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Longitudinal profiling identifies co-occurring BRCA1/2 reversions, TP53BP1,
RIF1 and PAXIP1 mutations in PARP inhibitor-resistant advanced breast
cancer
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Background: Resistance to therapies that target homologous recombination deficiency (HRD) in breast cancer limits
their overall effectiveness. Multiple, preclinically validated, mechanisms of resistance have been proposed, but their
existence and relative frequency in clinical disease are unclear, as is how to target resistance.
Patients and methods: Longitudinal mutation and methylation profiling of circulating tumour (ct)DNA was carried out
in 47 patients with metastatic BRCA1-, BRCA2- or PALB2-mutant breast cancer treated with HRD-targeted therapy who
developed progressive diseased18 patients had primary resistance and 29 exhibited response followed by resistance.
Circulating tumour DNA (ctDNA) isolated at multiple time points in the patient treatment course (before, on-treatment
and at progression) was sequenced using a novel >750-gene intron/exon targeted sequencing panel. Where available,
matched tumour biopsies were whole exome and RNA sequenced and also used to assess nuclear RAD51.
Results: BRCA1/2 reversion mutations were present in 60% of patients and were the most prevalent form of resistance.
In 10 cases, reversions were detected in ctDNA before clinical progression. Two new reversion-based mechanisms were
identified: (i) intragenic BRCA1/2 deletions with intronic breakpoints; and (ii) intragenic BRCA1/2 secondary mutations
that formed novel splice acceptor sites, the latter being confirmed by in vitro minigene reporter assays. When seen
before commencing subsequent treatment, reversions were associated with significantly shorter time to
progression. Tumours with reversions retained HRD mutational signatures but had functional HRD based on RAD51
status. Although less frequent than reversions, nonreversion mechanisms [loss-of-function (LoF) mutations in
TP53BP1, RIF1 or PAXIP1] were evident in patients with acquired resistance and occasionally coexisted with
reversions, challenging the notion that singular resistance mechanisms emerge in each patient.
Conclusions: These observations map the prevalence of candidate drivers of resistance across time in a clinical setting,
information with implications for clinical management and trial design in HRD breast cancers.
Key words: breast cancer, PARP inhibitors, platinum, liquid biopsy, drug resistance, homologous recombination
deficiency
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Table 1. Cohort characteristics.

Characteristics Group 1
(n [ 18)

Group 2
(n [ 7)

Group 3
(n [ 22)

Age (years), median (range) 39.1 (25-54) 42.7 (33-59) 39.9 (25-58)
Stage at diagnosis, n (%)
1 3 (16.7) 1 (14.3) d
2 2 (11.1) 1 (14.3) 10 (45.4)
3 8 (44.4) 2 (28.6) 9 (40.9)
4 5 (27.8) 3 (42.8) 3 (13.6)
Histological classification, n (%)
ERþHER2e 6 (33.3) 2 (28.6) 13 (59)
ERþHER2þ 1 (5.5) d d
TNBC 11(61.1) 5 (71.4) 9 (40.9)
BRCA1/BRCA2/PALB2 germline mutation, n (%)
BRCA1 11 (61.1) 3 (42.8) 8 (36.3)
BRCA2 6 (33.3) 3 (42.8) 14 (63.6)
PALB2 1 (5.5) d d
BRCA1/BRCA2/PALB2 somatic mutation, n (%)
BRCA1 d 1 (14.3) d
Prior (neo)adjuvant chemotherapy, n (%)
Yes 11 (61.1) 4 (57.1) 20 (90.9)
No 7 (38.9) 3 (42.8) 2 (9.1)
Prior platinum containing (neo)adjuvant chemotherapy, n (%)
Yes 3 (27.3) 1 (25) 6 (30)
No 8 (72.7) 3 (75) 14 (70)
Prior palliative chemotherapy lines, n (%)
0 6 (33.3) 2 (28.6) 7 (31.8)
1 10 (55.6) 5 (71.4) 11 (50)
2 d d 3 (13.6)
3 1 (5.5) d 1 (4.5)
4 1 (5.5) d d
Prior platinum containing palliative chemotherapy,
n (% of patients receiving palliative chemotherapy)
Yes 5 (41.7) 2 (40) 11 (73.3)
No 7 (58.3) 3 (60) 4 (26.7)
WES from first available tumour samples evaluable for BRCA1/BRCA2/
PALB2 LOH, n (%)
Yes 10 (55) 5 (71.4) 6 (27.2)
No 8 (44.4) 2 (28.5) 16 (68.1)
Evidence of BRCA1/BRCA2/PALB2 LOH in WES from first available tumour
samples, n (% of evaluable)
Yes 8 (80) 5 (100) 3 (50)
No 2 (20) d 3 (50)
WES from first available tumour samples evaluable for HRD scar score or
mutational signature analyses, n (%)
Yes 12 (66.6) 5 (71.4) 10 (45.4)
No 6 (33.3) 2 (28.5) 12 (54.5)
HRD scar score>42 or SBS3-positive samples, n (% of evaluable)
Yes 11 (91.6) 5 (100) 10 (100)
No 1 (8.3) d d

ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; HRD,
homologous recombination deficiency; LOH, loss of heterozygosity; SBS3, somatic
single base substitution signature 3; TNBC, triple-negative breast cancer; WES, whole
exome sequencing.
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INTRODUCTION

Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPi)1,2

and platinum chemotherapeutics now form part of the
standard of care in homologous recombination-deficient
(HRD) breast cancer.3-8 Although PARPis are able to elicit
significant and sustained clinical responses in advanced
disease,3,4 and adjuvant use can prevent recurrence and
death,7,8 PARPi resistance is a growing clinical problem,
especially in patients with advanced disease.9 Preclinical
studies originally identified secondary intragenic mutations
in BRCA2 (i.e. ‘reversion’ mutations within the gene, in
addition to the original pathogenic mutation, that restore
the open reading frame and function of BRCA2) as a cause
of PARPi and also platinum salt resistance.10,11 Subsequent
clinical studies have shown that somatic reversion muta-
tions in BRCA1, BRCA2, RAD51C, RAD51D or PALB2 occur in
cases of platinum and/or PARPi-resistant ovarian cancer and
are also seen in cases of breast, pancreatic or prostate
cancer after PARPi treatment.11-17 In comparison to ovarian
cancer, where there is some indication of the frequency of
BRCA1/2 reversion mutations,13 most reversions identified
in breast cancer to date have been described in case reports
and small cohorts assayed at single time points12; conse-
quently, the relative contribution of reversion-based drug
resistance in breast cancer is not known.18 Furthermore,
not all cases of resistance to HRD-targeted therapy can be
explained by reversion mutation, implying the occurrence of
other molecular routes to resistance. Preclinical studies
have established a series of candidate mechanisms of PARPi
resistance that do not involve reversion, including restora-
tion of homologous recombination (HR) via loss of
TP53BP1/RIF1/Shieldin components,19-24 increased replica-
tion fork stability,25 alterations in PARP1 or PARG26-28 or
upregulation of drug efflux pumps that reduce the amount
of PARPi in the cell.29-31 However, evidence that mutations
in such genes are prevalent in metastatic breast cancer is
absent.18

The approval of PARPi and platinum chemotherapy for
the treatment of BRCA1/BRCA2-mutated breast cancer al-
lows us to study mechanisms of resistance in real-world
practice. Here, we characterised both reversions and
other candidate resistance mechanisms at multiple time
points across patients’ treatment journey, using targeted
DNA sequencing in patients BRCA1/BRCA2-mutated breast
cancer where HRD-targeted therapy resistance emerged.
METHODS

Study design

The BTBC (Breakthrough Breast Cancer) study is a longitu-
dinal blood and tissue sampling protocol conducted along-
side standard of care therapy in breast cancer patients.
Informed consent was given by patients and the study
conducted according to national ethics committee approved
protocol (REC No: 13/LO/1248, Guy’s & St Thomas’ Hospi-
tal). For this study, a subset of patients with known BRCA1,
BRCA2 or PALB2 mutations were identified based on
2 https://doi.org/10.1016/j.annonc.2024.01.003
genetic testing or other molecular profiling data collected as
part of the study. Clinical histories were codified, and
archival tissue samples retrieved where possible. Patient
response to therapy was monitored clinically and radio-
logically, and at least one plasma sample was collected per
patient in Group 1, with at least 2 pre and post resistance
plasma samples and up to 7 longitudinal plasma samples
collected in Groups 2 and 3.
ctDNA sequencing and analysis

Genomic variant calls from ctDNA, including SNV/Indel,
gene level copy number data and rearrangements were
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Figure 1. Study pipeline: HRD-targeted therapy in a cohort of patients with HR-deficient breast cancer.
(A) Patient study schematic. Patients with metastatic breast cancer (ERþ PRþ/e HER2e or TNBC) harbouring BRCA1/2 or PALB2 mutations were recruited to the study.
Groups are defined as follows: Group 1dde novo resistance to HRD-targeted treatment at 3 months; Group 2dminimal response to HRD-targeted treatment at
3 months and Group 3dgood response to HRD-targeted treatment at 3 months. (B) Patient baseline characteristics. Data were extracted from patient histopathology
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generated using a commercial pipeline (Guardant Health) as
previously described2. To enrich for tumour specific muta-
tions, somatic SNV/Indel calls were excluded if they were
frequently identified in a database of commonly observed
mutations associated with clonal haematopoiesis of inde-
terminate potential (CHIP). Variants were annotated as
germline based on either the cfDNA result or other germ-
line genetic testing information, if available.

Online content

Any additional methods are available at https://doi.org/10.
1016/j.annonc.2024.01.003.

RESULTS

Patient characteristics

We collected tumour tissue and longitudinal blood plasma
samples from 47 patients with either germline or somatic
BRCA1 (n ¼ 23), BRCA2 (n ¼ 23) or PALB2 (n ¼ 1) mutant
advanced breast cancer, who received treatment with PARPi
and/or platinum agents (Table 1). All but one patient had a
germline pathogenic mutation (n ¼ 46). This patient had a
somatic BRCA1 mutation (Supplementary Table S1). We
classified the platinum chemotherapy and/or PARPi re-
sponses in each patient into one of three clinically relevant
groups: (i) Group 1dthose with de novo resistance, that is,
primary progression after no objective clinical and or
radiological response to HRD-targeted therapy at or before
3 months of treatment; (ii) Group 2dthose with minimal
response to treatment, that is, mixed response or stable
disease at initial assessment followed by progressive dis-
ease; and (iii) Group 3dthose with a good response to
treatment, that is, complete response or partial response
followed by progressive disease (Figure 1A). Patients may
have received prior platinum chemotherapy, either in the
(neo)adjuvant setting (n ¼ 10) or in the advanced setting
(n ¼ 18; Supplementary Table S2, available at https://doi.
org/10.1016/j.annonc.2024.01.003). Baseline patient char-
acteristics, including HRD status as measured by the pres-
ence or absence of nuclear RAD51 foci32 and somatic single
base substitution signature 3 (SBS3),33 are shown in
Figure 1B. Further details on treatment history can be found
in Supplementary Figure S1A and B, available at https://doi.
org/10.1016/j.annonc.2024.01.003. Where possible, blood
samples for circulating tumour DNA (ctDNA) analysis were
collected both before, during, and after developing
resistance to HRD-targeted treatment (Figure 1A,
Supplementary Figure S2A, available at https://doi.org/10.
reports and electronic records. Data for the first available tumour sample are provided
from primary breast tumour, regional lymph node or distant metastatic site. RAD51 sta
of mTF as a predictor of total ctDNA from plasma. (D) Scatter plot illustrating correlati
ctDNA versus mTF of study plasma samples successfully sequenced on GuardantINFIN
degrees of freedom. (E) Strategy for tumour volume estimation using 3D segmen
radiological assessment, matched to plasma time points. Disease is identified on cross
tumour volume was estimated in millilitres. Yellow outlines and purple patches show
enhancing areas that mark sites of disease involvement. (F) Line plots illustrating mir
using radiological assessment (RTV, red) over time in five patients.
ctDNA, circulating tumour DNA; ER, estrogen receptor; HER2, human epidermal grow
ductal carcinoma; ILC, invasive lobular carcinoma; mTF, methylation-based tumour fra
progressive disease; PR, progesterone receptor; RTV, radiologically assessed tumour

4 https://doi.org/10.1016/j.annonc.2024.01.003
1016/j.annonc.2024.01.003, and Supplementary Table S3,
available at https://doi.org/10.1016/j.annonc.2024.01.003).
In addition to isolating blood samples, we also obtained 80
tumour samples, collected either before or after resistance
to HRD-targeting treatment; these were profiled using
whole exome sequencing (WES) and whole transcriptome
sequencing (RNA-seq) (Supplementary Figure S2B, available
at https://doi.org/10.1016/j.annonc.2024.01.003).

In totality, we isolated 123 serial plasma samples from
the 47 patients in the cohort and sequenced cell-free DNA
(cfDNA) from these using a novel sequencing assay, Guar-
dantINFINITY (Guardant Health). This assay reports single
nucleotide variants (SNVs)/insertions/deletions (indels)
from a panel of 753 genes and fusions in a subset of these
genes. Most (40/47, 85%) patients had evidence of a
pathogenic TP53 mutation in ctDNA sequencing; fre-
quencies of other metastatic breast cancer driver gene
mutations34 are shown in Supplementary Figure S3, avail-
able at https://doi.org/10.1016/j.annonc.2024.01.003. The
gene set encompassed intron and exon coverage of 92
previously classified DNA damage response genes, including
intronic coverage (Supplementary Figure S4, available at
https://doi.org/10.1016/j.annonc.2024.01.003,
Supplementary Tables S4 and S5, available at https://doi.
org/10.1016/j.annonc.2024.01.003).35-37 We also compiled
a consensus list of preclinically identified PARPi resistance
genes from the published literature, including those
identified via Clustered regularly interspaced palindromic
repeats-CRISPR-associated protein 9 (CRISPR-Cas9) genetic
perturbation screens in either BRCA1- or BRCA2-mutant
cells, including three new PARPi resistance screens that we
carried out (see the ‘Methods’ section and Supplementary
Figure S5, available at https://doi.org/10.1016/j.annonc.
2024.01.003, Supplementary Tables S6-S16, available at
https://doi.org/10.1016/j.annonc.2024.01.003). The
Guardant INFINITY gene panel contains 177 of these genes,
including SHLD1, TP53BP1, SHLD2, PARP1, STN1, TEN1,
CTC1, RIF1, LIG4, XRCC4, ATMIN (ASCIZ), DYNLL1, MAD2L2
(REV7), ABCB1, PAXIP1 (PTIP), SLFN11, PARG and
WRN19,20,24,25,28,30,31,38-43 (Supplementary Figure S5J, avail-
able at https://doi.org/10.1016/j.annonc.2024.01.003). We
successfully analysed 98.3% of the plasma samples
collected (n ¼ 120), generating a dataset of 29 samples
(from 29 patients) collected before HRD-targeted therapy,
22 samples (from 13 patients) isolated during HRD-targeted
treatment and 69 samples (from 47 patients) obtained
after eventual progression (Supplementary Figure S2A,
available at https://doi.org/10.1016/j.annonc.2024.01.003
, acquired before PARPi or platinum exposure. Symbols indicate whether this was
tus and HRD signature 3 (SBS3) status are reported. (C) Strategy for the estimation
on between maximum somatic VAF of common breast cancer driver mutations in
ITY. R calculated by Spearman’s correlation and significance using a t-test with 39
tation analyses from patient cross-sectional imaging during various stages of
-sectional imaging; lesions were measured using the indicated software and total
how the lesion is segmented by the software. The purple arrows show contrast-
roring of mTF (black) derived from ctDNA analyses and tumour volume assessed

th factor receptor 2; HRD, homologous recombination deficiency; IDC, invasive
ction; NA, not available; PARPi, poly (ADP-ribose) polymerase (PARP) inhibitor; PD,
volumes; TNBC, triple-negative breast cancer; VAF, variant allele frequency.
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and Supplementary Table S3, available at https://doi.org/
10.1016/j.annonc.2024.01.003).

The majority of cfDNA in plasma is contributed by
nonmalignant cells. The burden of ctDNA content within
each patient’s cfDNA sample was estimated using a
methylation-based tumour fraction (mTF); mTF was calcu-
lated based on methylation levels across a set of genomic
regions known to be methylated in tumour cells (Figure 1C;
see the ‘Methods’ section). mTF correlated with the cfDNA
variant allele frequency (VAF) of known somatic breast
cancer driver mutations from the plasma samples in the
cohort (Spearman’s r ¼ 0.726, P ¼ 8 � 10e8; Figure 1D)
and mirrored radiologically assessed tumour volume
(Figure 1E and F; see the ‘Methods’ section). We therefore
Volume xxx - Issue xxx - 2024
used mTF as a measure of ctDNA content in plasma
samples.
Reversion mutations are detected in plasma from the
majority of patients with HRD-targeted therapy resistance

Taking the cohort as whole, we identified BRCA1 or BRCA2
reversion mutations in ctDNA from 60% of patients (28/47;
Figure 2A) at the point of clinical resistance, making this the
most commonly detected form of resistance. Reversion
mutations were detected in ctDNA at VAFs ranging from
0.05% to 40%. In cases where both ctDNA sequencing and
tumour WES were available, a low ctDNA VAF of reversions
translated into much higher VAFs in WES (Supplementary
https://doi.org/10.1016/j.annonc.2024.01.003 5

https://doi.org/10.1016/j.annonc.2024.01.003
https://doi.org/10.1016/j.annonc.2024.01.003
https://doi.org/10.1016/j.annonc.2024.01.003
https://doi.org/10.1016/j.annonc.2024.01.003
https://doi.org/10.1016/j.annonc.2024.01.003


Annals of Oncology E. Harvey-Jones et al.
Figure S6A and B, available at https://doi.org/10.1016/j.
annonc.2024.01.003), potentially due to the dilutional ef-
fect of nontumour ctDNA in plasma samples and/or lower
ctDNA shedding from certain lesions. Sixteen patients in the
cohort had multiple different reversions detected in their
cfDNA in at least one time point. For example, in three
patients with BRCA2 mutations, we identified more than
five different reversion mutations; one of these patients
had 13 different reversion mutations (Figure 2B).

Most reversion mutations in the patient cohort were
secondary deletion events; the majority of these secondary
deletions had evidence of microhomology use at the dele-
tion site (Figure 2C). Microhomology-flanked deletions are
one feature of the distinct mutational signature seen in HR-
deficient cancers, along with certain single base substitution
signatures such as SBS3.33 Genomic patterns of copy
number loss, another feature of HRD tumours, are now
used in clinically approved assays to direct the use of PARPi
treatment in ovarian cancer.44,45 We examined single base
substitution signatures in WES data from solid tumour bi-
opsies with identified BRCA1/2 reversion mutations (six
patients). As expected, we saw extensive contribution of
SBS3, which persisted even in resistant tumour biopsies
carrying reversion mutations (Supplementary Figure S6C,
available at https://doi.org/10.1016/j.annonc.2024.01.003).
This is consistent with the idea that HRD-associated muta-
tional scars do not necessarily report the current functional
HR status and therefore are poor predictors of therapy
sensitivity of a tumour, as is also the case for BRCA1
methylation and its reversal.46-49 Consistent with restora-
tion of HR function despite the presence of SBS3, we also
saw evidence of restoration of nuclear RAD51 foci in all but
one patient in post-HRD-targeted treatment resistance
samples, when compared with treatment-naïve samples (P
< 0.001; Supplementary Figure S6D, available at https://
doi.org/10.1016/j.annonc.2024.01.003); this included
paired samples with/without reversions (P ¼ 3.55 � 10e8;
Supplementary Figure S6E, available at https://doi.org/10.
1016/j.annonc.2024.01.003), also suggesting that RAD51
foci are more representative of the functional HR status of
the tumour than the presence of an historical HRD genomic
scar in the tumour genome.32

Most previously described reversion mutations in BRCA1
or BRCA2 involve deletion of <100 bp of coding sequence
within a single exon12; this apparent property of reversions
may be due to HRD-targeted therapy selecting for reversion
events that reconstitute close-to-wild-type BRCA1 or BRCA2
coding sequences. Alternatively, this could be due to the
widespread use of exon capture panels that do not reliably
detect larger deletions, such as those with breakpoints
outside exons. As the GuardantINFINITY panel covers all
BRCA1 and BRCA2 introns (except repetitive sequences; see
Supplementary Table S4, available at https://doi.org/10.
1016/j.annonc.2024.01.003), it is capable of detecting
larger genomic deletions with intronic breakpoints in BRCA1
or BRCA2. We noted that 13 reversion mutations from
seven patients (17% and 16% of all reversions detected in
BRCA1 and BRCA2, respectively; Figure 2C) occurred via a
6 https://doi.org/10.1016/j.annonc.2024.01.003
large deletion not contained within a single exon, with at
least one breakpoint in an intron (Supplementary Figure S7,
available at https://doi.org/10.1016/j.annonc.2024.01.003).
These deletions always affected the exon containing the
patient’s pathogenic mutation or nearby sequences, sug-
gesting that they are a mechanism for removal or modu-
lation of the pathogenic mutation. For example, a deletion
in patient KCL757 resulted in deletion of part of BRCA2
intron 7, all of exon 8, intron 8, the entire exon with the
pathogenic splice acceptor mutation (BRCA2 exon 9) and
part of intron 9 (Figure 2D). We therefore considered
whether these deletions might lead to alternative splice
events that bypassed the pathogenic mutation. For this to
be the case, the start and end reading frames of the closest
intact exons flanking the deletion should be matched, sug-
gesting that if these were spliced together by a novel
splicing event, an in-frame protein would be encoded. This
was the case in all but one patient (Figure 2E and
Supplementary Figure S7, available at https://doi.org/10.
1016/j.annonc.2024.01.003).
Reversion mutations leading to new splicing events

We found further evidence for the role of BRCA1/2 splicing
changes in the context of resistance in our cohort. One
patient, KCL015, with a BRCA2:c.7008-1G>A exon 14 splice
acceptor pathogenic mutation, had three distinct second-
site SNV mutations at the start of exon 14 (within the
coding sequence) and two distinct second-site 8-bp de-
letions in the preceding exon 13, detected in the ctDNA
sample at the point of therapeutic resistance (Figure 3A).
The second-site SNV mutations (M1: c.7010C>G, M2:
c.7013C>G, M3: c.7016A>G) present at resistance were
each in cis with the pathogenic mutation but did not co-
occur on the same sequencing read, suggesting that each
secondary mutation was an independent event. As the
second-site mutations were spaced in 3-bp intervals and 30

of an adenine, they could each conceivably restore an ‘AG’
consensus splice acceptor site in the correct reading frame
to restore exon 13/exon 14 splicing. To test the ability of
these second-site mutations to restore splicing to a
BRCA2:c.7008-1G>A allele, we constructed a reporter
plasmid containing the distal regions of intron 13 (including
the c.7008-1G>A mutation) and fragments of the flanking
exons 13 and 14 fused in-frame to a luciferase reporter
gene (Figure 3B). The plasmid reporter with the pathogenic
mutation alone showed greatly reduced luciferase expres-
sion compared with the wild-type sequence (Figure 3C). The
luciferase signal was restored by each of the additional
secondary BRCA2 mutations, indicating that these could
restore functional splicing (Figure 3C). Sequencing comple-
mentary DNA prepared from transfected cells confirmed
use of the positions with the reversion mutations as novel
splice acceptors leading to in-frame splicing (Figure 3D-F).
The 8-bp exon 13 deletions (US1 and US2) led to the use of
the canonical exon 13 splice donor with a noncanonical
exon 14 splice acceptor site 10-bp downstream of the
(pathogenic mutation) native splice acceptor, thus retaining
Volume xxx - Issue xxx - 2024
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exon 14 (Figure 3E-F). Similar changes may explain the
mechanism of resistance in patient KCL765, where large
deletions of regions surrounding the pathogenic splice
donor were observed, but the phases of adjacent exons
were not consistent with straightforward use of canonical
splice sites (Figure 2E and Supplementary Figure S8, avail-
able at https://doi.org/10.1016/j.annonc.2024.01.003). In
two of the three mutations in this patient, a novel potential
AG acceptor site was introduced in the BRCA1 allele with
the large deletion, raising the possibility that noncanonical
splicing is also a mechanism to restore BRCA1 function in
this case (Supplementary Figure S8, available at https://doi.
org/10.1016/j.annonc.2024.01.003).
TP53BP1, RIF1 and PAXIP1 mutations occur in patients at
progression on PARPi

We next looked for evidence of mutations in our consensus
list of candidate genes involved in PARPi resistance, identi-
fied in preclinical experiments (Supplementary Figure S5,
available at https://doi.org/10.1016/j.annonc.2024.01.003).
We identified LoF mutations (frameshift, nonsense or splice
site mutations) in TP53BP1, RIF1 and PAXIP1 (PTIP) in
samples taken at PARPi resistance (Figure 4A). Defects in
53BP1 and RIF1 are associated with the restoration of DNA
end resection and HR in BRCA1m cells,20,50-52 whereas LoF
of PAXIP1 has been shown to lead to replication fork sta-
bilisation and cisplatin or PARPi resistance in Brca2-mutant
mouse cells.25 Four BRCA1m patients (KCL698, 725, 762 and
709) had detectable deleterious mutations in TP53BP1, RIF1,
or both, in ctDNA at treatment resistance (Figure 4A
and Supplementary Figure S9A and B, available at https://
doi.org/10.1016/j.annonc.2024.01.003). Two BRCA2m pa-
tients (KCL015 and 777) had deleterious PAXIP1 mutations
in ctDNA after carboplatin or olaparib resistance, respec-
tively (Figure 4A and Supplementary Figure S9C, available
at https://doi.org/10.1016/j.annonc.2024.01.003). One
BRCA2m patient had a TP53BP1 nonsense mutation,
although it is not known what role 53BP1 might play in
resistance in a BRCA2m context. None of these mutations
were detected in samples taken from the same patients
before the development of resistance. These findings sug-
gest that these preclinically identified mechanisms of resis-
tance do operate clinically. Unexpectedly, these TP53BP1,
RIF1 and PAXIP1 mutations were often detected in who also
had concurrently with reversion mutations in BRCA1/2
(Figure 4A). This is of potential relevance for therapy ap-
proaches that target such pathways but assume continued
loss of BRCA1 function such as Pol-theta inhibitors.53

To determine the dynamics of emergence of each of
these resistance mechanisms (Figure 4A), we assessed the
frequency of resistance-causing mutations in samples taken
longitudinally through the patient’s treatment course. For
acceptor site in exon 14, changing the predicted amino acid sequence as shown. (F) San
US1eluciferase reporter plasmid showing the novel exon 13/14 splice junction.
CMV, cytomegalovirus; mRNA, messenger RNA; PATH, construct with BRCA2 AG>AA
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example, we analysed three plasma samples (P1eP3) from
patient KCL015 (germline BRCA2: c.7008-1G>A; Figure 4B):
P1 after carboplatin induction but before olaparib treat-
ment, P2 upon olaparib resistance, and P3 after progression
on subsequent carboplatin rechallenge (Figure 4B). Both the
ctDNA mTF measure of tumour burden and radiologically
assessed tumour volume increased at progression on ola-
parib and on subsequent carboplatin rechallenge (P2 and
P3; Figure 4C). We also observed the emergence of six
unique BRCA2 reversion mutations predicted to restore
splicing of BRCA2 (Figures 3 and 4D and E) as well as a
frameshift PAXIP1 mutation (p.M549fs; Figure 4D and E and
Supplementary Figure S9C, available at https://doi.org/10.
1016/j.annonc.2024.01.003). BRCA2 reversion and PAXIP1
mutation could each contribute towards stabilisation of
carboplatin-stalled replication forks and potentially increase
the fitness of cells under selective pressure from DNA-
damaging treatment.

We also identified the presence of multiple, apparently
co-existing, mechanisms of therapeutic resistance in patient
KCL698 (germline BRCA1:c.4327C>T, p.R1443*), where
BRCA1 reversions as well as RIF1 and TP53BP1 mutations
were seen at different times during the patient’s treatment
history (Figure 4F). We analysed plasma samples at the start
of olaparib treatment (P1), during a good response to ola-
parib (P2, P3 and P4), at clinical progression on olaparib (P5),
before carboplatin rechallenge (P6) and then following
demonstration of carboplatin resistance (P7; Figure 4F). In
the plasma sample taken before clinical detection of PARPi
resistance (P4), we detected a BRCA1 reversion mutation
(c.4327C>G) and a truncating mutation in TP53BP1
(p.Q240*; Figure 4G and H). At clinical progression on ola-
parib (P5), we noted the emergence of a truncating RIF1
mutation (p.A1176fs) and an additional BRCA1 reversion
mutation (c.4329A>G) that was also detected in a tempo-
rally matched WES from a breast tumour (Specimen B;
Figure 4F-H). The reversion mutation observed in the post-
olaparib resistance biopsy (Specimen B) leads to restora-
tion of HR as indicated by the appearance nuclear RAD51
and BRCA1 foci detected by a BRCA1-C-terminal antibody
(Figure 4I and J). At PARPi resistance, before a rechallenge
with carboplatin because of a prior demonstration of
response (P6), we observed a total of four BRCA1 reversions
and the TP53BP1 truncating mutation but could no longer
detect the RIF1 mutation (Figure 4F-H). In the last plasma
sample after rechallenge with carboplatin (P7), three of the
reversion mutations persisted but neither the TP53BP1 nor
RIF1 mutations were detected. This observation raises an
interesting hypothesis: that in the absence of a PARPi se-
lective pressure and faced with a carboplatin challenge,
BRCA1 reversion mutations are selected over mutations that
result in loss of the NHEJ pathway proteins such as those in
53BP1 and RIF1. It is possible that NHEJ pathway mutations
ger **** P<0.0001 sequencing trace of the transcript generated from the BRCA2e

mutation sequence; WT, construct with BRCA2 wild-type sequence.
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confer a fitness advantage under PARPi selective pressure
but are outcompeted by reversion mutations during other
treatment. In the tumour biopsy samples from this patient
we found two of the BRCA1 reversions detected in ctDNA
(c.4329A>G and c.4328G>T), one in each of two temporally
and spatially separated biopsies (breast tumour specimen B
versus cutaneous metastasis specimen C located in the right
inframammary fold), indicating that the multiple mutations
observed in ctDNA may represent mutations emerging from
subclones at different sites (Figure 4F-H).

Validation of parallel evolution of resistance mechanisms
using a BRCA1-mutant patient-derived xenograft model

The presence of multiple mechanisms of PARPi resistance in
the same patient raised the possibility of emergence of
parallel evolutionary paths to resistance. To test this pro-
spectively, we modelled the emergence of resistance in a
patient-derived xenograft model derived from a treatment-
naïve tumour from patient KCL004 with a pathogenic
BRCA1 germline mutation. This patient received adjuvant
chemotherapy but had not developed advanced disease in
6.9 years of follow-up and was therefore not included in the
HRD-targeted therapy-resistant cohort described here. Mice
with implants of KCL004’s patient-derived xenograft were
treated with either olaparib or drug vehicle for 42 days until
the tumours had regressed in the olaparib-treated arm and
then allowed to regrow without treatment (Figure 4K). Four
of eight outgrowths analysed had BRCA1 reversion muta-
tions (Supplementary Figure S10A and B, available at
https://doi.org/10.1016/j.annonc.2024.01.003) accompa-
nied by restoration of BRCA1 and RAD51 foci
(Supplementary Figure 10C-E, available at https://doi.org/
10.1016/j.annonc.2024.01.003), whereas other outgrowths
had distinct regions of 53BP1 loss (detected by IHC), in the
absence of reversion. Notably, in two outgrowths, both
reversions and loss of 53BP1 IHC were seen, confirming that
reversion and nonreversion-based mechanisms of resis-
tance can emerge, in parallel, from the same original
tumour (Figure 4K and L and Supplementary Figure 10A,
available at https://doi.org/10.1016/j.annonc.2024.01.003).

Resistance in the absence of reversion mutations

We reasoned that resistance mechanisms other than
reversion mutations might be more likely in patients where
months. (C) Line plot showing change in methylated tumour fraction (mTF) and
treatment; lilac shading, time during olaparib treatment. P1-3 indicate the points at
reversion and PAXIP1 loss-of-function mutations in KCL015 ctDNA over the same pe
clinical history of BRCA1-mutant patient KCL698; details per (B). (G) Line plot showin
plot showing percentages of BRCA1 reversion, TP53BP1 and RIF1 loss-of-function mu
mutations were detected from spatially and temporally distinct biopsies (breast bio
tumour specimens isolated before and after olaparib resistance. RAD51 and BRCA1 fo
A RAD51 score of >10% indicates homologous recombination proficiency. (K) Emerg
mutant breast cancer. Treatment-naïve PDX derived from a BRCA1-mutant patient
treated with vehicle or 100 mg/kg of olaparib for 42 days. After cessation of trea
represents an individual animal with tumour volume shown relative to treatment da
blue (G335, G337, G321 and G322); outgrowths without reversions are labelled in gre
staining in PDX-G328 and G335 tumour outgrowths, respectively.
ctDNA, circulating tumour DNA; FFPE, formalin-fixed, paraffin-embedded; HRD, homol
poly (ADP-ribose) polymerase (PARP) inhibitor; PDX, patient-derived xenograft; RT, ra
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the pathogenic mutation would not be amenable to
reversion-driven resistance. These could include BRCA1/2
pathogenic mutations that are large genomic rearrange-
ments, missense pathogenic mutations or mutations in the
BRCA2 C-terminus12,54,55 (Supplementary Table S17, avail-
able at https://doi.org/10.1016/j.annonc.2024.01.003,
Figure 5A and B). One patient in our cohort (KCL709) had a
somatic rearrangement in BRCA1 (an inversion involving
EZH1; Supplementary Figure S11A, available at https://doi.
org/10.1016/j.annonc.2024.01.003). We analysed matched
plasma and tumour samples before (P1 and breast tumour
specimen T1), during (P2) and after olaparib resistance (P3
and P4, breast tumour specimen T2 and brain metastasis
specimen S1eS3; Figure 5C-F). Scans at matched times
showed progression in the breast tumour on olaparib, fol-
lowed by the development of intracranial metastatic dis-
ease (Figure 5C and D). The GuardantINFINITY assay
detected BRCA1 promoter methylation across all evaluable
plasma samples, suggesting a mechanism by which the
nonrearranged BRCA1 allele might be silenced in this pa-
tient’s tumour, as occasionally observed previously.56,57

Bisulfite amplicon sequencing confirmed high levels of
BRCA1 promoter methylation in both pre- and post-olaparib
resistance breast tumour specimens; the brain lesion was
unevaluable in this assay (Supplementary Figure S11B,
available at https://doi.org/10.1016/j.annonc.2024.01.003).
Consistent with this, RNA-seq analysis revealed that pre-
olaparib breast tumour specimen T1 and brain metastasis
specimen S1eS3 had the lowest BRCA1 messenger RNA
(mRNA) expression across tissue samples from the entire
cohort (Figure 5G), whereas olaparib-resistant breast
tumour specimen T2 had higher BRCA1 mRNA expression,
despite the high level of BRCA1 promoter methylation.
Consistent with the restoration of BRCA1 mRNA expression,
we noted restoration of BRCA1 and RAD51 foci in olaparib-
resistant breast specimen 2, when compared with the low
BRCA1-mRNA expressing samples: pre-olaparib breast
tumour specimen T1 and brain metastasis specimen S3
(Figure 5H-K, Supplementary Figure S10C-E, available at
https://doi.org/10.1016/j.annonc.2024.01.003 for imaging
controls). The increased expression of BRCA1 mRNA and
protein, despite persistence of BRCA1 methylation in breast
tumour specimen T2, suggested the presence of at least one
resistant subclone of the tumour with restored BRCA1
expression through an unknown mechanism.
RTVs across the treatment duration. Orange shading, time during carboplatin
which plasma ctDNA was isolated. (D) Line plot showing the presence of BRCA1
riod. (E) Zoomed-in view of the mutations detected at <0.5%. (F) Schematic of
g change in mTF and RTV across the treatment duration; details per (C). (H) Line
tations in KCL698 over the duration of treatment. Two distinct BRCA1 reversion
psy B and cutaneous nodule C). (I) Confocal microscopy images of KCL698 FFPE
ci in geminin-positive cells are shown. Scale bar ¼ 10 mm. (J) Quantification of (I).
ence of tumour outgrowths after olaparib treatment in a PDX model of BRCA1-
was implanted in recipient mice; once tumours measured 50 mm3, they were
tment, mice were left untreated and monitored for tumour relapse. Each line
y 0. Tumour outgrowths harbouring BRCA1 reversion mutations are indicated in
y. (L) Tumour micrographs illustrating spatial loss of 53BP1 immunohistochemical

ogous recombination deficiency; mTF, methylation-based tumour fraction; PARPi,
diotherapy; RTV, radiologically assessed tumour volumes.
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In plasma sample P4, matched to the detection of brain
metastasis (where no BRCA1 restoration was seen), we
observed emergence of an RIF1 truncating mutation,
p.T1013fs, in the ctDNA (Figure 5E and F); this was at low
VAF and not observed in the contemporaneous tumour
biopsy, suggesting that it may only be present in certain
lesions or subclones. All breast and brain specimens also
showed evidence of low SHLD2 mRNA expression and
SHLD2 copy number loss (Figure 5L and M). Overall, these
data suggest several potential mechanisms that may be
contributing to resistance in this patient where a genetic
reversion of BRCA1 is not possible. The prevalence and
validation of nonreversion-based resistance in the setting of
pathogenic BRCA1/2 alleles unamenable to reversion re-
quires further study.
Presence of reversion mutations is associated with shorter
time to progression on olaparib therapy

Finally, we assessed whether the mechanisms of resistance
(both reversion and non-reversion forms) differed
depending on whether the patients responded to their
HRD-targeted therapy, that is, between Groups 1, 2 and 3.
We found that 62.5% of patients with available baseline
plasma samples in Group 1 (de novo resistant) had a
detectable resistance mechanism at baseline, all of which
were reversion mutations. By contrast, in those demon-
strating mixed response, stable disease or objective
response (partial or complete response; Groups 2 and 3),
there was no evidence of reversions or any other mecha-
nism of resistance in samples taken before HRD-targeted
therapy (Figure 6A). After clinical resistance was
observed, reversions were common in all groups, being
seen in 56%, 57% and 64% of Group 1, Group 2 and Group
3, respectively (Figure 6B).

We next queried whether the detection of resistance
mechanisms in ctDNA before treatment was associated with
treatment response. Of the 47 patients included in the
analysis, 29 had preresistance (baseline) plasma samples
available for analysis. We compared the time to progression
(TTP) on HRD-targeted treatment (this being olaparib for all
assessable cases) in patients with a resistance mechanism
detected in their baseline plasma sample (n ¼ 5) to those
without (n ¼ 24). All five patients in the former group
(KCL753, 757, 477, 693 and 765) had a reversion mutation
metastasis specimen S1, S2 and S3) for analysis (a brain metastasis that was sectioned
delivered in the metastatic setting is indicated in months. (D) Cross-sectional comp
breast) and a brain magnetic resonance imaging (fifth panel) of patient KCL709 to
tumour specimen T1 (before olaparib), breast tumour specimen T2 (after olaparib PD
are shown. (E) Line plot showing change in mTF and RTV across the treatment duratio
in KCL709 ctDNA over time. (G) Violin plot of BRCA1 RNA levels in tumour samples
specimens isolated before and after olaparib resistance. BRCA1 foci in geminin-pos
microscopy images of KCL709 FFPE tumour specimens isolated before and after olapa
KCL004 (BRCA1m) is a negative control, KCL010 (BRCAwt) is a positive control. (K) Qu
proficiency. KCL004 (BRCA1 mutant) is a negative control, KCL010 (BRCAwt) is a posit
KCL709. (M) Chromosome copy number plot illustrating partial deletion of SHLD2
metastasis specimens S1, S2 and S3. Copy number changes are as indicated in the
number gain/amplifications.
Ab, antibody; FFPE, formalin-fixed, paraffin-embedded; HRD, homologous recombi
ribose) polymerase (PARP) inhibitor; PD, progressive disease; PD-L1, programmed d
assessed tumour volumes; wt, wild type.
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in BRCA1/2. Four out of these five patients had received
platinum-based chemotherapy before olaparib, which may
have selected for a clone with reversion. In patients with a
reversion mutation at baseline, median TTP was 2.6 months
versus 7.2 months in those without (Wilcoxon rank sum P ¼
0.001; Figure 6C and Supplementary Table S18, available at
https://doi.org/10.1016/j.annonc.2024.01.003). This raises
the possibility that early ctDNA screening for HRD-targeted
therapy resistance mechanisms could predict futility of such
therapy and guide more appropriate treatment options for
these patients. We then asked if the detection of a rever-
sion mutation at any time point after having started treat-
ment, but before clinical progression, was associated with a
shorter TTP. In the 10 patients with intermediate samples
on treatment who did not have reversions detected in their
baseline samples, those with reversions ever detected (n ¼
5) had a median TTP 5.2 months versus 5.0 months when
there was no detectable reversion (n ¼ 5). The median time
from reversion detection to resistance in this group was 3.3
months, (range 1.8-3.9 months; Wilcoxon rank sum P ¼
0.8413; Supplementary Table S18, available at https://doi.
org/10.1016/j.annonc.2024.01.003).

Of the 40 patients for whom we collected a plasma
sample directly after resistance, 33 went on to have sub-
sequent treatment including platinum and licensed
standard-of-care breast cancer chemotherapies. Time on
treatment and progression status on the first subsequent
treatment following HRD-targeted therapy resistance are
shown with a swimmer plot for two groupsdthose with or
without a known HRD-targeted therapy resistance mecha-
nism detected in plasma (Figure 6D). The TTP analysis for
the first subsequent treatment following HRD-targeted
therapy resistance (Supplementary Figure S12, available at
https://doi.org/10.1016/j.annonc.2024.01.003) found no
significant difference (2.1 months versus 4.1 months) in TTP
between groups. This analysis is underpowered to detect
small effect size but raises the hypothesis that the presence
of an HRD-targeted therapy resistance mechanism may
predict response to HRD-targeted therapy but not to
generic subsequent treatments.
DISCUSSION

The cohort investigated here represents the largest
advanced breast cancer cohort for which HRD-targeted
into three discrete specimens after olaparib PD). The duration of each treatment
uted tomography scans (images captured in the first four panels are of the left
monitor response to treatment in the regions sampled. Times at which breast
) and brain metastasis specimens S1, S2 and S3 (after olaparib PD) were isolated
n. (F) Line plot showing the relative presence of a RIF1 loss-of-function mutation
obtained from KCL709. (H) Confocal microscopy images of KCL709 FFPE tumour
itive cells are shown. Scale bar ¼ 10 mm. (I) Quantification of (H). (J) Confocal
rib resistance. RAD51 foci in geminin-positive cells are shown. Scale bar ¼ 10 mm.
antification of (J). A RAD51 score of >10% indicates homologous recombination
ive control. (L) Violin plot of SHLD2 RNA levels in tumour samples obtained from
in breast tumour specimen T1 and T2 and subsequent deep deletion in brain
key below. Blue indicates copy number loss/deletions and red indicates copy

nation deficiency; mTF, methylation-based tumour fraction; PARPi, poly (ADP-
eath-ligand 1; RT, radiotherapy; RNA-seq, RNA sequencing; RTV, radiologically
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therapy resistance, including PARPi, has been systematically
investigated across time (Supplementary Figure S13, avail-
able at https://doi.org/10.1016/j.annonc.2024.01.003). The
majority of patients received PARPi in the context of
standard-of-care access arrangements, allowing us to assess
the frequency of HRD-targeted resistance mechanisms in a
real-world clinical breast cancer context. The frequency of
reversion detections (reversions found in ctDNA in 60% of
patients at progression) is higher than that in similar-sized
cohorts of ovarian cancer, such as ARIEL2, where re-
versions were found in 19% of cfDNA samples taken after
progression on rucaparib.13 This higher frequency could
reflect the many differences between germline BRCA-
mutant breast and ovarian cancer, in terms of both back-
ground disease biology and differing standard-of-care
treatment approaches before PARPi use; in breast cancer
this includes DNA-damaging adjuvant and first-line meta-
static chemotherapy, often continued to progression, in
contrast to the fixed duration used in advanced ovarian
cancer. The methodological differences between studies for
the detection and reporting of reversions could also
contribute to the higher frequency of BRCA1/2 reversion
mutations detected in our study. For example, the standard
clinical reporting of Guardant360CDx would have reported
only 41/81 (50.6%) reversions occurring in 16/28 (57%) in-
dividuals identified with reversion mutations in our cohort
(Supplementary Table S19, available at https://doi.org/10.
1016/j.annonc.2024.01.003). It should be noted that we
manually analysed GuardantINFINITY ctDNA sequencing
data, beyond its standard analysis algorithms or those used
in the Guardant360CDx standard reporting process, to
identify reversions such as large intragenic deletions or
secondary mutations that restore splice acceptor sites. This
manual curation of reversions could also contribute to the
higher reversion detection frequency (Figure 2D).

Inclusion of genes implicated in PARPi resistance from
preclinical studies (for example TP53BP1, RIF1 and PAXIP1)
in the GuardantINFINITY panel allowed us to further assess
emerging biomarkers. We observed LoF mutations in these
genes in patients with acquired resistance. Such mutations
were infrequent compared with reversions, and often
co-occurred with reversions. We also observed copy num-
ber loss with transcript depletion of SHLD2 across serial
tumour biopsies during development of resistance
(Figure 5L and M). The nature of the resistance mechanism
may have implications for the use of DNA polymerase theta
inhibitors and other agents that may be synthetic lethal
with Shieldin pathway mutations53,58 or non-HR-related
aspects of BRCA1/2 deficiency. However, the clear need is
to find appropriate therapeutic options for patients with
reversion mutations.
mechanism was detected (n ¼ 5) in their preresistance (baseline) plasma sample or n
groups and resistance mechanisms are indicated to the left of the plot. Difference in t
plasma sample and those without (P ¼0.001), Wilcoxon rank sum test. (D) Swimme
HRD-targeted treatment. All patients with a post-HRD-targeted treatment-resistant pl
are included (33/47). Duration of treatment is calculated in months; patient groups
ctDNA, circulating tumour DNA; G, patient group; HRD, homologous recombination

14 https://doi.org/10.1016/j.annonc.2024.01.003
Our data suggest that detection of reversions in ctDNA
could be a useful clinical monitoring tool in advanced breast
cancer, predicting futility of HRD-targeted therapy, given
that we did not observe reversions before treatment in any
of the patients that had evidence of a response to PARPi
(Groups 2 and 3), but 50% of de novo resistant patients for
whom we had a pre-PARPi plasma sample did have a
reversion (Group 1; Figure 6A) and that reversion was
associated with a significantly shorter TTP of 2.6 months
(Figure 6C). We did not find evidence that the presence of a
known HRD-targeted therapy resistance mechanism pre-
dicted TTP to more generic breast cancer chemotherapies
(Figure 6D). By contrast, we did not observe a significant
difference in TTP between patients with or without
detectable reversion mutations detected during treatment
before clinical progressive disease. However, these obser-
vations require prospective assessment to examine clinical
utility of ctDNA analysis for HRD-targeted therapy response
prediction.

Examination of reversions in ctDNA in large cohorts of
germline carriers could inform a read-out of ‘revertibility’ of
specific pathogenic mutations in specific contexts, providing
some prediction of how and when resistance might
develop. Studies in ovarian cancer have also suggested
better PARPi outcomes for patients with large rearrange-
ment or missense mutations in HR genes, events that are
unlikely to be revertible.54,55 The cohort described here
contained two patients with large deletions and one with a
missense mutation, neither of whom acquired reversions.
Furthermore, no patients with C-terminal BRCA2 patho-
genic mutations reverted, supporting prior observations
that reversion of pathogenic mutations in this coding region
are relatively rare.12 However, we did find unconventional
reversions of splice acceptor pathogenic mutations by large
deletions and neofunctional splicing mutations (Figures 2
and 3). There were also mutations in regions known to
support reversions (e.g. BRCA1/2 exon 11) in our cohort
that did not revert (Figure 5A). More information is there-
fore required to inform whether such mutations are at risk
of reversion or not.

Importantly, there are still a significant number of pa-
tients where the basis of resistance remains unknown
(Figure 6B). In one patient with de novo resistance (Group
1) to platinum, KCL625 (PALB2m), lack of loss of heterozy-
gosity (LOH) at the pathogenic allele and the absence of an
HRD scar (Table 1) suggest that the pretreatment tumour
was not HR deficient and might explain the observed
resistance to platinum-based chemotherapy. However, a
separate study sequencing a later sample of cerebrospinal
fluid at resistance, and an organoid derived from this
sample,59 did show evidence of PALB2 LOH. Further study
ot (n ¼ 24). Duration of HRD-targeted treatment is calculated in months; patient
he duration of HRD-targeted treatment between those with reversion at baseline
r plot showing TTP on the first subsequent treatment following progression on
asma sample who went on to have subsequent treatment after plasma collection
and resistance mechanisms are indicated to the left of the plot.
deficiency; RM, resistance mechanism; TTP, time to progression.
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of resistance not associated with reversion mutations or
absence of LOH, for example, those mediated by changes in
splicing (Supplementary Figures S7 and S8, available at
https://doi.org/10.1016/j.annonc.2024.01.003 and
Figures 3-5) or epigenetic mechanisms, remains an area for
future research in such patients.

It is possible that additional contributions to resistance
could be identified by the estimation of copy number data
from ctDNA. For example, copy number loss of genes such
as TP53BP1 in BRCA1-mutant cancers could, conceivably,
cause PARPi resistance. However, in our study we did not
estimate copy number profiles from our ctDNA analysis due
the often-low fraction of ctDNA in the total cfDNA isolated
from patients. Compared with the calling of mutations,
robust interpretation of copy number loss from ctDNA
sequencing requires >10% of the total plasma cfDNA to be
ctDNA. The ctDNA fractions across our cohort’s longitudinal
samples were variable, with many samples not meeting this
threshold. This problem could also be compounded by the
possibility that some of the copy number alterations in
ctDNA could be subclonal, as was the case for BRCA1/2
reversion mutations. Based on this, we feel that reporting
of copy number loss across the cohort would require a
future analysis of a cohort where a higher ctDNA tumour
fraction is available.

Most patients demonstrated RAD51 foci restoration at
resistance, suggesting reacquisition of functional HR
(Supplementary Figure S6D and E, available at https://doi.
org/10.1016/j.annonc.2024.01.003). Our results highlight
that the prevalence and multiclonality of a diverse range of
reversions that drive reacquisition of HR via restoration of a
functional BRCA1/2 gene is the favoured route, but also
describe for the first time other preclinically identified
mechanisms identified within and across patients in resistant
disease (Figures 2 and 3 and Supplementary Figures S7 and
S8, available at https://doi.org/10.1016/j.annonc.2024.01.
003). The prevention of reversion or therapies that target
vulnerabilities remaining after or associated with HR resto-
ration therefore warrants exploration. Our finding that sub-
clonal LoF of the NHEJ pathway, which offers a new
vulnerability by sensitising PARPi-resistant cells to polymerase
theta inhibitors,53 can coexist with BRCA1/2 reversions sug-
gests the need to consider multiple resistance mechanisms
when considering patient selection for such approaches.
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