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Abstract

The homologous recombination deficiency (HRD) score integrates three DNA-based measures of
genomic instability, and has been understudied in prostate cancer. Given the recent FDA-approval
of two PARP inhibitors for prostate cancer, HRD score analysis could help to refine treatment
selection. We assessed HRD score (defined as the sum of loss-of-heterozygosity, telomeric allelic
imbalance, and large-scale state transitions) in three cohorts of primary prostate cancer, including
a Johns Hopkins University (JHU) cohort with germline mutations in BRCAZ, ATM or CHEK?Z
(n=64), the TCGA cohort (n=391), and the PROGENE cohort (n=102). In the JHU cohort, tumors
with germline BRCAZ mutations had higher HRD scores (median=27) than those with germline
ATM or CHEKZ mutations (median=16.5 [p=0.029] and 9 [p<0.001], respectively). For TCGA
tumors without underlying HR pathway mutations, the median HRD score was 11, significantly
lower than ovarian carcinoma lacking BRCA1/2 mutations (median=28). In the absence of HR
gene mutations, the median HRD score was unexpectedly higher among prostate cancers with
TP53 mutations versus those without (17 vs 11; p=0.015); this finding was confirmed in the
PROGENE cohort (24 vs 16; p=0.001). Finally, among eight BRCAZ2-altered patients who
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received olaparib, progression-free survival trended longer in those with HRD scores above versus
below the median (14.9 vs 9.9 months). We conclude that HRD scores are low in primary prostate
cancer and higher in cases with germline BRCAZ or somatic 7P53 mutations. Germline BRCAZ-

altered cases have significantly higher HRD scores than germline A7M-altered or CHEK2-altered
cases, consistent with the lower efficacy of PARP inhibitors among the latter.
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Introduction

The goal of precision oncology is to harness knowledge about the underlying molecular
biology of a patient’s cancer, and to leverage the inherited genomics of the patient, in order
to select the most appropriate therapy for that patient at a given point in time. The
recognition that germline or somatic mutations in DNA-repair genes are present in about
one-quarter of patients with recurrent or advanced prostate cancer (1) presents an
opportunity to engage in the precision medicine revolution for this tumor type in a
substantial fraction of patients. To this end, the clearest example of a genomically-informed
therapy in this disease is the use of poly(ADP-ribose) polymerase (PARP) inhibitors in
patients with metastatic castration-resistant prostate cancer (NCRPC) harboring a mutation
in a gene that is directly or indirectly involved in homologous recombination DNA repair
(2). Indeed, a number of PARP inhibitors have demonstrated impressive clinical activity in
mMCRPC patients with homologous recombination (HR) gene mutations, even in very
advanced disease settings (3—7). These efforts have culminated in the recent FDA-approval
of rucaparib for mCRPC patients with germline or somatic BRCAI or BRCAZ mutations,
and of olaparib for mCRPC patients with mutations in at least one of 14 HR-related genes
(BRCA1/2, ATM, and 11 others).

While it was initially hoped that all HR gene mutations would result in favorable clinical
activity with PARP inhibitor treatment, it is now emerging that there are substantial
differences in response rates to PARP inhibitors according to the specific HR gene involved.
For example, BRCAZ-altered prostate cancers broadly appear to derive the greatest clinical
benefit, while ATM- and CHEKZ-altered cancers generally show little or no benefit from
PARP inhibitor treatment (3,7,8), with some exceptions. Moreover, a significant proportion
of BRCA2-mutated prostate cancers do not demonstrate clinical responses to PARP
inhibition (3,7). Conversely, a small number of mMCRPC patients without detectable HR gene
mutations may experience a clinical benefit from PARP inhibitor treatment (2,9). Therefore,
having a functional readout of a cancer’s HR status (i.e. proficient versus deficient) might
prove useful to better select patients for PARP inhibitor treatment - or to exclude them from
this therapy - if validated in clinical trials.

One such readout, the homologous recombination deficiency (HRD) score (10), is derived
by measuring genome-wide loss of heterozygosity (LOH), telomeric allelic imbalance (TAI),
and large-scale state transitions (LST) using targeted somatic next-generation DNA
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sequencing to estimate the extent of underlying genomic scarring due to HR deficiency.
However, this assay has been understudied in prostate cancer. To explore the HRD score in
prostate cancer, we chose to focus on patients treated at Johns Hopkins with known germline
mutations in BRCAZ, ATMand CHEKZ. These are the three most commonly altered DNA-
repair genes in prostate cancer, both at the germline and somatic levels, collectively
accounting for roughly three-quarters of all “DNA repairome” mutations in this disease
(1,11). More specifically, germline mutations in BRCAZ, ATM and CHEK?Z are found in 5-
6%, 1-2% and 1-2% of mMCRPC patients, respectively (11,12) (with the prevalence of each
being roughly double at the somatic level). These genes are also particularly relevant
because they are included in the molecular eligibility criteria of virtually all PARP inhibitor
trials involving mCRPC patients (13).

Given the different response rates to PARP inhibitors among the three groups, we
hypothesized that patients with germline BRCAZ2 mutations would harbor primary tumors
with the highest HRD scores, that patients with germline CHEKZ?-altered prostate cancers
would have the lowest HRD scores (similar to wild-type cases), and that germline A7T/M-
altered cancers would have intermediate HRD scores. We also hypothesized that bi-allelic
inactivation would be most common for BRCAZ2 and least common for CHEKZ, and that
prostate cancers with bi-allelic mutations would have higher HRD scores than those with
mono-allelic mutations. Finally, we examined HRD scores and their relationship to
underlying HR gene mutations in two independent primary prostate tumor cohorts to
determine if our findings were generalizable to the broader sporadic prostate cancer
population.

Materials and Methods

Patients and tissue samples:

This study was conducted with Johns Hopkins institutional review board (IRB) approval,
and in accordance with the US common rule under a waiver of consent. Six patient sets were
included: 1) The first set included 17 primary prostate tumors from Johns Hopkins
University (JHU) with available radical prostatectomy tissue and known pathogenic
germline mutations in BRCAZ. Of these, 9 cases had germline BRCAZ mutations detected
during sequencing of benign seminal vesicle or leukocyte DNA performed as a part of
previously-described studies (14) or inferred based on variant-allele fraction in tumor
sequencing studies (15), while the remaining 8 had BRCAZ mutations detected using
clinical-grade germline sequencing platforms (Invitae, or Color Genomics) from saliva
samples (8). 2) The second patient set included primary prostate tumors with available
radical prostatectomy tissue at JHU with known pathogenic germline (n=21) or somatic
mutations in ATM (n=11), described previously (16). 3) The third patient set included 15
JHU radical prostatectomy cases with germline CHEKZ2 mutations that were either
pathogenic or likely pathogenic. Of these, 11 were detected during sequencing of benign
seminal vesicle or leukocyte DNA performed as a part of previously-described studies (14)
or based on variant-allele fraction in tumor sequencing studies (15), while 4 were discovered
using clinical-grade germline sequencing platforms as above. 4) The fourth patient set was
derived from re-analysis of the TCGA PRAD study, which has been previously described
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(17). 5) The fifth set included patients collected through the French genetic cohort
PROGENE (CeRePP). Samples selected were from patients who subsequently developed
metastatic disease after radical prostatectomy (18). 6) The last set was a previously-
published dataset of 167 high-grade ovarian serous carcinomas with available HRD scores
(19), which was used as a hon-prostate cancer comparator.
DNA isolation:

On standard histologic sections, tumor tissue was macro-dissected, guided by hematoxylin-
and-eosin staining. 5 x 10 um sections from formalin-fixed paraffin-embedded (FFPE)
tumor samples were used for DNA extraction. Sections from FFPE tissue were first
incubated in Proteinase K followed by DNA extraction performed using the Promega
Maxwell 16 LEV FFPE Plus kit (AS1290, Promega, Madison, WI) according to the
manufacturer’s instructions.

Targeted next-generation sequencing (NGS):

The HRD Plus assay (Myriad Genetics, Salt Lake City, UT) has been previously described
in detail for BRCA1/2 sequencing (20). Briefly, the assay uses a custom method employing
IDT’s xGen hybridization-capture technology (Integrated DNA Technologies, Coralville,
IA). A custom enrichment panel was developed, which targets 54,091 single-nucleotide
polymorphisms (SNP) distributed across the complete human genome. The panel also
includes an additional 490 probes targeting the complete coding region of BRCAZ, ATM,
CHEKZand TP53. A detailed description of the panel design and development is provided
in Timms and colleagues (21), and the assay process is described in Patel and colleagues
(20). DNA sequencing was performed on an lllumina HiSeq2500 using a 200 cycle HiSeq
Rapid SBS Kit v2 and a HiSeq Rapid PE Cluster Kit v2.

DNA sequence analysis and interpretation:

Average coverage alignment to the target regions and removal of non-clonal reads was ATM:.
682 (range: 142-1307); BRCAZ. 609 (148-1511); CHEKZ: 589 (115-1154). Novel variants
identified by tumor sequencing using the HRD Plus assay were classified using a process
which is consistent with the published standards and guidelines for clinical testing from the
American College of Medical Genetics and Genomics (ACMG) (22). Variants are classified
into one of five categories: deleterious, suspected deleterious, variant of uncertain
significance, favor polymorphism, and polymorphism. Both deleterious and suspected
deleterious variants were considered pathogenic here. In the case of 7P53, pathogenic or
likely pathogenic inactivating point mutations (missense, nonsense, frameshift, splice-site
variants), as well as large-scale rearrangements or homozygous deletions were classified as
deleterious. Variant classifications are stored in a classification database and can be retrieved
each time they are observed during routine testing.

Calculation of HRD scores from the HRD Plus assay is described in Timms et al. (21). In
the TCGA cohort, HRD scores were calculated from SNP microarray data (Affymetrix
GenomeWideSNP6 array) from frozen, rather than FFPE, tissue. Both tumor and
corresponding normal tissue was analyzed. Probes on the arrays were used for determination
of copy number, and SNP data was used to calculate allele dosage. Data from normal
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samples was used to generate parameters for analysis. For each probe on the microarray the
signal per probe was adjusted on the average signal intensity per sample. Next the
adjustment coefficient was calculated so that on average among normal samples the signal
from each probe was equal to 2 (expected copy number among normal samples). Analysis of
SNPs on the array was similar to the analysis performed for the NGS assay. Signals from
both alleles were also adjusted on the average signal intensity per normal sample. Two
parameters were calculated: both relative and absolute signal intensity of different alleles.
The goal was to obtain an average signal intensity of 2 for all genotypes and average allele
dosage of 0.5 for genotype AB in the normal tissue samples. The probes and SNPs which
were the least reliable were removed from the analysis. Tumor samples were then analyzed
and HRD scores generated using the same analysis process as was used for the NGS assay.
Our previous studies comparing HRD scores from paired frozen tissues on microarray vs.
FFPE tissues by NGS have shown that highly concordant results are obtained with both
assays (21).

Immunohistochemistry:

ERG protein immunohistochemistry was performed as previously described on standard
histologic slides or tissue microarray spots using a rabbit monoclonal anti-ERG antibody
(Clone EPR3864; Ventana Medical Systems) (23), and was scored dichotomously using a
previously genetically-validated scoring system (24).

Statistical Analysis:

Statistical analyses are mainly descriptive, and were performed using GraphPad Prism 8.4
software. HRD scores were compared using the Mann-Whitney U test, or the Kruskal-Wallis
test where multiple comparisons were made.

Results

HRD score in prostate cancers with germline mutations in BRCA2, ATM or CHEK?2.

We first examined a JHU cohort of primary prostate cancers from men with known
pathogenic germline mutations in BRCAZ (n=17) found on clinical- or research-grade
germline sequencing platforms. In total, 82% (n=14) had evaluable HRD scores, with a
median of 27 (Figure 1A, Supplementary Table S1). Of these, 71% (10/14) had apparent bi-
allelic alterations in BRCAZ, based on presence of loss of heterozygosity (LOH) or two
detectable pathogenic alterations, and these cases had a median HRD score of 29 compared
to a median of 23 for cases lacking evidence of bi-allelic alteration (p=0.17; Supplementary
Figure S1).

Next, we queried HRD score in a previously-reported cohort of primary prostate cancers
from men with known pathogenic germline mutations in A7M (n=21), of which 16 (76%)
had evaluable HRD scores (Supplementary Table S2) (16). In this group, the median HRD
score was 16.5, which was significantly lower than that observed in the germline BRCAZ-
altered cohort (adjusted p=0.029; Figure 1A). Among cases with assessable LOH status,
53% (8/15) had presumed bi-allelic ATM inactivation based on presence of LOH or two
pathogenic alterations. As with BRCAZ cases, cases with bi-allelic A7M inactivation had
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numerically higher HRD scores compared to those without evidence of bi-allelic inactivation
(median HRD scores 20.5 vs 12, p=0.058; Supplementary Figure S2A). We previously
validated and reported ATM immunohistochemistry results in a partially overlapping cohort
of patients (16), and 75% of the cases here with evaluable HRD scores had ATM protein
loss. Consistent with the previously-reported enrichment of cases with bi-allelic A7M/ loss
among the group with ATM protein loss (16), we found that cases with ATM protein loss
similarly had numerically higher HRD scores compared to those without protein loss
(median HRD score of 20 vs 10.5, p=0.057; Supplementary Figure S2B).

In the aforementioned ATM immunohistochemistry study (16), we also reported 11 cases
with somatic A7M mutation (detected by loss of ATM protein on immunohistochemistry
and confirmed on tumor DNA sequencing, Supplementary Table S3). Of 10 evaluable for
HRD score, the median score was 19.5 (Figure 1A), similar to that seen with germline A7TM
mutations (adjusted p>0.99), and 75% of these with evaluable LOH status (6/8) were
presumed bi-allelic alterations.

Next, we examined 15 cases with germline CHEK?Z alterations. Given the low frequency of
these alterations, we included both deleterious and suspected deleterious CHEKZ2 mutations
in our study (Supplementary Table S4). Notably, all cases were presumed to be mono-allelic,
based on lack of LOH and absence of additional somatic CHEKZ mutations. Overall, 87%
(13/15) of these cases had evaluable HRD scores, with a median score of 9, which was
significantly lower than BRCAZ-mutated cases (adjusted p<0.0001) but not significantly
different from ATM germline (adjusted p=0.46) or ATM somatic mutation cases (adjusted
p=0.40) (Figure 1A).

HRD score in primary prostate cancers without HR pathway gene mutations.

Next, we sought to explore the baseline HRD score for primary prostate cancers without
germline HR pathway gene mutations by examining the TCGA primary prostate tumor
cohort (17). There were 385 TCGA prostate cancer cases without BRCAZ, ATM or CHEKZ
mutations, and these demonstrated a median HRD score of 11 (Figure 1B). Cases with
pathogenic BRCAZ (n=1) and ATM mutations (n=5) had numerically higher median HRD
scores compared to those without HR gene mutations; however, the very small numbers of
BRCAZ/ATM-altered cases precluded meaningful comparisons in this cohort. TCGA cases
without BRCAZ, ATM or CHEKZ2 mutations had significantly lower HRD scores compared
to JHU cases with BRCAZ2 mutations (adjusted p<0.0001) or somatic A7M mutations
(adjusted p=0.039), but were not significantly different from JHU cases with germline ATM
mutations (adjusted p=0.136) or germline CHEKZ mutations (adjusted p>0.99)
Unexpectedly, when exploring the association of other common somatic genomic alterations
with HRD score, we observed that among cases lacking BRCA1/ATM/CHEK?2 mutations,
those with pathogenic 7P53 mutations (n=12) had significantly higher HRD scores
compared to cases without 7253 mutation (n=373) (median HRD score of 17 vs. 11,
p=0.015).

We then validated these findings in the TCGA cohort using an independent PROGENE
cohort of 102 primary prostate cancers from patients who subsequently developed
metastases (18) (Figure 1C). The median HRD score for cases lacking BRCAZ, ATM or
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CHEKZ mutations was 18 in this cohort, which was significantly higher than that seen in the
TCGA cohort (adjusted p=0.0002), potentially due to the selection for subsequently
metastatic tumors in the PROGENE cohort. As observed in the TCGA cohort, tumors with
BRCAZ (n=6) or ATM mutations (n=3) had higher median HRD scores than those without
such HR gene mutations, though the low numbers precluded meaningful statistical
comparisons. Notably, and consistent with our prior observation, among cases lacking
BRCAZ/ATM/CHEKZ mutations, the median HRD score was significantly higher for those
with 7P53 mutations (n=27; median HRD=24) compared to those without (n=66; median
HRD=16) (p=0.0013).

In order to explore differences in HRD scores among BRCA-associated prostate and non-
prostate cancers, we compared HRD scores observed in primary prostate cancer with those
from a previously published cohort of high-grade serous ovarian carcinoma (19), another
tumor type with a high prevalence of HR gene mutations. Including only cases with 7P53
mutations (94% of the cohort) (25), the median HRD score for cases lacking BRCAZ, ATM
or CHEKZ mutations (n=133) was 28, compared to 55 for case with pathogenic BRCAZ2
mutations (n=15; p=0.0006) and 65 for those with pathogenic BRCAI mutations (n=19;
p<0.0001) (Figure 1D).

Associations between HRD scores and Gleason grade, ERG fusion status, androgen
receptor activity and percent genome altered.

We also sought to examine potential correlations between HRD scores and a number of
other histologic and molecular parameters. To do so, we used data from the TCGA cohort.
First, we explored the relationship between Gleason grade and HRD scores. We found that
there was a significant association between HRD and Gleason Grade Group, both in the
overall TCGA cohort and in the subset lacking HR gene and 7”53 mutations
(Supplementary Figures, S3A and S3B). This is consistent with previous reports by our
group and others suggesting that prostate cancers with HR deficiency are more likely to
demonstrate higher Gleason grades (16,26).

Next, we assessed the percentage of the genome altered (PGA), defined as the fraction of the
genome (from whole-exome sequencing analysis) that is affected by copy number gains or
losses, as previously described (27). To this end, we observed a significant correlation
between HRD scores and PGA in both the overall TCGA cohort and the subset lacking HR
gene and 7P53 mutations (Supplementary Figures, S3C and S3D). However, although these
two measures of genomic instability are broadly correlated, they are not identical; in
particular, there are a number of cases with high PGA and low HRD (scores of <20).

We then assessed the relationship between £RG gene fusions and HRD scores, due to prior
preclinical reports suggesting that presence of £RG fusions may sensitize to PARP
inhibition in prostate cancer (28), although this has not been borne out in prospective clinical
trials (29). Using the TCGA cohort, we found (paradoxically) that £RG-fusion positive
tumors had significantly lower HRD scores than £RG-negative tumors, both in the whole
TCGA cohort and in the subset of cases without HR gene or 7P53 mutations
(Supplementary Figures, S3E and S3F). However, in the JHU cohorts, there were no
significant associations between ERG fusion status as determined by immunohistochemistry
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and HRD scores in prostate tumors from patients with germline A7TM or BRCAZ mutations
(Supplementary Figure S4).

Finally, we aimed to understand the relationship between AR signaling and HRD scores in
primary prostate cancers. While we did not detect any activating AR gene mutations in any
of the three cohorts (as expected in this hormone-naive population), we were able to evaluate
androgen receptor activity (AR-A) transcription signatures using the weighted gene
expression of nine AR-responsive genes, as previously described (30). Thus, using the HRD
scores from the TCGA cohort generated here and the matching AR-A scores from the same
cohort generated previously (30), we observed a significant negative correlation between
AR-A scores and HRD scores, both in the overall TCGA cohort and in the subset lacking
HR gene and 7P53 mutations (Supplementary Figures, S3G and S3H).

HRD score and Efficacy of PARP inhibitors among prostate cancers with germline BRCA2

mutations.

Finally, we explored (in a very preliminary fashion) the potential association between HRD
scores and clinical outcomes to PARP inhibitors in a group of patients with pathogenic
BRCAZ mutations who received olaparib therapy. To this end, 8 of the BRCAZ-altered
patients included in the present study (Supplementary Table S1) with evaluable HRD scores
had received olaparib treatment as part of routine clinical practice, and their clinical
characteristics are summarized in Supplementary Table S5. In these patients, we analyzed
best PSA responses (proportional PSA decrease compared to baseline) and clinical/
radiographic progression-free survival (PFS; time to clinical or radiographic progression or
death, whichever occurred first) after stratifying the group above or below the median HRD
score (which was 25 among these eight patients). Accordingly, in the 4 patients with HRD
scores above this median, the mean PSA reduction was 93% (range, 84-100% reduction)
and the median PFS was 14.9 months (range, 10.1-19.8 months). Conversely, among the 4
patients with HRD scores below the median, the mean PSA reduction was 91% (range, 89—
93% reduction) and the median PFS was only 9.9 months (range, 6.8-11.0 months). This
preliminary exploratory analysis suggests that higher HRD scores may potentially be
associated with improved clinical outcomes to PARP inhibition in prostate cancer, but must
be further substantiated.

Discussion

The recent FDA-approval of rucaparib for mCRPC patients with germline or somatic
BRCA1/2 mutations, and of olaparib for mCRPC patients with mutations in one of 14 HR-
related genes, heralds a new era for the precision treatment of advanced prostate cancer.
Similar FDA approvals are soon expected for other PARP inhibitors, including niraparib and
talazoparib. While these agents represent a welcome addition to the prostate cancer
therapeutic arsenal, the current method of selection of patients for these drugs — based on the
presence or absence of a germline/somatic mutation in a particular HR gene — is likely
imperfect. Pan-cancer analyses have demonstrated that only bi-allelic inactivation of HR
genes leads to mutational signatures and genomic scarring consistent with underlying DNA-
repair deficiency (31,32). Importantly, evidence of bi-allelic alteration is present in only 70—
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80% of prostate cancers with germline BRCAZ mutations (31), consistent with estimates
that as many as 20% of prostate cancers in germline BRCAZ2-mutation carriers are sporadic
and unrelated to HR deficiency (33). Thus, selection of prostate cancer patients for PARP
inhibitor therapy using only germline mutation data is likely to include a significant
proportion of patients who may not benefit from this approach; and even with somatic
sequencing, it can be difficult to assess LOH status in a significant proportion of cases as
seen in the current study. In addition, not all HR gene mutations result in identical
consequences for DNA repair; some may not be associated with PARP inhibitor sensitivity
at all (34). Moreover, it is clear that some prostate cancer patients without apparent HR gene
mutations may have underlying genomic scarring consistent with deficient DNA-repair
processes, potentially signifying PARP inhibitor sensitivity (35). In this context, additional
methods to quantify functional HR status (36,37) could help to further refine optimal
selection of MCRPC patients for treatment with PARP inhibitors, if validated in prospective
clinical trials. Of note, since HRD scores are not a functional readout of HR deficiency/
proficiency, they might erroneously predict PARP inhibitor sensitivity in some contexts (e.g.
in BRCAZ-associated cancers in which reversion mutations have occurred that restore the
open reading frame of BRCA2) where a functional HR assay could prove to be more useful.
Finally, the use of HRD assays may also have utility in other contexts, such as the use of
platinum-based chemotherapies for mCRPC (38) or other synthetic-lethal approaches.

Here, we show that HRD scores vary significantly in prostate cancers from patients
harboring germline mutations in BRCAZ, ATM and CHEKZ. Assessed using a targeted NGS
panel in a CLIA-accredited lab, HRD scores were highest in tumors from germline BRCAZ-
altered patients, intermediate in germline A7M-altered patients, and lowest in germline
CHEKZ-altered patients (akin to wild-type prostate cancers). Further, while HRD scores
were generally higher in tumors with bi-allelic (compared to mono-allelic) inactivation of
BRCAZ or ATM, the prevalence of bi-allelic mutations did not significantly differ in these
two patient cohorts. In other words, the higher HRD scores in BRCAZ-mutated prostate
cancers (compared to A7TM-mutated cancers) could not be explained simply by a higher
proportion of bi-allelic events in the former versus the latter, although this may contribute in
some contexts. Remarkably, none of the germline CHEKZ-altered cases showed bi-allelic
mutations in tumor tissue, and these had lower HRD scores. These findings were generally
replicated in two independent sporadic prostate cancer cohorts, where BRCAZ mutations
were associated with numerically higher HRD scores than A7M mutations, and both groups
had higher HRD scores than wild-type (i.e. BRCAZ/ATM/CHEKZ negative) prostate
cancers.

An unexpected finding of our study was that prostate cancers harboring somatic 7P53
mutations demonstrated higher HRD scores than wild-type cases in both of the independent
cohorts examined. 7P53 mutations in prostate cancer are associated with other hallmarks of
genomic instability, such as chromothripsis (39), perhaps partially explaining this
phenomenon. Unfortunately, it was not possible for us to evaluate the effect of 7P53
mutations on HRD scores in the ovarian cancer cohort, since virtually all cases of that
disease are characterized by 7P53inactivation (25). Although the co-existence of BRCA1/2
and 7P53 mutations in the vast majority of ovarian cancers might contribute to the higher
median HRD scores in that tumor type when compared to BRCAZ?-altered prostate cancers,
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ovarian tumors also harbor many other non-BRCA1/2 HR pathway gene mutations that
almost certainly increase the HRD scores among BRCA1/2wild-type patients (40). In
prostate cancer, it is tempting to speculate that the co-occurrence of BRCAZ2and TP53
mutations might portend a more favorable prognosis in the context of PARP inhibitor
treatment, although preliminary clinical data do not suggest that mCRPC patients with 7P53
mutations are more sensitive to PARP inhibition (29,41). Finally, in contrast to BRCA1/2,
TP53and ATM mutations are mutually exclusive in many tumor types (42-45), which may
also contribute to the relatively lower HRD scores in A7TM-mutated tumors.

Our data on HRD scores are concordant with the observed clinical activity of PARP
inhibitors in prostate cancer. While BRCAZ2-altered mCRPC patients derive a clear and
consistent benefit from both olaparib and rucaparib (2,3,5-7), the efficacy of these and other
PARP inhibitors in men with A7M mutations is more modest (3,4,8), and in those with
CHEKZ mutations is low with some rare exceptions (3,4). The “synthetic lethality”
hypothesis (46) predicts greatest efficacy of PARP inhibitors in cancers with bi-allelic HR
gene deficiency, especially bi-allelic inactivation of genes directly involved in mediating HR
DNA repair. The fact that BRCAZ2-mutated prostate cancers have higher HRD scores than
ATM-mutated cancers which, in turn, have higher HRD scores than CHEK2-mutated
cancers might be one plausible (yet simplistic) explanation for the clinical effects seen.
Furthermore, the notion that even among BRCAZ-altered prostate cancers, those with the
highest HRD scores may respond the best to PARP inhibitor therapy (as suggested by our
preliminary clinical findings) implies that knowledge about HR functional status may serve
as a treatment-selection marker. This hypothesis remains to be confirmed, and should be
explored in the context of one or more of the completed or ongoing clinical trials.

Our study has a number of limitations. First, HR gene mutations were assessed using a
panel-based or whole-exome sequencing approach, which may miss complex somatic
genomic rearrangements or alternative mechanisms of HR gene inactivation, such as
methylation. Thus, it is possible that some cases classified as lacking HR gene mutations in
the TCGA and PROGENE cohorts may have actually harbored underlying HR gene
inactivation and we may have misclassified some cases with bi-allelic alterations among the
JHU cohort. We were also unable to study HRD scores in prostate cancer samples with other
important HR gene mutations such as BRCA1, PALB2or RAD51, due to the relative rarity
of these alterations in prostate cancer. Second, we acknowledge that our analysis of HRD
scores and clinical outcomes to PARP inhibition is based on very small numbers of patients
(n=8) using primary tumor samples rather than metastatic samples for determination of HRD
scores. Accordingly, we lacked statistical power to derive meaningful conclusions, and were
we unable to define optimal HRD cut-points for clinical use (we simply stratified the cohort
by the median HRD score in order to maximize the number of patients in each group).
Therefore, these clinical data should only be considered hypothesis-generating, and require
confirmation in prospective clinical trials.

In conclusion, optimal treatment selection towards or against PARP inhibitor use (and
potentially also platinum-based chemotherapies) in prostate cancer requires further
refinement (47). While the selection of patients based on the presence or absence of a
particular HR gene mutation (e.g. BRCAZ) is a good starting point — and has led to FDA

Mod Pathol. Author manuscript; available in PMC 2021 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lotan et al.

Page 11

approval of two PARP inhibitors — this only represents the beginning of the precision
oncology era in prostate cancer. We propose that HRD assays may augment clinical utility,
and deserve further exploration and prospective validation. We envision that such HRD
assays would be used in conjunction with, and not instead of, germline and somatic genetic
analysis of the key HR genes. The ability to further tailor our treatment recommendations
based on additional validated genomic or transcriptomic functional assays remains our
challenge for the future.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: HRD scores across prostate and ovarian tumor cohorts.
(A) HRD scores in JHU cohort of patients by BRCAZ, ATM, and CHEKZ status. (B) HRD

scores in TCGA cohort of primary prostate tumors by 7P53, ATM and BRCAZ status. (C)
HRD scores in PROGENE cohort by 7P53, ATM and BRCAZ status. (D) HRD scores in
ovarian cancer cohort (19) by BRCA1 and BRCAZ status.

Mod Pathol. Author manuscript; available in PMC 2021 July 18.



	Abstract
	Introduction
	Materials and Methods
	Patients and tissue samples:
	DNA isolation:
	Targeted next-generation sequencing (NGS):
	DNA sequence analysis and interpretation:
	Immunohistochemistry:
	Statistical Analysis:

	Results
	HRD score in prostate cancers with germline mutations in BRCA2, ATM or CHEK2.
	HRD score in primary prostate cancers without HR pathway gene mutations.
	Associations between HRD scores and Gleason grade, ERG fusion status, androgen receptor activity and percent genome altered.
	HRD score and Efficacy of PARP inhibitors among prostate cancers with germline BRCA2 mutations.

	Discussion
	References
	Figure 1:

