
Nesic et al. Molecular Cancer          (2024) 23:158  
https://doi.org/10.1186/s12943-024-02048-1

CORRESPONDENCE Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Molecular Cancer

BRCA1 secondary splice‑site mutations drive 
exon‑skipping and PARP inhibitor resistance
Ksenija Nesic1,2†, John J. Krais3,4†, Yifan Wang3, Cassandra J. Vandenberg1,2, Pooja Patel3, Kathy Q. Cai3, 
Tanya Kwan5, Elizabeth Lieschke1,2, Gwo‑Yaw Ho6, Holly E. Barker1,2, Justin Bedo1,2, Silvia Casadei7, 
Andrew Farrell1,2, Marc Radke7, Kristy Shield‑Artin1,2, Jocelyn S. Penington1,2, Franziska Geissler1,2, 
Elizabeth Kyran1,2, Robert Betsch3, Lijun Xu8,9, Fan Zhang10, Alexander Dobrovic10, Inger Olesen11, 
Rebecca Kristeleit12,13, Amit Oza14, Iain McNeish15, Gayanie Ratnayake16, Nadia Traficante17,18, 
Australian Ovarian Cancer Study, Anna DeFazio19,20,21, David D. L. Bowtell17,18, Thomas C. Harding5, 
Kevin Lin5, Elizabeth M. Swisher7, Olga Kondrashova1,8,9, Clare L. Scott1,2,16,17,18,22*†, Neil Johnson3*† and 
Matthew J. Wakefield1,2,22*† 

Abstract 

PARP inhibitor (PARPi) therapy has transformed outcomes for patients with homologous recombination DNA repair 
(HRR) deficient ovarian cancers, for example those with BRCA1 or BRCA2 gene defects. Unfortunately, PARPi resist-
ance is common. Multiple resistance mechanisms have been described, including secondary mutations that restore 
the HR gene reading frame. BRCA1 splice isoforms △11 and △11q can contribute to PARPi resistance by splicing 
out the mutation-containing exon, producing truncated, partially functional proteins. However, the clinical impacts 
and underlying drivers of BRCA1 exon skipping are not fully understood.

We analyzed nine ovarian and breast cancer patient derived xenografts (PDX) with BRCA1 exon 11 frameshift muta-
tions for exon skipping and therapy response, including a matched PDX pair derived from a patient pre- and post-
chemotherapy/PARPi. BRCA1 exon 11 skipping was elevated in PARPi resistant PDX tumors. Two independent PDX 
models acquired secondary BRCA1 splice site mutations (SSMs) that drive exon skipping, confirmed using qRT-PCR, 
RNA sequencing, immunoblotting and minigene modelling. CRISPR/Cas9-mediated disruption of splicing functionally 
validated exon skipping as a mechanism of PARPi resistance. SSMs were also enriched in post-PARPi ovarian cancer 
patient cohorts from the ARIEL2 and ARIEL4 clinical trials.

Few PARPi resistance mechanisms have been confirmed in the clinical setting. While secondary/reversion mutations 
typically restore a gene’s reading frame, we have identified secondary mutations in patient cohorts that hijack splice 
sites to enhance mutation-containing exon skipping, resulting in the overexpression of BRCA1 hypomorphs, which 
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in turn promote PARPi resistance. Thus, BRCA1 SSMs can and should be clinically monitored, along with frame-restor-
ing secondary mutations.

Introduction
Defects in the homologous recombination DNA repair 
(HRR) pathway, including BRCA1 and BRCA2 muta-
tions, are a common feature of high-grade serous ovar-
ian carcinoma (HGSOC) and triple negative breast 
cancer (TNBC). While BRCA​ defects are known driv-
ers of malignancy in these cancer types, they also make 
cancer cells susceptible to DNA-damaging platinum 
agents and poly ADP ribose polymerase (PARP) inhibitor 
(PARPi) therapy.

PARPi have prolonged progression-free survival out-
comes for many individuals with HRR-deficient (HRD) 
ovarian cancers; however, drug resistance and disease 
relapse unfortunately remain common [1]. The most 
well-established mechanism of platinum/PARPi resist-
ance for patients with HRD HGSOC is secondary 
somatic “reversion” mutations in HRR genes that restore 
the open reading frame disrupted by the primary somatic 
or germline pathogenic variant. The resulting full-length 
or near full-length protein promotes sufficient HRR to 
escape PARPi toxicity [1]. Other resistance mechanisms 
have been characterized in preclinical models, with some 
clinically observed, including expression of hypomor-
phic BRCA1 proteins, loss of the 53BP1-Shieldin axis [1], 
PARP1 mutations [2], loss of HRR gene methylation [1, 
3], reduced DNA replication gaps [4] and drug efflux [1].

Overall, HGSOC patients with pathogenic alterations 
in BRCA1 have a worse prognosis than those with BRCA2 
alterations [5]. Among HGSOC patients with BRCA1 
alterations, those with frameshift mutations within exon 
11 of BRCA1 have a worse cumulative survival, as well 
as reduced platinum response, compared with individu-
als with frameshift mutations outside exon 11 [6, 7]. This 
may be explained, in part, by therapy resistance that can 
arise from the overexpression of BRCA1 splice isoforms 
missing most or all of exon 11 (also known as exon 10, 
but referred to herein as exon 11) [6]. The BRCA1 delta 
11q (∆11q) isoform lacks a large portion (c.788–4096) of 
exon 11 due to splicing at an alternative donor splice site 
within the exon, resulting in generation of a shorter but 
partially functional BRCA1 protein. The delta 11 (∆11) 
isoform of BRCA1 is missing all of exon 11 (c.671–4096), 
and in human cells is less abundant relative to ∆11q [8]. 
However, there is evidence that ∆11 can also partially 
compensate for loss of full length BRCA1, particularly in 
a TP53-deficient context [9].

Canonical BRCA1 transcripts harboring frameshift exon 
11 variants are typically degraded via nonsense-mediated 

decay (NMD) [10]. However, BRCA1 ∆11 or ∆11q tran-
scripts lack the pathogenic variant-containing exon and 
are not subject to NMD. Thus, BRCA1-∆11 or -∆11q pro-
teins, although truncated, may cause sufficient levels of 
HRR to induce PARPi and platinum resistance in cancer 
cells with BRCA1 exon 11 mutations [6].

Approximately 30% of pathogenic germline BRCA1 
variants are estimated to occur in exon 11 [6]. Thus, the 
cellular mechanisms modulating ∆11 and ∆11q expres-
sion are of clinical significance, given BRCA1 isoforms 
can promote PARPi and platinum resistance.

Using a cohort of nine HGSOC, TNBC and Ovar-
ian Carcinosarcoma (OCS) PDX models, cell lines, and 
genomic data from circulating tumor DNA (ctDNA) 
samples from individuals who took part in the ARIEL2 
and ARIEL4 PARPi clinical trials, we investigated fac-
tors that determine PARPi and platinum response in 
cancers with primary exon 11 mutations. This included 
one matched PDX pair from a woman with HGSOC, 
before and after multiple lines of treatment, including 
both chemotherapy and PARPi. We discovered that two 
of five PARPi-resistant PDX harbored secondary BRCA1 
splice site mutations (SSMs), and these were shown to 
drive alternative BRCA1 splicing and PARPi resistance in 
HGSOC and TNBC models. BRCA1 SSMs, and indeed, 
an SSM in BRCA2, were identified, with some enriched 
in ctDNA from women with HGSOC who had received 
prior PARPi in clinical trials. Herein, we demonstrate 
that upregulation of alternative BRCA1 isoforms is a 
mechanism and potential biomarker of PARPi resistance, 
and identify cases where alternative isoforms are driven 
by secondary splice site mutation.

Methods
Full details of all materials and methods can be found in 
the Supplementary Information file. Briefly, our study 
included the following methods: In vivo PARPi and plati-
num treatment responses were assessed in PDX. DNA 
panel sequencing data were used to investigate molecular 
correlates of PARPi response and resistance. RT-qPCR, 
RNA sequencing and immunoblotting were used to 
assess ∆11 and ∆11q expression in our models. BRCA1 
minigene modelling was used to evaluate splicing effects 
of SSMs found in PDX, cell line and patient samples. 
Targeted CRISPR editing (to generate SSMs) and siRNA 
of ∆11 and ∆11q isoforms were used to manipulate iso-
form expression in cell lines, and PARPi responses were 
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assessed using cell viability or colony forming assays. 
HRR states were measured using the RAD51 foci assay.

Results
PDX models with BRCA1 exon 11 mutations have variable 
PARPi and platinum responses
To study therapeutic responses in the setting of BRCA1 
exon 11 mutations, we assembled panels of OCS, 
HGSOC and TNBC PDX models in accordance with 
Institutional Regulatory Board (IRB) approvals at the 
Walter and Eliza Hall Institute of Medical Research 
(WEHI) and Fox Chase Cancer Centers (FCCC). PDX 
cohorts from each site were generated and treated inde-
pendently, and treatment responses were classified based 
on definitions developed independently by each site. A 
description of PDX, BROCA panel sequencing data and 
matched patient information is summarized in Supple-
mentary Table  S1 (histopathological and immunohisto-
chemical (IHC) review in Supplementary Figure S1; [3]. 
We were able to generate a matched PDX pair of HGSOC 
#56: one obtained prior to chemotherapy (PDX #56), 
and one derived after the patient had received five lines 
of therapy, including having progressed and relapsed on 
PARPi (PDX #56PP, post-PARPi) [3] (Fig. 1A-C; Supple-
mentary Figure S2; Supplementary Table S2). The origi-
nal chemo-naïve PDX #56 lineage was both PARPi- and 
platinum-responsive (Fig. 1B; Supplementary Figure S2), 

while PDX #56PP was refractory to both platinum and 
PARPi, reflecting the patient’s clinical outcomes (Fig. 1C). 
The same association was observed for other WEHI 
PDX, where heavily pre-treated post-PARPi patient sam-
ples generated PARPi-resistant or refractory PDX (Sup-
plementary Figure S2). FCCC PDX models were treated 
using slightly different treatment regimens, however, 
similar trends were observed (Supplementary Figure S2; 
Supplementary Table S2). In summary, in vivo treatment 
studies of BRCA1 exon 11 mutated PDX demonstrated a 
range of PARPi and platinum responses, which correlated 
with prior clinical platinum/PARPi exposure.

BRCA1 isoform expression analyses in PDX models
We next sought to quantify BRCA1 exon 11 isoform 
expression in the PDX models. The mRNA expression of 
exon 11-deleted ∆11 and ∆11q isoforms was analyzed by 
qRT-PCR, as well as total BRCA1 transcripts measured 
using primers specific for exon 14 (Fig.  1D-E; Supple-
mentary Figure S3). PARPi-resistant HGSOC PDX #049 
and #264 tumors were found to express high levels of 
∆11q (Fig. 1D; Supplementary Tables 1 and 3–4). PARPi-
unresponsive HGSOC PDX models #032 and #196 had 
moderate and low ∆11q expression, respectively, rela-
tive to the control cell lines (Fig.  1D; Supplementary 
Table 1). Interestingly, #56PP expressed an abundance of 
the ∆11 isoform (P = 0.0079 compared to matched PDX 

(See figure on next page.)
Fig. 1  Splice-site mutations (SSMs) drive alternative splicing and PARPi resistance in PDX and cell line models of ovarian and breast cancer. A 
Patient #56 timeline, showing generation of the matched HGSOC PDX #56 (chemo-naïve) and #56PP (post-chemotherapy/PARPi patient). Created 
with BioRender.com. CR = Complete response; PD = Progressive disease; SD = Stable disease; C6 = cycle 6. B In vivo treatment data for HGSOC PDX 
#56 (previously published [3]), classified as PARPi responsive (P = 0.005). C HGSOC PDX #56PP was derived from patient #56 following multiple 
lines of therapy, including PARPi inhibitor, and was refractory to rucaparib (P = 0.375). Mean PDX tumor volume (mm3) ± 95% CI (hashed lines are 
individual mice) and corresponding Kaplan–Meier survival analysis. Censored events are represented by crosses on Kaplan–Meier plot; n = individual 
mice. Detailed patient clinical data can be found in Supplementary Table 1. Details of time to harvest, time to progression and Log-Rank test P 
values for each PDX can be found in Supplementary Table 2. D Relative △11 and △11q expression for each PDX (mean ± SD). PDX #56PP had 
the highest △11 expression relative to all other PDX (P = 0.0079 compared to matched PDX #56), while PDX #049 and #264 had the highest 
△11q levels relative to other PDX (classifications in Supplementary Tables 3 and 4). E △11q levels in PARPi responsive PDX models (< 2 prior lines 
of platinum in patient) were lower than levels in non-responsive PDX models (≥ 2 prior lines of platinum + PARPi) (P = 0.0007). Statistical comparisons 
of gene expression were made using an unpaired t-test with Welch’s correction. F Lysates from nuclear extracts from 3 independent tumors were 
probed for BRCA1 expression by immunoblotting. Bands at the anticipated sizes for full length (FL) BRCA1 and the △11/△11q isoforms are marked. 
Tubulin immunoblotting is included as a loading control. Gels were run simultaneously with cell line lysates included as controls for each gel. 
MDA-MB-231 [231] cells are a BRCA1 wild-type control with full-length (FL) and △11q expression, UWB1.289 (U) and COV362 (C) cells with exon 
11 variants and △11/△11q expression. G Schematic of BRCA1 mini-gene design, and splicing outcomes predicted for each secondary splice site 
mutation found in PDX and cell line models. H Splicing predictions for each secondary splice-site mutation modelled by the mini-gene were 
confirmed by immunoblotting for the HA tag. The PDX #56PP deletion was confirmed to drive high ∆11 and potentially also isoform ∆(9,10,11q) 
expression. COV362 and PDX #049 secondary splice site mutations were confirmed to drive high ∆11q relative to the wild-type (WT) BRCA1 control 
and the primary deleterious BRCA1 mutation found in PDX #206. I Cells exposed to sgSS (SS) were found to have elevated BRCA1 D11q protein 
compared to untreated (-) and sgRosa (Ro) cells. J Example image of colony forming assays of UWB1.289 or SUM149 cells exposed to sgSS or sgRosa 
treated with DMSO control or 1µM Rucaparib. K Quantification of n = 3 colony forming experiments described in part (J). Mean ± SEM plotted; 
Ns = Not statistically significant; **p < 0.01; using unpaired, two-tailed t-test. L Representative image of RAD51 foci in UWB1.289 or SUM149 cells 
exposed to sgSS or sgRosa treated with 10 Gy dose of irradiation. M Quantification of nuclei with > 5 RAD51 foci in UWB1.289 (P = 0.11 compared 
to control) or SUM149 (P = 0.02 compared to control) cells exposed to sgSS or sgRosa and treated with 10 Gy dose of irradiation. Mean ± SEM 
plotted; Ns = Not statistically significant; *p < 0.05; using unpaired, two-tailed t-test
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#56). When grouped by treatment responses, platinum- 
and PARPi-responsive PDX (excluding PDX #56 series) 
demonstrated low levels of ∆11q transcripts relative to 
resistant PDX tumors (P = 0.0007; Fig. 1E; Supplementary 
Table 1).

The mRNA expression patterns observed by qRT-
PCR correlated with RNA sequencing (RNAseq) data 

(Fig. 1D; Supplementary Figure S3), but did not always 
correspond with protein expression, suggesting addi-
tional post-translational regulation [11] (Supplemen-
tary Figure S3). Nonetheless, in our cohorts, ∆11 or 
∆11q isoform gene expression correlated with PARPi- 
and, in some cases, platinum-resistance in PDX mod-
els derived from patients who had received prior PARPi 
and multiple lines of platinum therapy.

Fig. 1  (See legend on previous page.)
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Secondary exon 11 splice site mutations drive BRCA1 ∆11 
and ∆11q expression
To investigate whether ∆11 and ∆11q expression was 
driving PARPi and platinum resistance in PDX models, 
we first ruled out other common resistance mechanisms 
(Supplementary Information; Supplementary Table 2 and 
5; Supplementary Figure S4). While no frame-restoring 
reversion mutations were detected, PDX #049, #56PP and 
PARPi resistant cell line COV362 all harbored secondary 
splice site mutations (SSMs) that were predicted in silico 
to disrupt exon 11 splice junctions and drive exon sipping 
(Supplementary Information; Supplementary Table  S5; 
Supplementary Figure S5). RNAseq, qRT-PCR and west-
ern blotting results supported these in silico predictions 
(Fig.  1D and Supplementary Figure S3), as did in  vitro 
modelling using a BRCA1 minigene system [6] (Fig. 1G-
H). SSMs were not found in matched archival material 
(Supplementary Figure S6), and all PDX models had high 
HRD genomic signatures (Supplementary Figure S7-8), 
suggesting SSMs were acquired. While PARPi-resistant 
HGSOC PDX #56PP and HGSOC PDX #049 had SSMs 
that explain the high levels of alternative isoform expres-
sion, HGSOC PDX #032 and OCS PDX #264 with high 
∆11q expression lacked both driver SSMs in BRCA1 and 
other possible drivers of ∆11q (Supplementary Infor-
mation; Supplementary Table  S6), suggesting other 
unknown mechanisms influencing ∆11q expression in 
these cases.

BRCA1 splice site mutations drive ∆11 and ∆11q isoform 
expression and PARPi resistance
To measure the effects of BRCA1-∆11q expression in our 
cell line and PDX models on therapy sensitivity, we first 
silenced BRCA1-∆11q using siRNA followed by PARPi 
treatment in COV362 (Supplementary Figure S9). A 
clear reduction in colony forming capacity was observed 
in COV362 cells treated with a “broad” exon 9-targeting 
BRCA1 siRNA and ∆11q siRNA compared to the scram-
bled control cells (Supplementary Figure S9-S11). Indeed, 
untreated COV362 cells were found to have some HR 
activity by RAD51 foci (Supplementary Figure S12-14). 
Engineered ectopic ∆11q expression in the BRCA1-
null PARPi/platinum-sensitive TNBC PDX #1126 also 
induced platinum and PARPi resistance in vivo [12] (Sup-
plementary Figure S15; Supplementary Table  2), con-
firming the ability of ∆11q to promote resistance therapy 
in vitro and in vivo.

While we were able to drive elevated △11q in some 
PDX models using in  vivo PARPi or platinum re-treat-
ment, none of these were found to acquire SSMs (Sup-
plementary Figure S16). We previously reported that 
the exon 11 frameshift-containing cell lines UWB1.289 
and SUM149 expressed the BRCA1-D11q protein, and 

consequently demonstrated intermediate PARPi resist-
ance amongst a panel of BRCA1 wild-type and mutant 
cell lines [6]. CRISPR was thus used to test the impacts 
of exon 11 donor SSMs on PARPi responses. We were 
able to directly introduce SSMs into cell lines UWB1.289 
and SUM149, which harbor exon 11 frameshift muta-
tions and have intermediate D11q expression and PARPi 
responses. Introduction of exon 11 donor SSMs led 
to increased BRCA1-D11q protein, PARPi resistance 
and enhanced HR DNA repair (RAD51 foci) relative to 
controls (Fig.  1I-M; Supplementary Figure S17). Taken 
together, these experiments provide direct evidence that 
SSMs drive high levels of alternative BRCA1 isoform 
expression and PARPi resistance.

Secondary BRCA1 SSMs enriched post‑PARPi in tumors 
and ctDNA
To explore the potential clinical relevance of SSMs, we 
examined tumor and ctDNA samples from patients 
enrolled in the clinical trials ARIEL2 (NCT01891344; 
individuals with platinum-sensitive relapsed HGSOC, 
Fallopian Tube, or Primary Peritoneal cancer) and 
ARIEL4 (NCT02855944; individuals with BRCA1/2-
mutated relapsed ovarian cancer) before and after treat-
ment with the PARPi rucaparib. We found that, prior to 
PARPi therapy, 1% (1/115) of patients with BRCA1 exon 
11 mutated cancer had an SSM impacting the BRCA1 
exon 11 donor splice site (c.4096 region). This rose to 
10% (6/63) following PARPi therapy (Fig. 2A; Supplemen-
tary Information; Supplementary Table  S7-S8). In silico 
modelling of SSMs predicted that all would drive expres-
sion of the ∆11q isoform (Fig.  2B-C; Supplementary 
Table  S8-S9), and this was confirmed using the BRCA1 
minigene system (Fig. 2D). Interestingly, in several cases 
samples with c.4096 SSMs also harbored multiple addi-
tional reversion events following PARPi therapy (Fig. 2E-
I; Supplementary Table S8). Unlike sequencing of tissue 
samples (e.g. ARIEL2 patient 6; Supplementary Figure 
S18) [13], liquid biopsies are not spatially restricted and 
can sample secondary events across a woman’s entire 
cancer. Given SSMs and reversion mutations were 
found to co-exist in some patient samples, we examined 
whether either the ∆11q or full length BRCA1 proteins 
provided a selective advantage in an in vivo competition 
experiment. Equal selection was observed under cisplatin 
pressure, providing rationale for why these events were 
detected in the same samples (Supplementary Figure 
S19).

In addition to SSMs affecting BRCA1 exon 11, poten-
tial SSMs affecting exon 20 were also detected in four 
individuals enrolled on the ARIEL4 trial (Supplementary 
Table  S8; Supplementary Fig.  18), along with one addi-
tional case with a pathogenic BRCA2 variant in exon 8 
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and an SSM predicted to drive skipping of exon 8 (Sup-
plementary Table  S8-9; Supp Figure S18). These cases 
suggest that this same resistance mechanism may be rel-
evant beyond exon 11 of BRCA1.

Discussion
In the current study we demonstrate that BRCA1 splice 
site mutations (SSMs) drive high BRCA1 ∆11/∆11q iso-
form expression, which in turn promotes resistance 
to PARPi in HGSOC and TNBC. Induction of SSMs in 
BRCA1 exon 11-mutant HGSOC and TNBC cell lines 
using CRISPR caused PARPi resistance, demonstrating 
that SSMs are one avenue to elevated ∆11/∆11q isoform 
expression and PARPi resistance. BRCA1 SSMs were 
detected in a proportion of BRCA1 exon 11 mutated cell 
lines, PDX models and patient samples, with enrichment 
of SSMs observed following PARPi therapy in patients. 
Given that SSMs were found in 10% of patients with 
BRCA1 exon 11 mutation in the ARIEL2 and ARIEL4 
clinical trials following PARPi therapy, our work high-
lights the clinical significance of this drug resistance 
mechanism. We also illustrate that SSMs can be readily 
measured in patients using non-invasive liquid biopsies, 
presenting an opportunity to change clinical practice. 
This is important given that analysis of ∆11/∆11q isoform 
expression in patient samples is confounded by normal 
tissue contamination, while SSMs are readily detectable 
and could be used as a biomarker for PARPi resistance.

Certain BRCA1 splice site variants can drive ele-
vated ∆11 and ∆11q expression in  vitro, for exam-
ple c.4096 + 1G > A (also called IVS11 + 1G > A) and 
c.4096 + 3A > G (IVS11 + 3A > G). While these splice site 
variants have been identified in the germline of multiple 

families with history of breast and ovarian cancer, evi-
dence of their pathogenicity and impact on inherited 
cancer susceptibility has been mixed. Indeed, a healthy 
homozygous carrier of the c.4096 + 3A > G variant has 
been reported [14]. Interestingly, a c.4096 + 1G > A SSM 
was previously reported in a patient with a primary ger-
mline exon 11 mutation (BRCA1: c.2043dup) following 
progression on PARPi therapy (ARIEL3 trial) [13]. Thus, 
the context of these SSMs dictates their impacts on dis-
ease outcomes. Primary BRCA1 SSMs might be driv-
ers of disease in some cases, while secondary SSMs in 
BRCA1 can cause exon skipping and drug resistance.

In addition to SSMs that cause BRCA1 exon 11 skip-
ping, in other cases we found SSMs in ctDNA predicted 
to drive BRCA1 exon 19 skipping and an SSM previously 
demonstrated in vitro to remove exon 7 and 8 of BRCA2 
[15], in each case to remove a pathogenic germline vari-
ant from the transcripts. This suggests that the phenom-
enon is not restricted to exon 11 of BRCA1, and has 
relevance for other BRCA1 exons and other HRR path-
way genes.

We observed several cases with multiple distinct 
BRCA1 secondary/reversion events in ctDNA (patients 
2, 3 and 4 in Fig.  2). This is unsurprising given the 
high degree of genetic instability and heterogeneity in 
HGSOC, and the clonal diversity and selection that can 
occur under treatment pressure. This further highlights 
the need for development of more therapeutic options 
for patients with this heterogeneous and highly adapt-
able cancer type. This further highlights the need for 
development of more therapeutic options for patients 
with this heterogeneous and highly adaptable cancer 
type. The utility of spliceosome inhibitors combined 

Fig. 2  BRCA1 secondary splice-site mutations are enriched in ARIEL2/4 clinical trial patient samples following PARPi treatment. A BRCA1 secondary 
splice-site mutations increased form 1% (pre-PARPi) to 10% (post-PARPi) in patient tumor/plasma samples from the ARIEL2 and ARIEL4 clinical trials. 
B The BRCA1 (NM_007294.4) exon 11 donor splice-site mutations identified in these patients and the DNA sequence context are presented. *Patient 
5 is an ARIEL4 chemotherapy to PARPi cross-over (XO) arm patient, not included in part A (n = 5). C-D The predicted outcomes on BRCA1 gene 
splicing based on these disruptions of the exon 11 donor splice site (detailed in Supplementary Table 9) were confirmed for most mutations (D) 
using the previously described BRCA1 minigene system, with the c.1127delA used as a primary mutation control and included in all SSM minigenes 
[6]. Mutations driving lower levels of ∆11/∆11q also had a reduced minigene transfection efficiencies relative to other samples (measured as BSD 
(blasticidin resistance gene) expression). E Summary of BRCA1 secondary events detected in Patient 2 (ARIEL2) before and after PARPi therapy, 
and their relative proportions in each sample (by colour). F A number of BRCA1 secondary events were also detected in the screening biopsy 
for platinum and rucaparib resistant Patient 3 (ARIEL2) prior to PARPi, and the number increased at end of rucaparib treatment (EOT). G In contrast, 
platinum resistant (4 prior lines of platinum) Patient 1 (ARIEL2) had no secondary BRCA1 events detected at first cycle of rucaparib, and had stable 
disease (SD) on treatment. Three secondary events were detected at cycle 12 of treatment, including a splice-site mutation c.4096G > A. H Patient 
4 (ARIEL4) was partially platinum sensitive (2 prior lines) with no secondary BRCA1 events detected at cycle 1 of rucaparib. The EOT plasma sample 
was positive for multiple reversion events and two splice site mutations (4096 + 1G > T and 4096 + 1G > A) confirmed by minigene to alter splicing 
(D). I Patient 5 (ARIEL4) was platinum resistant and was enrolled in the chemotherapy arm of ARIEL4. They then crossed over (XO arm) to receive 
rucaparib treatment where they had stable disease. There were no secondary events detected prior to starting rucaparib, but at cycle 6 there were 
two BRCA1 splice-site mutations detected (c.4096 + 2 T > C and c.4093_4096 + 10del), without other reversion events. c.4096 + 2 T > C was found 
to drive alternative BRCA1 splicing (D). Red bold text indicates SSMs detected in patient samples (E-I), while other events presented are exonic 
secondary/reversion variants predicted to restore the BRCA1 reading frame

(See figure on next page.)
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with PARPi should be explored in cancers where altera-
tive BRCA1 isoforms are identified as a driver of drug 
resistance. Pladienolide-B has been previously shown to 
reduce ∆11q expression in  vitro [6]. However, the clas-
sical small molecule inhibitors of the splicing machinery 
(e.g. pladienolide-B, spliceostatin A, GEX1A and E1707) 
have not been clinically useful, due to their high toxic-
ity. Novel spliceosome inhibitors with reduced toxicity 
profiles, such as the SF3B1-modulator H3B-8800, may 

provide some hope for patients with ∆11q-driven PARPi 
resistance [16].

Conclusion
In conclusion, alternative BRCA1 isoform expression 
is a driver of PARPi resistance across multiple cancer 
types, and this can be driven by splice site mutations. 
Previous findings that partially functional △11/△11q 
isoforms are drivers of platinum and PARPi resistance 

Fig. 2  (See legend on previous page.)
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in preclinical models, have not led to changes in clini-
cal practice. By comprehensively investigating nine new 
PDX models and relevant cell lines, we have shown 
that SSMs represent one avenue of alternative isoform 
expression and PARPi resistance in ovarian and breast 
cancers. We demonstrated that this mechanism was 
subject to selection under treatment pressure (whether 
pre-existing or acquired), and found SSMs were 
enriched following PARPi in ctDNA from patients. 
We also identified SSMs in patients with non-exon 11 
BRCA1, as well as BRCA2 mutations, providing support 
for this as a more generalized phenomenon, with wider 
clinical relevance. Thus, BRCA1 SSMs provide potential 
for early drug resistance screening and disease manage-
ment, enabling the development of strategies designed 
to pre-empt or avert PARPi resistance caused by this 
mechanism. SSMs should be screened for in people 
with PARPi-resistant cancers so that approaches can be 
developed to mitigate the huge challenge we now face, 
that of PARPi-resistance occurring so widely following 
recommended first-line PARPi therapy.
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