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Abstract

Background: Deleterious ATM alterations are found in prostate cancer (PC) and associ-
ate with a higher grade; PARP inhibition has antitumour activity against this subset, but
only some ATM loss PCs respond.
Objective: To characterise ATM-deficient lethal PC and to study synthetic lethal thera-
peutic strategies for this subset.
Design, setting, and participants: We studied advanced PC biopsies using validated
immunohistochemical (IHC) and next-generation sequencing (NGS) assays.
Outcome measurements and statistical analysis: In vitro cell line models modified using
CRISPR-Cas9 to impair ATM function were generated and used in drug-sensitivity and
functional assays, with validation in a patient-derived model.
Results and limitations: Overall, we detected ATM IHC loss in 68/631 (11%) PC patients
with synchronous and metachronous intrapatient heterogeneity; 45/61 (74%) of ATM
loss tumours had ATM mutations or deletions by NGS. ATM IHC loss was not associated
with worse outcome from advanced disease, but ATM loss was associated with increased
genomic instability (the number of subchromosomal regions with allelic imbalance
extending to the telomere, p = 0.005; large-scale transition, p = 0.05). In vitro, ATM loss
PC models were sensitive to ATR inhibition, but had variable sensitivity to PARP
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inhibition; superior antitumour activity was seen with combined PARP and ATR inhibi-
tion in these models.
Conclusions: ATM loss in PC is not always detected by targeted NGS, associates with
genomic instability, and is most sensitive to combined ATR and PARP inhibition.
Patient summary: Of aggressive prostate cancers,10% lose the DNA repair gene ATM; this
loss may identify a distinct prostate cancer subtype that is most sensitive to oral drugs
targeting both PARP and ATR.
© 2020 The Authors. Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creati-

vecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metastatic castration-resistant prostate cancer (mCRPC)
exhibits significant interpatient heterogeneity; molecular
stratification is postulated to be key to improving outcomes
[1–3]. PARP inhibition improves survival from mCRPC with
DNA repair defects, leading to regulatory approval [4]. Patients
with BRCA2-altered mCRPC derive most benefit [5,6], with
only a minority of mCRPC with ATM mutations, comprising
5–10% of mCRPC [7–9], responding to PARP inhibition.

The ATM serine/threonine kinase is activated by DNA
damage guarding cellular genomic stability [10] by activat-
ing DNA repair and regulating cell cycle checkpoints,
senescence, and apoptosis [10,11]. ATM phosphorylates
TopBP1 and promotes its interaction with ATR [12], which
regulates replication initiation, prevents unregulated ex-
cessive cell replication, delays cell cycle progression, and
stabilises DNA replication forks [13–15]. Inhibition of ATR
induces replication stress and causes stalled replication
forks that generate cytotoxic DNA double-strand breaks
(DSBs). ATM restores replication fork topology and arrests
cell cycle progression to permit repair. In ATM-deficient
cells, this protective mechanism is absent, precipitating
DNA damage, mitotic catastrophe, senescence, and/or cell
death [16]. ATM loss can be synthetically lethal with ATR
inhibition and may be a therapeutic strategy for ATM-
deficient prostate cancer (PC) [17]. A first-in-human clinical
trial of the ATR inhibitor BAY1895344 reported antitumour
activity against cancers with ATM loss [18].

Herein, we study ATM loss by next-generation sequenc-
ing (NGS) and immunohistochemistry (IHC) in advanced PC,
presenting data on PARP and ATR inhibitors alone and in
combination in genetically manipulated and patient-derived
models with ATM loss.

2. Patients and methods

2.1. Patient sample collection and processing

Samples were acquired using an approved protocol for
PC molecular characterisation at the Royal Marsden
(04/Q0801/60). All patients provided written informed
consent. If more than one biopsy core for primary was
available, the highest Gleason score lesion was used.
Demographic and clinical data for each patient were
collected retrospectively. Tissue blocks were reviewed by
two pathologists (D.N.R. and B.G.).
Descargado para Anonymous User (n/a) en Vall d'Hebron Hospital de C
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2.2. Clinical data and statistical analysis

The ATM loss cohort was defined as patients with complete
loss of ATM by IHC (H score 0). A previously reported subgroup
(all included in this IHC study and with H score >0) [19] was
used as control (n = 88); clinical outcome data included overall
survival from PC diagnosis and from castration-resistant PC
(CRPC), and the time from diagnosis to CRPC. For survival
analyses, patients were censored at the date of last contact; for
time to CRPC, there are no censored observations as all
patients have become castrate resistant. Differences in these
three endpoints based on ATM status were analysed using
Kaplan-Meier curves and log-rank test. Univariable Cox
regression models provided unadjusted hazard ratios as
measures of effect size alongside their 95% confidence
intervals (CIs). Data were analysed using R version 3.6.2
(R Foundation for Statistical Computing, Vienna, Austria).

2.3. ATM IHC

ATM protein expression was determined by IHC using a
rabbit monoclonal anti-ATM antibody, clone Y170 (cata-
logue no. ab32420; Abcam Plc, Cambridge, UK), as described
previously [20]. Detailed methods are described is in the
Supplementary material.

2.4. Targeted and whole-exome sequencing

Genomic DNA was isolated using the QIAmp DNA FFPE
Tissue kit (Qiagen) from tumour tissue sections (paired
germline DNA was not analysed). Targeted sequencing
libraries were constructed using a customised panel
(Generead DNAseq Mix-n-Match Panel version 2; Qiagen)
[5,21] and sequenced using a MiSeq Sequencer (Illumina).
Whole-exome sequencing (WES) libraries were prepared
using Kapa Hyper Plus Library Prep Kits and Agilent
SureSelectXT V6 target enrichment kit. Paired-end se-
quencing was performed using the NovaSeq6000 S2 flow
cell (2 �100 cycles; Illumina). MuTect2 was used for
mutation calling; copy-number estimation was obtained
through modified ASCAT2 package. Pathogenic germline
mutations were also reviewed from WES data. Further
details are provided in the Supplementary material. The
number of subchromosomal regions with allelic imbalance
extending to the telomere (NtAI) [22] and large-scale
transitions (LSTs: chromosomal breaks between adjacent
regions of at least 10 Mb) were assessed.
linicalKey.es por Elsevier en junio 30, 2021. Para uso personal 
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2.4.1. Cell lines and culture

Cells were obtained from the LGC standards/ATCC, cultivat-
ed according to the supplier’s recommendations, STR
profiled, and tested regularly for mycoplasma. Media details
are listed in Supplementary Table 1.

2.4.2. CRISPR/Cas9 gene editing

The 22Rv.1 cells were transfected (TransIT-X2 reagent;
Myrus) with 1 mg of an ATM Double Nickase Plasmid
(sc-400192-NIC; Santa Cruz). Transfected cells were select-
ed with 1 mg/ml puromycin (Thermo Fisher Scientific) for
4 d, and surviving cells were seeded (one cell per well) in
96-well plates. Clonal populations were expanded. ATM
expression was then evaluated by immunoblot. Knockout
(ATM-CL1–8), and control (ATMwt1), clones were confirmed
by immunostaining and Sanger sequencing after TA Topo
cloning. ATMwt2 was generated as another control after
transfection of a control CRISPR/Cas9 plasmid (sc-418922).

2.4.3. Cell viability assays

Cells were seeded into 96-well plates (1500 for PC3 and DU-
145 and 2500 for LNCaP and 22Rv1) and treated the
following day with the drug of interest or vehicle; 6 d later,
the cells were stained with Annexin V-FITC and propidium
iodide following manufacturer’s instructions (eBioscience
Annexin V-FITC Apoptosis Detection Kit; Thermo Fisher).
Data were acquired with a Becton-Dickinson FACS Celesta
flow cytometer and analysed using the FlowJo software.

2.4.4. Immunofluorescence

Immunofluorescence was performed for RAD51, gH2AX,
and 53BP1; image acquisition used the IN-Cell Analyzer
2000 (GE Healthcare). Multiple fields within a well were
acquired to include a minimum of 1000 cells per sample-
well. High content analysis of the images was processed
using the IN-Cell Investigator 2.7.3 software [23]. Further
details are provided in the Supplementary material.

2.4.5. DR-GFP reporter plasmids

The 22Rv1 cells were seeded and transfected after 24 h with
3 mg of the pHPRT-DR-GFP vector (Addgene 26475)
using a TransIT-X2 reagent (Myrus); 48 h later, puromycin
(1 mg/ml) was added to the media for 4 d. Surviving cells
(22Rv.1-DR-GFP stable line) were seeded onto 96-well plates
(4000 cells per well) and treated with drugs of interest or
vehicle for 24 h. The following day, an SceI endonuclease
expression vector (Addgene 26477) was transfected (100 ng
per well) using a TransIT-X2 reagent (Myrus). GFP-positive
cells were analysed in a Becton-Dickinson FACS Celesta flow
cytometer 48 h after SceI expressing vector transfection. A
pBabe Cherry vector was used as a transfection control, and
results across clones were normalised according to the
percentage of Cherry+ cells.

2.5. Patient-derived xenograft and organoid experiments

The castrated subline CP50C of the ATM loss patient–
derived tumour model CP50 was used to generate organoid
cultures for in vitro testing and for in vivo studies, as
Descargado para Anonymous User (n/a) en Vall d'Hebron Hospital de
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described previously [24]. The methods are provided in the
Supplementary material.

3. Results

3.1. ATM IHC, NGS, and genomic instability

ATM IHC was performed on 800 samples from 653 patients
(Fig. 1A and Supplementary Fig. 1), with 766 samples from
631 patients being evaluable; 68/631 (11%) patients had ATM
loss. Overall, 102 patients had both diagnostic hormone-
sensitive PC (HSPC) and CRPC samples tested for ATM IHC.
Synchronous and metachronous, intra- and interpatient
heterogeneity in ATM loss was observed (Fig.1B–F); a patient
was deemed to have ATM loss disease if at least one biopsy
demonstrated this. ATM IHC status was often unchanged in
matching, same-patient (n = 102) HSPC and CRPC, although
in five patients, one sample was negative for ATM IHC and
another sample had weak but positive staining (Fig. 1E and
1F). Population characteristics are listed in Supplementary
Table 6; median overall survival from diagnosis for the ATM
loss cohort (ATM IHC score 0) was 76 mo (95% CI: [67.4; 99]),
with a median time from diagnosis to CRPC of 19.6 mo (95%
CI: [17.2; 26]); median overall survival from CRPC was
50.9 mo (95% CI: [47.9; 65.8]). None of these were
significantly different from the control population (positive
ATM IHC) in univariate analysis (Fig. 2).

In 552 patients (621 samples), both IHC and NGS data
were available. The prevalence of ATM pathogenic muta-
tions (defined as the proportion of patients with at least a
frameshift indel, a mutation resulting in a stop gain, splice
site mutations, missense mutations in the kinase domain
previously described as likely pathogenic, or homozygous
deletions) was 37/552 (6.7%); eight patients (five with ATM
IHC loss; three with no ATM loss) had two contemporane-
ous pathogenic mutations in a single biopsy. ATM loss by
IHC in this set was 61/552 (11%). Overall, 24/61 patients
with complete ATM loss by IHC had one or more pathogenic
mutations, including two with ATM homozygous deletions;
in 14 cases, a shallow ATM copy loss was detected (Fig. 3A).
Interestingly, 23/61 patients (39%; 25 samples from
23 patients) had ATM protein loss by IHC, but no gene
alterations were detected by targeted sequencing. In 48/496
(9.7%; 55 samples from 48 patients) PCs with no ATM IHC
loss detected, ATM gene alterations were identified,
but most of these were missense mutations of uncertain
significance, although 13/496 (2.6%) patients had a muta-
tion either truncating or in the kinase domain (Fig. 3B).
Detected mutations in HSPC and CRPC samples are
presented in Supplementary Fig. 2 and Supplementary
Table 6.

WES was available for 79 CRPC biopsies for which we had
ATM IHC (17 ATM loss, 52 ATM WT and BRCA WT, and
10 BRCA mutated). ATM loss tumours had evidence of
increased genomic instability including higher burdens of
telomeric allelic imbalance (NtAI: median 25 vs 18.5,
Student t test p = 0.005) and large-scale transitions (LSTs:
median 25 vs 19.5, Student t test p = 0.048; Fig. 3C and 3D).
 ClinicalKey.es por Elsevier en junio 30, 2021. Para uso personal 
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Fig. 1 – Landscape of ATM expression in advanced prostate cancer. (A) A CONSORT diagram representing study population disposition. (B) Representative
micrographs, and corresponding H scores, of ATM IHC in prostate cancer biopsies (20T magnification; scale bar represents 100 mm). (C) Representative
examples of ATM IHC intrapatient heterogeneity within the same biopsy. (D) Scatterplot illustration correlating intra- and interpatient heterogeneity in
same-patient biopsy samples with the degree of heterogeneity in PC without ATM loss, depicting heterogeneity in ATM protein expression within each
sample as measured by Shannon's diversity index (SDI) and depicted as bar charts (lower panel). Colour dots represent visual scores per cell generated by a
trained Halo AI supervised machine learning algorithm (HALO AI; Indica Labs, NM, USA; upper panel), with colours indicating origin of biopsy tissue as
indicated by the legend. (E) Violin plots representing the H scores in the overall study population (left; divided as hormone-naïve and castration-resistant
biopsies, compared using Wilcoxon test, p = 0.4); the subpopulation with matched, same-patient, hormone-naïve, and castration-resistant biopsies (centre;
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Fig. 2 – ATM loss and clinical outcome data. Kaplan-Meier curves by ATM status for (A) overall survival from diagnosis (log rank p = 0.8), (B) time from
diagnosis to CRPC (log rank p = 1.0), and (C) overall survival from mCRPC (log rank p = 0.9).
CRPC = castration-resistant prostate cancer; mCRPC = metastatic castration-resistant prostate cancer.

E U R O P E A N U R O L O G Y 7 9 ( 2 0 2 1 ) 2 0 0 – 2 11204
3.2. ATM knockout and PARP and ATR inhibition in PC cell lines

Next, we investigated ATM deletion by CRISPR/Cas9-
mediated stable elimination of ATM in 22Rv.1 cells. ATM
loss was confirmed by immunoblotting for ATM and CHK2
(T68) phosphorylation (Supplementary Fig. 3A and 3B).
compared using Wilcoxon test, p = 0.2); and linear plots of the intrapatient chang
Heatmap illustrating H scores in matched, same-patient, HSPC, and CRPC biopsie
CNV = copy number variant; CRPC = castration-resistant prostate cancer; HSPC = h
number; NGS = next-generation sequencing; PC = prostate cancer.
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Surprisingly, different sensitivities to PARP inhibition were
observed in some of the ATM CRISPR clones when compared
with the parental cell line and control CRISPR/Cas9 (ATMwt)
cells (Fig. 4A and Supplementary Fig. 3). All ATM CRISPR
clones presented biallelic truncating mutations, with the
exception of the ATM-CL1, which had one frameshift and
e when comparing hormone-naïve and castration-resistant biopsies. (F)
s. Scale bar indicates H scores correlated with colour intensity.
ormone-sensitive prostate cancer; IHC = immunohistochemistry; n =

 ClinicalKey.es por Elsevier en junio 30, 2021. Para uso personal 
pyright ©2021. Elsevier Inc. Todos los derechos reservados.



Fig. 3 – Genomic characterisation of prostate cancers with and without loss of ATM expression. Lollipops representing the location and type of
mutations found in the ATM gene in the study population in patient samples exhibiting (A) ATM loss (IHC score = 0) or (B) ATM positivity, by IHC (H
score >0). The epitope against which the antihuman ATM antibody (Y710) binds is also depicted. (C and D) Analyses of genomic instability in a subset
of the study population with whole-exome sequencing data, based on accumulation of large-scale transitions and burden of telomeric imbalances
(NtAI) for patients with ATM loss by IHC (n = 17), ATM-WT and BRCA-WT (n = 52), and BRCA-mut (n = 10) tumours. Student t test was used to calculate
the p values with *** p � 0.001, ** p � 0.005, and * p � 0.05.
IHC = immunohistochemistry; NtAI = number of subchromosomal regions with allelic imbalance extending to the telomere.
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Fig. 4 – ATM loss and sensitivity to PARP and ATR inhibitors as single agents or in combination in prostate cancer cell line models. The 22Rv1 cells
were treated for 6 d with (A) the indicated doses of rucaparib (upper panel), ATR inhibitor (VE-822; bottom panel), or (B) a combination of both (n = 3).
The models tested included the parental cell line, eight different clones with loss of ATM expression after CRISPR (ATM-CL1–8), and two additional
controls: an ATM-WT clone after unsuccessful ATM CRISPR (WT1) and an ATM-WT clone manipulated following the same CRISPR protocol but without
ATM guide (WT2). All Western blots for ATM expression are presented in the Supplementary material. Cell viability was measured based on the
percentage of cells negative for both annexin V and PI staining. Statistical tests compared each clone with the parental cell line. (C) Heatmaps
depicting enhanced sensitivity of ATM-deficient models to dual PARP-ATR inhibition. Statistical tests compare each clone with each untreated model (n
= 3). (D) Bar plots reflecting the effect of combined PARP-ATM-ATR inhibition in 22Rv1 (n = 4), LNCaP (n = 4), and DU-145 (n = 2) parental cell lines;
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one in-frame deletion and no sensitivity to PARP inhibitors
(Supplementary Fig. 3F and 3G, and Supplementary Table 7).
Sensitivity of ATM CRISPR clones to cisplatin paralleled
PARP inhibitor sensitivity, whereas all ATM CRISPR clones
were sensitive to radiation (Supplementary Fig. 3D and 3E).
We also investigated the effect of ATR inhibition alone, or in
combination with PARP inhibition, in these ATM CRISPR
models. Unlike PARP inhibition, ATR inhibition with both
VE-822 and BAY-1895344 had a mild but consistent
cytotoxic effect across all the ATM CRISPR clones (Fig. 4A
and Supplementary Fig. 4B). Combined ATR and PARP
inhibition had a synergistic interaction across all the ATM
CRISPR clones, regardless of baseline sensitivity to PARP
inhibition (Fig. 4B and 4C, and Supplementary Fig. 4C, 4D,
and 5). To support these findings, we assessed the effect of
combining ATR and PARP inhibition with the ATM inhibitor
KU-60019 in multiple PC cell lines (22Rv1, LNCaP, and
DU-145). The specificity of these inhibitors was confirmed
by selective impairment of CHK2 T68 and CHK1 S345
phosphorylation, respectively (Supplementary Fig. 4A). In
all tested cell lines, ATM-PARP and ATM-ATR inhibition
combinations resulted in moderate cytotoxicity, while
combined PARP and ATR inhibition with ATM kinase
blockade had significantly superior antitumour activity
(Fig. 4D).

3.3. A patient-derived model with ATM loss and PARP and ATR

inhibition

We next analysed these anticancer drugs in a patient-
derived xenograft (PDX) acquired from an mCRPC patient
with ATM loss by IHC and sequencing in archival and
preimplantation biopsy (Supplementary Fig. 6A). This
model (CP50) also has AR and AKT2 amplification. The
patient had received abiraterone, enzalutamide, docetaxel,
and cabazitaxel, after which he had a lymph node biopsy
that led to this PDX, prior to receiving olaparib to which he
did not respond (Fig. 5A) [24]. ATR, CHK1, CHK2, and KAP as
well as AR and AR splice variants increase with castration
(CP50C) in vivo, with this being wildtype for TP53, PTEN,
and MYC (Fig. 5B and Supplementary Fig. 6) [24]. In keeping
with this patient’s lack of response, in vitro CP50C organoid
cultures were resistant to olaparib. ATR inhibition, however,
exhibited antitumour activity in the nanomolar range, with
this being enhanced by combined PARP and ATR inhibition
(Fig. 5C and 5D).

These results were confirmed in in vivo studies. We
implanted CP50C into castrated animals; tumours were
allowed to grow to 200 mm3 and then treated with the ATR
inhibitor BAY1895344 and olaparib, or both (Supplementa-
ry Fig. 6). In vivo, CP50C was resistant to PARP inhibition and
responded to ATR inhibition at 50 mg/kg (Supplementary
22Rv1 (left), LNCaP (centre), and DU-145 (right) parental cell lines underwent t
or without the ATR inhibitor (VE-822) and/or PARP inhibitor (rucaparib). The p
negativity for both annexin V and PI staining. One-way ANOVA was used for al
represent means � SD; n represents the number of independent experiments.
ANOVA = analysis of variance; SD = standard deviation.
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Fig. 6C), with combined PARP and ATR inhibition having
superior antitumour activity (Fig. 5E and 5F).

3.4. ATM loss and homologous recombination DNA repair

function

We also studied DNA repair proficiency before and after
ATM loss and drug treatment. First, we treated 22Rv.1
parental cells and ATM CRISPR and control clones with PARP
inhibition alone, or in combination with ATR and ATM
inhibitors. In an ATMwt context, PARP inhibition increased
DNA DSBs with increased gH2AX and 53BP1 foci, these
mostly colocalising with RAD51 foci, indicating activation of
homologous recombination repair (HRR). When PARP was
inhibited in ATM-deficient cells or with chemical inhibition
of ATM, we observed reduced but not absent HRR with
increased unresolved DSBs in keeping with ATM loss not
causing a complete HRR defect, unlike BRCA2 loss.
Conversely, when ATR function was inhibited in an ATM-
KO background, loss of HRR was seen with complete loss of
RAD51 foci induction, and increased gH2AX and 53BP1 foci
accumulation (Fig. 6A and 6B, and Supplementary Fig. 7B).
Similar results were observed in 22Rv11 ATM-WT cells and
different PC lines when using the ATM inhibitor KU-60019
(Supplementary Fig. 7A and 7C).

To validate these results, we used a DR-GFP reporter
assay, which allows measuring of HRR via transfection of a
restriction endonuclease (I-SceI) to create DSBs in a GFP
reporter cassette. Inhibition of ATM and ATR in 22Rv1
parental cells or ATR blockade in 22Rv1ATM CRISPR clones
completely abolished the capacity of cells to repair I-SceI-
induced DSBs by HRR, indicating that combined ATR and
ATM blockade sensitises to PARP inhibition through HR loss
and synthetic lethality (Fig. 6C). As HRR predominantly
occurs during late S and early G2 cell cycle phases, we
excluded the possibility that this loss of HRR was related to
cells being unable to enter S/G2. Geminin staining, a
biomarker of S-G2, showed that irrespective of HRR
functionality, most damaged cells (50–80%) were in S/G2
(Supplementary Fig. 7D).

4. Discussion

Herein, we show that ATM IHC complete loss is found in
>10% of advanced PCs and associates with genomic
instability but not with complete loss of HRR function in
preclinical ATM loss cell culture models, which showed
variable PARP inhibitor sensitivity. Our data also indicate
that targeted NGS does not detect all ATM loss and support
comparing the predictive value of ATM IHC versus NGS in
clinical studies of DNA repair targeting agents. In some
cases, IHC loss may translate complex genomic
reatment with the indicated doses of an ATM inhibitor (KU60019), with
ercentage of remaining viable cells was determined after 6 d based on
l comparisons: *** p < 0.001, ** p < 0.005, and * p < 0.05. All error bars
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Fig. 5 – ATR inhibition inhibits growth and sensitises to PARP inhibition, in an ATM loss, patient-derived, PC model. (A) Patient treatment history and
the development of the ATM-negative, AR- and AKT2-amplified, PDX model CP50, and generation of organoid cultures from this model, are depicted.
This patient’s ATM immunohistochemistry at diagnosis and at mCRPC was 0, as depicted by the images, and his tumour did not have a response to
olaparib clinically. (B) Western blot demonstrating ATM loss and upregulation of DNA damage repair proteins, upon castration in this model. (C)
Organoid cultures generated from single cells, derived from castrated CP50 xenografts (CP50C), were treated with various concentrations of the ATR
inhibitor BAY1895344 or the PARP inhibitor olaparib or the combination of BAY1895344 and 10 mM olaparib. Error shadows represent standard error;
group size per arm is n = 6. All statistical tests are calculated using Student t test: *** p � 0.001, ** p � 0.005, and * p � 0.05 against olaparib alone. (D)
ATM IHC confirming the absence of ATM loss in CP50C PDX-derived organoids compared with ATM-proficient control PDO. (E) Castrated mice bearing
CP50C were treated with either BAY 1895344 or olaparib, or BAY 1895344 with 10 mM olaparib. IC50 for BAY 1895344 single agent was 19.3 nM,
whereas when used in combination with olaparib, the IC50 for BAY 1895344 was 2.4 nM. (F) ATM IHC confirming the absence of ATM loss in CP50C
PDX tumours, compared with an ATM-proficient control PDX. Error shadows represent standard error; group size per arm is n = 8. All statistical tests
are calculated using Student t test: *** p � 0.001, ** p � 0.005, and * p � 0.05 against vehicle control.
ATRi = ATR inhibitor; Castr. = castrated; ctrl = control; IHC = immunohistochemistry; LN = lymph node; mCRPC = metastatic castration-resistant prostate
cancer; PC = prostate cancer, PDO = patient-derived organoid; PDX = patient-derived xenograft.
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Fig. 6 – Functional characterisation of prostate cancer cell line models suggests that HRR is suppressed only after blocking both ATM and ATR function.
Quantification of the percentage of cells positive (more than five foci) for RAD51 and gH2AX (n = 3) immunofluorescence staining for 22Rv1 cell line
models after treatment with 1 mM of rucaparib alone, or in combination with 2.5 mM of the ATMi KU-60019 and/or 200 nM of the ATRi VE-822 for
24 h. (A) Depicts HRR suppression in the 22Rv1 parental cell line, in an ATM-WT clone (wt1) only after concomitant ATM and ATR inhibition, and in
ATM CRISPR clones (ATM-CL4 and ATM-CL5), where ATR inhibition results in HRR suppression. All statistical tests are calculated using one-way ANOVA:
*** p < 0.001, ** p < 0.005, and * p < 0.05. All error bars represent means � SD; n represents the number of independent experiments. (B)
Representative images of yH2AX and RAD51 immunofluorescence staining in the parental cell line and one of the ATM CRISPR clones are shown. (C)
Validation of HR deficiency with the DRGFP assay upon ATM and ATR inhibition. The DR-GFP 22Rv1 parental, ATM-CL1, and ATM-CL5 cell lines (or
original cells) were transfected with SceI enzyme alone, or in combination with 2.5 mM of the ATMi KU-60019 and/or 200 nM of the ATRi VE-822 for
48 h. The plot represents the percentage of GFP-positive cells quantified by FACS. All statistical tests are calculated using one-way ANOVA: *** p < 0.001,
** p < 0.005, and * p < 0.05. All error bars represent means � SD. Dots represent independent experiments. ANOVA = analysis of variance; HRR =
homologous recombination repair; SD = standard deviation.
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rearrangements or methylation that is not captured by
targeted NGS assays being implemented in clinical practice.
In others, discrepancies between IHC and NGS status may
relate to the exact binding site of the antibody compared
with the location of mutations within the large ATM gene,
which may result in some proteins with late truncations
being recognised by IHC. Moreover, studies are also needed
to assess a relevant threshold for ATM IHC assays to guide
patient stratification in clinical practice; in this study,
we describe ATM loss as complete lack of expression
(H score = 0), but several other cases in our cohort showed
low ATM expression (H score between 5 and 30). While our
clinical outcome analysis is limited by the number of
patients and its retrospective nature, it is clear that patients
with metastatic PC and ATM loss have poor prognosis and
need novel therapeutic approaches. In our study, we show
that ATR inhibition has consistent antitumour activity
against ATM loss PC models, unlike PARP inhibition, with
the combination having superior activity to either one
alone, probably due to ATR inhibition in an ATM loss context
resulting in supressed HRR.

Previous laboratory and clinical studies indicate that
ATM loss does not result in HRR defects; multiple silencing
RNA screens show that ATM loss can be synthetically lethal
with PARP inhibition, although this may be tumour
background dependent [28]. Rafiei et al [17] recently
reported poor sensitivity to PARP inhibitors in ATMko PC
cell lines with sensitivity to single-agent ATR inhibitors.
Our data mirror clinical experience, with ATM loss
sensitising in some but not all derived clones, suggesting
that this synthetic lethality is background dependent and
sensitive models still presented RAD51 foci. Further
studies of the molecular events co-occurring with ATM
loss are needed to elucidate determinants of PARP inhibitor
sensitivity in ATM loss PC. Nonetheless, our studies herein
indicate that combined PARP and ATR inhibition merits
clinical trial evaluation in ATM-deficient PC and may be
superior to either ATR or PARP inhibition alone, although
careful dose- and schedule-finding phase 1 trials will be
needed since both these drug classes cause haematological
toxicity.

Our study has multiple limitations, one of which is the
availability of clinical data for only a proportion of our
overall population. Another limitation of our study is that
some of our data were generated in clones derived from
22Rv.1, a PC cell line with an underlying DNA repair defect
but preserved baseline HRR and resistant to the
drugs tested. These results were, moreover, replicated in
several PC models using ATM inhibitors and in an ATM loss
patient–derived model.

5. Conclusions

ATM loss defines a distinct PC subtype, characterised by
increased genomic instability, with variable sensitivity to
PARP inhibition, sensitivity to ATR inhibition, and most
sensitivity to combined inhibition, which now merits
clinical evaluation.
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