
 1 

BRCA1 secondary splice-site mutations drive exon-skipping and PARP inhibitor 

resistance  

Ksenija Nesic1,2#, John J. Krais3#, Cassandra J. Vandenberg1,2, Yifan Wang3, Pooja Patel3, 

Kathy Q. Cai3, Tanya Kwan4, Elizabeth Lieschke1,2, Gwo-Yaw Ho5, Holly E. Barker1,2, Justin 

Bedo 1,2, Silvia Casadei6, Andrew Farrell1,2, Marc Radke6, Kristy Shield-Artin1,2, Jocelyn S. 

Penington1,2, Franziska Geissler1,2, Elizabeth Kyran1,2, Fan Zhang7, Alexander Dobrovic7, 

Inger Olesen8, Rebecca Kristeleit9,10, Amit Oza11, Gayanie Ratnayake12, Nadia Traficante13,14, 

Australian Ovarian Cancer Study, Anna DeFazio15,16,17, David D. L. Bowtell13,14, Thomas C. 

Harding4, Kevin Lin4, Elizabeth M. Swisher6, Olga Kondrashova18, Clare L. Scott1,2,12,13,14,19*, 

Neil Johnson3*, Matthew J. Wakefield1,2,19* 

 

#joint first authors 

*joint senior authors 

 

Corresponding authors:  

Neil Johnson, Fox Chase Cancer Center, PA, USA (email: Neil.Johnson@fccc.edu) 

Clare L Scott, The Walter and Eliza Hall Institute of Medical Research, Parkville, VIC, Australia. 

(email: scottc@wehi.edu.au) 

 

1The Walter and Eliza Hall Institute of Medical Research, Parkville, VIC, Australia.  

2Department of Medical Biology, University of Melbourne, Parkville, VIC, Australia. 

3Fox Chase Cancer Center, PA, USA. 

4Clovis Oncology Inc., San Francisco, CA, USA 

5School of Clinical Sciences, Monash University, Clayton, Victoria, Australia  

6University of Washington, Seattle, WA, USA. 

7University of Melbourne Department of Surgery, Austin Health, Heidelberg, Victoria, Australia. 

8The Andrew Love Cancer Centre, Barwon Health, Geelong, Victoria, Australia. 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted August 28, 2023. ; https://doi.org/10.1101/2023.03.20.23287465doi: medRxiv preprint 

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.

mailto:Neil.Johnson@fccc.edu
mailto:scottc@wehi.edu.au
https://doi.org/10.1101/2023.03.20.23287465
http://creativecommons.org/licenses/by-nd/4.0/


 2 

9Department of Oncology, Guys and St Thomas' NHS Foundation Trust, London, UK. 

10National Institute for Health Research, University College London Hospitals Clinical Research 

Facility, London, UK. 

11Princess Margaret Cancer Center, Toronto, ON, Canada. 

12Royal Women’s Hospital, Parkville, VIC, Australia. 

13Sir Peter MacCallum Cancer Centre, Melbourne, VIC, Australia. 

14Sir Peter MacCallum Department of Oncology, University of Melbourne, Parkville, VIC, Australia. 

15The Daffodil Centre, The University of Sydney, a joint venture with Cancer Council New South 

Wales, Sydney, New South Wales, Australia  

16The Westmead Institute for Medical Research, Sydney, New South Wales, Australia. 

17Department of Gynecological Oncology, Westmead Hospital, Western Sydney Local Health District, 

New South Wales, Australia 

18QIMR Berghofer Medical Research Institute, Brisbane, QLD, Australia.  

19Department of Obstetrics and Gynecology, University of Melbourne, Parkville, VIC, Australia.  

 

 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted August 28, 2023. ; https://doi.org/10.1101/2023.03.20.23287465doi: medRxiv preprint 

https://doi.org/10.1101/2023.03.20.23287465
http://creativecommons.org/licenses/by-nd/4.0/


 

 3 

Abstract 

BRCA1 splice isoforms 11 and 11q can contribute to PARP inhibitor (PARPi) resistance by 

splicing-out the mutation-containing exon, producing truncated, partially-functional proteins. 

However, the clinical impact and underlying drivers of BRCA1 exon skipping remain 

undetermined. 

 

We analyzed nine ovarian and breast cancer patient derived xenografts (PDX) with BRCA1 

exon 11 frameshift mutations 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), predicted in silico to drive exon skipping. 

Predictions were confirmed using qRT-PCR, RNA sequencing, western blots and BRCA1 

minigene modelling. SSMs were also enriched in post-PARPi ovarian cancer patient cohorts 

from the ARIEL2 and ARIEL4 clinical trials.  

 

We demonstrate that SSMs drive BRCA1 exon 11 skipping and PARPi resistance, and should 

be clinically monitored, along with frame-restoring secondary mutations.  

 

Statement of significance 

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 in turn promote 

PARPi resistance. 
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Introduction 

 

Defects in the homologous recombination DNA repair (HRR) pathway, including BRCA1 and 

BRCA2 mutations, are a common feature of high-grade serous ovarian carcinoma (HGSOC) 

and triple negative breast cancer (TNBC). While BRCA defects are known drivers 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 transformed survival outcomes for many individuals with HRR-deficient (HRD) 

ovarian cancers; however, drug resistance and disease relapse unfortunately remain common 

(1-3). The most well-established mechanism of platinum/PARPi resistance 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 in turn promotes sufficient HRR competency to escape 

PARPi toxicity (4-9). Other resistance mechanisms have been characterized in preclinical 

models, with some clinical examples, including expression of hypomorphic BRCA1 proteins 

(10,11), loss of the 53BP1-Shieldin axis (12-15), PARP1 mutations (16), loss of HRR gene 

methylation (7,17,18), reduced DNA replication gaps (19) and drug efflux (20).  

 

Overall, individuals with BRCA1-mutated HGSOC have a worse prognosis than those with 

BRCA2-mutated cancers in the clinic. Among individuals with BRCA1-mutated HGSOC, those 

with frameshift mutations within exon 11 of BRCA1 have a worse cumulative survival, as well 

as platinum response, compared with individuals with frameshift mutations outside exon 11 

(11,21). 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 
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10, but referred to herein as exon 11) (11). 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 (22-24). However, there is evidence that 11 can also partially 

compensate for loss of full length BRCA1 (25-27), particularly in a TP53-deficient context 

(27,28). 

 

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

nonsense-mediated decay (NMD) (29). However, BRCA1 11 or 11q transcripts lack the 

pathogenic variant-containing exon and are not subject to NMD. Thus, BRCA1-11 or -11q 

proteins, although truncated, may cause sufficient levels of HRR to induce PARPi and platinum 

resistance in a tumoral setting (11). 

 

Approximately 30% of pathogenic germline BRCA1 variants are estimated to occur in exon 11 

(30-33). Thus, the cellular mechanisms modulating 11 and 11q expression are of 

significance, given BRCA1 isoforms can promote PARPi and platinum resistance.  

 

Using a cohort of nine HGSOC, TNBC and Ovarian Carcinosarcoma (OCS) PDX models, cell 

lines, and genomic data from circulating tumor (ctDNA) samples from individuals who took 

part in the ARIEL2 and ARIEL4 PARPi clinical trials, we investigated factors 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) that were shown to drive alternative 
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BRCA1 splicing. BRCA1 SSMs were also enriched in ctDNA from women with HGSOC who 

had received prior PARPi in clinical trials. Herein, we demonstrate that upregulation of 

alternative BRCA1 isoforms, in some cases via secondary splice site mutations, is a mechanism 

and potential biomarker of PARPi resistance. 
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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). A detailed description of PDX, relative to the samples 

obtained from patients and their clinical course, with alignment of drug response between PDX 

and outcome for patients, is summarized in Table 1 and Supp. Table 1. All PDX models were 

analyzed by BROCA sequencing to confirm germline and somatic mutations. All primary 

BRCA1 mutations were germline, apart from one that was somatic (HGSOC #049). PDXs were 

confirmed to be OCS/HGSOC/TNBC by independent histopathological and 

immunohistochemical (IHC) review (Supplementary Fig. S1; (7,34)).  

 

HGSOC PDX #206 was derived from a patient who had received one prior line of platinum 

chemotherapy, and the PDX was sensitive to both platinum and PARPi (Figure 1A). For 

HGSOC #56, we were able to generate a matched PDX pair: 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) (7) (Figure 

1B-E). The original chemo-naïve PDX #56 lineage, and a derivative after a single round of 

platinum in vivo, were both PARPi- and platinum-responsive (Figure 1C-D; Supplementary 

Fig S2). In contrast, PDX #56PP was refractory to both platinum and PARPi, reflecting the 

patient’s clinical outcomes (Figure 1E).  
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HGSOC PDX #032, #049, and OCS PDX #264 were also derived from individuals who were 

heavily pre-treated, with three-four lines of platinum-based therapy and one line of PARPi 

prior to PDX establishment, and PDXs were PARPi resistant (Figure 1F-H; Supp Table 1). 

Interestingly, two of these PDXs still derived some benefit from platinum (HGSOC PDX #049 

and #032; Figure 1F-G). HGSOC OCS PDX #264 was unresponsive to both PARPi and 

platinum (Figure 1H).  

 

FCCC PDX models were treated using different treatment regimens, however similar trends 

were observed. TNBC PDX #124 was generated from a patient who had received four lines of 

prior chemotherapy, but only one was platinum-based, and TNBC PDX #204 was from a 

chemo-naïve patient; both showed a growth delay in response to platinum and PARPi in vivo 

(Figure 1I-J). The OC PDX #196 was derived from a patient who had received 3 prior lines of 

platinum, and PARPi and showed no response to these drugs in vivo (Figure 1K). 

 

In summary, in vivo treatment studies of BRCA1 exon 11 mutated PDX demonstrated a range 

of PARPi and platinum responses, which correlated largely with prior clinical platinum/PARPi 

exposure. 
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Table 1. PDX and Patient summaries. All PDX and corresponding patient cancers had 

primary deleterious mutations in exon 11 of BRCA1 (now known as exon 10) as found by 

BROCA panel sequencing. Patient platinum response was classified as refractory (progression 

during treatment or within 4 weeks of last platinum dose), resistant (progression-free interval 

(PFI) < 6 months), partially-sensitive (PFI = 6-12 months), or sensitive (PFI > 12 months). 

PDX drug response classifications are outlined in Supplementary table 2. BRCA1 11 and 

11q isoform expression classification for PDX are described in Supplementary tables 3 and 

4. HGSOC = high grade serous ovarian carcinoma; TNBC = triple negative breast cancer; OCS 

= ovarian carcinosarcoma; NR = information not relevant for TNBC; NA = data not available; 

TFI = treatment free interval; DOD = date of death; FU = follow up. 
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Figure 1. PDX models with BRCA1 exon 11 mutations from PARPi-treated patients are 

PARPi-resistant. 
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HGSOC, OCS and TNBC PDX models with BRCA1 exon 11 mutations were treated with 

cisplatin or the PARPi rucaparib as indicated by hashed vertical lines, and tumor volume 

assessed twice weekly. Mean 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, progression and treatment P values for 

each PDX can be found in Supplementary Table 2. (A) HGSOC PDX #206 had a complete 

response to both cisplatin and rucaparib  (B) 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. (C) In vivo treatment data for HGSOC PDX #56 (*previously published 

(7)). (D) The FCCC derivative of PDX #56 was classified as sensitive to cisplatin and 

rucaparib, correlating with responses observed for the original lineage treated at WEHI (Figure 

1B and Table S2). (E) HGSOC PDX #56PP was derived from patient #56 following multiple 

lines of therapy, including PARP inhibitor, and was refractory to both cisplatin and rucaparib. 

(F) HGSOC PDX #032 had progressive disease on rucaparib and stable disease on cisplatin. 

(G) HGSOC PDX #049 had a partial response to cisplatin and stable disease following 

rucaparib. (H) OCS PDX #264 had progressive disease on cisplatin and rucaparib. (I) TNBC 

PDX #124 was classified as sensitive to cisplatin and rucaparib, (J) as was TNBC PDX #204. 

(K) HGSOC PDX #196 was resistant to both cisplatin and rucaparib.  
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BRCA1 isoform expression analyses in PDX models 

We next sought to quantify BRCA1 exon 11 isoform expression across both cohorts of PDX 

models. The mRNA expression levels of exon 11-deleted 11 and 11q isoforms were 

analyzed by qRT-PCR, as well as total BRCA1 transcripts measured using primers specific for 

exon 14  (Figure 2A). Previously described 11q-high control cell lines MDA-MB-231, and 

exon 11 mutated UWB1.289 and COV362 were used as controls (11).  PDX #36 is a BRCA1 

WT PDX control. 

 

Total BRCA1 expression was variable, with models #56PP and #264 showing the highest levels 

(Figure 2B). PARPi-resistant HGSOC PDX #049 and #264 tumors were found to express high 

levels of 11q (Figure 2C; Table 1; Supp Table 3-4). PARPi-unresponsive HGSOC PDX 

models #032 and #196 had moderate and low 11q expression, respectively, relative to the 

control cell lines (Figure 2C; Table 1). Interestingly, #56PP expressed an abundance of the 11 

isoform (P=0.0079 compared to matched PDX #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; Figure 2C-D; Table 1).  

 

The mRNA expression patterns observed by qRT-PCR correlated with RNA sequencing 

(RNAseq) data (Figure 2E), and protein expression (Figure 2F), where PARPi-resistant models 

from patients with prior exposure to PARPi generally had higher levels of 11 or 11q 

expression compared to PARPi-sensitive models. Interestingly, mRNA levels did not always 

correspond with protein expression. For example, PDX #049 and #264 had similar 11q 

mRNA but protein was much more abundant in the latter, indicating post-translational 

regulation. Nonetheless, in our cohorts, 11 or 11q isoform expression correlated with 

PARPi- and, in some cases, platinum-resistance in PDX models derived from patients who had 

received prior PARPi and multiple lines of platinum therapy. 
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Figure 2. High BRCA1 11q/11 isoform expression observed in PARPi-resistant PDX 

models.  
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(A) Schematic for design of quantitative two-step PCR (qRT-PCR) assays. (B) Relative total 

BRCA1 expression for each PDX (mean  SD). 11q-high cell line MDA-MB-231 (11) was 

included as a technical control on each qRT-PCR plate, while UWB1.289 and COV362 were 

included as additional cell line controls. PDX #36 was included as a 11q-high PDX control.  

(C) Relative 11 and 11q expression for each PDX (mean  SD). PDX #56PP had the highest 

11 expression relative to 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 Supp. 

Tables 3 and 4). (D) 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). (E) RNA sequencing results for a subset of models with either high 11q 

(cell line COV362, PDX #049), high 11 (PDX #56PP)  or low 11/ 11q (#206) and 

presented as sashimi plots. BRCA1 exon regions are displayed at bottom of plot, and 

sequencing read coverage across each exon is represented as a histogram above. The lines 

connecting exons represent splicing events detected, and the numbers indicate the number of 

reads assigned to a given event. The blue arrow indicates the exon 11p region, which is retained 

in the 11q isoform. (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. Statistical comparisons were made using an unpaired t-test with Welch’s 

correction. 
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Secondary exon 11 splice site mutations drive BRCA1 11 and 11q expression  

To investigate whether 11 and 11q expression is a driver of PARPi and platinum resistance 

in PDX models, we first explored whether other common resistance mechanisms could be 

detected. We found that reversion mutations that correct the BRCA1 reading frame and drug 

efflux by ABCB1 overexpression were not detected in any PDX models (Supp Table 2; Supp 

Table 5; Supp Figure S3). WES and BROCA sequencing data also did not detect mutations in 

known PARPi resistance genes (see Supplementary Information for details). 

 

Interestingly, while no frame-restoring secondary mutations were detected, HGSOC PDX #049 

harbored a somatic secondary BRCA1 splice site mutation (SSM) at the exon 11 donor site 

(c.4096+3A>C, at 33% frequency), which has been previously shown to drive high 11q 

expression in vitro (35) (Figure 3A; Table 1; Supp Table 1 and 5). Of significance, COV362 

cells have a functionally similar SSM (c.4096+1G>A at 100% frequency; Figure 3A; Supp 

Table 1 and 5) previously shown to drive BRCA1 11q isoform expression in vitro (36). These 

SSM mutations disrupt the 3’ exon 11 donor splice site sequence, which is expected to abrogate 

exon 11-intron 11 boundary incision. In silico predictions indicate that rather than generating 

intron 11-retaining full-length transcripts, which are likely subject to NMD, the locus switches 

to generating 11q or 11 transcripts. The production of the latter isoforms does not require 

the mutated splice site, with both exon 11 and intron 11 removed, thereby avoiding NMD 

(Figure 3A). Notably, COV362 cells had the highest 11q isoform expression of all models 

analyzed by qRT-PCR (Figure 2C) and we found COV362 cells to be relatively PARPi 

resistant (Supp Figure S4). Of note,  COV362 has been described as both PARPi or platinum 

responsive (16,37) or resistant in the literature (38). Our derivative, obtained from ATCC, is 

PARPi and platinum resistant by CellTiter-Glo viability assays (Supp Figure S4). 
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In addition to the models harboring exon 11 splice donor site mutations, PARPi-refractory 

HGSOC PDX #56PP harbored a secondary splice site deletion of 820bp (c.670+281_1101del) 

crossing the 5’ exon 11 acceptor splice site, which was not present in chemo-naïve and PARPi-

responsive PDX #56 (Figure 3A; Supp Table 1 and 5). This mutation was predicted in silico to 

either cause (a) a cryptic acceptor splice site in BRCA1 exon 11 resulting in a premature stop 

at codon 234 or (b) skipping of BRCA1 exon 11 resulting in an in-frame 3426bp deletion and 

production of the BRCA1 11 isoform. qRT-PCR results confirmed high expression of the 

BRCA1 11 isoform in HGSOC PDX #56PP compared to other models (Figure 2C-E), 

supporting prediction (b) – exon skipping of the pathogenic germline BRCA1 mutation.  

 

To test whether the SSMs detected in COV362, HGSOC PDX #049 and HGSOC PDX #56PP 

were the true drivers of alterative isoform expression in these models, we introduced these 

mutations into a previously described BRCA1 minigene system (11) (Figure 3B). In line with 

in silico predictions, SSMs c.4096+1G>A (present in COV362), and c.4096+3A>C (present in 

PDX #049), led to elevated 11q isoform expression relative to controls (Figure 3C), while the 

c.670+281_1101del deletion (PDX #56PP) led to an increase in 11, and 9/10/11q (missing 

exons 9, 10 and 11q region) isoforms (Figure 3C). Indeed, 5 reads of 9/10/11q and 31 reads 

of 11 were reported in #56PP by RNAseq (Figure 2D). 

 

Next, we aimed to determine whether these mutations were detectable in archival HGSOC 

samples from corresponding patients that were collected prior to chemotherapy (indicating 

whether this mechanism was pre-existing or acquired). Targeted sequencing confirmed the 

presence of the c.4096+3A>C mutation in the patient ascites sample used to generate PDX 

#049, but this mutation was not detected in a pre-PARPi , but post-neoadjuvant chemotherapy, 

archival surgical #049 sample (Figure 3D). This sample was 20% tumor purity (based on TP53 

mutation sequencing) and was sequenced to a depth of 68,400x.  
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The larger secondary splice site deletion in PDX #56PP was measurable by digital droplet PCR 

and detected with 50% frequency, consistent with a heterozygous state at a BRCA1 copy 

number of 2 (Figure 3E; copy number from SNP array data). The matched chemo-naïve PDX 

#56 did not harbor this deletion, nor did the patient’s archival FFPE chemo-naïve tumor 

(sample 1C), or a tumor collected five years after 1st line platinum therapy (prior to PARPi) 

(sample 3A). Whilst the deletion was not detected in either of these pre-PARPi FFPE samples, 

the DNA samples generated from FFPE appeared to be poor quality, with limited droplet 

amplification of these samples compared to PDX and germline DNA (Figure 3E). These data 

suggest that the secondary SSMs in PDX #56PP and #049 were acquired following treatment 

of patients with chemotherapy/PARPi, although the poor quality of archival FFPE samples 

limits our assessment. Elevated HRD Sum Scores found in these PDX models (Supp Figure 

S5), indicating current or historic HRD, may also support an acquired mode of resistance in 

these initially therapy-responsive patients, although the effects of 11 and  11q isoforms 

alone on genomic signatures is not established. 

 

While PARPi-resistant HGSOC PDX #56PP and HGSOC PDX #049 had secondary splice site 

mutations that explain the high levels of alternative isoform expression, HGSOC PDX #032 

and OCS PDX #264 also had high expression of 11q, but without driver SSMs in BRCA1. 

Certain single nucleotide polymorphisms (SNPs) have been reported to cause elevated 

expression of the BRCA1 11q isoform (23,39,40), and we investigated these in whole exome 

sequencing (WES) data for the other PARPi-resistant models HGSOC PDX #032 and OCS 

PDX #264. None of the SNPs/variants investigated from the literature were identified in these 

PDX, suggesting that additional mechanisms exist for elevating BRCA1 11q expression. 
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Figure 3. Secondary splice site mutations drive alternative BRCA1 isoform expression.  

(A) Schematic in section i) shows the BRCA1 exon 11q donor splice site and its interaction 

with the exon 12 acceptor splice site under wildtype conditions with no exon skipping. When 

the donor site is disrupted by a mutation (section ii), like in PDX #049 and COV362, the exon 

11p donor site can be used preferentially, thus leading to 11q region skipping. In PDX #56PP 

the exon 11 acceptor site is disrupted by a large deletion, thus the next acceptor site for exon 

12 may be used instead, leading to full exon 11 skipping (section iii). (B) This schematic shows 

the BRCA1 mini-gene design, and splicing outcomes predicted for each secondary splice site 

mutation found in PDX and cell line models. (C) 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. (D) Archival material (pre-PARPi) for 

patient #049 was screened for the secondary splice site mutation found in PDX #049. While 

the ascites from which the PDX was derived harboured the splice site mutation, the archival 

sample did not. (E) Archival material from the original debulking surgery (1C), or in a sample 

collected after 1st line platinum therapy (3A and a second DNA extraction 3A_21), for PDX 

#56PP was tested for the secondary splice site deletion found in the PDX using highly sensitive 

droplet digital PCR. While no deletion was detected in archival samples, poor droplet 

amplification in these samples limits interpretation. T2 = transplant/passage 2 PDX aliquot. 
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BRCA1 11 and 11q isoform expression drives PARPi resistance  

The BRCA1-11q protein is hypomorphic and its expression in BRCA1 deficient cells does 

not restore HR to the same extent as expression of full-length BRCA1 (11). Therefore, we 

aimed to measure the effects of BRCA1-11q expression in our cell line and PDX models on 

therapy sensitivity. To do this, we first utilized targeted silencing of the BRCA1 11q isoform 

using siRNA followed by PARPi treatment in COV362 (Figure 4A). A clear reduction in 

colony forming capacity was observed in COV362 cells treated with a broad BRCA1 siRNA 

and targeted 11q siRNA compared to the scrambled control cells (Figure 4B-D; Supp Figure 

S6-7). Silencing of BRCA1 and the 11q isoform was confirmed using qRT-PCR (Supp Figure 

S6). These results reveal that high BRCA1 11q isoform expression, driven by a secondary 

SSM, contributes to PARPi resistance. We also showed that COV362 formed RAD51 foci 

following DNA damage, a biomarker of HR DNA repair and PARPi resistance (Figure 3E-G; 

Supp Figure S8-9).  

 

To determine whether the 11q isoform drives PARPi resistance in vivo and in the PDX setting, 

we induced ectopic 11q or mCherry control expression in the BRCA1-null PARPi/platinum-

sensitive TNBC PDX #1126, which has a primary exon 13 frameshift mutation (41) (Figure 

4H-K; Supp Table 2). Following 11q or mCherry infection, serial cisplatin treatments were 

used to drive resistance in the lineage with added 11q (Figure 4H-I, Supp Figure S10). The 

same approach did not result in resistance in the lineage with mCherry. The post-platinum 

treated 11q-expressing PDX expressed abundant ectopic 11q and lacked response to both 

PARPi and platinum compared to the isogenic mCherry-expressing PDX (Figure 4K).  
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Figure 4. BRCA1 11q isoform expression drives PARPi resistance in cell line and PDX 
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(A-D) COV362 was sensitised to PARPi rucaparib following siRNA knockdown of either 

11q specifically, or broad knockdown BRCA1, with schematic of siRNA design shown in 

(A). Mean  SEM are shown for three independent colony formation experiments. Knockdown 

was confirmed by qRT-PCR (Supp Figure S6). Controls are PEO1 (HR deficient) and PEO4 

(HR proficient). (E-F) COV362 demonstrated some capacity to form RAD51 foci relative to 

control 1 hour after DNA damage (10 Gy irradiation; not significant; P value = 0.153). (G) 

DNA damage following irradiation was confirmed by gH2AX foci (mean  SEM percent of 

geminin positive cells with ≥10 RAD51 or gH2AX foci). (H) PDX #1126 (BRCA1 exon 13 

mutation) tumors expressing either mCherry or BRCA1-11q were treated with cisplatin or 

rucaparib. Treated tumors were transplanted into recipient mice for further treatment (Supp 

Figure S10B-C). (I) BRCA1-11q protein expression was assessed in PDX #1126 infected 

with BRCA1-11q or mCherry encoded lentivirus following in vivo selection with cisplatin. 

MDA-MB-231 (231) lysate was included as a control. (J) Cisplatin, rucaparib and vehicle 

responses were assessed in PDX #1126. Treatment end = vertical hashed lines. Mean tumor 

volume (mm3)  95% CI (hashed lines are individual mice) and corresponding Kaplan–Meier 

survival analysis. Censored events = crosses on Kaplan–Meier plot; n = individual mice. (K) 

Cisplatin and rucaparib responses for PDX #1126 tumors with ectopic BRCA1-11q 

expression following in vivo selection for cisplatin resistance. (L) PDX #56 was subjected to 

in vivo selection for cisplatin resistance as described in (H). Cisplatin and rucaparib responses 

following 3 passages of cisplatin re-treatment of PDX #56 (PDX #56CR). (M) Cisplatin and 

rucaparib resistant PDX #204 (PDX #204CR) were obtained following 3 passages of cisplatin 

re-treatments of PDX #204. Resistance was similarly obtained using rucaparib re-treatments 

(Supp Figure S10E). (N) Cisplatin resistant PDX #124 (PDX #124CR) was obtained following 

4 passages of cisplatin re-treatment. Resistance via rucaparib re-treatments was also achieved 

(Supp Figure S10F). (O) Three independent tumors per PDX lineage were probed for BRCA1 

expression by immunoblotting. Bands at the anticipated sizes for full length (FL) BRCA1 and 
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the 11/11q isoforms are marked. Tubulin immunoblotting is included as a loading control. 

Corresponding mRNA analysis is presented in Supp Figure S10E. 

 

 

Moreover, we applied serial cisplatin or PARPi treatments to HGSOC #56, TNBC #204 and 

TNBC #124 and developed derivatives that were PARPi (RR) and cisplatin resistant (CR) 

(Figure 4L-N, Supp Figure S10). Elevated Δ11q expression was observed in some resistant 

tumors derived from PDX #56 and #204, however no Δ11q increase was observed in resistant 

PDX #124 (Figure 4O; Supp Figure S10E). Of note, #56CR, unlike PDX #56PP had elevated 

Δ11q without a detectable secondary mutation, suggesting multiple mechanisms for elevating 

Δ11q can evolve from the same tumor. 

 

In summary, we confirmed that exon-skipping alternative BRCA1 isoforms are drivers of 

PARPi resistance in our models, and this mechanism could be acquired in vivo following 

platinum/PARPi treatment. 

 

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 

treatment with the PARPi rucaparib. 

 

Of the patients from the ARIEL2 and ARIEL4 trials with BRCA1 exon 11 mutated cancer, 

there were 115 individuals for whom pre-PARPi (rucaparib) tumor/ctDNA samples with 

sequencing data were available, and 63 matched patients for whom post-PARPi data were also 
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available (Figure 5A). Of the pre-PARPi (but post-platinum) samples, 8% (9/115) had a frame-

correcting secondary BRCA1 mutation, and 1% (1/115) had an SSM impacting the BRCA1 

exon 11 donor splice site (c.4096 region). Following PARPi, this increased to 29% (18/63) 

with frame-correcting secondary mutations, and 8% (5/63) with SSMs (Figure 5A). In silico 

modelling of SSMs predicted that all would drive expression of the 11q isoform (Figure 5B-

C; Supp Table 5), and this was confirmed using the BRCA1 minigene system (Figure 5D).  

 

Interestingly, in several cases, samples with c.4096 SSMs also harbored multiple additional 

reversion events following PARPi therapy (Figure 5E-I; Supp Table 8). Unlike sequencing of 

tissue samples (e.g. ARIEL2 patient 6; Supp Figure S11A), liquid biopsies are not spatially 

restricted and can sample secondary events across a woman’s entire cancer. Examples of other 

cases with multiple reversion events, excluding SSMs, are presented in Supp Figure S11.  

 

Since SSM’s and reversion mutations were found in the same samples for some patients, we 

wanted to examine if either the 11q or full length BRCA1 proteins provided a selective 

advantage, so we performed an in vivo competition experiment. We tested the concept that 

cells containing either a frame-reverting mutation or a splice site secondary mutation might 

both be subject to positive selection during therapy. SUM149 is a TNBC cell line with a BRCA1 

exon 11 frameshift variant (c.2288delT) that shows high levels of 11q expression. We 

previously made derivatives where 11q was knocked-out (null) or a frame-correcting 

reversion mutation was introduced (11). In the current study, we mixed equal amounts (0.1% 

each) of 11q-high parent cells and “FL” (full length BRCA1) cells harboring a secondary 

mutation, with BRCA1-null (-) SUM149 cells (99.8%). These cell mixtures were then injected 

into mice and treated with vehicle or 6 mg/kg cisplatin (Figure 5J). Sequencing revealed that 

cells with secondary mutations (FL) or only 11q expression (11q) were selected for equally 
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with platinum pressure (Figure 5K), providing a potential rationale for why both reversion and 

SSM were detected in the same therapy-resistant patient samples. 

 

In addition to SSMs affecting BRCA1 exon 11, SSMs affecting a different exon, exon 20, were 

also detected in four individuals enrolled on the ARIEL4 trial. All four cases were found to 

have the same primary germline BRCA1 exon 20 pathogenic variant: c.5266dupC (Q1756fs; 

Supp Table 8). Interestingly, three of the four individuals had the same SSM, BRCA1 

c.5277+1G>T, accompanied by a nearby c.5276A>G variant. The additional c.5276A>G 

variant may be required to re-establish the boundary sequence adjacent to the splice site to 

enable proper splicing (Supp Figure S11D). 

 

We observed one additional case with a BRCA1 SSM predicted to drive skipping of a 

pathogenic variant in exon 2, and another case with a pathogenic BRCA2 variant in exon 8 and 

an SSM predicted to drive skipping of exon 8 (Supp Table 8-9). These additional cases 

involving other exons of BRCA1, and even BRCA2, suggest that this same resistance 

mechanism may be relevant beyond exon 11 of BRCA1. 
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Figure 5. BRCA1 secondary splice-site mutations are enriched in ARIEL2/4 clinical trial 

patient samples following PARPi treatment. 
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(A) BRCA1 secondary splice-site mutations increased form 1% (pre-PARPi) to 8% (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 based 

on these disruptions of the exon 11 donor splice site (detailed in Supp Table 9) were confirmed 

for most mutations (D) using the previously described BRCA1 minigene system (11). 

Mutations driving lower levels of 11/11q also had a reduced minigene transfection 

efficiencies relative to other samples. (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 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+2T>C and 

c.4093_4096+10del), without other reversion events. c.4096+2T>C was found to drive 

alternative BRCA1 splicing (D). Red stars (*) indicate SSM’s detected in patient examples (E-

I). (J) SUM149 cells expressing BRCA1-11q (11q) or full length BRCA1 (FL) were mixed 
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equally (0.1%) with a BRCA1-null (-) SUM149 derivative cell line (99.8%) (11). These cell 

mixtures were injected into mice and treated with vehicle (DPBS) or 6mg/kg cisplatin. Mean 

tumor volume (mm3)  95% CI (hashed lines are individual mice) and corresponding Kaplan–

Meier survival analysis. Censored events = crosses on Kaplan–Meier plot; n = individual mice. 

(K) Targeted sequencing was used to measure the representation of each SUM149 derivative 

in tumors from (J) and from the cell mixture prior to implantation (t= 0). 11q representation 

increased 9.2-fold (P = 0.07) while FL representation increased 5.2-fold (P= 0.03) in cisplatin 

treated tumors compared to vehicle treated tumors. Each datapoint indicates read percentage 

for independent tumors and P value shown from unpaired t-tests for the indicated comparisons. 

 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted August 28, 2023. ; https://doi.org/10.1101/2023.03.20.23287465doi: medRxiv preprint 

https://doi.org/10.1101/2023.03.20.23287465
http://creativecommons.org/licenses/by-nd/4.0/


 

 30 

Discussion  

 

In this study we demonstrated that high BRCA1 11/11q isoform expression is associated 

with resistance to PARPi in -HGSOC, OCS, and TNBC. BRCA1 11/11q expression was 

also subject to positive selection in PDX models treated with platinum. In some cases, this high 

expression of alternative BRCA1 isoforms was driven by SSMs. This includes HGSOC PDX 

#049 with a secondary donor splice site mutation and very high 11q expression, and HGSOC 

PDX #56PP with a heterozygous secondary deletion across the exon 11 acceptor splice site, 

driving extremely high 11 expression relative to other models.  

 

It is known that certain BRCA1 splice site variants can drive elevated 11 and 11q expression 

in vitro (35,36), for example 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, evidence of their pathogenicity and 

impact on inherited cancer susceptibility has been mixed (42,43). Indeed, a healthy 

homozygous carrier of the c.4096+3A>G variant has been reported (44). Interestingly, a 

c.4096+1G>A SSM was previously reported in a patient with a primary germline exon 11 

mutation (BRCA1:c.2043dup) following progression on PARPi therapy (ARIEL3 trial) (45), 

suggesting that that this SSM may have been driving PARPi resistance.  

 

The PARPi-resistant COV362 cell line was also found to harbor an SSM in BRCA1 in addition 

to its primary BRCA1 mutation, and had extremely high 11q isoform expression. COV362 

was derived from a pleural effusion of a patient with ovarian endometrioid carcinoma (46), 

although molecular profiling studies support COV362 falling within the HGSOC subtype 

(47,48). It is unclear from the original publication whether this patient had received prior 
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chemotherapy (46), and whether the SSM was present in the original carcinoma sample, or 

acquired through cell culture. Nevertheless, silencing of the 11q isoform in the COV362 cell 

line led to PARPi sensitization, confirming that overexpression of this BRCA1 isoform is 

indeed a key driver of PARPi resistance in this model.  

 

Strikingly, SSMs, including the one found in COV362, were found to be enriched post-PARPi 

exposure in tumor and ctDNA from patients in the ARIEL2/4 clinical trials, providing further 

clinical evidence that these play a role in PARPi-resistance. In addition to SSMs that cause 

exon 11 skipping, 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 (49), 

in each case to remove a pathogenic germline variant from the transcripts. This suggests that 

the phenomenon is not restricted to exon 11 of BRCA1, but may have relevance for other 

BRCA1 exons and even other HRR pathway genes. 

 

There were several cases with multiple additional distinct BRCA1 secondary/reversion events 

in ctDNA (patients 2, 3 and 4 in Figure 5). HGSOC is known to be a highly heterogeneous 

cancer type driven by genomic instability which can be exacerbated by therapy. This was 

reflected clearly in the sheer magnitude of secondary events found in several post-PARPi 

ARIEL2/4 liquid biopsies. This was indeed a sobering finding, further highlighting the need 

for development of more therapeutic options for patients with this heterogeneous and highly 

adaptable cancer type. 

 

Our identification of genomic alterations associated with BRCA1 alternative isoform 

expression is particularly important for this PARPi resistance mechanism, as measuring 

isoform expression in archival/biopsy tumor samples can be difficult and confounded by 
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contamination with normal tissue. Our cell line and PDX models made it possible to compare 

relative isoform expression using human-specific primers, as the tumors are relatively pure, 

lacking a non-neoplastic human tissue component. The SSMs identified in our study now make 

it possible to readily screen for this form of PARPi and platinum resistance in patients by 

sequencing tissue or ctDNA from liquid biopsies, as we have demonstrated here. 

 

Several PARPi-resistant PDX tumors showed high expression of BRCA1 11q, but lacked 

SSMs – for example OCS PDX #264 and HGSOC PDX #032. We could not find SNPs known 

to drive alternative isoform expression in these models, so it is possible that trans-elements, 

such as splicing factors and regulatory proteins, may be playing a role. We plan to explore 

these cases in future studies, where we hope to uncover additional clinically useful biomarkers 

for this form of PARPi resistance. Interestingly, homozygous Brca111/11 mice are embryonic 

lethal, and derived cells are PARPi sensitive (25-27). Therefore, it is likely that additional re-

wiring events accompany SSMs, such as reduced expression of end resection inhibitory 

proteins, which work in conjunction with the BRCA1 11 or 11q protein to promote robust 

HR and PARPi resistance (50,51). Alternatively, in the setting of cancer, BRCA1 11 or 11q 

expression and the residual HR it provides is sufficient to induce PARPi resistance in tumors. 

 

The utility of spliceosome inhibitors combined with PARPi should be explored in cancers 

where alterative BRCA1 isoforms are identified as a driver of drug resistance. Pladienolide-B 

has been previously shown to reduce 11q expression in vitro (11). However, the classical 

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 toxicity. 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 (52-54).  
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Our data clarifies the importance of transcriptional splicing plasticity, as a cause of drug 

resistance and illustrates significant challenges for the genomic medicine field. Clinical 

genomics reports usually only refer to one canonical transcript per gene, masking significant 

complexity with clinical impact. The functional consequence of a wider array of mutations 

requires real-time resolution and reporting, for accurate clinical guidance. The Multiplex 

assays of variant effect (Mave) database (MaveDB; https://www.mavedb.org), a public 

repository for large-scale measurements of sequence variant impact, may assist (55).  

 

In conclusion, alternative BRCA1 isoform expression is a driver of PARPi resistance across 

multiple cancer types. Our preclinical experiments and analysis of samples from the ARIEL2/4 

clinical trials also establish the role of BRCA1 secondary splice site mutations in driving this 

form of PARPi resistance. These SSMs should be screened for in people with PARPi-resistant 

cancers, so that if found, alternative treatment options may be explored. Pre-emptive therapies 

to avert this cause of PARPi resistance are also urgently needed.  
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Methods  

 

Reagents 

Rucaparib was kindly provided by Clovis Oncology. The following antibodies were used for 

WEHI PDX immunohistochemistry: p53 (M700101 1:100; Dako), Ki67 (M7240 1:50; Dako), 

Cytokeratin (Pan-CK; M3515 1:200; Dako), PAX8 (10336–1-AP 1:20000; Proteintech), and 

WT1 (ab15249; 1:800; Abcam). For DNA repair foci experiments, rabbit anti-human RAD51 

(ab133534, Abcam) and rabbit anti-human H2AX antibody (Phospho-Histone H2A.X 

Ser139; clone 20E3, #9718, Cell Signaling Technologies) were used. For BRCA1 

immunoblotting, the mouse monoclonal antibody MS110 antibody was used (Calbiochem 

OP92). 

 

Study approvals 

For Walter and Eliza Hall Institute of Medical Research (WEHI) PDX models, all experiments 

involving animals were performed according to the National Health and Medical Research 

Council Australian Code for the Care and Use of Animals for Scientific Purposes 8th Edition, 

2013 (updated 2021), and were approved by the WEHI Animal Ethics Committee (2019.024). 

Ovarian carcinoma/carcinosarcoma PDX were generated from patients enrolled in the 

Australian Ovarian Cancer Study (AOCS) or WEHI Stafford Fox Rare Cancer Program 

(SFRCP). Informed written consent was obtained from all patients, and all experiments were 

performed according to human ethics guidelines. Additional ethics approval was obtained from 

the Human Research Ethics Committees at the Royal Women’s Hospital, the WEHI (HREC 

#10/05 and #G16/02) and QIMR Berghofer (P3456 and P2095). Mouse experiments conducted 

at FCCC were approved by the Fox Chase Cancer Center Institutional Animal Care and Use 
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Committee (IACUC) and the use of PDX models approved by the Institutional Review Board 

(IRB).  

 

Establishment of PDX models 

WEHI PDX models were established by transplanting fresh fragments, ascites tumor cells or 

viably frozen minced tumor (lineage #56C) subcutaneously into NOD/SCID IL2Rγnull 

recipient mice (T1, passage 1) as described previously (56). Patient details are provided in 

Supplementary Information. FCCC cohort PDX models #124 and #196 were established as 

described previously (57) and obtained from Violeta Serra (57). PDX #1126 was established 

as previously described and obtained from Elgene Lim (41). PDX #204 and FCCC #56 were 

established by transplanting viable minced tumor into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 

recipient mice. 

 

Treatment of WEHI and FCCC PDX 

WEHI cohort recipient mice bearing T2-T10 (passage 2 to passage 10) tumors were randomly 

assigned to treatments when tumor volume reached 180-300 mm3. In vivo cisplatin treatments 

were administered on days 1, 8 and 18, as previously described (34). The regimen for rucaparib 

treatment was oral gavage once daily Monday-Friday for 3 weeks at 300 mg/kg or 450 mg/kg 

for all models. Tumors were harvested once tumor volume reached 700 mm3 or when mice 

reached ethical or end of experiment (120 days post treatment) endpoints. Nadir, time to 

progression (TTP or PD), time to harvest (TTH), and treatment responses are as defined 

previously (7). Data was plotted using the SurvivalVolume package (58). 

 

Mice bearing PDX tumors from the FCCC cohort were assigned randomly into treatment 

groups and treatment initiated when tumor volumes reached 150-200 mm3. For cisplatin treated 
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mice, a single dose was administered at 6 mg/kg. Rucaparib treatments were administered 

twice daily Monday-Friday for 2 weeks at 150 mg/kg. Tumors were harvested at 1500 mm3 or 

when the ethical endpoint was reached. Data was plotted using the SurvivalVolume package 

(58). 

 

BRCA1 isoform and ABCB1 qRT-PCRs  

High quality RNA was extracted from cell pellets or tissue lysates using the Direct-zol RNA 

MiniPrep (Zymo Research, Cat# R2050) according to the manufacturer’s protocol. Resulting 

RNA was quantitated using the NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher 

Scientific, Cat# ND-2000). SuperScript III Reverse Transcriptase (Invitrogen, Cat# 18080085) 

was used to convert RNA to cDNA according to the manufacturer’s protocol. A volume of 2 

ul cDNA diluted to 5 ng/uLng was added to 5 uLul SYBR Green PCR Master Mix (Thermo 

Fisher Scientific), 2.5 uLul molecular-grade H2O and 0.5 uLul of the relevant 2 uMuM primer 

mix (Supplementary Information Table 1). ABCB1 primers used were as previously published 

(20). Cycling conditions are provided in Supplementary Information. 

 

Droplet digital PCR assay for WEHI PDX #56PP BRCA1 deletion detection 

Droplet digital PCR was performed using the BioRad QX200 Droplet Digital PCR System. 

PCR reactions were prepared using the QX200 ddPCR EvaGreen Supermix (2X) (BioRad, 

Catalog #1864034) according to manufacturer’s instructions. PCR details are provided in 

Supplementary Information. 

 

Targeted amplicon sequencing of WEHI PDX #049 BRCA1 splice site mutation 
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PCR reactions were prepared using HotStarTaq DNA Polymerase (QIAGEN, Catalog 

#203205) according to manufacturer’s instructions, using the following primers for the first 

step PCR (Illumina Nextera adapters sequences in bold): 

Forward primer 5’-3’: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCTCCCCAAAAGCATAA

A; Reverse primer 5’-3’:  

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTCTGAAAGCCAGGGAGT

TG.  

Details of library preparation and sequencing can be found in Supplementary Information. 

 

SNP arrays and HRD scores 

SNP arrays and HRD scores of cell lines and PDX samples were performed as previously 

described (17). 

 

DNA sequencing of PDX 

BROCA panel sequencing was performed as previously (59) using the BROCA-HR v8 and 

BROCA-GO v1 versions of the gene panel. For whole exome sequencing, 150-300 ng of DNA 

was fragmented to approximately 200 bp using a focal acoustic device (Covaris S2, Sage 

Sciences). Libraries were prepared with the Kapa Hyper Prep Kit (Kapa Biosystems) and 

SureSelectXT adaptors (Agilent). Hybridization capture was performed with SureSelect 

Clinical Research Exome V2 baits following the SureSelectXT recommended protocol 

(Agilent). Indexed libraries were sequenced on an Illumina NextSeq500 to generate on average 

130 million paired-end 75 bp reads per sample. 

Whole exome sequencing of cell lines 

Library preparation was performed by the Victorian Clinical Genetics Services (VCGS) using 

the Twist Alliance VCGS Exome custom kit and sequencing was run on the Illumina NovaSeq 

6000 using 2x150 bp reads. 
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Whole Exome Sequencing Analysis  

A bionix (60) pipeline was used to process samples from sequencing data to variant calls. 

Sequences were aligned to Genome Reference Consortium Human Build 38 (GRCh38) using 

minimap2 v2.17 (61), and also to Mus Musculus reference GRCm38. Mouse derived sequences 

were removed with XenoMapper v1.0.2 (62). PDX whole exome sequencing used the Agilent 

SureSelect Clinical Research Exome V2, with reads filtered to 100bp each side of capture 

regions. Small mutations were called using Octopus v0.7.0 (63) and annotated using SnpEff 

v4.3 (64). Copy Number Variation was estimated using FACETS v0.6.1 (65). 

 

RNA sequencing and Analysis 

RNA sequencing was performed at the Australian Genomics Research Facility (AGRF) using 

the Illumina TruSeq Stranded mRNA library preparation, and sequencing was performed using 

the NovaSeq (SP Lane) at 300 cycles. Reads were mapped using HISAT2 and sashimi plots 

were visualized in IGV with a threshold of 5 supporting reads. 

 

Immunohistochemistry protocols 

For WEHI PDX models, automated immunohistochemical (IHC) staining was performed on 

the DAKO Omnis (Agilent Pathology Solutions) samples to confirm ovarian 

carcinoma/carcinosarcoma characteristics of each PDX, as previously described (17). 

 

BRCA1 Immunoblotting  

Tumor samples were minced and dissociated using a glass homogenizer. Nuclear extracts from 

the dissociated tumor tissue were obtained using the NE-PER Nuclear and Cytoplasmic 

Extraction Kit (Thermo Fisher Scientific). Proteins were separated by SDS-PAGE and 
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transferred to a PVDF membrane. Membranes were blocked with 5% nonfat milk in phosphate-

buffered saline with Tween 20 (PBST) for 1 hour at room temperature. Primary antibodies 

were incubated at 4 degrees overnight. Secondary antibodies were incubated for 1 hour at room 

temperature.  

 

Cell culture 

PEO1, PEO4 and COV362 cell lines were grown at 37°C in 5% CO2 in FV media as previously 

described (7). UWB1.289 and UWB1.289+BRCA1 cell lines were grown in 50% RPMI 1640 

Medium, GlutaMAX™ supplement (Gibco, Cat# 61870127) with 50% MEGM (Mammary 

Epithelial Growth Medium (MEGM Bullet Kit; Clonetics/Lonza, Cat# CC-3150), and 3% Fetal 

Bovine Serum (Sigma-Aldrich, Cat #F9423) added. SUM149PT cell lines were grown in 

Ham’s F-12 with 5 ug/ml insulin, 1 ug/ml hydrocortisone, 10 mM HEPES, 10% FBS, and 1x 

pen/strep. HEK293T cells were grown in DMEM with 10% FBS. Cell lines confirmed to be 

negative for Mycoplasma during culture using the MycoAlert Mycoplasma Detection Kit 

(Lonza, Cat# LT07-118). Whole exome sequencing was used to confirm identity of cell lines. 

 

BRCA1 minigene experiments  

BRCA1 minigene experiments were performed as previously described (11). Briefly, SSM and 

primary mutations were introduced into the HA-tagged minigene construct using the Agilent 

QuickChange Lightning Site-Directed Mutagenesis Kit. Mutant constructs were transfected 

into HEK293T using the TransIT-LT1 transfection reagent (Mirus). Cell pellets were collected 

after 72 hours (h) for protein and RNA analysis. Protein expression was assessed by 

immunoblotting of cell lysates using an anti-HA antibody (Cell Signaling Technology #2367).  

 

Ectopic BRCA1 expression in PDX  
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As previously described, BRCA1-11q and mCherry were shuttled into pLENTI-IRES-GFP 

using Gateway cloning (11). To express ectopic BRCA1-11q and mCherry in PDX #1126, 

fresh tumor tissue was first extracted and dissociated by shaking for 3 h at 37°C in F-12 media 

containing 1.6 mg/mL collagenase and 1.6 mg/mL dispase followed by four washes with F-12 

media. Dissociated PDX cells were cultured overnight in F-12 media with lentivirus encoding 

BRCA1-11q or mCherry. Cells were washed, sorted for GFP positivity using a BD-FACS 

Aria II cell sorter then implanted into NSG mice with an equal ratio of cell suspension and 

Matrigel (Corning).  

 

Generation of resistant PDX lineages 

Resistant PDX lineages were derived using serial treatments and tumor passaging, summarized 

schematically in Figure 4H. Tumors were treated with either 6 mg/kg cisplatin or 150 mg/kg 

rucaparib after reaching 150-200 mm3. Rucaparib was administered twice daily Monday-

Friday for two weeks. cisplatin was administered at two-week intervals up to four doses if 

tumors were at least 150 mm3. Mice were monitored daily and tumors measured 2-3 times per 

week. Tumors were collected after reaching 1000 mm3 or humane end point for the mice. Fresh 

collected PDX were reimplanted into NSG mice for additional treatment cycles until tumors 

stopped responding to treatment or experiment concluded. Cisplatin and rucaparib responses 

were then assessed as described above for the other PDX models. 

 

CTG assays 

Cells were plated in CELLSTAR® 96 well plates(Greiner, Cat# M1062), at densities related 

to their growth rates: 500 cells per well for PEO1, 1000 cells for COV362 and 1500 cells per 

well for PEO4. Drugs were added the following day at the given concentrations (for a total 

volume of 150 µL per well), and cells were incubated at 37°C in 5% CO2 for 7 days. CellTiter-
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Glo® Luminescent (CTG) Cell Viability Assay (Promega, Cat# G7572) was then used to 

measure viability of cells.  

 

Cell line gene silencing experiments  

Reverse transfection was performed using 1 µL ulLipofectamine™ RNAiMAX Transfection 

Reagent (Invitrogen, Cat# 13778075) per 100 µLul of Opti-MEM™ I Reduced Serum Medium 

(Gibco, Cat# 31985062), incubated with 30 nMnM of siRNA for 15-20 minutes before addition 

of 250,000 cells in culture media (without antibiotics) per well on a 6-well plate. Cells were 

then either incubated for 2 days before re-seeding for colony formation assays. 

 

Cells plated for colony formation were treated with varying doses of rucaparib the day after re-

seeding. Colonies were fixed and stained in 1 x Crystal Violet 0.5% Aqueous Solution (Hurst 

Scientific, Cat# CV.5-1L) with 20% methanol for 20 minutes. PEO1 cells were fixed at 8 days 

following treatment, while PEO4 and COV362 cells were fixed at two weeks (accounting for 

different growth rates). Colonies were counted using the CFU.ai application 

(http://www.cfu.ai/) and data plotted in PRISM7 (GraphPad). 

 

Immunofluorescent staining for DNA repair foci  

10,000 cells were seeded per well on black PhenoPlate™ 96-well microplates (Perkin Elmer 

Cat# 6055302) and left to settle for 2 days, before being exposed to 10 Gy of gamma irradiation 

or left untreated (controls). The Click-iT™ EdU Cell Proliferation Kit for Imaging (Alexa 

Fluor™ 555 dye) was used to measure cycling cells according to manufacturer’s protocols. 

Cells were then stained for RAD51 and H2AX foci and imaged on the Perkin-Elmer OPERA 

PHENIX platform as previously described (17). 
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Sequencing of ARIEL2 and ARIEL4 tumor and plasma DNA samples 

DNA, tumor or plasma samples collected from patients in the ARIEL2 (NCT01891344) and 

ARIEL4 (NCT02855944) clinical trials was sent for gene panel sequencing at Guardant Health, 

using their FDA-approved TissueNext or Guardant360 CDx tests, respectively. 

 

Modeling secondary BRCA1 splice mutations 

All in silico splicing predictions were obtained using NNSPLICE and MaxEnt web tools as 

previously described (66,67) and SpliceAI with 0.20 threshold as recommended (68). 

Additional details provided in Supplementary Information. 

 

BRCA1 isoform competition experiments in SUM149 cells 

BRCA1 exon 11 mutated SUM149 cells were previously engineered using CRISPR/Cas9 to 

generate a BRCA1-null clone using a single-guide RNA (sgRNA) targeting exon 22 and a full-

length expressing BRCA1 clone using an exon 11 targeted sgRNA that introduced a frame-

restoring mutation (11). Control BRCA1-Δ11q expressing SUM149 cells were generated using 

a GFP-targeted sgRNA. One million BRCA1-null cells were premixed with 1,000 cells 

expressing BRCA1-Δ11q and 1,000 full length BRCA1-expressing cells and injected 

subcutaneously into the flank NSG mice with an equal volume of Matrigel (Corning). Pelleted 

cells were also collected for sequencing analysis. Once tumors reached 150-200 mm3 mice 

were subjected to vehicle or cisplatin treatments (6 mg/kg) and tumors collected at 1000 mm3. 

Tumor DNA was extracted and amplicon libraries constructed for the sgRNA sequences using: 

forward primer 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTTTGTGGAAAGGACGAAACACCG (with additional staggered primers) 

barcoded reverse primers  
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CAAGCAGAAGACGGCATACGAGAT- (8nt index) -GTGACTGGAGTTCAGACGTG 

TGCTCTTCCGATCTGCCAAGTTGATAA CGGACTAGCCTT. Libraries were sequenced 

using an Illumina NextSeq2000 and ratios of BRCA1-null, Δ11q, and full length expressing 

cells determined based on sgRNA content. 

 

Statistical Analyses 

P values for PDX model treatments compared to vehicle treatment group were calculated by a 

log-rank test between fitted Kaplan-Meier estimates with a chi-squared null distribution and 

one degree of freedom using SurvivalVolumes v1.2.4 (58). P values for gene expression 

differences between PDX models and PDX groups, and for COV362 RAD51 foci analysis, 

were generated in GraphPad PRISM software using an unpaired t-test with Welch’s correction. 

P < 0.05 was considered statistically significant and statistical tests are indicated in the figure 

legends. Asterisks indicate statistically significant P values.  
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