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Abstract

Background: Among men with metastatic prostate cancer, about 10% have germline alterations 

in DNA damage response genes. Most studies have examined BRCA2 alone or an aggregate of 

BRCA1/2 and ATM. Emerging data suggest that ATM mutations may have distinct biology and 

warrant individual evaluation. The objective of this study is to determine whether response to 

prostate cancer systemic therapies differs between men with germline mutations in ATM (gATM) 
and BRCA2 (gBRCA2).
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Methods: This is an international multicenter retrospective matched cohort study of men with 

prostate cancer harboring gATM or gBRCA2. PSA50 response (≥50% decline in prostate-specific 

antigen) was compared using Fisher’s exact test.

Results and Limitations: The study included 45 gATM and 45 gBRCA2 patients, matched on 

stage and year of germline testing. Patients with gATM and gBRCA2 had similar age, Gleason 

grade, and PSA at diagnosis. We did not observe differences in PSA50 responses to abiraterone, 

enzalutamide, or docetaxel in metastatic castration resistant prostate cancer between the two 

groups; however, 0/7 with gATM and 12/14 with gBRCA2 achieved PSA50 response to PARPi 

(p<0.001). Median (95% CI) overall survival from diagnosis to death was 10.9 years (9.5-not 

reached) vs. 9.9 years (7.1-not reached, p=0.07) for the gATM and gBRCA2 cohorts, respectively. 

Limitations include the retrospective design and lack of mutation zygosity data.

Conclusions: Conventional therapies can be effective in gATM carriers and should be 

considered before PARPi, which shows limited efficacy in this group. Men with gATM mutations 

warrant prioritization for novel treatment strategies.
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Introduction

Approximately 10% of men with metastatic prostate cancer have germline (inherited) DNA 

damage response (gDDR) gene alterations. BRCA2 is a homologous recombination (HR) 

gene and is the most frequent pathogenic germline alteration in advanced prostate cancer 

(3–5%), followed by ATM (1.6–2%) and BRCA1 (0.8–1.3%).1–3 Several studies have shown 

that germline BRCA2 mutations (gBRCA2) are associated with poor prognosis and worse 

prostate cancer outcomes and/or increased genomic instability.3–8

Castro, et al., reported that at diagnosis, patients with prostate cancer and gBRCA1/2 
mutations are more likely to have Gleason Grade Group ≥4 disease, T3/4 stage, nodal 

involvement, metastases, and shorter cancer-specific survival compared to non-carriers.6 The 

IMPACT study showed that gBRCA2 mutation carriers have a higher incidence of prostate 

cancer and are more likely to be diagnosed at a younger age and have clinically significant 

disease compared to non-carriers, whereas no difference in age or tumor characteristics 

was detected between gBRCA1- and non-carriers.5 Na, et al., reported that the combined 

gBRCA1/2 and germline ATM (gATM) mutation rate was higher in lethal prostate cancer 

compared to localized disease.9 However, features of tumors and treatment responses linked 

to gATM mutations as a separate cohort are not characterized.

gATM mutation carriers have not been well-characterized despite ATM being the second 

most frequently observed DNA damage response gene alteration in metastatic prostate 

cancer. Several retrospective and prospective studies have reported that ATM-deficient 

prostate tumors may have attenuated response to poly-ADP-ribose polymerase inhibitors 

(PARPi) and platinum chemotherapy.7,10–15 Preliminary results of the phase II TRITON2 

study demonstrated radiographic response to PARPi rucaparib in 51% (50/98) of men with 
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BRCA1/2 and only 4% (2/49) of men with ATM mutations.11,16 The U.S. Food and Drug 

Administration (FDA) granted rucaparib an accelerated approval for men with metastatic 

castration resistant prostate cancer (mCRPC) and BRCA1/2 mutations who were previously 

treated with docetaxel. In the phase III randomized PROfound study of the PARPi olaparib 

vs AR targeting agent, the primary endpoint of radiographic progression-free survival 

(rPFS) in men with mCRPC harboring mutations in BRCA1/2 and/or ATM (cohort A) 

was met, and olaparib also received FDA approval. While the primary endpoint was met 

for cohort A, in a post-hoc subgroup analysis of men whose prostate cancer harbored ATM 
alterations, olaparib did not significantly improve rPFS (median 5.4 months vs. 4.7 months 

for controls).12 One potential explanation for the observed differences in clinical activity 

of PARPi in men with BRCA2 vs. ATM mutations may relate to the distinctive roles these 

proteins play in HR repair, with ATM acting as a sensor of DNA double strand break and 

BRCA2 being a core effector of HR DNA repair.

Conventional systemic prostate cancer therapies, such as androgen receptor (AR) targeted or 

taxane agents, are not currently selected by biomarkers. These therapies have been reported 

to be effective in gBRCA1/2 carriers with prostate cancer.3,17 PROREPAIR-B, a prospective 

cohort study, compared response outcomes for mCRPC treatments among gBRCA2 carriers 

and non-carriers and showed similar response rates.3 Efficacy in patients with gATM, as 

a distinct cohort, has not been evaluated. Given the uncertain response to HR-deficiency 

targeted treatments in these men, we sought to investigate whether these patients respond to 

conventional biomarker-agnostic therapies. We hypothesized that, compared to men carrying 

gBRCA2, those carrying gATM would have a similar response to AR-targeted agents and 

docetaxel yet attenuated responses to platinum and PARPi therapies.

Methods

This is an international, retrospective, matched cohort study of Consecutive patients with 

prostate cancer who underwent clinical germline genetic testing between 2014 and 2019 

at the University of Washington (UW), Johns Hopkins (JH) Hospital, CNIO-IBIMA 

Genitourinary Cancer Unit, or Tulane University Cancer Center. We selected patients 

who had gATM or gBRCA2 mutations identified with germline genetic testing panels 

(Ambry Color, Invitae, Myriad, or in-house germline genetic testing at CNIO, JH and UW). 

Only alterations designated as pathogenic or likely pathogenic by the American College 

of Medical Genetics were included.18 The gBRCA2 cohort was chosen as a comparison 

group because it has the most characterized HR-deficient prostate cancer phenotype and 

established management guidelines. To facilitate comparisons, the gBRCA2 cohort was 

individually matched (1:1) to the gATM group by stage at diagnosis (metastatic vs. non­

metastatic), year of germline testing and by center at which patients were treated.

A total of 45 patients with gATM and 45 matched gBRCA2 cases were included. Two 

patients included in the current study were also reported in the analysis by Marshall et al.: 
one gATM and one gBRCA2 mutation carrier.10 Medical records review was performed 

after local institutional review board approvals at participating centers.
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Statistical Analysis

Baseline characteristics for gATM and gBRCA2 cohorts were compared using the Mann­

Whitney test for continuous variables and Fisher’s exact test for categorical variables. 

The primary efficacy endpoint was the percentage of men achieving at least one prostate­

specific antigen value that was ≥50% below baseline (PSA50 response). Treatment-specific 

PSA50 responses were compared using Fisher’s exact tests. Follow-up was calculated using 

reverse Kaplan-Meier estimation. Metastasis-free survival (MFS) was defined as time from 

diagnosis to death, last clinical evaluation, or evidence of metastasis on conventional 

imaging, determined at the local radiologists’ discretion and broadly consistent with the 

Prostate Cancer Clinical Trials Working Group 3 guidelines.19 Overall survival (OS) was 

defined as time from prostate cancer diagnosis to death or last clinical evaluation. Time 

on therapy was defined as time from initiation to termination of therapy or last clinical 

evaluation, and time to next treatment was defined as time from the start of treatment to the 

initiation of the next regimen or last clinical evaluation. OS, MFS, median time on therapy, 

and median time to next treatment were estimated using Kaplan-Meier methods. Differences 

between gATM and gBRCA2 cohorts were estimated using the log-rank test. All tests were 

two-sided and p <0.05 was considered statistically significant. R, version 3.6.3, was used for 

statistical analysis.

Results

Cohort Characteristics

The study included 90 men with prostate cancer: 45 with gATM mutations and 45 with 

gBRCA2 mutations. Specific mutations in gATM and gBRCA2 genes are documented 

in Figure 1. Baseline characteristics, including age, PSA, Gleason Grade Group, were 

similar in the gATM and gBRCA2 cohorts (Table 1). A similar number of patients had a 

family history of cancer, meeting Prostate Cancer NCCN Guidelines20 for germline testing. 

Distribution of pathology patterns (e.g., cribriform, neuroendocrine), definitive treatment, 

and anatomical sites of metastases were also similar between the two cohorts. The median 

follow-up time since diagnosis was 11.8 years in the gATM cohort and 8.0 years in the 

gBRCA2 cohort. Metastases developed in 23/28 gATM and 20/28 gBRCA2 patients after a 

median follow-up of 15.7 and 15.0 years, respectively, for the subgroup of men diagnosed 

with localized prostate cancer. Of the 12 men in the gATM cohort and 14 men in the 

gBRCA2 cohort for whom tumor sequencing results were available, none were reported to 

have somatic alterations in other HR genes.

PSA50 Response Rates

Responses to systemic therapies in the mCRPC setting, as measured by PSA50, are 

summarized in Table 2. Comparing patients with gATM versus gBRCA2 mutations, there 

was no evident difference in PSA50 response to abiraterone: 9/16 (56%) vs. 11/19 (58%); to 

enzalutamide: 9/16 (56%) vs. 8/12 (67%); or to docetaxel: 9/13 (69%) vs. 9/16 (60%). Only 

1 of 3 patients with gATM vs. 5 of 7 patients with gBRCA2 responded to platinum, numbers 

are too small to draw conclusions. In contrast, there appeared to be a difference in responses 

to PARPi—0/7 (0%) patients with gATM mutations responded vs. 12/14 (86%) patients with 

gBRCA2 mutations (p<0.001).
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Time on Treatment

Median time on mCRPC treatment for the gATM and gBRCA2 cohorts is shown in Table 

3. Overall, for abiraterone, enzalutamide, and docetaxel, there was no evidence of different 

duration from the start to the end of treatment between the cohorts. In the mCRPC setting, 

median (95% CI) time on AR-targeted therapies in gATM compared to gBRCA2 cohort 

was 9.7 (6.5–23) vs. 6.4 (5.4–15.5) months for abiraterone (p=0.5); 6.5 (4.6-not reached) 

vs 9 (4.9-not reached) months for enzalutamide (p>0.9); and 5.1 (3.7-not reached) vs. 4 

(3–6) months for docetaxel-based chemotherapy (p=0.06). Median time on platinum-based 

chemotherapy in the mCRPC setting was 3 (1-not reached) months in the gATM cohort 

compared to 6 (4-not reached) months in the gBRCA2 cohort (p=0.11). We observed a 

difference in treatment duration on PARPi: 3 (2-not reached) months in the gATM cohort 

compared to 12 (6.9-not reached) months in the gBRCA2 cohort (p=0.004). Time on 

treatment for each therapy is shown in Supplemental Figures 5 A–E.

Overall Survival

During the study follow-up period, 15/45 (33.3%) gATM and 18/45 (40%) gBRCA2 patients 

died. Median (95% CI) OS from diagnosis to death was 10.9 years (9.5-not reached) 

vs. 9.9 years (7.1-not reached, p=0.07) for the gATM and gBRCA2 cohorts, respectively 

(Figure 2). There was no evidence of OS difference between gATM and gBRCA2 cohorts 

when analyzing subgroups of patients initially diagnosed with localized (not reached vs 

9.9 years, respectively, p=0.07) or metastatic disease (8.7 vs 3.6 years, respectively, p=0.4; 

Supplemental Figure 3).

Among the 28 patients in each cohort diagnosed with localized prostate cancer, median 

(95% CI) MFS was 5.7 years (5.1–11.1) vs 5.0 years (4.1–7.0, p=0.13) for the gATM and 

gBRCA2 cohorts, respectively (Supplemental Figure 4).

Discussion

Prostate tumors with alterations in DDR genes, particularly those in the HR repair pathway, 

represent a group of interest particularly in light of recent FDA approvals of the PARP 

inhibitors rucaparib and olaparib. While broadly grouped with gBRCA1/2 carriers, patients 

with prostate cancer in the setting of gATM mutations have not been characterized as 

an independent cohort. This study focuses on patients with prostate cancer and gATM 
mutations and describes responses to conventional and emerging systemic therapies with the 

aim of improving our understanding of therapeutic approaches for these patients.

Among men diagnosed with prostate cancer, those carrying gBRCA2 mutations are 

recognized to have a more aggressive phenotype (Supplemental Table 3).6 Another 

retrospective study, albeit with limited numbers of gATM carriers, found that gBRCA1/2 
and gATM are associated with earlier age of death and shorter cancer-specific survival.9 

Dedicated attention is warranted for gATM mutation carriers to further define specific 

prostate cancer risks and response to treatment.

Our data support the concept that while ATM-deficient prostate cancer may share features 

with BRCA2-deficient tumors, such as enrichment in the metastatic setting and response 
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to non-targeted agents, they have distinct clinical characteristics. For example, we observed 

an attenuated response to PARPi in the gATM cohort compared to the gBRCA2 cohort, 

consistent with a retrospective study by Marshall et al., in which 0/8 patients with 

germline or somatic ATM mutations responded to PARPi.10 This difference in sensitivity 

to PARPi may partially be explained by different roles for ATM and BRCA2 in the 

HR repair pathway. ATM’s primary role is to recognize double-strand break and to 

activate downstream HR repair proteins, such as Chk2.21–23 Once activated, Chk2 has an 

overlapping function with ATM and phosphorylates the core HR repair pathway effectors, 

e.g., BRCA1, BRCA2.21 Chk2 can be activated by proteins other than ATM, such as 

DNA-dependent protein kinase, suggesting that HR repair pathway can be activated even 

in cells with loss of ATM function.22 These mechanistic differences in ATM and BRCA2 
may account for observed differences in sensitivity to HR-targeted therapies between the 

two cohorts of our study. In addition, Neeb, et al., have recently reported that ATM protein 

expression as measured by ATM IHC is not perfectly overlapping with ATM mutations 

identified by NGS and suggest that protein expression may be another factor for treatment 

selection, potentially more predictive than DNA sequencing.7

Abiraterone, enzalutamide, and docetaxel have mechanisms of action largely independent 

of BRCA2 and ATM. A previous study reported that these therapies are similarly effective 

in gBRCA2 mutation carriers compared to non-carriers and gBRCA2 mutation carriers 

might benefit from upfront androgen-directed therapy rather than taxanes.3 We observed 

comparable PSA50 response rates in the two cohorts in our study. Thus, our data suggest that 

abiraterone, enzalutamide, and docetaxel should be offered to patients with mCRPC who 

carry gATM mutations.

Recent data suggest that platinum chemotherapy is effective in patients with BRCA2 
mutations.24–26 In our study, patients with gATM mutations appeared to have a reduced 

response to platinum chemotherapy compared to the gBRCA2 cohort, but this comparison 

was not statistically significant owing to the small numbers. However, our observations are 

consistent with other studies reporting disappointing responses to platinum chemotherapy 

among ATM mutation carriers with prostate cancer.15,26 To date, reported numbers of 

patients with mCRPC and ATM alterations treated with platinum chemotherapy remain 

small and further studies are needed.

Our data highlight the need to explore new targeted therapies in patients with mCRPC 

and ATM alterations. Preclinical data suggest that ATM-deficient prostate tumors may be 

sensitive to ATR inhibitors, which, when combined with PARPi, result in apoptosis in 

PARPi-resistant prostate cancer cell lines.7,28 Several ongoing clinical trials are evaluating 

ATR inhibitors in prostate cancer (e.g., NCT04267939, NCT03787680).

We did not observe a significant difference in OS between the two cohorts, although 

this could be attributable to the limited numbers of patients and deaths and to different 

proportions of men receiving PARPi in the two groups. More men in gBRCA2 cohort 

received PARPi, which has a proven OS benefit for these patients.12,29
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There are a number of important limitations to our study. First, this is a non-randomized 

retrospective study with a relatively small sample size. Second, the indications for germline 

testing in prostate cancer have been and remain evolving, so there are likely differences in 

practice from 2014 to 2019, as well as ascertainment biases. We attempted to minimize 

confounding effect by matching cases by year of testing; we acknowledge that men 

undergoing germline testing 2014–2019 will have been largely those with a strong family 

history of cancer and/or aggressive phenotype, although both gATM and gBRCA2 cohorts 

are likely to have been similarly affected. Third, the two cohorts are matched only for the 

year of testing, stage at diagnosis and treatment center; other patient characteristics were 

not matched. Fourth, the study does not include a control group of men without gATM 
and gBRCA2 mutations, which limits broader implications for treatment response. Fifth, 

the study does not include radiographic response assessment or confirmed PSA50 responses, 

limiting treatment response assessments. Clinical practices at different institutions may vary. 

For example, imaging was performed at clinician discretion without predefined standard 

intervals, which may have affected the time on treatment and MFS assessments. Finally, 

somatic alterations in other genes, mutation zygosity and protein expression were not fully 

addressed, but interference from clonal hematopoiesis of indeterminant potential would 

be less of an issue.30 Nevertheless, given the greater prevalence of gATM mutations31,32 

in general population, compared to gBRCA2 mutations,33,34 we believe that specific 

examination of gATM remains important to this patient population.

Conclusions

Our data provide evidence that standard therapies may be similarly effective in gATM- 
and gBRCA2-associated prostate cancer, whereas PARPi appear less effective in gATM­

associated prostate cancer. We did not find that abiraterone, enzalutamide, and docetaxel 

were less effective in patients with prostate cancer with gATM mutations and thus these 

agents should remain standard of care options for patients. This important subgroup of 

patients should continue to be studied and incorporated into clinical trials—especially those 

incorporating novel agents and combination strategies, e.g., ATR inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Distribution of ATM and BRCA2 Mutations
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Figure 2. 
Overall Survival
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Table 1.

Patient Characteristics

Characteristics gATM gBRCA2 P

Number of patients 45 45

Stage M1 at diagnosis (%) 17 (38) 17 (38)

Age (median [IQR]) 58 [54, 66] 62 [55, 67] 0.2

PSA (median [IQR]) 24 [9, 76] 11 [6, 46] 0.13

Grade (%)

2 6 (17) 4 (11)

3 7 (20) 5 (14)

4 5 (14) 8 (22)

5 17 (49) 20 (54)

Family history of cancer meeting Prostate Cancer NCCN Guidelines for germline testing20 (%) 25 (60) 29 (71) 0.4

Known other primary cancers (%) 5 (11) 4 (9) >0.9

Pathology (%)

 acinar 24 (80) 22 (76)

 ductal 3 (10) 3 (10)

 intraductal 0 ( 0) 1 ( 3)

 cribriform 1 ( 3) 1 ( 3)

 neuroendocrine 2 ( 7) 2 ( 7)

Prostatectomy (%) 20 (44) 22 (50) 0.7

Radiotherapy (%) 22 (51) 24 (56) 0.8

Bone metastasis at the time of diagnosis (%) 14 (31) 15 (33) >0.9

Nodal metastasis at the time of diagnosis (%) 13 (29) 11 (24) 0.8

Visceral metastasis at the time of diagnosis (%) 1 ( 2) 3 ( 7) 0.6
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Table 2.

PSA50 Response

Therapy Prior gATM gBRCA2 P

Abiraterone

Overall 9/16 (56%) 11/19 (58%) >0.9

Pre-enza 9/14 (64%) 10/17 (59%)

Post-enza 0/2 ( 0%) 1/2 (50%)

Enzalutamide

Overall 9/16 (56%) 8/12 (67%) 0.7

Pre-abi 7/10 (70%) 5/7 (71%)

Post-abi 2/6 (33%) 3/5 (60%)

Docetaxel

Overall 9/13 (69%) 9/16 (56%) 0.7

Pre-abi/enza 7/9 (78%) 4/7 (57%)

Post-abi/enza 2/4 (50%) 5/9 (56%)

PARPi

Overall 0/7 ( 0%) 12/14 (86%) <0.001

Pre-plat 0/3 ( 0%) 10/11 (91%)

Post-plat 0/4 ( 0%) 2/3 (67%)
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Table 3.

Time on Treatment

Therapy Setting

gATM gBRCA2 P

Number of pts Median time on therapy (95% 
CI)

Number of pts Median time on therapy 
(95% CI)

Abiraterone

Overall 19 9.71 (6.5–23) 24 6.44 (5–15.5) 0.6

HSPC 2 3 (3–N/A) 5 6 (5–N/A) >0.9

CRPC 17 9.71 (6.5–23) 19 6.44 (5.38–15.5) 0.5

Enzalutamide CRPC 16 6.5 (4.62–N/A) 12 9 (4.92–N/A) >0.9

PARPi CRPC 7 3 (2–N/A) 15 12 (6.9–N/A) 0.004

Platinum CRPC 3 3 (1–N/A) 7 6 (4–N/A) 0.11

Docetaxel

Overall 18 4.13 (4–7) 21 4 (3–6) 0.12

HSPC 5 4 (N/A–N/A) 4 4.5 (3–N/A) 0.4

CRPC 13 5.12 (3.7–N/A) 17 4 (3–6) 0.06

Median time to next therapy (CI 
95%)

Median time to next therapy 
(CI 95%)

CRPC 13 10.47 (6.47–N/A) 15 7 (4.16–12.82) 0.15

Pts - patients; HSPC – hormone sensitive prostate cancer; CRPC – castration resistant prostate cancer.

Prostate. Author manuscript; available in PMC 2022 December 01.


	Abstract
	Introduction
	Methods
	Statistical Analysis

	Results
	Cohort Characteristics
	PSA50 Response Rates
	Time on Treatment
	Overall Survival

	Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

