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Abstract: Poly(ADP-ribose) polymerase inhibitors (PARPi) have been in clinical use since 2014 for certain patients with germline
BRCA1/2 mutations, but as evidence and approvals for their use in a wider range of patients grow, the question of how best to identify
patients who would benefit from PARPi becomes ever more complex. Here, we discuss the development and current state of approved
selection testing for PARPi therapy and the ongoing efforts to define a broader range of homologous recombination repair deficiencies
that are susceptible to PARP inhibition.
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Introduction
Prior to the 1980s, the approach to cancer therapy was defined by the use of non-selective chemotherapeutic agents that
destroyed both normal and malignant cells actively duplicating their DNA.1 A multitude of advancements in molecular
biology during the 1990s permitted researchers to better recognize DNA structure, mechanisms of DNA damage, and the
cellular basis of malignant transformation.2,3 With this understanding, new targets have been identified over the past 20
years that can be modulated or blocked by biotechnological drugs, such as monoclonal antibodies and small molecules,4,5

and have ushered in a new era of cancer therapy leading to national precision medicine initiatives and improved
personalized therapeutic treatment options for patients.

It is almost 60 years since the discovery of the [poly(ADP-ribose) polymerase]-1 (PARP-1) nuclear enzyme,6,7

40 years since the identification of the role it plays in DNA damage repair,8 and over a decade since the first clinical
trials of the innovative small molecules inhibiting PARP (PARP inhibitors; PARPi) were reported.9 Building further
on the premise of precision medicine, this past decade has brought a singularly transformative improvement in
diagnostic testing for patients with cancer, including genomic analysis for the identification of inherited and
epigenetic tumor mutations, highly sensitive detection of tumor-derived DNA in blood, immune marker changes,
RNA and transcriptomic testing; and in response to these technological processes, rapid adaptive changes in clinical
trial design. A better understanding of the DNA damage response (DDR) pathway, a network of hundreds of
proteins that sense, signal, and repair DNA,10–14 has also led to the mechanistic recognition that loss of one or more
of these DDR mechanisms often occurs during the development of cancer, and the pursuit of biomarkers of clinical
significance.15
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The Role of Homologous Recombination Deficiency in PARPi Response
DNA damage occurs continuously, leading to signal sensing and repairing of this damage via the DDR pathways that
form part of various physiological processes involving an estimated 450 genes.10,11 The type of DNA damage that is
caused as well as the timing of the same in the cell division cycle dictates the type of repair mechanism utilized;16 some
forms of DNA damage can be repaired quickly but more structurally complex repairs require the cell to arrest division to
efficiently facilitate this. Repair mechanisms include base excision repair (BER) for single-strand breaks (SSBs),
nucleotide excision repair (NER), and mismatch repair of bases (MMR). Double-strand breaks (DSBs) are postulated
to be the most genotoxic and fidelitous repair is crucial to cell survival.17 There are at least 3 mechanisms of DSB repair,
including homologous recombination (HR) repair, non-homologous end joining (NHEJ), and micro-homology mediated
end joining (MMEJ).10 Non-cancerous cells can use the second copy of the DNA helix as a template for the repair of
DSBs via HR repair, but cells with a compromised HR repair will use other error-prone mechanisms such as NHEJ which
lead to genomic instability. The loss of HR repair capability through mutation, both germline and somatic, or epigenetic
changes in one of the HR repair genes creates an associated genomic instability denominated HR deficiency or HRD.

PARP-1 is one of the best described and most abundant enzymes in the super family of PARP proteins, which controls
cellular-level repair of SSBs through BER. Normally, once DNA damage is detected, PARP enzymes bind to the DNA
lesion and facilitate posttranslational ADP-ribosylation using NAD+ (nicotinamide adenine dinucleotide) as a substrate,
which permits uncoiling of the chromatin for repair by engaging H1/H2B histones.18 Additionally, PARP-1 is increas-
ingly recognized as playing a role in DSB detection and repair.19 The ADP-ribosylation (or “PAR-ylation”) process is
postulated to be regulated by the helical subdomain of PARP-1, which borders an ADP-ribosyl transferase fold that can
selectively permit access of NAD+ after DNA binding, and these modifications recruit other factors that effectively
complete DNA repair.20–22 This process is also the target mechanism of action for PARPi: b-nicotinamide adenine
dinucleotide (NAD+)-competitive inhibitors.23

Four PARPi have received one or more FDA approvals: olaparib (Lynparza, AstraZeneca), niraparib (Zejula,
GlazoSmithKline), rucaparib (Rubraca, Clovis Oncology, Inc.), and talazoparib (Talzenna, Pfizer). At least two others
(veliparib [AbbVie] and pamiparib [BeiGene, Ltd.]) are in clinical development. Though cytotoxicity has been recog-
nized to be variable between these inhibitors, more recently, these differences have been postulated to be secondary to the
ability of each agent to “trap” PARP enzymes on DNA.24 More specifically, PARPi not only block the enzymatic activity
of PARP preventing auto-PARylation, but subsequently impede the dissociation of PARP-1 from the damaged chromatin
by stabilizing the PARP-DNA complexes, which directly leads to stalled replication forks and subsequent formation of
DSBs (Figure 1).25,26

Figure 1 Mechanism of PARP inhibitor (PARPi) cytotoxicity. The presence of PARPi prevents repair of single-strand DNA breaks (SSBs). SSBs are ultimately converted to
double-strand breaks (DSBs) during replication. In homologous recombination (HR)-deficient tumors, the DSBs cannot be resolved leading to cell death.
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The activity of PARPi was initially demonstrated preclinically in the setting of deleterious germline breast cancer 1 or
2 (BRCA1/2) gene mutations in cell lines and patient-derived xenograft (PDX) models. BRCA1/2 are key HR repair genes
and the interplay between PARPi and BRCA1/2 loss results in intolerable levels of genomic instability and cell death,
exemplifying the concept of synthetic lethality (ie, the combination of two non-lethal cellular defects causing cell
death).27,28 Deleterious mutations in the BRCA genes are a canonical example of HR deficiency; however, HR deficiency
can also occur through other mechanisms including germline, somatic, or methylation changes in other HR repair
genes.29–31 Multiple assays have been developed to identify defects in HR repair and define an HR deficiency phenotype,
with the expectation that the combination of tumors bearing the HR deficiency phenotype and PARP inhibition will result
in clinical benefit. The approval and use of PARPi have been heavily dependent on companion diagnostic assays and
defining this HR deficiency phenotype.

Since the first approval of olaparib by both the FDA and the EMA in 2014 for the treatment of patients with germline
mutations in BRCA1/2 (gBRCAm) and high-grade serous ovarian, fallopian tube and peritoneal carcinoma (HGSC),
a clinical “proof-of-concept” confirmation of synthetic lethality, there has been a concerted effort by the research
community to explore the occurrence of this vulnerability across tumor types beyond both BRCA deleterious mutations
and ovarian cancer. Together with the commercialization of next-generation sequencing testing, validation of HR
deficiency as a novel predictive biomarker has become a focus of patient selection strategies for PARPi therapy and
a multitude of assays for HR deficiency have been created. Miller et al recently characterized three separate types of HR
deficiency testing strategies: 1) HR repair gene-level tests (gene-based assays of germline and somatic BRCA mutations,
non-BRCA gene mutations, variants of unknown significance, and HR gene promoter methylation), 2) genomic scars or
mutational signatures (such as genomic instability and mRNA expression profiles), and 3) functional assays that can
indicate HR deficiency or proficiency (such as Rad51 foci induction).29 Below, we discuss the capabilities of each of
these assay types.

Genomic Approaches for Identifying PARPi Sensitivity
Gene-Based Assays
HR deficiency was initially described in the context of germline BRCA1 and BRCA2 pathogenic mutations (Figure 2).32

Germline mutations in BRCA1/2 are the gold standard for HR deficiency and are found in up to 7% of unselected breast
cancer, in up to 15% of triple-negative breast cancers and in 14% of high-grade serous ovarian cancers.33,34 Somatic
BRCA1/2 alterations occur in the same tumor types. They manifest as HR-deficient in the same way as germline BRCA1/
2 alterations and confer equivalent sensitivity to PARPi and platinum-based regimens.35 There are two FDA-approved
companion diagnostic (CDx) tests for BRCA1/2. Myriad Genetics’ BRACAnalysis CDx is indicated for the identification
of germline BRCA1/2 mutations from whole blood in breast, pancreatic, ovarian and prostate cancers, and
FoundationFocus CDxBRCA from Foundation Medicine is indicated for FFPE tumor tissue to identify deleterious
BRCA1/2 alterations in ovarian cancer patients.36

In addition to pathogenic alterations in BRCA1, methylation of the BRCA1 promoter can also compromise the
function of the BRCA1 protein product. Interestingly, BRCA1 promoter methylation (PM) appears to be mutually
exclusive with BRCA1 mutation.37 BRCA1 PM is relatively common in triple negative breast and high-grade ovarian
cancer (HGOC), where it has been observed in ~30% and 11–17% of patients, respectively.37,38 Swisher et al found that
women with BRCA1 PM may benefit from the PARPi rucaparib in the ARIEL2 trial, a study in women with HGOC.37 In
this study, patients with high BRCA1 PM levels, as assessed in tumor specimens obtained just prior to enrollment, had an
objective response rate (ORR) of 44% compared with an ORR of just 5–10% in patients who were BRCA1 methylation
low or unmethylated. The BRCA1 PM ORR was similar to the 39% ORR observed in the 89 evaluable patients enrolled
in the ARIEL2 trial with BRCA1 mutations, suggesting that BRCA1 PM patients will derive equivalent benefit to PARPi.
Additionally, BRCA1 methylation status was found to potentially change over time, with reversion of methylated back to
an unmethylated state potentially conferring resistance to rucaparib. Besides BRCA1/2, there are multiple other gene
products that are necessary for successful HR repair. These include genes encoded by MRE11, RAD51, ATM, CDK12,
PALB2, CHEK2, RAD51C, RAD51D, BRIP1, and BARD1, as well as other Fanconi anemia genes. Mutations in many of
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these occur so infrequently that it is not yet clear whether pathogenic or likely pathogenic alterations will confer the same
sensitivity to PARPi as alterations in BRCA1/2. For some, however, a body of clinical evidence is beginning to emerge in
several cancer histologies.

PALB2 appears to be a core HR gene, with clinical responses to PARPi in patients with PALB2 mutations approaching
what are typically seen for BRCA alterations in pancreatic, ovarian, prostate, and breast cancer.39–41 Mutations in
RAD51C and RAD51D are very rare but do occasionally occur in ovarian cancer. These were also shown to be similarly

Figure 2 Genomic approaches for assessing homologous recombination (HR) deficiency. Next-generation sequencing (NGS) assays may use targeted DNA panels, whole-
exome sequencing (WES), whole-genome sequencing (WGS), or RNA-Seq to identify complex genomic biomarkers of HR deficiency. Targeted gene panels are sufficient to
measure a clinically relevant subset of HR-related genes. Genomic scars and mutational signatures are most accurately measured by either WES or WGS, which sample the
entire exome or genome, respectively. RNA-Seq has mostly replaced microarray and other platforms for evaluating gene expression signatures such as PARPi-7 and
BRCAness.
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sensitive to rucaparib as BRCA alterations.37 The sensitivity of other, more frequently occurring HR mutations to PARPi
remains less clear. Alterations in ATM and CDK12 occur at relatively higher frequencies in metastatic castration-
resistant prostate cancer (mCRPC). However in TOPARB, a phase 2 study of men with mCRPC and aberrations in DNA
damage repair genes, only 1 in 12 evaluable patients with an ATM pathogenic/likely pathogenic alteration and 0 among
18 with CDK12 pathogenic/likely pathogenic alterations had an objective response by RECIST1.1 criteria.41 Similarly,
in a recent study of olaparib in metastatic breast cancer, responses were only seen in patients with PALB2 and somatic
BRCA1/2 alterations,42 but not in patients with CHEK2 and ATM mutations. Germline alterations in BRIP1 carry an
increased risk of hereditary breast or ovarian cancer. Of the five HGOC patients with biallelic loss of BRIP1 enrolled in
the ARIEL2 study, none had an objective response, although two did have platinum resistant/refractory disease on
enrollment.37

Two additional genes not normally associated with HR repair have garnered much recent attention. IDH1 and IDH2
normally function in the citric acid cycle. However, certain alterations in IDH1 and IDH2 are neomorphic and have been
found to occur in several cancers, including in up to 70% of low-grade gliomas.43 Recently, IDH1/2 mutations were
shown to induce HR deficiency in tumor cells, rendering them sensitive to PARPi.44 These findings translated to the
clinic, where in a recent Phase 1 trial of olaparib in IDH1/2-mutant mesenchymal sarcomas, Eder et al found three of five
patients with chondrosarcomas had clinical benefit.45

Genomic Scar Assays
The challenges of establishing the clinical utility of PARPi beyond BRCA1/2 using a gene-based approach have led to the
development of functional and phenotypic genomic assays for assessing HRD (Figure 2). Among these, assays that
evaluate the level of genomic scarring in the tumor genome are the most clinically advanced. Large stretches of loss of
heterozygosity (LOH) constitute one such scar. Foundation Medicine has developed a commercial next-generation
sequencing (NGS) test for LOH that has been approved by the FDA as a complementary diagnostic for rucaparib (the
FoundationFocus CDxBRCA Assay).36 The test calculates the percentage of LOH across the 22 autosomal chromo-
somes, excluding regions spanning >90% of a whole chromosome or chromosomal arm as these usually arise through
mechanisms such as non-disjunction that do not involve HRD.37 ARIEL2 Part 1 used the Foundation Medicine test to
segregate patients with BRCA-wt HGOC into LOH-high and LOH-low bins based on a cut-off of 14% LOH;37 a higher
threshold of ≥16% LOH was later defined due to testing in the ARIEL3 study.46 Patients who were LOH-high achieved
a 12-month progression-free survival (PFS) of 28% versus 10% for the LOH-low group. Of the 152 evaluable patients
who were BRCA-wild-type, 82 (54%) were found to be LOH-high, reflecting the high rate of genomic scarring observed
in HGOC.

A second commercial NGS assay that evaluates genomic scarring, myChoice®, has been developed by Myriad
Genetics. myChoice® uses a combined score based on LOH, telomere allelic imbalance (TAI), and large-scale state
transitions (LST). A combined score of 42 was established as a threshold between HR-deficient and HR-proficient
tumors. This threshold was based on a large cohort of BRCA1/2-mutant breast and ovarian cancers where 95% of cases
were found to have a myChoice® score at or above 42.47 In a Phase 3 trial evaluating the PARPi niraparib as maintenance
therapy in platinum-sensitive recurrent ovarian cancer, patients who were BRCA1/2 wild-type but HR deficiency-positive
by myChoice® (ie, HR-deficient) had a better clinical outcome with niraparib versus placebo.48

In addition to ovarian cancer, HR deficiency as assessed by genomic scarring or other functional assay may occur in
24% of primary breast cancers, 15% of metastatic pancreatic, and 13% of metastatic prostate cancers;49 however, the
clinical utility of genomic scarring assays in histologies beyond ovarian cancer is undetermined. Of note for mCRPC,
BRCA2-altered tumors were found to have significantly higher myChoice® HR deficiency scores than germline ATM-
altered or CHEK2-altered cases,50 consistent with the lower efficacy of PARPi with these alterations as described
above.

It should be noted that a limitation of genomic scarring as a predictive biomarker of PARPi response is that is
irreversible. Consistent with this notion, there was high concordance observed when %LOH was compared between
archival and matched freshly collected specimens, with some LOH scores even increasing over time in the freshly
collected specimen but none decreasing.35 Genomic scarring assays therefore cannot identify patients who may have
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developed resistance to PARPi through BRCA1/2 reversion mutations or other mechanisms, suggesting they have highest
clinical utility in the treatment-naïve or platinum-sensitive setting.

Assays That Use Mutational Signatures
The cancer genome harbors distinct mutational signatures, each of which reflects a mutational process that may underlie
the development of cancer (Figure 2).51 One of the base substitution signatures identified in breast, ovarian and
pancreatic cancer, signature 3, was strongly associated with the presence of BRCA1 and BRCA2 inactivating
mutations.51 Davies et al extended this finding using whole-genome sequencing to identify a weighted index of 6
mutational signatures, termed HRDetect, that quantitatively defined BRCA deficiency with high sensitivity.52 Besides
signature 3, HRDetect incorporates signatures representing microhomology-mediated indels, the HR deficiency index,
rearrangement signature 3, rearrangement signature 5, and base substitution signature 8. Interestingly, nearly 1/3 of the
124 breast cancer cases identified with high HRDetect scores were not BRCA1/2 null or known to be BRCA1 PM,
suggesting the potential of HRDetect to identify cases beyond BRCA1/2 that may benefit from PARPi.

Similar to HRDetect, Nguyen et al developed CHORD, a mutational classifier for HR deficiency.49 A drawback of
both HRDetect and CHORD is the requirement for WGS, which is not typically performed in clinical sequencing
laboratories. To address this, Gulhan et al developed a computational tool, SigMA, that can faithfully identify HR
deficiency signature 3 in tumors using only a targeted gene panel.53

RNA Expression Assays
In contrast to DNA-based signatures, which continue to reflect an HR-deficient state even when a reversion event in an
HR gene allows a tumor to become HR-proficient again, an RNA-based gene expression signature should in theory be
able to accurately assess HR proficiency at any time due to the dynamic nature of RNA expression (Figure 2). Several
gene expression signatures were evaluated in I-SPY 2, a neoadjuvant breast cancer study that included a combination of
the PARPi veliparib plus carboplatin.54 A 7-gene signature, PARPi-7 (BRCA1, CHEK2, MAPKAPK2, MRE11A, NBN,
TDG, and XPA), and a 77-gene BRCA1ness signature both showed associations with response in the veliparib/carboplatin
arm but not the control arm. Interestingly, the concordance between the two signatures was only moderate (64%; k =
0.29). A limitation of the study was the relatively small size of the cohort (n = 115) and the retrospective nature of the
analysis. These signatures, while promising, will require further exploration.

Resistance to PARPi Therapy Through HR Gene Reversion Mutations
The best-characterized mechanisms of resistance to PARPi are molecular events that result in the restoration of the open
reading frame in BRCA1, BRCA2 and other mutant HR genes. Reversion mutations were first identified in studies of
BRCA2-mutant breast or pancreatic cell lines selected to be resistant to PARPi or cisplatin.55,56 In a clinical setting,
reversion mutation events have now been observed in breast, pancreatic, ovarian, and prostate cancers.57

Pettitt et al have recently established a public database where researchers who identify reversion events in HR genes
may deposit their findings.58 The corresponding publication described the analysis of over 300 reversions, most of which
were in BRCA1 and BRCA2. Deletions, as opposed to base substitutions or other genomic events, were the most frequent
type of reversion alteration seen. Over half of the deletions in BRCA2 and 47% of deletions in BRCA1 showed evidence
of microhomology-mediated end joining (MMEJ), demonstrating that this mechanism of DNA repair plays a prominent
role in mediating reversion events. Reversion mutations are not unique to BRCA1/2, having also been identified in
PALB2, RAD51C, and RAD51D.59,60

Liquid biopsies continue to be increasingly embraced by both the clinical and research communities, with one more
recent example being the identification of reversion events in HR genes in several histologies.31,60–62 In one of the largest
such clinical studies to date, Lin et al described reversions identified in circulating free DNA (cfDNA) from a cohort of
97 HGOC patients treated with rucaparib.31 In pretreatment cfDNA, 18% (2/11) of platinum-resistant and 13% (5/38) of
platinum-refractory patients had BRCA1/2 reversions compared with 2% (1/48) of platinum-sensitive patients. Patients
without pretreatment cfDNA BRCA1/2 reversions had a significantly longer PFS on rucaparib (9.0 versus 1.8 months; P <
0.0001), supporting the potential clinical utility of screening pre-treated BRCA1/2-mutant ovarian cancer patients for

https://doi.org/10.2147/OTT.S278092

DovePress

OncoTargets and Therapy 2022:15170

O’Sullivan Coyne et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


reversion mutations using liquid biopsies prior to initiating PARPi therapy. Strikingly, cfDNA captured a multiclonal
heterogeneity of reversion events that was not observed in the matched, contemporaneously collected tumor specimens.
In one instance, 8 unique BRCA1 reversion events were identified in cfDNA with only 1 of 8 observed in the matched
biopsy. A well-recognized limitation for the use of cfDNA is the potential for a false-negative result in patients whose
tumors shed very little circulating tumor DNA (ctDNA). Of note, an additional challenge is the detection of copy number
alterations such as homozygous deletions in BRCA2, which constitute ~20% of all BRCA2 deleterious mutations in the
tumors of men with mCRPC.63

Resistance Beyond HR Gene Reversion Mutations
While genomic reversion mutations constitute the majority of documented resistance to PARPi in patients, non-revertant
mechanisms of resistance have also been identified. Among these is the upregulation of ABCB1, which encodes the
MDR1 drug efflux pump.57 Upregulation of ABCB1 was first identified as a mechanism of resistance to olaparib and
other DNA-damaging agents in BRCA1/2-deficient mouse models.64,65 Evidence supporting the clinical relevance of this
mechanism comes from a study of 92 patients with high-grade serous ovarian cancers (HGSOC), where ABCB1 promoter
fusion events were associated with ABCB1 upregulation in 8% of evaluable cases.66 PARPi that are poor substrates of
MDR1, such as veliparib and niraparib, may be considered for these patients.

A second non-revertant mechanism of PARPi resistance that may translate to the clinic is loss of TP53BP1 function.
Loss of TP53BP1 has been shown in vitro to promote the restoration of BRCA-independent HR through loss of DNA end
protection.67,68 Waks et al observed biallelic TP53BP1 loss in one BRCA1-mutant metastatic breast cancer patient
progressing on platinum, and Johnson et al observed decreased TP53BP1 expression by IHC in the biopsies of four
HGSOC platinum progressors.69,70

Protein Biomarkers for PARPi Sensitivity
Homologous Recombination
Development of a phenotypic, or functional, assay for HR deficiency is very attractive due to the challenges of measuring
all proteins of interest within the pathway. A functional assay should ideally measure a single event downstream that
indicates pathway proficiency of upstream factors. Much interest has been generated in a Rad51 foci assay as a measure
of HR proficiency. Rad51 is a recombinase that forms discrete nuclear foci after induction of DNA damage in S/G2 when
a sister chromatid is present for recombination (Figure 1). Rad51 foci formation indicates the ability of a cell to induce
HR, up to the stage of Rad51 loading onto the ends of a DSB but does not measure steps downstream of HR loading.
Several groups have examined whether impaired Rad51 foci formation after DNA damage may identify cancers with
defects in HR; however, more work needs to be done to evaluate if Rad51 foci formation is an effective predictor of
PARPi sensitivity. Here, we will review the evidence supporting the correlation between Rad51 foci formation after drug
treatment and 1) HR deficiency and/or 2) PARPi sensitivity. Some of the studies cited include a second correlate to define
HR deficiency, while earlier studies correlate Rad51 scores with PARPi sensitivity directly.

Rad51 foci formation was examined in patients with sporadic breast cancer in biopsies taken 24 hours post
anthracycline-based chemotherapy.71 The percentage of geminin-positive cells also positive for Rad51 foci was used
to assign a Rad51 score indicative of HR deficiency. A quarter of cases (15/57; 26%) were defined as Rad51-low (<10%
of geminin-positive cells displaying Rad51 foci) and presumed to be HR-deficient. Out of these 15 Rad51-low cases,
33% achieved a pathological complete response compared to 3% of tumors without a Rad51-low score, although there
were no differences in overall clinical responses to chemotherapy. Importantly, the baseline biopsies of the same 35
patients were also evaluated and Rad51 was observed in only 2 biopsies, each of which only had 2% of cells with Rad51
foci. This study underscores that the predictive value of this marker may not be found in baseline measurements, as are
usually used for diagnostic assays, but in the response of the tumor to treatment, requiring a post-treatment biopsy to
assess.

Attempting to correlate phenotypic and genomic markers of HR deficiency, a retrospective study of patients with
TNBC treated with rucaparib for two weeks evaluated HR deficiency using two assays: 1) the HRDetect assay on
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baseline biopsies and 2) impaired Rad51 foci formation on end-of-treatment biopsies.72 HRDetect assay indicated HR-
pathway defects in 69% of patient baseline biopsies. End-of-treatment biopsies from these patients were then evaluated
by a Rad51 and geminin immunohistochemistry assay and defined as HR-deficient if Rad51 foci were observed in less
than 20% of geminin-positive cells. The authors reported 77% of the end-of-treatment biopsies were characterized as
Rad51-deficient, although it is not clear whether the biopsy was taken within a window when Rad51 can be reliably
detected after rucaparib treatment. The authors reported that 61% of those Rad51-deficient cancers had a detectable HR
defect by HRDetect mutational signatures. Whether the Rad51 score correlates with the clinical response to rucaparib
was not the focus of the study. Studies using PDX models have investigated the correlation between PARPi sensitivity
and the ability to form Rad51 foci ex vivo. The absence of Rad51 foci formation post IR-exposure in cells from PDX
models derived from HGSOC tumors correlated with olaparib or veliparib sensitivity.73,74 However, AlHilli et al reported
that the Rad51-low score ex vivo post IR-exposure failed to predict the response to niraparib in HGSOC PDX models.75

This study incorporated five HGSOC models and assessed Rad51 in G2/S cells by geminin staining, but even though few
if any Rad51 foci were formed after ionizing radiation in PDX models with BRCA2 mutations, the ability to form Rad51
foci was not a good predictor of niraparib response in vivo.

Evaluation of Rad51 at the appropriate time point post-treatment is critical to have some degree of confidence in the
correlation with HR proficiency; however, there is great interest in the next steps of establishing a clinically feasible
Rad51 foci assay that could be performed before treatment (rather than on a post-treatment biopsy) for potential use as an
assay to predict PARPi sensitivity prior to treatment. Castroviejo-Bermejo et al established Rad51 scores in vehicle-
treated breast cancer PDXs, and, using a cutoff of Rad51 foci in <10% of geminin-positive cells, the authors were able to
correlate Rad51-low scores from vehicle-treated PDXs with olaparib sensitivity, suggesting the enticing possibility of
a baseline olaparib sensitivity assay.76 In other studies, including those cited above, the ability to detect significant
differences in Rad51 foci in baseline tumors was not possible due to the low levels of endogenous DNA damage in
baseline tumor specimens.71,72 In addition, some tumors have low levels of geminin-positive cells due to slow
proliferation rate. The PDX models used in Castroviejo-Bermejo et al were reported by the authors to have high levels
of endogenous DNA damage, which was correlated to γH2AX signal.76 The presence of γH2AX as an independent
marker of DSBs in actively proliferating (ie, geminin-positive) cells indicated that the lack of Rad51 foci formation in
olaparib-sensitive PDXs was not due to a general lack of DNA damage induction, but instead an indication of HR
deficiency. The low levels of endogenous DNA damage usually observed in untreated PDX tissue (and in human tumor
biopsies) is a critical limitation in the ability to evaluate significant differences between Rad51 scores in untreated
PARPi-sensitive and -resistant models. This approach is not suitable for tumors with low proliferation rates or low
endogenous DNA damage.

Major differences across the studies to date of Rad51 as a marker of HR deficiency and PARPi sensitivity include the
method of detection used (IHC and immunofluorescence assays), the resolution of the microscopy, and the reliability of
detection of Rad51 foci in FFPE samples. Validation of the Rad51 antibodies used across the studies is needed to specify
the readout of Rad51 versus paralogs such as Rad51C and Rad51D. For clinical utility of the assay, it is important to have
a thorough understanding of the baseline variability of Rad51 expression within and across histologies and to understand
the minimum number of cells required to make a meaningful measurement. The quantitative biological cut-off of a true
Rad51-Low score may be dependent on tissue type, proliferation rate, and whether the entire population or only the S/G2
population of cells are evaluated using geminin co-expression.77 Despite these considerations, the most relevant
measurement expected to reflect HR proficiency is not the baseline Rad51 but rather the induction of Rad51 foci after
DSB-inducing genotoxic insults. This post-treatment measurement requires biopsy tissue to be taken at the appropriate
time point expected to produce an HR response, or may lead to reporting of false negatives. The need for post-treatment
biopsies at appropriate time points presents a significant challenge for the use of this assay as a selection criterion.

Currently, further clinical validation and retrospective studies are needed to determine whether the Rad51 foci assay
can predict PARPi sensitivity in clinical practice. Towards these efforts, Meijer et al have developed the Repair Capacity
(RECAP) test in which fresh tissue biopsies from patients with metastatic breast cancer lesions were irradiated with 5Gy
ex vivo and cultured for 2 hours.78 The core needle or punch biopsies were then formalin-fixed, paraffin-embedded and
evaluated for the presence of Rad51 (HR-proficient) or absence (HR-deficient) in at least 30 geminin-positive cells. The
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authors demonstrated that, while technically challenging, this approach may be feasible in some specialized laboratories.
Adaptation of this approach has been applied to surgically resected ovarian carcinoma specimens treated with ex vivo
irradiation.79 Other ex vivo studies are underway to address the feasibility of assessing patient-derived organoids as
a platform to profile DNA repair defects using the approach of combining a panel of multiple genomic and functional
assays. Hill et al reported that while genomics assays alone could not predict therapeutic response, a combination of
genomic and functional HR deficiency assays correlated with sensitivity to PARPi in organoids derived from high-grade
serous ovarian cancers.80 This platform may provide an alternative method of assessing HR deficiency using multiple
markers in addition to Rad51 foci induction after ionizing radiation.

Replication Stress
In addition to its role in HR, Rad51 also plays a known role in replication fork protection. Fork protection allows for the
recovery and restart of replication in response to genomic insults and chemotherapy. Rad51 localizes at stalled
replication forks to prevent fork collapse or fork degradation via processing by MRE11 exonuclease.81,82 While
PARPi have remarkable promise in cancers with HRD, the role of other proteins involved in replication stress may be
an additional, critical component of cellular response to PARP inhibition.83 One notable marker that may have strong
predictive value and can be robustly detected by immunohistochemistry is SLFN11, a marker of replication stress that
has emerged as a potential predictive marker of sensitivity to PARPi. SLFN11 is a nuclear helicase that is recruited to
ssDNA regions of stalled replication forks by RPA1 and is thought to block replication by loosening and opening
chromatin in an ATPase-dependent mechanism.84 Genetic loss of SLFN11 at the transcript level among cell lines in the
NCI-60 cell-line panel was reported as being highly resistant to talazoparib.85,86 SLFN11 has been identified in
independent studies as a determinant of response to PARPi in small cell lung cancer (SCLC), in the absence of HR
deficiency using both cell line87 and PDX88 experiments. We and others have developed an assay to evaluate SLFN11 in
FFPE tissue from baseline biopsies in support of further studies to retrospectively evaluate its expression related to
clinical response to PARPi.89 There are currently several advantages to the SLFN11 assay including the ability to
measure using a semi-quantitative IHC assay in a baseline (pre-treatment) biopsy using routine clinical practices. Further
investigation is required to fully understand the tissue-specific expression pattern of SLFN11, which is not expressed in
normal colon, breast, bladder and prostate tissue.89 Retrospective studies of clinical specimens will be needed to
establish the correlation of SLFN11 expression (either loss or re-expression) and PARPi sensitivity and resistance
across tumor types.

HR Deficiency Testing in the Clinic
In the clinical setting, response to first-line platinum chemotherapy for patients with advanced HGSC has traditionally
been utilized as a surrogate predictive biomarker of benefit from PARPi therapy, supported by trial-level data that
reported platinum-sensitivity better predicted PARPi benefit than tissue or blood HR deficiency testing.90 There is not
currently a single standardized test to detect HR deficiency—to date, only two testing strategies have been recognized
and approved by the FDA as companion diagnostic tests (CDx) specifically for patient treatment selection: myChoice®

CDx for the use of olaparib and niraparib in HGSC, and FoundationOne CDx for the use of olaparib in patients with HR
repair gene-mutated (both germline or somatic) metastatic castration-resistant prostate cancer (mCRPC). Both of these
tests were prospectively validated but have not been compared head-to-head in clinical trials. Both putatively determine
HR deficiency using some combination of gene-based testing for BRCA1/2 mutations and LOH assessment, although
myChoice® adds telomere allelic imbalance and large-scale state transitions to its composite score. The challenges with
both tests are also similar: examining blood germline defects does not capture somatic alterations in a tumor tissue
specimen that include genomic information besides HR deficiency, initial biopsy or specimens from debulking surgery
are a single snapshot in time (and usually archival) and re-biopsy is needed to evaluate HR changes over time, and also
adequate tissue and correct specimen handling are needed. Additionally, these concerns are all irrespective of financial
challenge associated with equitable access to these tests globally for patients with reproductive malignancies. We agree
with Ngoi et al that the key element is being able to identify patients with HGSC that are HR deficient given the promise
of benefit with PARPi therapy in front-line maintenance therapy and their recommendation of selecting targeted germline
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Table 1 Currently Accruing Clinical Trials of PARPi Using Non-BRCA1/2 Biomarkers of HR Deficiency to Select Patients

Trial
Number

Title HR
Deficiency
Biomarker
Test Type

Non-BRCA1/2 Biomarkers Used to Select
Patients

NCT02401347 Phase II Trial of Talazoparib in BRCA1/2 Wild-type HER2-
negative Breast Cancer and Other Solid Tumors

Genomic scar
or gene-based

assays

o A homologous recombination deficiency
(HRD) score ≥ 42 on the HRD Assay (cohort

A)

o PTEN, PALB2, CHEK2, ATM, NBN, BARD1,
BRIP1, RAD50, Rad51c, Rad51d, MRE11, ATR,
FANCA, FANCC, FANCD2, FANCE, FANCF, FANCG,
FANCL, plus other HR-related genes at the
discretion of the primary investigators (cohort

B)

NCT02975934 A Study of Rucaparib Versus Physician’s Choice of Therapy

in Patients With Metastatic Castration-resistant Prostate

Cancer and Homologous Recombination Gene Deficiency
(TRITON3)

Gene-based

assay

ATM

NCT03209401 Niraparib Plus Carboplatin in Patients With Homologous

Recombination Deficient Advanced Solid Tumor

Malignancies

Gene-based

assay

ARID1A, ATM, ATRX, MRE11A, NBN, PTEN,
RAD50/51/51B, BARD1, BLM, BRIP1, FANCA/C/
D2/E/F/G/L, PALB2, WRN, CHEK2, CHEK1, BAP1,
FAM175A, SLX4, MLL2, XRCC

NCT03233204 Olaparib in Treating Patients With Relapsed or Refractory
Advanced Solid Tumors, Non-Hodgkin Lymphoma, or

Histiocytic Disorders With Defects in DNA Damage

Repair Genes (A Pediatric MATCH Treatment Trial)

Gene-based
assay

ATM, RAD51C, RAD51D

NCT03375307 Olaparib in Treating Patients With Metastatic or Advanced

Urothelial Cancer With DNA-Repair Defects

Gene-based

assay

ABL1, ATM, ATR, ATRX, BAP1, BARD1, BRD4,
BRIP1, CCND1, CHEK1, CHEK2, DOT1L, FANCC,
FANCE, FANCG, FANCL, IKBKE, MEN1, MLH1,
MSH2, MSH6, MUTYH, NPM1, PALB2, PMS2,
POLD1, POLE, RAD51, SMARCB1, STK11

NCT03601923 Niraparib in Patients With Pancreatic Cancer Gene-based

assay

PALB2, CHEK2, ATM

NCT03925350 Efficacy and Safety Study of Niraparib in Melanoma With

Genetic Homologous Recombination (HR) Mutation

Gene-based

assay

ARID1A/B, ARID2, ATM, ATR, ATRX, BARD1, BAP1,
BRIP1, CHEK2, FANCD2, MRN11A, PALB2,
RAD50, RAD51, RAD54B

NCT04030559 Niraparib Before Surgery in Treating Patients With High
Risk Localized Prostate Cancer and DNA Damage

Response Defects

Gene-based
assay

ATM, BRIP1, CDK12, CHEK1/2 FANCA, FANCD2,
FANCL, GEN1, NBN, PALB2, RAD51, RAD51c

NCT04042831 Olaparib in Treating Patients With Metastatic Biliary Tract

Cancer With Aberrant DNA Repair Gene Mutations

Gene-based

assay

ATM, ATR, CHEK2, RAD51, BRIP1, PALB2, PTEN,
FANC, NBN, EMSY, MRE11, ARID1A

NCT04171700 Olaparib for the Treatment of Castration Resistant

Prostate Adenocarcinoma

Gene-based

assay

PALB2, RAD51C, RAD51D, BARD1, BRIP1, FANCA,
NBN, RAD51 or RAD51B

NCT04174716 Basket Trial of IDX-1197, a PARP Inhibitor, in Patients

With HRR Mutated Solid Tumors (VASTUS)

Unknown Participants must have “HR repair mutations”

(Continued)
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testing and/or tumor BRCA1/2 mutation testing first line, and subsequently the consideration of HR deficiency assays in
patients who are wild-type for BRCA.90

Separately, both preclinical and preliminary clinical data have shown that patients who have mutations in HR repair
genes other than BRCA1/2 can benefit from PARPi therapy.42,91,92 The prevalence of these mutations across non-
reproductive solid tumors has been reported to be less than 20%,93 and the rarity of these alterations makes developing
clinical trials with sufficient statistical power to demonstrate the benefit of PARPi in these populations a challenge.
Multiple companies have off-the-shelf targeted sequencing panels that include HR repair genes “beyond” BRCA1/2, and
Table 1 summarizes the use of these non-BRCA1/2 HR repair genes as eligibility criteria in currently recruiting PARPi
clinical trials listed on clinicaltrials.gov.

Table 1 (Continued).

Trial
Number

Title HR
Deficiency
Biomarker
Test Type

Non-BRCA1/2 Biomarkers Used to Select
Patients

NCT04197713 Testing the Sequential Combination of the Anti-cancer

Drugs Olaparib Followed by Adavosertib (AZD1775) in

Patients With Advanced Solid Tumors With Selected
Mutations and PARP Resistance, STAR Study

Gene-based

assay

BRIP1, FANCA, PALB2, or the non-DDR gene

marker cyclin E amplification (dose expansion

Cohort B—acquired resistance)

NCT04267939 ATR Inhibitor BAY 1895344 Plus Niraparib Phase 1b Study
in Advanced Solid Tumors and Ovarian Cancer

Unknown Participants in Part A and sub-population 1 of
part B of the study must have “DDR deficiency

in their tumors”

NCT04276376 Efficacy and Safety of the Combination of Rucaparib (PARP

Inhibitor) and Atezolizumab (Anti-PD-L1 Antibody) in

Patients With DNA Repair-deficient or Platinum-sensitive
Solid Tumors (ARIANES)

Gene-based

assay

ATM, BARD1, BRIP1, CDK12, CHEK2, PALB2,
RAD51C, RAD51D, FANCA, NBN, RAD51,
RAD54L

NCT04336943 Durvalumab and Olaparib for the Treatment of Prostate
Cancer in Men Predicted to Have a High Neoantigen Load

Gene-based
assay

Loss of function mutations in homologous
recombination genes including, but not limited

to, ATM, CHEK2, PALB2, RAD51D, NBN, GEN1,
RAD51C, MRE11A, BRIP11A, FAM175A.

NCT04550494 Measuring the Effects of Talazoparib in Patients With

Advanced Cancer and DNA Repair Variations

Gene-based

assay

ARID1A, ATM, ATR, BACH1 (BRIP1), BAP1,
BARD1, CDK12, CHK1, CHK2, FANCA, FANCB,
FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI,
FANCJ, FANCL, FANCM, FANCN, IDH1, IDH2,
MRE11A, NBN, PALB2, RAD50, RAD51, RAD51B,
RAD51C, RAD51D, RAD54L

NCT04633902 Phase II Study of Olaparib and Pembrolizumab in Advanced
Melanoma With Homologous Recombination (HR)

Mutation

Gene-based
assay

ARID1A/B, ARID2, ATM, ATR, BARD1, BAP1,
BRIP1, CHEK2, FANCA, FANCD2, MRN11A,
PALB2, RAD50, RAD51, RAD54B

NCT04740190 Talazoparib - Carboplatin for Recurrent High-grade

Glioma With DDRd (TAC-GReD)

Gene-based

assay

ATM, ATR, BAP1, CDK12, CHEK1, CHEK2,
FANCA, FANCC, FANCD2, FANCE, FANCF, IDH,
PALB2, PTEN, NGS1, WRN, RAD50, RAD51B,
RAD51C, RAD51D, MRE11A, BLM, BRIP1

NCT04821622 Study of Talazoparib With Enzalutamide in Men With DDR
Gene Mutated mCSPC

Gene-based
assay

DDR gene mutation status by FoundationOne
Liquid CDx or FoundationOne CDx

Notes: The clinicaltrials.gov database was searched on September 29, 2021 for clinical studies using the following search terms: “PARP inhibitor” AND “DDR OR HRD”
(refining for those trials currently accruing patients and using biomarkers other than BRCA1/2 mutations to select patients).
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Selection of patients using cfDNA is less common than tissue-based approaches to date, despite offerings from
FoundationOne (FoundationOne Liquid CDx) and newer entrants to the field such as the Resolution HR deficiency
(Resolution Bioscience) liquid biopsy assay for detecting sequence variation in genes related to HR deficiency, which
received FDA breakthrough device designation in May of 2019.94 However, the field of liquid biopsy continues to
evolve: although these approaches remain experimental at this time, detection of cfDNA and reliable identification of
BRCA mutations appear technically possible.60 HR deficiency is dynamic, so the possibility of sampling a tumor
serially could have clinical implications beyond diagnosis such as detecting treatment resistance. Additionally, issues
such as residual disease, presence of subclonal populations, and clonal hematopoiesis are considerations that have
been identified as contributing to technical issues relating to discordance between tumor and tissue sampling.95

Table 1 lists some of the currently ongoing clinical trials of PARPi, either as monotherapy or in combination, whose
eligibility requirements specifically target HR repair gene alterations other than BRCA1/2. While the genes chosen to
select patients in these trials vary, few utilize genomic scar measures. None of the trials identified by our search as
currently recruiting (clinicaltrials.gov, accessed September 2021) utilize non-genomic platforms to determine eligibil-
ity, and we were only able to identify two reported studies that have trialed protein or RNA methodology. A first-in-
human trial of PARP/tankyrase inhibitor E7449 utilized a 414 gene expression biomarker panel analyzed via
a customized RNA microarray analysis in archival tissue.96 Positively correlated and negatively correlated genes for
drug sensitivity generated a single prediction score that identified patients achieving both tumor response prolonged
stabilization of disease, irrespective of their BRCA mutation status. A further randomized, double-blind Phase II study
of paclitaxel versus olaparib plus paclitaxel in advanced gastric cancer enrolled patients with low or undetectable ATM
protein levels, based on the premise of improved clinical outcome in low expressors.97 The study population was
enriched to 50% (low/undetectable ATM by IHC on archival biopsy from either primary or metastatic lesions), and
randomized 1:1; however, the study did not achieve its primary endpoint of improved PFS in ATM-low patients and the
combination improved overall survival for the overall population as well as the ATM low expressing patients.
Ultimately, interpreting the relevance of HR-related mutations is likely still to be dependent on the clinical and
histological context of a patient, as few of these mutations predict for PARPi benefit outside of reproductive
cancers.34,92

Conclusions
The current “revolutions” in genomics and big data will further evolve as the cost of sequencing continues to fall and its
output continues to change patient care. More patients will undergo panel testing for pathogenic mutations and whole-
exome sequencing, eventually enabling identification of small subpopulations who will benefit from highly targeted
therapies. cfDNA sequencing may provide more insight into the full spectrum of metastatic disease than is available from
a single-site biopsy. The relevance of HR deficiency testing, however, remains unclear: HR-proficient patients with
HGSC have derived benefit from PARPi therapy if not to the same extent as HR-deficient,46,90,98 suggesting that the
quest for a gold standard HR deficiency measure is ongoing.
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