradiol: 0.1 nM), 40HT (4-
hydroxy-tamoxifen: 100 nM), ICI (ICI-182, 780: 100 nM). Error bars represent standard deviation. (B) HEK293 cells were transfected with ESRT
and/or ESR1-DAB2. Immunoblot analysis was performed for both the WT and fusion forms of ESRT and for pS118. Untransfected MCF-7 cells
in the absence (i.e. charcoal stripped) and presence of signaling (FBS) were included as a positive control of pS118. (C) Heatmap showing ex-
pression of classic estrogen responsive genes in metastatic tumor samples (normalized to paired primary tumor) and MCF-7 (-/+ estrogen as

a positive control of E2 signaling) by NanoString analysis.
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in copy number within genes, was developed as a surrogate RE
call. This method is not intended to have the sensitivity to detect
all fusions but is used as an initial screen for further
characterization.

A cohort of 8754 lung adenocarcinomas (supplementary
Figure S3, available at Annals of Oncology online) was used to
benchmark copyshift against ALK rearrangements, whose detec-
tion by Foundation Medicine genomic profiling has been vali-
dated to >99% sensitivity and specificity [14]. In total, 53/301
ALK rearrangement-positive/ copyshift-positive tumors and 6 re-
arrangement-negative/ copyshift-positive tumors were identified.
This indicates that copyshift-positive calls are highly likely to be
true rearrangement calls (PPV > 89%), whereas copyshift-nega-
tive calls do not preclude the possibility of an RE due to copy-
neutral rearrangements and the ultra-conservative nature of the
method (FNR=85%). Additionally, ESRI copyshifi-positive
tumors are extremely rare (<0.01%) in lung adenocarcinomas
(supplementary Table S6, available at Annals of Oncology online),
indicating that copyshift events follow the expected disease distri-
bution patterns of their corresponding fusions. Importantly, 2/3
ESRI fusions detected in the solid tumors evaluated by
Foundation Medicine using discordant read mapping, plus the
ESRI-DAB2 fusion in Pitt-1 LnM, were copyshift-positive (Figure
4A). Copyshift-positivity was directly confirmed in one case
(FMI-78) that was subsequently profiled via RNAseq and resulted
in the identification of a previously unidentified ESRI-TFG fu-
sion. Thus, copyshift can be used to detect rearrangements likely
to lead to fusions with high specificity, but lower sensitivity.

Copyshift reveals recurrent ESR1 rearrangements
in endocrine therapy-resistant ER-positive meta-
static breast cancer

Application of copyshift to all 9542 breast cancer samples identi-
fied 83 tumors likely to contain a rearrangement in ESRI (Figure
4B, supplementary Table S7, available at Annals of Oncology on-
line). The vast majority of these samples were ER-positive (35/41
with available clinical ER THC data; P < 0.001, by chi-square).
Copyshift-positive samples are also highly enriched in metastatic
disease (odds ratio =3.59, P<0.001 by chi-square). Co-muta-
tion analysis revealed that copyshift-positive samples significantly
co-occur with missense alterations in ESRI (odds ratio = 4.94,
P<10"®). This suggests polyclonal endocrine therapy resistance
similar to that previously reported for ESRI missense alterations
[7, 19]. In support of this, all three ctDNA samples with ESRI fu-
sion proteins contain ESRI missense alterations, with two con-
taining three separate mutations in trans. Other genes with
significantly co-occurring alterations with copyshift-positivity in-
clude: ZNF703, GNAS, GLI1, FGFRI, VHL, and CCNDI1 (supple-
mentary Table S8, available at Annals of Oncology online), some
of which have been previously implicated in endocrine therapy
resistance [12, 20].

Discussion

Our data establish ESRI fusion proteins as recurrent, albeit rare,
events, enriched in metastatic ER-positive breast cancer and likely
contribute to endocrine therapy resistance. We identify nine
novel ESRI fusion proteins, all with junctions between ESRI exon

6 and 7 and direct evidence from DNA and/or RNA sequencing.
The diverse 3’ fusion partner genes and wide range of contributed
amino acids (range: 28-1675) suggest that many possible 3’ part-
ners can produce ligand-independent ESRI fusions. These results
establish that ligand independence can be established with min-
imal novel function from the 3’ fusion partner but the overall ac-
tivity is ultimately dependent on the characteristics of each
fusion.

Further, identification of shifts in copy number at or near exon
6 identified 83 tumors from 80 patients likely to contain an RE in
this region, including 2 tumors with both direct (read-level) and
indirect (copyshift) lines of evidence and another tumor with in-
direct evidence (copyshift) and direct confirmation of an ESRI fu-
sion transcript via RNAseq. The clustering of these events around
ESRI exon 6, the strong enrichment in ER-positive metastatic
disease, and functional data supporting ligand-independent acti-
vation indicate that ESRI fusion proteins drive resistance to ER-
targeted therapies in a subset of patients with advanced breast
cancer.

The use of multiple methods employed to detect these ESRI RE
events imparts varying levels of confidence on the likelihood that
each result in a functional fusion protein product. This is import-
ant to keep in mind as many predicted rearrangement events are
not expressed or translated. For example, ESRI-DAB2 was de-
tected in tumor-derived DNA, RNA, and protein proving that
this DNA RE produces an in-frame gene fusion and a translated
protein product. In vitro functional studies further establish this
fusion is constitutively hyperactive. ESRI-GYGI was detected in
tumor-derived RNA and protein, establishing that this fusion
transcript is expressed, in-frame, and produces a stable protein
product. ESRI-SOX9, ESRI-MTHFDIL, ESRI-PLEKHG]I, ESRI-
NKAIN2, ESRI1-AKAPI12, and ESRI-CDKI3 were all detected
with high confidence and base-pair level resolution only via DNA
sequencing. Thus, it is possible these events do not lead to a fu-
sion transcript despite the strong sequencing evidence and clus-
tering of fusion junctions to ESRI exons 6-7. Finally, the 81
copyshift-only events, for which there is only evidence of an RE
with no direct evidence of a gene fusion, are the least confident
for the identification of fusion products. However, the enrich-
ment of ESRI copyshift calls in breast cancer (~10x enrichment
in breast cancer over lung adenocarcinoma) indicates that these
events are linked to the biology of this disease and benchmarking
of copyshift on ALK REs in lung adenocarcinoma demonstrates
the conservative nature of copyshift-positive calls. Further, within
breast cancer, these events are strongly enriched in ER-positive
metastatic disease and co-occur with ESRI missense alterations.
The clinical history available for these patients also strongly sup-
ports their role in endocrine therapy resistance.

Our detection of copy number shifts within ESRI comple-
ments similar findings describing ‘truncating amplifications’ in
endometrial cancer [21]. Of note, Holst et al. link one truncating
amplification to a gene fusion. Although we did directly detect
(via discordant read analysis) seven truncating REs that delete a
portion of the LBD (defined as exons 7-10; see supplementary
Table S7, available at Annals of Oncology online), none were copy-
shift-positive or were considered fusion candidates. Although not
examined here, the frequency of ESRI truncating events and their
potential role in endocrine therapy resistance warrants further
study.
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Figure 4. Recurrent £SRT copyshift at exon 6 is enriched in ER-positive metastatic breast cancer. (A) Samples containing ESRT fusion proteins
are often positive for copyshift. Adapting the method to mate pair sequencing data also showed ESRT-DAB2 is copyshift-positive (dashed
line). (B) Heatmap showing the shift in copy number across ESR1. Of the 9542 breast cancer genomic profiles examined, the 83 copyshift posi-
tive are shown. FMI-52 is highlighted with the red arrowhead. (C) Tileplot illustrates the genomic context of ESRT fusions and copyshift posi-
tivity. ESRT alteration containing samples (point mutations, fusions, copyshift) are found predominantly in metastatic disease.

The majority of ESRI fusions were identified using a DNA
sequencing strategy not explicitly designed to detect these events,
making it difficult to establish the true frequency with which they
occur. Copyshift provides some power to detect additional REs,
although benchmarking suggests that it detects only about one-
third of REs. Since the estimated false-negative rate is much
higher than the estimated false positive rate (FNR=285%,
FPR < 0.1%), we consider our detection rate of ESRI fusion
events of ~1% of metastatic breast cancer to represent a lower-

limit. These data strongly advocate for additional studies in re-
current ER-positive breast cancer to refine this estimate.
Although ESRI fusions appear to be relatively rare, we specu-
late that they may be increasing in frequency. We postulate that
as more aggressive ER-targeted endocrine therapies are employed
for patients with ESRI LBD missense tumors, ESRI fusions will
represent a mechanism of secondary resistance. This is supported
by the following observations. First, ESRI fusions detected with
direct read-level evidence are more frequent in metastatic
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patients tested via a recently launched ctDNA assay (3/254; 1.2%)
compared with metastatic solid tumors profiled over the previous
4-5years (3/5131; 0.058%). Second, ESRI missense alterations
are the most common co-occurring alterations in ESRI fusion or
copyshift-positive samples. In fact, each of the three fusions iden-
tified via the ctDNA assay contained at least one known ESRI
LBD mutation and two contained three LBD mutations in trans.
Third, many of the patients with ESRI fusion-positive tumors
received multiple lines of endocrine therapy, including relatively
aggressive options like GnRH agonists, fulvestrant, and multiple
lines of aromatase inhibitor therapies. Conclusive evidence needs
to establish that ESRI fusions can represent secondary resistance
mechanisms to second and third line endocrine therapies, and re-
mains to be gathered.

The clinical implications of ESRI fusions are profound. The
in vitro evidence demonstrating constitutive, ligand-independent
activity combined with the lack of the LBD suggest that the pres-
ence of an ESRI fusion is a contraindication for continued ER-
targeted endocrine therapies. This may help to redirect clinical
decisions to potentially more efficacious therapies. It also high-
lights the dependency of our current endocrine therapies on the
ER LBD. The development of therapies targeting the N-terminus
of ER or other downstream signalling molecules, such as CDK4/
6, are therapeutic strategies to be explored for ESRI fusion-
positive tumors. More broadly, this study highlights the import-
ance of REs as a class of genomic alterations in advanced breast
cancer and demonstrates a contribution to therapy resistance
through the generation of ESRI fusion proteins.
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