N

N

Homologous recombination deficiency derived from
whole-genome sequencing predicts platinum response in
triple-negative breast cancers
Petra ter Brugge, Sarah Moser, Ivan Bieche, Petra Kristel, Sabrina Ibadioune,
Alexandre Eeckhoutte, Roebi de Bruijn, Eline van der Burg, Catrin Lutz,

Stefano Annunziato, et al.

» To cite this version:

Petra ter Brugge, Sarah Moser, Ivan Bieche, Petra Kristel, Sabrina Ibadioune, et al.. Homologous
recombination deficiency derived from whole-genome sequencing predicts platinum response in triple-
negative breast cancers. Nature Communications, 2023, 14 (1), pp.1958. 10.1038/s41467-023-37537-
2. hal-04072477

HAL Id: hal-04072477
https://hal.inrae.fr /hal-04072477

Submitted on 12 Sep 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.inrae.fr/hal-04072477
https://hal.archives-ouvertes.fr

nature communications

Article

https://doi.org/10.1038/s41467-023-37537-2

Homologous recombination deficiency
derived from whole-genome sequencing
predicts platinum response in triple-negative

breast cancers

Received: 14 April 2022

Accepted: 22 March 2023

Published online: 07 April 2023

M Check for updates

Petra ter Brugge', Sarah C. Moser®", Ivan Biéche?, Petra Kristel',

Sabrina Ibadioune?, Alexandre Eeckhoutte®*, Roebi de Bruijn',

Eline van der Burg', Catrin Lutz!, Stefano Annunziato', Julian de Ruiter',

Julien Masliah Planchon? Sophie Vacher ®?, Laura Courtois?, Rania El-Botty®,
Ahmed Dahmani®, Elodie Montaudon®, Ludivine Morisset®, Laura Sourd®,

Léa Huguet®, Heloise Derrien®, Fariba Nemati®®, Sophie Chateau-Joubert®,
Thibaut Larcher ®”, Anne Salomon ® 2, Didier Decaudin®, Fabien Reyal®,
Florence Coussy'?, Tatiana Popova®#, Jelle Wesseling ®",

Marc-Henri Stern ® %34, Jos Jonkers®' | & Elisabetta Marangoni®°®

The high frequency of homologous recombination deficiency (HRD) is the
main rationale of testing platinum-based chemotherapy in triple-negative
breast cancer (TNBC), however, the existing methods to identify HRD are
controversial and there is a medical need for predictive biomarkers. We assess
the in vivo response to platinum agents in 55 patient-derived xenografts (PDX)
of TNBC to identify determinants of response. The HRD status, determined
from whole genome sequencing, is highly predictive of platinum response.
BRCAI promoter methylation is not associated with response, in part due to
residual BRCAI gene expression and homologous recombination proficiency
in different tumours showing mono-allelic methylation. Finally, in 2 cisplatin
sensitive tumours we identify mutations in XRCC3 and ORCI genes that are
functionally validated in vitro. In conclusion, our results demonstrate that the
genomic HRD is predictive of platinum response in a large cohort of TNBC PDX
and identify alterations in XRCC3 and ORCI genes driving cisplatin response.

About 15% of women who develop breast cancer are diagnosed with
triple-negative breast cancer (TNBC)'. TNBC is a heterogeneous dis-
ease, with a substantial percentage of tumours showing homologous
recombination deficiency (HRD) as a result of mutations in the BRCA1
and BRCA2 genes'™>. This may sensitize tumours to DNA double-strand
break (DSB) inducing therapeutic agents, such as PARP inhibitors or
platinum salts. Indeed, both preclinical** and clinical**’ studies have
shown sensitivity to DSB inducing agents in BRCAI/2 mutated cells and

tumours. A similar sensitivity may be found in tumours with molecular
changes that mimic the BRCA mutated phenotype, such as BRCAI
epigenetic inactivation or mutations in other genes involved in DNA
DSB repair>®. This greatly increases the percentage of patients with
TNBC who may benefit from DSB inducing therapeutic agents’.
Platinum salts (e.g., carboplatin, cisplatin) are old drugs still used
to treat TNBC in the neo-adjuvant setting, where they are added to
anthracycline and taxane-based chemotherapy, and in the metastatic
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setting where they are generally given as first line treatment. However,
only a subset of patients respond to these drugs, raising the question
of how to select them properly and avoid toxicity for patients unlikely
to respond.

Several strategies have been developed to distinguish BRCA-like
from non-BRCA-like tumours, including detection of BRCAI mutation,
genomic scar assays or functional testing of HR capacity by measure-
ment of RADS51 foci®. Different clinical trials have tested the pre-
dictive value of these methods in predicting response to platinum in
early and advanced settings", however, results have been discordant
and predictive biomarkers for platinum salts in TNBC still represent an
unmet clinical need. One of the difficulties in interpreting clinical trials
results lies in the fact that platinum drugs were tested in combinations
with other chemotherapies inducing DNA damage, including anthra-
cyclines and cyclophosphamide, that contribute to patients’ treatment
response. A second issue that emerged from clinical trials in the
advanced setting, is that HRD was evaluated on archival breast cancer
tissues that do not always reflect the tumour status at the time of
platinum response.

In this work, we analyse the correlation between platinum
response and different predictive biomarkers, including BRCAI/2
mutations, BRCAI methylation, genomic and functional signature of
HRD, in a large panel of TNBC PDX. Moreover, some of these tumours

Table 1| Clinical characteristics of TNBC patients

n (%)
Mean age at diag- 54 (29-88)
nosis (range)
TNM TO 0 (0)
T 15 (29.1)
T2 31 (54.5)
T3 9(16.4)
T4 0 (0)
NO 36 (65.4)
N1 10 (18.2)
N2 7 (12.7)
N3 2(3.6)
MO 51(92.7)
M1 4 (7.3)
Breast surgery (n=55) Tumorectomy 32 (58.1)
Mastectomy 23 (41.8)
Nodes surgery (n=50) Sentinel node biopsy 9 (18)
Lymphadenectomy 41(82)
Histologic type No special type 49 (89.1)
Metaplastic 6 (10.9)
SBR grade (n=43) Grade SBR 1 0(0)
Grade SBR 2 2(4.7)
Grade SBR 3 41(95.3)
Type of chemother- Anthracycline then taxane 30 (55.6)
apy (n=46) Anthracycline based 10 (18.5)
Taxane based 4 (7.4)
Others 2(3.7)
No 8 (14.8)
Radiotherapy Yes 48 (87.3)
No 7(12.7)
Relapse No 25 (45.5)
Local only 1(1.8)
Distant metastasis 29 (52.7)

TNM: classification of malignant tumours (tumour, lymph node, metastasis). SBR grade: Scarff
Bloom and Richardson.

are sequenced by whole-exome sequencing (WES) with their matched
patients’ tumours to identify potential determinants of platinum
response that are functionally validated in cell lines.

Results

Response to platinum chemotherapy in a large cohort of TNBC
PDX models

We evaluate the response to platinum-based chemotherapy in a cohort
of 55 PDX models of early TNBC, established at the Institut Curie'>",
Patient’s clinical characteristics are summarized in Table 1 and in
Supplementary Data 1 with PDX molecular characteristics.

This cohort of 55 patients presented the usual characteristics of
TNBC™. Mean age at diagnosis was 54 years. TNM staging mostly
corresponded to T2 (55%), NO (65%) with a small percentage of syn-
chronous metastasis (7%). Histologically, 89% of tumours were invasive
ductal carcinoma of no special type (NST) and 11% were metaplastic
carcinomas. Ninety-five percent of patients had a high SBR histological
grade. The majority of patients received sequential chemotherapy
(anthracycline then taxane) as adjuvant or neoadjuvant therapy. Fifty-
three percent of patients developed distant metastases.

The response of PDX models to platinum (cisplatin or carboplatin)
is represented in Fig. 1a. Five (9.1%) and 10 (18.1%) PDX responded with
partial (PR) and complete response (CR), respectively, 14 (25.4%) with
stable disease (SD) and 26 (47.3%) with progressive disease (PD),
according to their best responses and best average responses®. Four
PDX models are shown as example of complete response (HBCx-9),
partial response (HBCx-11), stable disease (HBCx-151) and progressive
disease (HBCx-39) in Fig. 1b. PDX were treated by cisplatin or carbo-
platin without difference in the response rates (53.8% and 50%,
respectively) (Fig. 1c). Among the 55 PDX models, 26 (47.3%) were
established from primary tumours and 29 (52.7%) from residual
tumours after neo-adjuvant chemotherapy (two models were estab-
lished from patients treated by carboplatin in the neo-adjuvant set-
ting). Sixty-seven percent and 33% of responding models (including
both PR and CR) originated from primary tumours and residual
tumours, respectively, in contrast to the resistant group (PD) where
35% of PDX originated from primary tumours and 65% from residual
tumours (Fig. 1d) (p=0.06, Fisher’s exact test). One patient had a
residual cancer burden (RCB) score of 1, 15 patients had a RCB score of
2 and 7 patients had a RCB score of 3. There was a trend towards an
increased sensitivity to platinum for PDX established from patients
with RCB 1 or 2 (50% of response) as compared to PDX established
from patients with RCB 3 (response in only 14% of PDX) (Fig. le).

Finally, we compared the overall survival of patients corre-
sponding to platinum responder or resistant PDX. Overall survival was
higher in patients corresponding to platinum responder PDX (median
survival of 2262 as compared to 579 days for the group of resistant
PDX) (Fig. 1f).

In summary, in a large cohort of PDX models, representative of the
clinical diversity of early TNBC, platinum-based chemotherapy was
effective in more than 50% of tumours. The majority of responding
tumours originated from treatment-naive patients.

Shallow HRD predicts response to platinum
As BRCA mutations and BRCAI promoter methylation have been
described as potential biomarkers of platinum response’®, we analysed
the response in PDX models in relation to these alterations. All PDX
were sequenced by targeted DNA sequencing of a panel of 95 genes or
576 genes, as detailed in the methods section. To assess biallelic
inactivation of BRCAI and BRCA2 genes, we integrated the loss of
heterozygosity (LOH) status of the wild-type allele in the analysis.
Pathogenic mutations in BRCAI or BRCA2 genes associated with
LOH of the wild-type allele were present in 13 PDX (23.6%): 10 in the
CR+PR+SD group (34.5%) and 3 in the PD group (11.5%) (Fig. 2a).
The association between the presence of a BRCAI/2 mutation and the
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Fig. 1| Response to platinum-based chemotherapy in the first cohort of PDX.
a Waterfall plot representing platinum response in 55 TNBC PDX. Each bar repre-
sents the median best average response of treated xenografts from a PDX model,
after 6 weeks of treatment. (n =4-13 xenografts/group, the precise number of
xenografts for each PDX is available in the source data file). PD: progressive disease,
SD: stable disease, PR: partial response, CR: complete response. b Tumour response
to cisplatin in the HBCx-9 (complete response), HBCx-11 (partial response), HBCx-
151 (stable disease) and the HBCx-39 (progressive disease) PDX. RTV: relative
tumour volume. Mean +/- SD. HBCx-9: n=11 and 10 mice in control and treated
groups, respectively, HBCx-11: n=11 and 9 mice in control and treated groups,

respectively, HBCx-151: n = 5 mice/group, HBCx-39: n = 11 and 13 mice in control and
treated groups, respectively. ¢ Response rates according to cisplatin and carbo-
platin PDX treatment. d PDX response to platinum agents according to patients’
neo-adjuvant chemotherapy (AC: Adriamycin and cyclophosphamide; FEC = 5-Fu +
epirubicin + cyclophosphamide; NAC: neo-adjuvant chemotherapy). e PDX
response to platinum agents according to patients’ residual cancer burden (RCB)
scores. f Kaplan-Meier survival curve with the Gehan-Breslow-Wilcoxon test for
the overall survival rate of TNBC patients stratified by platinum response in the
matched PDX.
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Fig. 2 | Homologous recombination deficiency in TNBC PDX. a Contingency
analysis showing the relationship between biallelic BRCA1/2 inactivation (BRCA1/2
mutations and BRCAI methylation associated with LOH of the second allele) and
response to platinum (Fisher’s exact test, two-sided). b BRCAI gene expression
determined by RT-PCR analysis in BRCAI methylated PDX (n =14) as compared to
un-methylated PDX (n =41). Data are presented as a Min/Max Whiskers plots with
lines indicating the median. p = 0.0002 (Mann-Whitney test, two-tailed). ¢ BRCA1
gene expression in BRCAI methylated PDX according to the percentage of BRCAI

shallow HRD

methylation. Each bar represents a single value d Waterfall plot representing pla-

tinum responses in PDX with biallelic inactivation of BRCAI/2: pathogenic BRCA1/2
mutations and BRCAI methylation, associated with LOH. e Percentage of BRCA1/2
mutation and BRCA1 methylation in the 30 PDX with HRD based on shallow WGS.
f PDX reponse to platinum according to the HRD status. p = 0.007, Fisher’s exact

test (two-sided). g Correlation analysis between shallowHRD scores and CGH HRD
score (Pearson correlation).

response to platinum (including SD, CR and PR) was close to statistical
significance (p=0.06, Fisher’s exact test). BRCAI promoter methyla-
tion, an epigenetic mechanism that leads to inhibition of BRCAI gene
expression, was found in 14 PDX models (25%), 9 in the CR, PR and SD
groups and 5 in the PD group (p =0.37, Fisher’s exact test). All BRCA1
methylated tumours showed LOH of the second BRCAI allele. We
hypothesized that the lack of association between BRCAI methylation
and platinum response could depend on incomplete BRCAI inactiva-
tion in the resistant PDX. Therefore, we analysed the relationship
between BRCAI methylation, BRCAI gene expression and response to
platinum. As expected, BRCAI gene expression was significantly lower
in BRCAI methylated PDX as compared to un-methylated models

(Fig. 2b). Among BRCAI methylated models, however, 5 PDX in the PD
and SD groups showed significant residual BRCAI gene expression
associated with 40-60% of BRCAI methylation, while PDX models with
no BRCAI gene expression exhibited 90-100% of BRCAI methyla-
tion (Fig. 2c).

There were, however, 3 platinum-resistant PDX with no BRCA1
gene expression and with complete BRCAI methylation, suggesting the
existence of additional mechanisms of platinum resistance, beyond
incomplete BRCAI inactivation.

When analysed together, BRCA1/2 mutation or BRCA1 complete
methylation predicted response in 51.7% of PDX and lack of BRCA1/2
mutation or BRCAI partial methylation predicted resistance in 76.9% of
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PDX (p=0.0507, Fisher’s exact test). Thus, a significant proportion of
responses (48.3%) are still not predicted by these biomarkers.

We next analysed the response to platinum as a function of the
HRD status that was determined from shallow whole-genome
sequencing (sWGS), a recently developed procedure for HRD detec-
tion based on the number of large-scale genomic alterations'. Overall,
30 PDX (54, 5%) were classified as HRD and 25 as non-HRD. Of the HRD,
13 were BRCAI or 2 mutated (43.3%), 14 were BRCAI methylated (46.7)
and 3 were of unknown origin (10%) (Fig. 2d). In the non-HRD group,
there were no BRCA1/2 altered tumours. HRD predicted response
(including both CR and PR) in 14/15 (93%), stable disease (SD) in 7/14
PDX (50%), CR + PR + SD in 21/29 PDX (72%). Lack of HRD (Homologous
recombination proficiency: HRP) predicted resistance in 17/26 PDX
(65%) (Fig. 2e, f; p=0.007, Fisher’s exact test).

Finally, we compared the shallow HRD with the MyChoice HRD, a
FDA-approved test of HR deficiency for ovarian cancer. Starting from
the copy number data obtained from Array-based comparative geno-
mic hybridization (aCGH) arrays (available for 44 on the 55 PDX), we
calculated My-Choice-like HRD scores (CGH scores) from the sum of
loss of heterozygosity (LOH), telomeric allelic imbalance (TAI), and
large-scale state transitions (LST) scar signature scores”'s. The
obtained CGH HRD scores were highly correlated with shallow HRD
scores (r=0.93, p < 0.0001, Pearson correlation analysis) (Fig. 2f) with
95% concordance in HRD prediction. In this set of 44 PDX, sensitivity
and specificity in predicting cisplatin response were similar (76% and
61% for the MyChoice-like HRD and 81% and 65% for the shallow HRD).

In summary, these results show that the shallow HRD is a valuable
test to predict cisplatin response and identify incomplete BRCAI
methylation associated to residual gene expression as potential resis-
tance mechanisms in some platinum-resistant PDX.

Genomic HRD is associated with a defect in homologous
recombination repair of cisplatin-induced DNA damage
Twenty-five TNBC PDX of the previous cohort with additional 7 PDX
models, established at the Netherlands Cancer Institute (NKI), were
further analysed on a genomic level with their matched patients’
tumours and functionally tested for homologous recombination repair
based on RADSI foci formation®.

aCGH analysis of PDX and matched patients’ tumours showed that
PDX and primary tumours have similar patterns of copy-number
aberrations (CNA) and cluster together in the unsupervised clustering
(Supplementary Fig. 1a). The 32 PDX models were also analysed by
RNAseq and whole-exome sequencing (WES). All models cluster with
the basal PAMS50 group based on the three-gene model (SCMGENE)
molecular subtype®® (Supplementary Fig. 1b). Analysis of genomic
aberrations in cancer drivers showed that most aberrations consisted
of CNA. The only gene that showed mutations in the majority of the
samples was TP53, with mutations found in primary and/or PDX
tumours in 27 out of 32 models (77% of samples) (Supplementary
Fig 1c, Supplementary Data 2). In 80% of cases, TP53 mutation was also
detected in the matched patient’s tumours, sometimes with a lower
variant allele frequency, possibly reflecting stromal contamination of
patients’ samples.

We next addressed whether PDX with genomic HRD show a defect
in repairing cisplatin-induced DNA damage by HR DNA repair, by
measuring the RADS51 focus formation in cisplatin-treated xenografts.
RADSI focus formation has been described to predict response to
chemotherapy in breast cancer patients. PDX models showing more
than 5 RADSI foci in less than 10% of cells after cisplatin treatment were
considered HRD. Immunofluorescence staining of RADSI foci are
shown in Fig. 3a for 3 HR proficient PDX models (HBCx-8, HBCx-33,
T302) and for 2 HR deficient PDX models (HBCx-14, HBCx-63). Cis-
platin was taken up by tumour cells in these models, as shown by the
formation of cisplatin adducts (Supplementary Fig. 2). The amount of
RAD?SI foci in control and treated xenografts is represented in Fig. 3b

and analysed in the context of biallelic inactivation of BRCA1/2 genes,
complete and partial methylation of the BRCAI promoter and genomic
HRD (sWGS). Fifteen PDX (46.9%) showed 5 or more RADSI foci in less
than 10% of cells: 14 were HRD and 1 HRP based on sWGS, while 17 PDX
showed a RADSI score greater than 10%: 11 were HRP and 6 HRD
(Fig. 3b). Functional and genomic HRD were significantly correlated
(p=0.001), although 6 HRD PDX were found to be RAD51 proficient, 2
in PD group and 4 in the SD group (Fig. 3b, c). There is a decreasing
trend in the proportion of RAD5I1 positive models in treated samples of
the 3 response groups (Fig. 3d) and a low RAD51 score was significantly
associated with response, although it failed to predict stable disease
that was associated with a high RADS51 score in 5/7 cases (Fig. 3e).
Finally, these results show that in the 3 PDX models with partial BRCA1
methylation (HBCx-24, HBCx-40, HBCx-1) (Fig. 2d) cisplatin treatment
results in increased levels of RAD5I foci (Fig. 3b), further supporting
the hypothesis that these tumours are not deficient in HR repair, in
spite of the genomic scar of HRD and the biallelic inactivation of
BRCALI. Conversely, 5/6 PDX with complete BRCALI inactivation do not
show any increase of RADS51 levels upon cisplatin treatment and thus
can be considered as HR deficient.

XRCC3 and ORCI aberrations in cisplatin-sensitive models

In the cisplatin-sensitive group of this second PDX panel, the sensitivity
of three models could not be explained by a mutation or promoter
methylation of BRCAI/2 or mutation or by a mutation in other HR-
related genes: HBCx-33, HBCx-14 and T302. We therefore used RNAseq
and WES to identify genomic variants that could influence cisplatin
sensitivity in these models (Supplementary Fig. 3). Using RNA
sequencing we identified fusion transcripts in regions containing DNA
damage repair genes (Supplementary Data 3). In HBCx-14 primary and
PDX tumours, we found a fusion transcript pointing towards the pre-
sence of a genomic deletion on chromosome 14 that encompasses the
DNA damage repair gene XRCC3 (Fig. 4a). The deletion was confirmed
in exome sequencing by very low to no coverage of this region in
HBCx-14 tumours (Supplementary Fig. 4a).

To investigate the effect of XRCC3 loss on cisplatin response we
used CRISPR/Cas9 to generate XRCC3 knockouts cells (Supplementary
Fig. 4b). As suggested by our analysis, HEK293T cells as well as RPE-
hTERT 7P53" cells transduced with guide RNAs targeting XRCC3
showed increased sensitivity to cisplatin in a clonogenic survival assays
when compared to wild-type controls (Fig. 4b, c, Supplementary
Fig. 4b-d). Furthermore, these cells were unable to recruit RAD51 to
sites of DNA damage after cisplatin treatment (Fig. 4d, e), which is in
line with the data obtained from HBCx-14 tumours (Fig. 3a, b).

In the PDX HBCx-33 we identified a point mutation in the DDR
gene TONSL (c.C3240A, p.N1080K) (Supplementary Data 2). Interest-
ingly, TONSL has been previously reported to promote RADS51 loading
at double-strand breaks and stalled replication forks and its depletion
confer hypersensitivity to DNA damaging agents and reduced RAD51
foci’ . The N108OK mutation is located within the region required for
RADSI1 focus formation®. Due to the fact that complete loss of TONSL
was lethal in the cell lines tested, we were unable to test the sig-
nificance of this mutation with respect to cisplatin response.

The T302 model showed a mutation in the origin recognition
complex gene ORCI (c.C1721T, p.T574M) (Fig. 5a, Supplementary
Data 2). To investigate if this variant could explains the cisplatin sen-
sitivity of T302 tumours, we used CRISPR/Cas9 to generate RPE-h-
TERT 7P53” cells with a homozygous C1721T mutations (Supplemen-
tary Fig. 5) and found that these cells are indeed more sensitive to
cisplatin treatment than WT cells (Fig. 5b, c). As observed in T302
tumours, ORCI“7!VCI2IT cells still showed RADS51 focus formation after
cisplatin treatment (Fig. 5d, e). Similar results were found with an
HEK293T cell line containing an ORCI deletion (Supplementary Fig. 6).

Finally, to estimate the prevalence of XRCC3 and ORCI alterations
in cancer, we queried the cBioPortal database. In the TCGA PanCancer
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Fig. 3 | RADS51 formation test in a cohort of PDX models (25 from Institut Curie
and 7 from NKI). a Representative images of RADSI staining in untreated and
cisplatin-treated xenografts of the PDX HBCx-8, HBCx-33, T302, HBCx-14 and
HBCx-63. Red: RADS5L, blue: DAPI nuclear stain, green: geminin. Scale bar: 10 pm
b Percentages of tumour cells with more than 5 RADSI foci in control and cisplatin-
treated xenografts of 32 TNBC PDX. Bar dot plot, mean +/- SD (the n° of mice in
each group and PDX is provided in the source data file). ¢ Correlation between

genomic and functional HRD. p = 0.001, Fisher’s exact test, two-sided.

d Percentages of tumour cells with more than 5 RADS1 foci in control and cisplatin-
treated xenografts in PDX from the different response groups (PD, SD, R). Bar dot
plot, mean + SD. n=14 (PD), n=7 (SD), n=11 (R). p<0.0001 (PD), Bonferroni’s
corrected multiple comparisons test, two-way ANOVA test. e N° of PDX with more
or less than 10% of RADS5I positive cells in the different response groups. p=0.02,
Fisher’s exact test, two-sided.
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Fig. 4 | Analysis of cisplatin response in XRCC3 knockout cells. a Schematic
overview of a large genomic deletion of a region including XRCC3 in HBCx-14.
Coloured boxes below indicate exons of genes, with gene names and transcrip-
tional direction (arrows) shown in the bottom of the figure. The 3 panels below
show the splice junction tracts in IGV for WT (T250 primary), HBCx-14 primary and
HBCx-14 xenograft. Splice junctions connecting exons are represented by blue and
red arcs, with transcriptional direction of genes indicated by colour. HBCx-14 pri-
mary and PDX tumours show a junction from APOPTI1 exon 2 to ZFYVE21 exon 2
that is not found in the WT sample. Numbers above and below arcs indicating the
junction depth show loss of coverage in the region spanned by the APOPT1-
ZFYVE21 junction in HBCx-14 compared to WT, with similar or higher junction
coverage outside this region. IGV coverage tracks for WES also shows similar read
depth (indicated by numbers above the peaks) outside the region between APOPT1
exon 2 to ZFYVE21 exon 2, with little to no reads inside that region in HBCx-14

XRCC3-KO C8

HEK293T

tumours. b Clonogenic survival assay in HEK293T cells left wild-type (WT) or car-
rying a frameshifting mutation in XRCC3. Value of each data point in survival graph
is calculated as a percentage of average absorbance of untreated cells. Survival
graph shows a representative of three independent experiments, mean + SEM.
p<0.0001, two-tailed t-test. ¢ Clonogenic assay in RPE-hTERT p53 KO cells trans-
duced with a non-targeting guide RNA or a guide RNA targeting XRCC3. One
representative experiment out of three biological replicates. Mean +/- SEM.
p=0.0017 (2.5 pM) and p=0.0028 (5 uM), a two-tailed ¢-test. d Quantification of
RADS1 foci in HEK293T cells. Mean +/-SD. 3 independent experiments are depic-
ted. p=0.0019, two-tailed t-test. e Representative images of RADS1 foci after cis-
platin treatment for HEK293T WT and the XRCC3 knockout clones. Images show
untreated cells and cells treated with 10 uM cisplatin for 3 h, then stained for for-
mation of RADSI foci and geminin. RADS5I foci are shown in red, Geminin is shown
in green, DAPI is shown in blue.

Atlas, homozygous deletions of XRCC3 were present in different types
of cancers, with a low frequency (between 0.2 and 2.8%) (Supple-
mentary Fig. 7a). In breast cancer, XRCC3 deletions were present in
0.3% of primary tumours (TCGA dataset) and in 2.1% of metastatic

breast cancers (Supplementary Fig. 7b). ORCI missense mutations
were present in the TCGA PanCancer Atlas with a variable frequency
(between 0.2 and 5.5%), the tumour types with the highest frequencies
were endometrial cancers and cutaneous melanoma (Supplementary
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Fig. 5| Analysis of cisplatin response in ORCI mutated cells. a IGV coverage track
images showing the identified point mutations in ORCI (c.C1721T, p.T574M).
Orange/green bar shows the proportion of reads that shows reference base G
(orange, bottom panel) compared to mutant base A (green) in T302 primary and
PDX tumours. Grey bars show 100% of sequenced bases at that location as refer-
ence. Bottom dark/light blue lane shows aminoacids based on reference sequence.
b Clonogenic survival in untreated and cisplatin-treated WT RPE hTERT TP53" cells
and cells with a point mutations in ORCI (C1721T) introduced using the CRISPR/
Cas9 system. Graph shows representative results for three independent experi-
ments. Values of each data point are normalized to untreated conditions of the
same genotype and data are depicted as mean + SEM. ¢ Representative images of
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cisplatin(uM)
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clonogenic survival after cisplatin treatment for RPE-hTERT TP53” cells non-
targeted or carrying ORCI®V?"/2IT Images show cells left untreated and cells
treated with 0.5, 1, 2 or 5 uM cisplatin for 11 days, stained with crystal violet.

d Formation of RAD5I foci in untreated and cisplatin-treated RPE hTERT TP53" cells
and cells with CRISPR/Cas9 induced point mutations in ORCI. Plot depicts the mean
+SEM of RADS5I foci of three independent experiments. Significance was calculated
using a two-tailed t-test. e Representative images of RADS51 focus formation after
irradiation in wild-type cells or ORCIVZ7AT cells, Cells were irradiated with 10
Grey, then stained for RADS1 foci after 3 h. Rad51 foci are depicted in green, DAPI
in blue.

Fig. 8a). In breast cancer, ORCI mutations were found in 1% of samples
(Supplementary Fig. 8b).

Discussion

In this paper, we studied the response to platinum-based chemother-
apy in a large cohort of TNBC PDX models, analysed the predictive
value of genomic and functional biomarkers of HRD and identified
potential drivers of platinum sensitivity.

Overall, the frequency of cisplatin response including both R
and SD, was 54%, which is in the range of responses to platinum-
based chemotherapy in early-stage TNBC*. At the genomic level, the
association of BRCAI/2 mutations with platinum response was close
to significance. A positive correlation between the presence of
BRCA1/2 mutations and platinum-based therapy was found in several
studies both in the neo-adjuvant and metastatic setting’> %,
although not in others®®*’. We find no correlation between CISpIatln
response and BRCAI methylation, in line with recent studies*?°?.
Different platinum-resistant BRCAI methylated models show sig-
nificant BRCAI gene expression, associated with a low percentage of
BRCAI methylation and increased levels of RAD51 foci upon cisplatin
treatment, supporting incomplete promoter methylation as poten-
tial mechanism of platinum resistance in these tumours. This is in
accordance with recent studies demonstrating that biallelic BRCA1/2
inactivation was required for response to PARP inhibitors and
platinum?®33,

In our study, shallow HRD was predictive of platinum response.
Genomic signatures of HRD have been evaluated for their value in

predicting response to platinum-based chemotherapy in breast
cancer, in both early and advanced breast cancers. The myChoice
HRD test predicted response to neo-adjuvant platinum-based che-
motherapy in early-stage breast cancers in different clinical
trials”***, Conversely, in metastatic TNBC, HRD score was not
associated with response to platinum-based first line chemotherapy
in the TNT trial’°, but was associated to a better response to
platinum-based chemotherapy in patients without BRCA1/2 germline
mutations in the TBCROO9 trial®.

As sWGS has been shown to robustly detect CNA in formalin-fixed
tumours and liquid biopsies of different tumour types, including
breast, ovarian and prostate cancer’*”, the shallow HRD method is
potentially applicable to patients’ samples. Shallow HRD displays effi-
ciency in detecting HRD comparable with the MyChoice HRD and with
other tests such as HRDdetect and scarHRD'. HRD scores derived
from WGS have been shown to reflect those obtained by SNP arrays
also by other groups®. Limitations of SWGS are related to ploidy
estimation and recognition quality of sequencing that can be proble-
matic in some tumours and may introduce a degree of uncertainty’®*®,
For these cases (mostly borderline cases) HRD scores were manually
adjusted based on apparent ploidy and recognition quality. We sug-
gest to combine the shallow HRD with other source of genomic
information for the classification of tumours with borderline HRD
scores close to the threshold. An automated version of our method
optimized for clinical diagnostics, with a better classification of the
borderline cases without the need of the manual correction, is cur-
rently under development.
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ShallowHRD was correlated with a lack of functional HR repair,
assessed by the formation of RADS5I foci after cisplatin treatment. Lack
of RADSI focus formation has been shown to predict response to
neoadjuvant anthracycline-based therapy” or the PARP inhibitor
olaparib®. Low efficiency in RADS1 focus formation predicted the
response in PDX models showing tumour regression and complete
response, while the models responding with a stable disease display a
high RADSI score. In the group of resistant PDX, 4 PDX models were
RADS1 deficient and HRD. These models, for which both genomic and
functional HRD failed to predict resistance, could have developed
resistance through a mechanism independent of HR and RADSI1 for-
mation restoration, such as increased replication fork protection
which has been described for BRCA1/2 deficient cells and has been
associated with poor patient response***2,

In 3 PDX models from the responder group without BRCA1/2
mutations or BRCAI promoter methylation, we identified mutations in
the DDR genes XRCC3 (HBCx-14), TONSL (HBCx-33) and ORCI (T302),
that were present also in the matched patients’ primary tumours. By
introducing these mutations in cell lines using CRISPR/Cas9, we could
demonstrate that mutations in XRCC3 or ORCI genes alter the cisplatin
response.

Deleterious variants in XRCC3, a RADS1 paralog involved in HR,
have been detected in breast and ovarian cancer at a low frequency
(0.2%)* and have recently been reported to be mutually exclusive with
BRCAI and BRCA2 mutations when analysing data from ovarian, breast,
pancreatic and prostate tumours*. In cell lines XRCC3 loss sensitizes
cells to IR, crosslinking agents and PARP inhibitors**¢ and reduces
homology mediated repair*’*%, While most studies report loss of
RAD51 focus formation after XRCC3 depletion**°, some studies did not
observe any impact of XRCC3 on RADSI foci formation*. Our in vitro
experiments do show a role for loss of XRCC3 in cisplatin sensitivity
and loss of RADSI foci formation in this PDX.

The T574M mutation in the origin recognition complex compo-
nent ORCI has been described in the Meier-Gorlin syndrome, a form of
primordial dwarfism as have mutations in other genes from the pre-
replication complex®®. The T574 amino acid is conserved across spe-
cies and is part of a 20 amino acid long motif involved in the asso-
ciation with chromosomes®. Consistent with the role of ORCI in the
licensing of origins of replication®, ORCI deficient cell lines show
diminished licensing capacity’>*>. Since normal replication only
requires a small percentage of origins to be fired™, these cells still are
able to proliferate’®*®>. However, when cells encounter replication
stress, firing of excess (dormant) origins is required to prevent under-
replication of DNA between stalled replication forks™*. Cells with
reduced dormant origins are therefore extremely sensitive to DNA
damaging agents®*’ while still capable of forming RADS51 foci*®, which
is in line with the RAD51 positive phenotype of this cisplatin-sensitive
tumour (PDX T302).

In summary, we provide evidence that genomic HRD is highly
predictive of response to platinum in a large panel of TNBC PDX. We
found residual BRCAI gene expression associated to incomplete
(mono-allelic) promoter methylation in different HRD tumours in the
resistant and stable disease groups. Moreover, we were able to identify
a number of genes in addition to BRCAI1/2 that lead to cisplatin sensi-
tivity and confirmed that most tumours sensitive to cisplatin have DNA
repair defects. Finally, we also found one cisplatin-sensitive tumour
with a mutation that could lead to diminished origin licensing, sug-
gesting there may be tumours that benefit from additional therapeutic
approaches.

Methods

Ethics statement

Human breast tumour fragments were obtained with patients’
informed consent (Institute Curie) or approval of the Translational
Research Board (Netherlands Cancer Institute).

In vivo experimental procedures were approved by the Institu-
tional Animal Care and French Committee (project authorization no.
02163.02) and Netherlands Cancer Institute animal experiments
committee and were performed according to respective institutional
regulations’.

Patient-derived xenografts and in vivo preclinical assays

To establish PDX models, tumour fragments were removed during
surgery of female breast cancer patients and grafted into the inter-
scapular fat pad of 8- to 12-week-old female Swiss nude mice under
anaesthesia, as previously detailed*’.

Control and cisplatin/carboplatin treated groups included
between 4 and 13 mice, with the exception of HBCx-157 for which 3
xenografts were treated.

When tumours reached a volume of 60 to 200 mm?, mice were
individually identified and randomly assigned to the control or treated
groups, and the treatments were started. Treatment were adminis-
tered during 6 weeks or less if tumour volumes reach ethical size
(2000 mm?). Cisplatin (CDDP, Teva) was administered i.p. at 6 mg/kg
every 3 weeks (Institut Curie PDX) or by IV injection every 2 weeks (NKI
PDX). Carboplatin (Accord) was given by i.p. at 90 mg/kg every
3 weeks. The efficacy of the two schedules of cisplatin administration
was compared in one PDX giving similar results (Supplementary Fig. 9).
Maximal tumour size/burden was not exceeded.

Tumour growth was evaluated by measurement of two perpen-
dicular diameters of tumours with a caliper twice per week. Individual
tumour volumes were calculated as V=a x b*/2, a being the largest
diameter, b the smallest. Tumour volumes were reported to the initial
volume as relative tumour volume (RTV). Percent change in tumour
volume (AVol) was calculated for each tumour as (Vf-V0/V0)*100
where VO =initial volume (at the beginning of treatment) and Vf = final
volume (at the end of treatment).

The best average response was calculated according to Gao”. The
best response was the minimum value of AVol for ¢>14 d. For each
time t and each xenograft, the average of AVolt from ¢ =0 to ¢ was also
calculated. We defined the BestAvgResponse as the minimum value of
this average for t>14 d. For each PDX, the median value of best
responses and best average responses was calculated. Best response
and best average responses were defined as follow:

The criteria for response were defined as follows: complete
response (CR), BestResponse<-95% and BestAvgResponse <—40%;
partial response (PR), BestResponse <-50% and BestAvgResponse <
—-20%; stable disease (SD), BestResponse <35% and BestAvgResponse
<30%; progressive disease (PD), not otherwise categorized.

DNA and RNA isolation from fresh-frozen tumour tissue

For isolation of genomic DNA, pieces of snap-frozen tumour tis-
sue were lysed overnight at 55°C in lysis buffer containing
250 pg/ml proteinase K. DNA was extracted using phenol/
chloroform/isoamylalcohol, precipitated with isopropanol and
dissolved in TE. Total RNA was isolated from snap-frozen tumour
samples using RNA-Bee (Amsbio, UK), using manufacturer’s
instructions.

Shallow whole-genome sequencing and genomic HRD

Genomic DNA was sequenced on HiSeq2500 at a coverage of 1X.
FASTQ files were aligned on the hgl9 assembly with bwa-mem
(v0.7.15)°°. The mouse reads of the PDX were filtered out using
Xenofilter (v1.6)*". Duplicate reads and multiple alignments were then
filtered out using picard Markduplicates (v2.6; http://broadinstitute.
github.io/picard/) and samtools (v1.9)%, respectively. Processed bam
files were analysed by counting and normalizing the number of reads
in fixed window of 50 kb with QDNAseq (v1.20)*’. To obtain HRD
scores, genomic profiles were analysed by shallowHRD (v1.11)'°. Briefly,
initial genomic profile segmentations of QDNAseq were optimized
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based on minimal CNA cut-off detected for each profile by shallowHRD
pipeline. LGAs (large-scale genomic alterations), defined as chromo-
some arm breaks between adjacent (less than 3 Mb apart) genomic
segments of more than 10 Mb, were subsequently called. Samples with
more than 20 LGAs were classified as Homologous Recombination
Deficient (HRD), while samples with less than 18 LGAs were classified as
Homologous Recombination Proficient (HRP). PDX with a borderline
HRD score (18 to 20 LGAs) were manually classified as borderline, HRP
or HRD, according to apparent ploidy and recognition quality. Two
PDX (HBCx-2 and HBCx-95), initially scored with 30 and 21 LGA, were
manually corrected to 14 and 20 LGA and classified as HRP, based on
false LGA calls and ploidy status (4N).

HRD scores derived from CGH arrays: allele-specific copy num-
bers were obtained from SNP or cytoscan arrays for 44 PDX using the
GAP algorithm®. Starting from the copy number data, HRD scores
(LOH +LST + TAI) were calculated using a custom R script (https://
zenodo.org/record/7675801). LOH score was calculated as the num-
ber of LOH regions of at least 15 MB but less than the entire chro-
mosome. TAI corresponded to the number of chromosome arms
with allelic imbalance at the telomeric side (larger than 500 probes)
and allelic balance at the centromere. LST corresponded to the
number of allele-specific copy number changes between segments of
at least 10 Mb, calculated after filtering alterations less than 3 Mb
in size.

Methylation of BRCA1

Methylation of BRCA1 was performed by sodium bisulfite modification
of 100 ng of genomic DNA, following the manufacturer’s protocol
(EpiTect Plus DNA Bisulfite Kit, Qiagen). The methylated status of the
BRCA1 promoter was determined by PCR with specific primers and
verified by pyrosequencing (PyroMark Q96 ID Instrument, Qiagen).
The degree of CpG methylation was evaluated from the ratios of T and
C in the sequence.

Targeted sequencing of Institut Curie PDX

Institut Curie PDX HBCx-1 to HBCx-181 were analysed by targeted NGS
of 95 genes including the most frequently mutated genes in breast
cancer (>1%)"%. PDX HBCx-185 - HBCx-217 were sequenced with a tar-
geted NGS panel (called “DRAGON?”) that has been recently developed
in the Genetics Department of Institut Curie. It is composed of 576
genes of interest in oncology®, including the following genes involved
in DNA repair: ATM, ATR, BARDI, BRCA1, BRCA2, BRIP1, CDK12, CHD1,
CHD2, CHD3, CHD4, CHD6, CHDS, CHEK2, ERCC2, FANCA, FANCB,
FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCL, FANCM, NBN,
PALB2, RAD21, RADSO, RADS51, RADSIB, RADSIC, RADSID, RADS4L,
RECQL4, SLX4, XRCC2.

PDX HBCx-4B and HBCx-14 that were found to be HRD but did not
show mutations in BRCA1/2 nor BRCA1 methylation, were sequenced
with both panels.

Sequencing for both panels was performed on an Illumina
HiSeq2500 with a 500-1000X coverage. Reads were aligned using
Burrows-Wheeler Aligner (BWA) allowing up to 4% of mismatches with
the reference. Only reads with a mapping quality higher than 20 were
used for variant calling, performed with Genome Analysis ToolKit
(GATK, v3.5) Unified Genotyper and annotated with COSMIC and 1000
Genome databases®. Variants with low allelic frequency (<5%) or low
coverage (<100x) and a high 1000 Genome frequency (>0.1%) were
excluded from the analysis. The LOH status of the BRCA1/2 genes was
inferred from the variant allele frequencies.

RADAS1 staining

To analyse RAD51 foci, PDX models were treated with a single dose of
cisplatin, mice were sacrificed 24 h after treatment and tumour were
fixed in formalin. Staining for RAD51 and geminin was done as
described previously'. Briefly, 3-mm sections of fixed tumours were

exposed to antigen retrieval at pH 9 (Dako Target Retrieval Solution,
pH 9, Agilent Technologies, reference S2367) for 18 min, then cooled
for 20 min and treated by Triton 0.2% for 20 min for permeabilization.
Tissue sections were then washed in phosphate-buffered saline (PBS),
treated with 100 mL of DNAse I (Roche) for 1 h at 37 °C and blocked
with immunofluorescence buffer (IFF; 1% bovine serum albumin, 2%
FBS in PBS) for 30 min at room temperature. Sections were stained
with geminin antibody in IFF for 1h at RT, washed with PBS, followed
by Alexa Fluor 488 conjugate in IFF for 1 h at RT, washed with PBS, fixed
with 4% paraformaldehyde (PFA) solution for 15min, stained with
RADSI antibody in IFF for 1 h at RT, washed with PBS, followed by anti-
mouse Alexa 647 conjugate in IFF for 1 h at RT, washed in PBS with 4',6-
diamidino-2-phenylindole (DAPI; 1:10,000) for 15 min, and fixed again
with 4% PFA.

Primary antibodies: anti-RAD51 (mouse, Genetex, GTX70230,
Clone 14B4, Lot 44265 (IF 1:250)) and anti-Geminin (rabbit, Pro-
teinTech Group, 10802-1-AP, Lot 00047193 (IF 1:500)). Secondary
antibodies: Goat anti-Mouse IgG (H+L) Cross Adsorbed Secondary
Antibody, Alexa Fluor 647 (#A-21235, Invitrogen, 1:500) and Goat anti-
Rabbit IgG (H +L) Cross Adsorbed Secondary Antibody, Alexa Fluor
488 (#A-11008, Invitrogen, 1:500).

To measure RADSI foci in HEK293 cells, cells (250000 cells/well)
were cultured overnight on coverslips (18 mm) at 37 °C and 5% CO, in
DMEM with 10% FCS. Cells were then treated with 10 puM cisplatin for
2 h, then 10 pM EdU was added to the medium and cells were incu-
bated for an additional hour. Medium was removed and cells per-
meabilized for exactly 1 min in Triton-X100 buffer (0.5% Triton-X100,
20 mM HEPES, 50 mM NaCl, 3 mM MgCl,, 300 mM sucrose). Cells were
fixed in 4% PFA. EdU staining was performed using the Click-iT kit
(Thermofisher). Coverslips were incubated for 30 min in Click-iT
reaction cocktail containing Alexa Fluor-488, then washed in 3% PBS/
BSA and incubated for 90 min with Rabbit-anti-RAD51 (1:10,000,
#2307, a gift from R. Kanaar, Erasmus MC, Rotterdam). After washing,
coverslips were incubated with goat-anti-Rabbit Alexa Fluor 594
(1:1000) for 60 min, then mounted in Vectashield mounting medium
containing DAPI (Vector Laboratories).

To assess RAD51 foci formation in RPE hTERT p53 KO cells, cells
were seeded onto coverslips (VWR), irradiated with 10 Grey of
ionizing radiation and left to recover for 3 h. Cells were fixed with
3.7% formaldehyde for 10 min and permeabilized using 5% Triton-
X100 diluted in PBS for 10 min. To prevent unspecific binding of the
antibody, slides were incubated with blocking solution (1 mg/mL
BSA, 3% goat serum, 0.1% Triton-X100, 1 mM EDTA pH 8.0 in PBS) for
at least 1 h at room temperature. Subsequently, cells were incubated
with the primary RADSI1 antibody (Genetex, GTX70230, 1:250) dilu-
ted in blocking solution over night at 4 °C. The next day, slides were
washed three times with 0.02% Triton-X100 diluted in PBS and
incubated with or goat anti-mouse Alexa Fluor-488 (Invitrogen)
diluted in blocking solution (1:500) for 1h at room temperature.
Next, slides were again washed with 0.02% Triton-X100 in PBS and
mounted in Vectashield mounting medium containing DAPI (Vector
Laboratories).

To determine the percentage of RADSI1 positive cells, tumour
slides or coverslips were imaged on a Leica SP5 confocal system (Leica
Microsystems, Germany) equipped with a 63x objective lens. On each
slide or coverslip, 3-12 areas were randomly selected and imaged (with
aminimum of 100 cells per condition). Foci were counted using ImageJ
with an in-house developed macro that measures the number of RAD51
foci for each geminin (for tumour slides), EAU (for HEK293T cells) or
DAPI (for RPE-1 cells) positive nucleus. Geminin-positive or EdU-
positive cells with more than 5 RADS5I foci were considered positive.
For RPE-1 cells, DAPI-positive cells with more than 5 RADS51 foci were
considered positive. PDX models showing less than 5 RAD51 fociin less
than 10% of cells after cisplatin treatment were considered HR
deficient.
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Whole-exome sequencing of paired patients’ and PDX tumour
samples

Genomic DNA (1 pg) was fragmented with a Covaris S220 sonicator and
DNA fragment libraries were prepared using the TruSeq DNA Sample
Preparation Kit (Illumina, Eindhoven, the Netherlands). Library pools
(8 libraries/pool) were hybridized to the V4 Exome + UTR kit (Agilent)
and sequenced on a Illumina HiSeq (50 bp PE) with a 100X coverage.

Reads were processed and variants filtered as is shown in Sup-
plementary Fig. 3. Reads were trimmed using Cutadapt to remove
remaining adaptor sequences, filtering reads shorter than 60 bp after
trimming. Trimmed reads were aligned to the human (GRCh38) and
mouse (GRCm38) reference genome using BWA. The human align-
ment was processed for duplicate marking, indel realignment, and
base recalibration using Picard Tools and GATK, as recommended by
GATK best practices, and filtered to remove contaminating mouse
reads using Disambiguate®. QC statistics from Fastqc and above-
mentioned tools were collected and summarized using Multiqc®®.
Freebayes was used for variant detection. Variants with an alternative
depth of less than 2 and an alternative frequency of less than 0.25 were
removed. Variants were also removed if they were classified in CLINSIG
as benign, were classified as synonymous-SNV, were not exonic or
splicing variants, were present in 5 or more of the primary or PDX
tumours and/or had a population frequency of more than 0.001 in one
of the following databases downloaded with ANNOVAR®’ (1000g,
Kaviar, hrcrl, gnomad_genome, gnomad_exome, esp6500siv2,
exac_03) were excluded. Finally, variants classified as Benign/Toler-
ated/Possibly damaging/Low/Medium/Neutral in more than 2 of the 5
effect prediction algorithms used (SIFT, Polyphen2 HDIV, Mutatio-
nAssessor, MetaSVM, FATHMM) were excluded.

The variant list was then filtered for genes included in the
Cosmic Cancer gene census list (v84, February 2018; Supplementary
Data 4)"° to select genes that may act as cancer drivers. To select for
genes that may affect the response to cisplatin, variants were filtered
against a list of genes implicated in DNA damage response (DDR)
(Supplementary Data 5). The gene list for the DDR filtering was
compiled by combining genes associated with the following GO-
terms: GO:0000077 (DNA damage checkpoint), GO:0000723 (telo-
mere maintenance), GO:0006260 (DNA replication), GO:0006281
(DNA repair), GO:0006301 (Translesion synthesis), GO:0010212
(response to ionizing radiation), GO:0034644 (cellular response to
UV), GO:0071478 (cellular response to radiation), GO:0035861 (site of
double-strand break).

Array comparative genomic hybridization (aCGH) analysis

DNA was labelled with Cy3/CyS5 fluorochromes using the Enzo Agilent
aCGH labelling kit (Enzo Life Sciences, Raamsdonksveer, the Nether-
lands) according to manufacturer’s instructions. DNA was hybridized
to Nimblegen 12x135K arrays (Roche Nimblegen) according to manu-
facturer’s instructions, with labelled Human genomic female reference
DNA (Promega, Leiden, the Netherlands). Arrays were scanned using
an Agilent scanner, and analysed using the Nimblescan software
programme.

Logratio’s were transformed into calls with the R-package
CGHcall”. For the oncoprint, genes with high-level amplifications
(call 2) or homozygous deletions (call -2) were selected.

To determine the HRD status of the 7 NKI PDX, CGH profiles were
processed using the same shallowHRD pipeline after minor modifica-
tion of CGH profiles (in each 10 kb window only one randomly selected
measured position was retained, others, if any, were discarded).

RNAseq

Total RNA was analysed using a Agilent Bioanalyzer 2100. Total RNA
(100 ng) was used for library generation with the Truseq total RNA
library prep kit (Illumina) with Ribozero treatment to remove rRNA.
The libraries were sequenced on an Illumina HiSeq2000 using 50-bp

paired-end reads. The reads were trimmed using Cutadapt (Martin,
2011)”* to remove any remaining adaptor sequences, filtering reads
shorter than 20 bp after trimming to ensure good mappability. The
trimmed reads were aligned to the GRCh38 reference genome using
STAR (version 2.5.2b; ref. 73). Mouse reads were filtered out by
Disambiguate®’. QC statistics were from Fastqc’* and the above-
mentioned tools were collected and summarized using Multiqc®®. Gene
expression counts were generated by featureCounts™ using gene
definitions from Ensembl GRCh38 version 89. This pipeline is available
at (https://github.com/jrderuiter/snakemake-rnaseq).

Normalized expression values were obtained by correcting for
differences in sequencing depth between samples using DESeqs
median-of-ratios approach (Anders and Huber, 2010)’® and then log-
transforming the normalized counts. For the TCGA data, normalized
gene expression counts were downloaded from Firehose (data set
version 2016 01 28) and log-transformed. The PAMS50 subtype
assignment of the TCGA breast tumours was obtained from the TCGA
BRCA publication (Cancer Genome Atlas Network, 2012). Unsu-
pervised clustering (Euclidean distance, average linkage) of the
human breast cancer samples from TCGA and the PDX samples was
performed using a three-genes signature that distinguishes the
PAMS0 subtypes®.

Fusions were identified with STAR-Fusion’” and validated using
FusionInspector. To identify deletions, we only included fusion
events where fusion partners are located on the same chromosome.
Fusions partners and genes in deleted sections between them were
filtered against the DDR gene list to select for fusions that include
genes that may affect cisplatin sensitivity. To prevent selection of
false positives, fusions were only included if the region between
fusion points had a summed read count in the lower 10% of nor-
malized read count distribution and all genes in that region had a
read count for that specific gene in the lower 10% compared to the
rest of the samples.

Crispr edited XRCC3 and ORCI cell lines

To generate XRCC3 knockout cells, sgRNAs targeting XRCC3
(GAACGGCCTCCTTACACTTG) and a non-targeting sgRNA
(TGATTGGGGGTCGTTCGCCA) were selected from the GeCKO v2
human gRNA library and were cloned into the pLentCRISPRv2 vector
(Addgene, plasmid #52961) as described’. All vectors were screened
by Sanger sequencing. Lentiviral particles were generated in
HEK293T cells using 3rd generation lentiviral vectors and calcium-
phosphate transfection. Viruses were titered using a qPCR lentivirus
titration kit (Abm, LV900).

HEK293T cells were obtained from ATCC and cultured in Iscove’s
medium (Invitrogen Life Technologies) containing 10% FBS, 100 1U/ml
penicillin, and 100 pg/ml streptomycin. Transductions were per-
formed by adding diluted viral supernatant to the cells in the presence
of 8 pg/mL polybrene (Sigma). Cells were transduced for 24 h with MOI
1, after which cells were refreshed with medium containing 2 pg/mL
puromycin. Single colonies were isolated by limiting dilution.

Genomic DNA was isolated using the Gentra Puregene genomic
DNA isolation kit (Qiagen). 1 pg of DNA was amplified with specific
primers spanning the target site (FW: TATCTGTCCGAGTGCCAGGA;
RV: TGTCCACCTCACGCATCTTC) using the Q5 high-fidelity PCR kit
(NEB). PCR products were Sanger sequenced using the FW primer and
editing efficacy was predicted using TIDE”®. Untransduced cells were
taken along as a control in each sgRNA amplification. Cells were seeded
in triplicate at 100,000 cells per well in 6-well plates for clonogenic
survival assay. Clonal cell lines were plated in the presence of cisplatin
or vehicle, were stained with 0.1% crystal violet 10 days later, scanned
with the Gelcount and quantified by extracting crystal violet dye with
10% acetic acid solution crystal violet assay.

Human retinal pigment epithelial cells (RPE-1) were maintained in
DMEM GlutaMax (Gibco) supplemented with 10% foetal bovine serum
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and 1% penicillin streptomycin. RPE-1 cells carrying a p53 deletion and
constitutively expressing Cas9°° were kindly provided by Daniel Dur-
ocher. To generate cells carrying the ORCI C1721T point mutation, cells
were seeded into 12-well plates the day before and transfected with a
guide RNA (GGTCAATGGCATGAAGCTGA) cutting close to the site
of the point mutation and a single-stranded DNA template (CAGCC
CAAGCCAATGATGTTCCTCCCTTTCAATACATTGAGGTTAACGGCATG
AAGCTGATGGAGCCCCACCAAGTCTATGTGCAAATCTTGCAGGTAAG
CAGAGCTGTTTAGGCTTTTTG) using Lipofectamine RNAimax (Ther-
moFisher). Cells were left to recover for 48 h and single-cell clones
were generated by limiting dilution. Clones were tested for introduc-
tion of the pointmutation by PCR (forward primer: TTATAACGTG
TAGTGGCTGG, reverse primer: ATTCTGTCTTCCTTGCCCTT), Sanger
sequencing and TIDER analysis™.

To assess cisplatin sensitivity of cell lines generated above, 1000
cells/well were seeded in duplicates into 6-well plates and the follow-
ing day vehicle or cisplatin was added. Colony formation was assessed
9-11 days after seeding depending on confluency. Cell viability was
assessed using CellTiterBlue reagent (Promega) according to manu-
facturer’s instructions. Absorbance was measured on a microplate
reader (Infinite200 Pro, Tecan). Percentage of survival was calculated
by normalizing values to untreated control cell lines. To stain the cells
with crystal violet, cells were fixed with 3.7% formaldehyde and colo-
nies were stained with a 0.1% crystal violet solution.

Cell lines were not authenticated and were regularly tested
negative for mycoplasma.

Statistical analyses

Categorical variables were analysed with the Fisher’s exact test. Sen-
sitivity, specificity, and positive and negative predictive values were
calculated with GraphPad Prism software. Two-tailed unpaired t tests
were used when comparing two groups. The correlation analysis
between shallowHRD and CGH HRD scores was performed by calcu-
lating the Pearson correlation coefficient with GraphPad Prism
software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNAseq, WES and WGS raw data are available under restricted
access due to the possibility of revealing patient-sensitive information.
Raw data from RNAseq and WES of Institut Curie and NKI samples have
been submitted to The European Genome-phenome Archive (EGA)
under the number EGAS00001006393. Request for data access will be
referred directly to the Data Access Committee (https://ega-archive.
org/dacs/EGAC00001002749) (repository@nki.nl). The WGS raw data
have been submitted at EGA under the number EGAS00001005926.
Request for data access will be referred directly to the Data Access
Committee  (https://ega-archive.org/datasets/EGADO0001008839)
(data.office@curie.fr). To request access to the datasets, please pro-
vide the following information in your Data Access Request: recipient
and recipient Institution, details of dataset requested (EGA Study and
Dataset Accession Number), brief abstract of the project in which the
data will be used, all individuals who will be allowed access to the
requested datasets by the recipient institution. After receipt and
review of your Data Access Request by the Data Access Committee,
you will receive a Data Transfer Agreement to be completed, signed
and returned to the Data Access Committee, prior to being granted
access to the requested dataset(s). For the avoidance of doubt, the
Data Access Committee reserves the right to withhold granting access.
The raw data of Institut Curie PDX targeted sequencing are protected
due to lack of patients’ consent to deposit in a public reposi-
tory. Source data are provided with this paper.

Code availability
The R script is available at the Zenodo repository (zonodo.org) under
the accession number https://doi.org/10.5281/zenodo.7675801.

References

1. Bianchini, G., Balko, J. M., Mayer, I. A., Sanders, M. E. & Gianni, L.
Triple-negative breast cancer: challenges and opportunities
of a heterogeneous disease. Nat. Rev. Clin. Oncol. 13, 674-690
(2016).

2. Lord, C. J. & Ashworth, A. BRCAness revisited. Nat. Rev. Cancer 16,
110-120 (2016).

3. Sharma, P. Update on the treatment of early-stage triple-negative
breast cancer. Current Treat. Opt. Oncol. 19, 22 (2018).

4. Rottenberg, S. et al. High sensitivity of BRCA1-deficient mammary
tumors to the PARP inhibitor AZD2281 alone and in combination
with platinum drugs. PNAS 105, 17079-17084 (2008).

5. Ter Brugge, P. et al. Mechanisms of therapy resistance in patient-
derived xenograft models of BRCA1-deficient breast cancer. J. Natl
Cancer Inst. 108, djw148 (2016).

6. Sasther, N. H. et al. Platinum-based neoadjuvant chemotherapy in
BRCAT1-positive breast cancer: a retrospective cohort analysis and
literature review. Hered. Cancer Clin. Pract. 16, 9 (2018).

7. Byrski, T. et al. Pathologic complete response to neoadjuvant cis-
platin in BRCA1-positive breast cancer patients. Breast Cancer Res.
Treat. 147, 401-405 (2014).

8. Silver, D. P. et al. Efficacy of neoadjuvant Cisplatin in triple-negative
breast cancer. J. Clin. Oncol. 28, 1145-1153 (2010).

9. Hoppe, M. M., Sundar, R., Tan, D. S. P. & Jeyasekharan, A. D. Bio-
markers for homologous recombination deficiency in cancer. J. Natl
Cancer Inst. 110, 704-713 (2018).

10. den Brok, W. D. et al. Homologous recombination deficiency in
breast cancer: a clinical review. JCO Pres. Oncol. 1, 1-13 (2017).

M. Zhu, Y. Hu, Y., Tang, C., Guan, X. & Zhang, W. Platinum-based
systematic therapy in triple-negative breast cancer. Biochim. Bio-
phys. Acta Rev. Cancer 1877, 188678 (2022).

12. Coussy, F. et al. A large collection of integrated genomically char-
acterized patient-derived xenografts highlighting the heterogeneity
of triple-negative breast cancer. Int. J. Cancer, https://doi.org/10.
1002/ijc.32266 (2019).

13. Coussy, F. etal. BRCAness, SLFN11, and RB1 loss predict response to
topoisomerase | inhibitors in triple-negative breast cancers. Sci.
Transl. Med. 12, eaax2625 (2020).

14. Dent, R. et al. Triple-negative breast cancer: clinical features and
patterns of recurrence. Clin. Cancer Res. 13, 4429-4434 (2007).

15. Gao, H. et al. High-throughput screening using patient-derived
tumor xenografts to predict clinical trial drug response. Nat. Med.
21, 1318-1325 (2015).

16. Eeckhoutte, A. et al. ShallowHRD: detection of homologous
recombination deficiency from shallow whole genome sequen-
cing. Bioinformatics 36, 3888-3889 (2020).

17.  Telli, M. L. et al. Homologous recombination deficiency (HRD) score
predicts response to platinum-containing neoadjuvant che-
motherapy in patients with triple-negative breast cancer. Clin.
Cancer Res. 22, 3764-3773 (2016).

18. Timms, K. M. et al. Association of BRCA1/2 defects with genomic
scores predictive of DNA damage repair deficiency among breast
cancer subtypes. Breast Cancer Res. 16, 475 (2014).

19. Graeser, M. et al. A marker of homologous recombination predicts
pathologic complete response to neoadjuvant chemotherapy in
primary breast cancer. Clin. Cancer Res. 16, 6159-6168 (2010).

20. Haibe-Kains, B. et al. A three-gene model to robustly identify breast
cancer molecular subtypes. J. Natl Cancer Inst. 104, 311-325 (2012).

21. Piwko, W. et al. The MMS22L-TONSL heterodimer directly promotes
RAD51-dependent recombination upon replication stress. EMBO J.
35, 2584-2601 (2016).

Nature Communications | (2023)14:1958

12


https://ega-archive.org/dacs/EGAC00001002749
https://ega-archive.org/dacs/EGAC00001002749
https://ega-archive.org/datasets/EGAD00001008839
https://doi.org/10.5281/zenodo.7675801
https://doi.org/10.1002/ijc.32266
https://doi.org/10.1002/ijc.32266

Article

https://doi.org/10.1038/s41467-023-37537-2

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Duro, E. et al. Identification of the MMS22L-TONSL complex that
promotes homologous recombination. Mol. Cell 40, 632-644
(2010).

O'Donnell, L. et al. The MMS22L-TONSL complex mediates recovery
from replication stress and homologous recombination. Mol. Cell
40, 619-631 (2010).

Gerratana, L., Fanotto, V., Pelizzari, G., Agostinetto, E. & Puglisi, F.
Anti-tumour treatment: do platinum salts fit all triple negative
breast cancers? Cancer Treat. Rev. 48, 34-41 (2016).

Isakoff, S. J. et al. TBCRCO09: a multicenter phase Il clinical trial of
platinum monotherapy with biomarker assessment in metastatic
triple-negative breast cancer. J. Clin. Oncol. 33, 1902-1909 (2015).
Narod, S. A. et al. Predictors of survival for breast cancer patients
with a BRCA1 mutation. Breast Cancer Res. Treat. 168, 513-521
(2018).

Pavese, F. et al. BRCA mutation status in triple-negative breast
cancer patients treated with neoadjuvant chemotherapy: a pivotal
role for treatment decision-making. Cancers 14, 4571 (2022).
Hahnen, E. et al. Germline mutation status, pathological complete
response, and disease-free survival in triple-negative breast cancer.
JAMA Oncol. 3, 1378 (2017).

Telli, M. L. et al. Homologous recombination deficiency (HRD) status
predicts response to standard neoadjuvant chemotherapy in
patients with triple-negative or BRCA1/2 mutation-associated breast
cancer. Breast Cancer Res. Treat. 168, 625-630 (2018).

Tutt, A. et al. Carboplatin in BRCA1/2-mutated and triple-negative
breast cancer BRCAness subgroups: the TNT Trial. Nat. Med. 24,
628-637 (2018).

Menghi, F. et al. Genomic and epigenomic BRCA alterations predict
adaptive resistance and response to platinum-based therapy in
patients with triple-negative breast and ovarian carcinomas. Sci.
Transl. Med. 14, eabn1926 (2022).

van der Wijngaart, H. et al. Patients with biallelic BRCA1/2 inacti-
vation respond to olaparib treatment across histologic tumor types.
Clin. Cancer Res. 27, 6106-6114 (2021).

Kondrashova, O. et al. Methylation of all BRCA1 copies predicts
response to the PARP inhibitor rucaparib in ovarian carcinoma. Nat.
Commun. 9, 3970 (2018).

Kaklamani, V. G. et al. Phase Il neoadjuvant clinical trial of carbo-
platin and eribulin in women with triple negative early-stage breast
cancer (NCT01372579). Breast Cancer Res. Treat. 151, 629-638
(2015).

Loibl, S. et al. Survival analysis of carboplatin added to an anthra-
cycline/taxane-based neoadjuvant chemotherapy and HRD score
as predictor of response-final results from GeparSixto. Ann. Oncol.
29, 2341-2347 (2018).

Chin, S. F. et al. Shallow whole genome sequencing for robust copy
number profiling of formalin-fixed paraffin-embedded breast can-
cers. Exp. Mol. Pathol. 104, 161-169 (2018).

Van Roy, N. et al. Shallow whole genome sequencing on circu-
lating cell-free DNA allows reliable noninvasive copy-number
profiling in neuroblastoma patients. Clin. Cancer Res. 23,
6305-6314 (2017).

de Luca, X. M. et al. Using whole-genome sequencing data to derive
the homologous recombination deficiency scores. NPJ Breast
Cancer 6, 33 (2020).

Cruz, C. et al. RAD51 foci as a functional biomarker of homologous
recombination repair and PARP inhibitor resistance in germline
BRCA-mutated breast cancer. Ann. Oncol. 29, 1203-1210 (2018).
Ding, X. et al. Synthetic viability by BRCA2 and PARP1/ARTD1 defi-
ciencies. Nat. Commun. 7, 12425 (2016).

Dungrawala, H. et al. RADX promotes genome stability and mod-
ulates chemosensitivity by regulating RAD51 at replication forks.
Mol. Cell 67, 374-386.e375 (2017).

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

62.

Rondinelli, B. et al. EZH2 promotes degradation of stalled replica-
tion forks by recruiting MUS81 through histone H3 trimethylation.
Nat. Cell Biol. 19, 1371-1378 (2017).

Golmard, L. et al. Contribution of germline deleterious variants in
the RAD51 paralogs to breast and ovarian cancers. Eur. J. Hum.
Genet. 25, 1345-1353 (2017).

Jamal, K. et al. Drug-gene interaction screens coupled to tumor
data analyses identify the most clinically relevant cancer vulner-
abilities driving sensitivity to PARP inhibition. Cancer Res. Commun.
2, 1244-1254 (2022).

Yoshihara, T. et al. XRCC3 deficiency results in a defect in recom-
bination and increased endoreduplication in human cells. EMBO J.
23, 670-680 (2004).

Drew, Y. et al. Therapeutic potential of poly(ADP-ribose) polymerase
inhibitor AG014699 in human cancers with mutated or methylated
BRCA1 or BRCA2. J. Natl Cancer Inst. 103, 334-346 (2011).

Chun, J., Buechelmaier, E. S. & Powell, S. N. Rad51 paralog com-
plexes BCDX2 and CX3 act at different stages in the BRCA1-BRCA2-
dependent homologous recombination pathway. Mol. Cell. Biol. 33,
387-395 (2013).

Pierce, A. J., Johnson, R. D., Thompson, L. H. & Jasin, M. XRCC3
promotes homology-directed repair of DNA damage in mammalian
cells. Genes Dev. 13, 2633-2638 (1999).

Takata, M. et al. Chromosome instability and defective recombi-
national repair in knockout mutants of the five Rad51 paralogs. Mol.
Cell. Biol. 21, 2858-2866 (2001).

Bicknell, L. S. et al. Mutations in ORC1, encoding the largest subunit
of the origin recognition complex, cause microcephalic primordial
dwarfism resembling Meier-Gorlin syndrome. Nat. Genet. 43,
350-355 (2011).

Kara, N., Hossain, M., Prasanth, S. G. & Stillman, B. Orc1 binding to
mitotic chromosomes precedes spatial patterning during G1 phase
and assembly of the origin recognition complex in human cells. J.
Biol. Chem. 290, 12355-12369 (2015).

Courtot, L. et al. The protective role of dormant origins in response
to replicative stress. Int. J. Mol. Sci. 19, 3569 (2018).

Stiff, T. et al. Deficiency in origin licensing proteins impairs cilia
formation: implications for the aetiology of Meier-Gorlin syndrome.
PLoS Genet. 9, e1003360 (2013).

Yekezare, M., Gomez-Gonzalez, B., Diffley, J. F. X. & Controlling, D.
N. A. replication origins in response to DNA damage - inhibit glob-
ally, activate locally. J. Cell Sci. 126, 1297-1306 (2013).

Shima, N. & Pederson, K. D. Dormant origins as a built-in safeguard
in eukaryotic DNA replication against genome instability and dis-
ease development. DNA Repair 56, 166-173 (2017).

Ibarra, A., Schwob, E., Méndez, J. & Excess, M. C. M. proteins protect
human cells from replicative stress by licensing backup origins of
replication. Proc. Natl Acad. Sci. USA 105, 8956-8961 (2008).
Zimmerman, K. M., Jones, R. M., Petermann, E. & Jeggo, P. A. Origin-
licensing capacity specifically sensitizes tumor cells to replication
stress. Mol. Cancer Res. 11, 370-380 (2013).

Kawabata, T. et al. Stalled fork rescue via dormant replication ori-
gins in unchallenged S phase promotes proper chromosome seg-
regation and tumor suppression. Mol. Cell 41, 543-553 (2011).
Marangoni, E. et al. A new model of patient tumor-derived breast
cancer xenografts for preclinical assays. Clin. Cancer Res. 13,
3989-3998 (2007).

Li, H. & Durbin, R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).
Kluin, R. J. C. et al. XenofilteR: computational deconvolution of
mouse and human reads in tumor xenograft sequence data. BMC
Bioinform. 19, 366 (2018).

Li, H. et al. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

Nature Communications | (2023)14:1958

13



Article

https://doi.org/10.1038/s41467-023-37537-2

63. Scheinin, I. et al. DNA copy number analysis of fresh and formalin-
fixed specimens by shallow whole-genome sequencing with iden-
tification and exclusion of problematic regions in the genome
assembly. Genome Res. 24, 2022-2032 (2014).

64. Popova, T. et al. Genome Alteration Print (GAP): a tool to visualize
and mine complex cancer genomic profiles obtained by SNP arrays.
Genome Biol. 10, R128 (2009).

65. Montaudon, E. et al. PLK1 inhibition exhibits strong anti-tumoral
activity in CCND1-driven breast cancer metastases with acquired
palbociclib resistance. Nat. Commun. 11, 4053 (2020).

66. Forbes, S. A. et al. The catalogue of somatic mutations in cancer
(COSMIC). Curr. Protoc. Hum. Genet. Chapter 10, Unit 10 11 (2008).

67. Ahdesmaki, M. J., Gray, S. R., Johnson, J. H. & Lai, Z. Disambiguate:
an open-source application for disambiguating two species in next
generation sequencing data from grafted samples. FIOOORes 5,
2741 (2016).

68. Ewels, P., Magnusson, M., Lundin, S. & Kaller, M. MultiQC: sum-
marize analysis results for multiple tools and samples in a single
report. Bioinformatics 32, 3047-3048 (2016).

69. Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic
Acids Res. 38, €164 (2010).

70. Sondka, Z. et al. The COSMIC Cancer Gene Census: describing
genetic dysfunction across all human cancers. Nat. Rev. Cancer 18,
696-705 (2018).

71. van de Wiel, M. A. et al. CGHcall: calling aberrations for array CGH
tumor profiles. Bioinformatics 23, 892-894 (2007).

72. Martin, M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet.journal 17, 10-12 (2011).

73. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinfor-
matics 29, 15-21 (2013).

74. Andrews, S. FastQC: A Quality Control Tool for High Throughput
Sequence Data (2010).

75. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics 30, 923-930 (2014).

76. Anders, S. & Huber, W. Differential expression analysis for sequence
count data. Genome Biology 11, 106 (2010).

77. Haas, B. J. et al. Accuracy assessment of fusion transcript detection
via read-mapping and de novo fusion transcript assembly-based
methods. Genome Biol. 20, 213 (2019).

78. Sanjana, N. E., Shalem, O. & Zhang, F. Improved vectors and
genome-wide libraries for CRISPR screening. Nat. Methods 11,
783-784 (2014).

79. Brinkman, E. K., Chen, T., Amendola, M. & van Steensel, B. Easy
quantitative assessment of genome editing by sequence trace
decomposition. Nucleic Acids Res. 42, 168 (2014).

80. Zimmermann, M. et al. CRISPR screens identify genomic ribonu-
cleotides as a source of PARP-trapping lesions. Nature 559,
285-289 (2018).

Acknowledgements

We thank the team of Institut Curie mouse facility and Charlotte Martinat,
Maud Kamal for facilitating the access of patient’s tumour samples for
PDX establishment. Work in Elisabetta Marangoni laboratory is sup-
ported by SIRIC2 (NCa-DGOS-Inserm_12554) and Institut Curie (breast
cancer PMS) grants. S.C.M. is supported by a Boehringer Ingelheim
Fonds PhD fellowship. Work in the Jonkers lab is supported by the
Oncode Institute, which is partly financed by the Dutch Cancer Society.
Research at the Netherlands Cancer Institute is supported by

institutional grants of the Dutch Cancer Society and of the Dutch Min-
istry of Health, Welfare and Sport.

Author contributions

P.t.B,S.M., E.v.d.B.,C.L., S.A. and J.d.R. performed the in vitro and in vivo
experiments at the The Netherlands Cancer Institute. R.d.B. was involved
in the bioinformatic analysis of RNAseq and WES. P.K., P.t.B. and S.C.
performed the RAD51 experiments. A.E., T.P. and MH.S. were involved in
the shallow HRD analysis from WGS. S.I., J.M.P., S.V., L.C., R.E.B. and |.B.
performed and analysed the targeted sequencing, the BRCA1 methyla-
tion and RT-PCR experiments of Institut Curie PDX models. E.Mo, L.S.,
L.M., L.H., A.D., H.D., F.N. established the PDX models and performed
in vivo experiments at Institut Curie. T.L., JJW. and A.S. were involved in
the histopathological analysis of tumours. F.R., A.S., D.D. and F.C. were
involved in the collection and distribution of surgical specimens and
associated clinical data to the laboratories. J.W., J.J. and E.Ma. were
involved in the study design and supervision of the work. E. Ma. and P.t.B.
wrote the manuscript. I.B., J.W., S.M. and J.J. were involved in critical
review of the manuscript.

Competing interests

The authors Tatiana Popova and Marc-Henri Stern are coinventors of the
LST method for detecting inactivation of the HR pathway (BRCA1/2) in
human tumours, patent numbers 20170260588 and 20150140122,
under exclusive licensing with Myriad Genetics. The remaining authors
declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37537-2.

Correspondence and requests for materials should be addressed to
Jos Jonkers or Elisabetta Marangoni.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

'Division of Molecular Pathology, Oncode Institute, The Netherlands Cancer Institute, Amsterdam, Netherlands. 2Genetics Department, Institut Curie, PSL
University, 26 Rue d’Ulm, 75005 Paris, France. 3INSERM U830, Institut Curie, PSL University, 75005 Paris, France. 4Institut Curie, PSL University, 26 Rue d’'Ulm,

Nature Communications | (2023)14:1958

14


https://doi.org/10.1038/s41467-023-37537-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41467-023-37537-2

75005 Paris, France. ®Laboratory of Preclinical Investigation, Translational Research Department, Institut Curie, PSL University, 26 Rue d'Ulm, 75005
Paris, France. ®BioPole Alfort, Ecole Nationale Vétérinaire d’Alfort, 94704 Maisons Alfort, France. ’INRA, APEX-PAnTher, Oniris, 44300 Nantes, France.
8Department of Pathology, Institut Curie, PSL University, 75005 Paris, France. ®Department of Surgery, Institut Curie, PSL University, 75005 Paris, France.
"°Department of Medical Oncology, Institut Curie, PSL University, 75005 Paris, France. e-mail: j.jonkers@nki.nl; Elisabetta.marangoni@curie.fr

Nature Communications | (2023)14:1958 15


mailto:j.jonkers@nki.nl
mailto:Elisabetta.marangoni@curie.fr

	Homologous recombination deficiency derived from whole-genome sequencing predicts platinum response in triple-negative breast cancers
	Results
	Response to platinum chemotherapy in a large cohort of TNBC PDX models
	Shallow HRD predicts response to platinum
	Genomic HRD is associated with a defect in homologous recombination repair of cisplatin-induced DNA damage
	XRCC3 and ORC1 aberrations in cisplatin-sensitive models

	Discussion
	Methods
	Ethics statement
	Patient-derived xenografts and in�vivo preclinical assays
	DNA and RNA isolation from fresh-frozen tumour tissue
	Shallow whole-genome sequencing and genomic HRD
	Methylation of BRCA1
	Targeted sequencing of Institut Curie PDX
	RAD51�staining
	Whole-exome sequencing of paired patients’ and PDX tumour samples
	Array comparative genomic hybridization (aCGH) analysis
	RNAseq
	Crispr edited XRCC3 and ORC1 cell lines
	Statistical analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




