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Abstract

:

Simple Summary


Tumor-suppressor genes are involved in DNA break repair through the homologous recombination system and are widely known for their role in hereditary cancer. Beyond breast and ovarian cancer, prostate and pancreatic cancer also have targetable homologous recombination deficiency (HRD) beyond the well-known BRCA1 and BRCA2 with relevance that exceeds diagnostic purposes. In this review, we aim to summarize the roles of HRD across tumor types and the treatment landscape to guide the targeting of damaged DNA repair based on the cancer’s genetic features.




Abstract


BRCA1 and BRCA2 are the most recognized tumor-suppressor genes involved in double-strand DNA break repair through the homologous recombination (HR) system. Widely known for its role in hereditary cancer, HR deficiency (HRD) has turned out to be critical beyond breast and ovarian cancer: for prostate and pancreatic cancer also. The relevance for the identification of these patients exceeds diagnostic purposes, since results published from clinical trials with poly-ADP ribose polymerase (PARP) inhibitors (PARPi) have shown how this type of targeted therapy can modify the long-term evolution of patients with HRD. Somatic aberrations in other HRD pathway genes, but also indirect genomic instability as a sign of this DNA repair impairment (known as HRD scar), have been reported to be relevant events that lead to more frequently than expected HR loss of function in several tumor types, and should therefore be included in the current diagnostic and therapeutic algorithm. However, the optimal strategy to identify HRD and potential PARPi responders in cancer remains undefined. In this review, we summarize the role and prevalence of HRD across tumor types and the current treatment landscape to guide the agnostic targeting of damaged DNA repair. We also discuss the challenge of testing patients and provide a special insight for new strategies to select patients who benefit from PARPi due to HRD scarring.
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1. Introduction


Targeting homologous recombination deficiency (HRD) has been revealed in the last few years as one of the most promising strategies for various types of tumor. Alteration in the homologous recombination system (HR) genes is prevalent across tumor types and can be mostly found in breast, ovarian, pancreatic and prostate cancer [1,2]. HRD secondary to pathogenic germline and somatic variants in HR-associated genes has been reported as a predictive biomarker to inform about tumor sensitivity to platinum-based regimens and poly-ADP ribose polymerase (PARP) inhibitors (PARPi) [3,4]. Moreover, there are secondary changes to genetic mutations in DNA that can be detected at a structural level as genomic instability and could be associated with HRD response biomarkers that have already been validated. Identifying patients that may respond to direct or indirect therapies against HRD is a need in current clinical practice for cancer management and could optimize the clinical benefits of these therapies.




2. Homologous Recombination: A Key Pathway in DNA Repair


BRCA1 and BRCA2 are the best-known proteins involved in double-strand DNA break repair by HR. They are two of the main characters in the DNA defect situation, as shown by hundreds of publications reported in recent years [5]. However, genetic and epigenetic inactivation of other HR components can lead to HRD in sporadic cancers, classically termed BRCAness [6]. HR is responsible for repairing DNA before the cell comes into mitosis. It is produced during and immediately after DNA replication in S and G2 phases of the cell cycle, when sister chromatids are available [7]. Double-stranded breaks induced by ionizing radiation or toxic agents as chemotherapy are first sensed by the MRE11-RAD50-NBN (MRN) complex, which loads helicase and exonucleases onto the breaks to start 5′–3′ double-stranded DNA resection. ATR then localizes to the ssDNA ends and switches on the ATR-dependent checkpoint, arresting the cell cycle for HR to proceed. Next, BRCA1 is phosphorylated in response to DNA damage by DNA-damage response kinases, such as ATM, ATR and CHK1, which enables the cell to repair DNA before entering mitosis and survive [8,9,10,11]. ATM, ATR, BARD1, RB, p53, p21 and their downstream effectors are involved in induced G1/S arrest [12]. Therefore, BRCA1 loss can result in defective S-G2/M and spindle checkpoints that together with abnormal centrosome duplication and defective DNA damage repair can lead to genetic instability [12]. Furthermore, BRCA2 can help to protect telomere integrity loading RAD51 during S/G2 [7,13]. Proteins involved in the HR system have functions in DNA repair, but also participate in cell cycle regulation, transcriptional activation and chromatin remodeling (Figure 1).



Cancer genomics often harbor chromosomal aberrations arising from a defective HR pathway. In BRCA mutant cells, chromosomal spreads reveal increased gross chromosomal rearrangements [14]. This leads to the development of assays to evaluate the “genomic scar” left behind by the loss of HR function, irrespective of which component of the pathway was lost.




3. Prevalence and Prognostic Value of HRD in Cancer


Heritable damage in the DNA repair system can be observed in up to 10% of cancer patients. BRCA1 and BRCA2 are the most common of these genetic abnormalities, and breast-ovarian syndrome is the classical phenotype of germline BRCA alteration [1]. However, in the last decade, evidence has shown that somatic events are more frequent than previously expected and that these aberrations affect tumors beyond breast and ovarian cancer. Somatic mutations in BRCA genes are more frequent in ovarian cancer (15%), followed closely by prostate cancer, squamous skin cell carcinoma, breast cancer (around 10%) and pancreatic cancer. (Figure 2). It is noted that frequency varies significantly depending on the population studied, geographic area, type of sample studied or stage.



Other relevant HR pathway members include genes such as ATM, PALB2, CHECK2 and RAD51. However, the associations between these genes and an HRD phenotype may be less consistent than those for BRCA1 and BRCA2 and may vary by the tumor’s tissue of origin [15,16,17]. Norquist et al. [17] observed that 6.8% of the ovarian cancer patients included in the GOG 218 trial harbored a non-BRCA somatic HR gene mutation, and the most frequently observed alteration was in ATM. The most frequently altered DNA-repair genes in both germline and somatic cells of mCRPC patients are BRCA2, ATM and CHEK2: germline mutations are found in 5%, 2% and 2%, respectively [18,19]. BRCA1/2 homozygous deletions are infrequent except in prostate cancer, where BRCA2 deletions have been reported at 2.6% frequency and accounted for 25% of BRCA1/2-altered cases [20].



HRD prevalence based on the measurement of telomeric allelic imbalance (TAI), loss of heterozygosity (LOH) and large-scale state transitions (LST) is the more extended diagnostic method to measure HR status and varies also broadly among different types of tumors, although there is a correlation with BRCA prevalence. TAI, LOH and LST are highly correlated with each other and reflect increasing genomic instability. TAI refers to allelic imbalance extending to the subtelomeric region >11 megabases (Mb) in size. LOH refers to permanent loss of one parent’s contributed allele copy at a specific locus, leading to homozygosity at that genomic site. LSTs refer to allelic imbalance > 10 Mb in size between adjacent genomic regions due to translocations or copy gains/losses.



The combination of these three parameters of genomic instability provides HRD scores by measuring LOH, TAI and LST with somatic next-generation DNA sequencing and may estimate the underlying genomic scarring in the context of HR deficiency. HRD scores have been more extensively studied for ovarian cancer, but when the algorithm is applied across different tumor types, it should be considered that some modifications are applied to avoid bias, and there is still no consensus [21]. Thus, this is not a validated method to be used in clinical practice for agnostic tumors [15]. Ovarian cancer, followed by lung adenocarcinoma and breast cancer, are the tumors where these alterations are more frequent, having genomic scores higher than 30 (Figure 3). In an in silico analysis of 5371 tumors of 15 cancer types available in the TCGA, cancers where platinum constitutes standard first-line therapy showed increased genomic scar scores.



Lotan et al. [15] evaluated HRD scores in prostate cancer and their associations with HR gene mutations, and observed that HRD scores vary significantly between patients harboring BRCA2, ATM and CHEK2. Germline BRCA2-altered prostate cancer patients had the highest HRD scores, germline ATM-altered patients had intermediate scores and germline CHEK2-altered patients had the lowest scores [15].



The most common genomic scar assays reported to date are two commercially available tests that combine tumor BRCA mutation testing with a Genomic Instability Score (GIS) based on quantification of TAI, LOH and LST. These tests are myChoice® HRD test (Myriad Genetics, Salt Lake City, UT, USA) and Foundation Focus CDxBRCA HRD® (Foundation Medicine, MA, USA).



Ovarian cancer has the strongest association with HRD, and up to 50% of high-grade serous ovarian carcinoma have a genetic aberration in the HR pathway [25]. In general, somatic aberrations are twice as frequent as germline alterations [20]. In non-endometrioid TP53-mutant endometrial cancer, which is molecularly similar to high-grade serous ovarian carcinoma, a high incidence of HRD genomic scars of up to 48% has been reported [26]. The prognostic significance of HRD in ovarian cancer is controversial. It has been reported to have more favorable overall survival (OS) compared to non-carriers [27], for both BRCA1 (HR 0.78; 95% CI, 0.68–0.89; p < 0.001) and BRCA2 mutation carriers (HR 0.61; 95% CI, 0.50–0.76; p < 0.001). However, Candido-dos-Reis et al. [28] analyzed the effect of germline BRCA mutations in 4314 ovarian cancer patients with a 10-year follow-up and showed that the better short-term survival observed decreased over time, and patients who harbored a BRCA1 mutation even showed worse OS. Mutations in non-BRCA HR genes, including ATM, CHEK2, PALB2 and RAD51c, have been reported to be predictors of survival in ovarian cancer patients [16].



The prognostic relevance of BRCA in breast cancer is also questionable: some studies demonstrated that patients with a BRCA1/2 mutation had worse OS [29,30,31,32], and other studies showed no significant differences when compared with non-carriers [33,34,35,36]. Patients diagnosed with HRD breast cancer have shown an association with a more aggressive phenotype: BRCA1 is more frequently associated with triple-negative breast cancer, and BRCA2-related breast cancer correlated with a higher histological grade compared to patients who do not have germline mutations [37,38,39]



The prognostic significance of HRD in patients with pancreatic adenocarcinoma is currently unknown [40]. Golan et al. [40] analyzed 71 patients with BRCA1/2-asssociated pancreatic cancer and observed an improvement in survival in patients with advanced disease (stage 3 and 4) who had received platinum-based therapy in comparison to those patients who were not treated with these agents. In their study, a more favorable outcome with platinum treatment was suggested, but a statistically significant improvement was not observed [40].



In prostate cancer, germline BRCA2 mutations have been associated with a more aggressive phenotype and poorer outcomes [41]. Castro et al. [42] studied germline DNA repair defects in an unselected cohort of patients with metastatic castration-resistant prostate cancer and observed that gBRCA2 mutation was an independent prognostic factor for cause-specific survival in this setting. The prognostic role of somatic BRCA2 alterations remains unclear.




4. HRD as an Actionable Target


The treatment landscape has evolved in the last decade, and HRD has been proposed as a predictive biomarker to determine increased sensitivity to platinum chemotherapy and PARPi [43,44].



4.1. Platinum


Platinum chemotherapy binds directly to the DNA in order to cause the cytotoxic effect of crosslinking DNA strands and induce double-stranded breaks, which are not repaired in cells that harbor defects in involved DNA repair pathways. In the last decade, BRCA mutations, as lead actors of HRD, have been suggested as predictive biomarkers for response to platinum across different tumor types [45,46,47,48,49,50,51,52] (Table 1). However, despite of high rates of platinum sensitivity in this population, it seems much more is needed beyond BRCA alterations to select candidates for treatment.



In ovarian cancer, the standard first-line chemotherapy regimen includes platinum and taxanes, independently of BRCA status, and response rates are greater than 80%. Platinum-free interval has been identified as a key biomarker to response to subsequent lines. Higher intervals are associated with predominance of HRD in tumor progression, and this will determine the indication for platinum re-treatment.



In breast cancer, an increasing amount of evidence suggests that TNBC patients with BRCA mutations could be more sensitive to platinum-based chemotherapy [46,53]. A recently published meta-analysis by Chai et al. [54] included six trials with HRD in TNBC data and showed that patients with HRD-positive TNBC had higher complete response rates compared to HRD-negative ones after receiving platinum-based neoadjuvant chemotherapy. However, the GeparSixto trial showed that the response to platinum-agents was not dependent on BRCA status [47], and TNBC non-mutated BRCA patients showed increased response rates with carboplatin, meaning that HRD did not predict carboplatin benefit [55].



HRD associated pancreatic cancer was under-identified until recently [56]. A family history of breast, ovarian or pancreatic cancer has been associated with increased sensitivity to platinum drugs as DNA-damaging agents [57], suggesting the presence of DNA repair defects in those patients. However, studies considering only clinical inheritance have failed to demonstrate this clinical biomarker as effective. Thus, Okano et al. [49] evaluated platinum benefit in patients with a family history of ovarian, prostate, pancreatic or breast cancer without analyzing BRCA genes and did not observe a benefit in OS. Patients with HRD pancreatic cancer have shown a clinical benefit and a longer OS due to platinum-based treatments [50,58,59,60], and data also suggest a notable and significant increase in the response rates: 50–65% [61]. Similar activity of oxaliplatin and cisplatin in patients with germline BRCA and PALB2 mutations has been suggested by retrospective data [50,62], and a survival benefit of platinum-based first line chemotherapy in this subgroup of patients have been observed [50,63].



Metastatic prostate cancer patients harboring DNA repair gene alterations treated with platinum-based chemotherapy showed encouraging antitumor activity [51,52], although the role of HRD in this setting is still controversial [51,52]. Recently, Pokataev et al. [64] published a meta-analysis reporting higher overall survival in patients with HRD, advanced prostate cancer treated with platinum-based chemotherapy. Prospective validation in ongoing randomized clinical trials will be needed to determine the role of platinum treatment in advanced prostate cancer.




4.2. PARP Inhibitors


In 2005, two groundbreaking studies observed that tumor cells lacking BRCA1 or BRCA2 were particularly sensitive to PARPi through various mechanisms [66,67]. The main target of PARPi is PARP1, which is involved in the repair of single-strand DNA breaks, so in order to produce cytotoxicity, a defective HR is required [66,67].



PARP1 is a damage sensor that is able to synthesize PAR chains on target proteins near DNA break, and with these PAR chains recruit additional DNA repair effectors [5]. PARPi causes a catalytic inhibition of PARP1 and traps PARP1 by either inhibiting autoPARylation or by causing allosteric changes in its structure [68,69]. Patients’ tumors which lack BRCA1 or BRCA2 are not able to repair DNA lesions and try to use error-prone DNA repair pathways that have a cytotoxic effect that kills the cells [5].



In 2015, a basket trial of olaparib in patients with gBRCA1/2 mutations identified responding patients beyond the ovarian or breast cancer population, suggesting that other HR-defective tumors could be suitable for PARPi treatment [70]. The current developments of PARPi in solid tumors are displayed in Table 2.



Three PARPi, olaparib, rucaparib and niraparib, have been approved by the United States Food and Drug Administration (FDA) and the European Medicines Agency (EMA) as maintenance therapy in platinum-sensitive recurrent epithelial ovarian cancer [71,72,73,74]. Rucaparib has been also approved as monotherapy in patients with somatic or germline BRCA1/2 mutations [74]. In 2018, the FDA granted approval to olaparib monotherapy for the first-line maintenance treatment of patients with BRCA-mutated advanced epithelial ovarian, fallopian tube or primary peritoneal cancer who have completely or partially responded to first-line platinum-based chemotherapy based on SOLO-1 trial results [75]. Shortly after, niraparib achieved indication for same setting independently of BRCA status based on a PRIMA trial [76]. Analysis subgroups revealed a benefit for all populations, although less significant for HRD-proficient patients. The PAOLA-1 phase III first-line ovarian cancer maintenance study showed a benefit on progression free survival of the combination of olaparib and bevacizumab compared to bevacizumab in the overall population; however, this benefit was not seen in the subgroup analysis of the HRD-proficient population [77]. On May 2020, the FDA expanded the approval of olaparib and bevacizumab for first-line maintenance treatment of HRD, advanced ovarian cancer [78].



Metastatic breast cancer patients with a germline BRCA1 or BRCA2 mutation treated with PARPi have better outcomes in terms of PFS compared to standard chemotherapy [79,80]. Recently, the OlympiA trial evaluated PARPi efficacy in early breast cancer after standard adjuvant treatment with chemotherapy and local therapy, achieving in patients with gBRCA1/2 mutations longer survival, free of invasive or distant disease, than the placebo [81].



In metastastic gBRCA-mutated pancreatic adenocarcinoma, olaparib has been approved for the maintenance after at least 16 weeks of first-line platinum-based chemotherapy if the disease has not progressed [82]. The objective response rate was 23% in the olaparib arm; 10% for placebo and 10% of patients from the placebo arm maintained a median duration of response of 24.9 months. On the other hand, cisplatin plus gemcitabine was evaluated in a phase II trial of 50 patients with gBRCA or PALB2-mutated locally advanced or metastastic pancreatic cancer randomly assigned alone or with veliparib [59], and concurrent veliparib did not improve the response rate in this subset of patients.



Several PARPi are currently under development for the treatment of advanced prostate cancer [83,84,85,86,87,88]. Alterations in BRCA2, particularly homozygous deletions, seem to be the best predictor of response to PARP inhibition [89]. In patients with BRCA1/2 alterations, 40–46% radiographic response rates have been reported with the different agents. PSA declines of >50% have been noted in half of the BRCA1/2 patients included in the different trials, despite being heavily pretreated. No differences in efficacy have been reported based on the germline or somatic origin of the alterations [87]. The predictive roles of other HR defects beyond BRCA1/2 remain unclear. Little or no benefit from PARP inhibition has been observed in patients with ATM or CDK12 alterations, whilst the predictive roles of less frequent alterations have not been stablished due to the limited number of patients included in trials. Olaparib has been the only PARPi to be investigated in monotherapy in a phase 3 trial for advanced prostate cancer patients. In the PROfound study, men with metastatic castration-resistant prostate cancer (mCRPC) with alterations in one of the 15 HR genes screened whose disease had already progressed to an AR-targeting inhibitor (ARTi) were randomized to receive treatment with olaparib 300 mg bid or a second ARTi. A benefit in overall survival was observed for patients in cohort A, which included patients with BRCA1, BRCA2 and ATM alterations, whereas no benefit was observed for patients with other alterations included in cohort B. These results led to the EMA approval of olaparib for the treatment of mCRPC patients with BRCA1/2 alterations after disease progression to treatment with an ARTi.



In non-small lung cancer and colorectal cancer, two of the most prevalent tumors, preliminary in vivo studies in cell lines with HRD features have supported the potential use of PARPi [90,91].



Uterine leiomyosarcoma has recently been identified as a sarcoma subtype with characteristic defects in the HR repair pathway and frequent BRCA2 loss [92]. Preclinical data demonstrate marked activity for PARPi in combination with the alkylating agent temozolomide. Ongoing research in order to identify other sarcomas with DNA repair defects is promising, and may offer a new opportunity for the targeted treatment of this rare, aggressive cancer [92].





5. The Challenge of Testing: Searching for HRD Scar


Next generation sequencing (NGS) techniques, as the current gold standard of genetic diagnosis, have helped to shorten the time to obtain a genetic test result. However, at the same time, an NGS multi-panel may provide data about other HRD genes beyond BRCA where the current evidence as biomarkers to select therapy is limited, hindering decision making in clinical practice. To handle this complexity, an adequate bioinformatic analysis will be key, along with a multidisciplinary approach.



Traditionally, BRCA testing has been conducted in germline DNA triggered by a familial aggregation of cancer. Recent studies have demonstrated that a significant proportion of mutation carriers are undiagnosed due to the lack of a significant family history of cancer [18,42,98], leading to changes in the recommendations for genetic testing. As an example, testing is now recommended for all metastatic prostate cancer patients, regardless of their personal or family history of cancer [99]. Moreover, the advent of therapies that target BRCA alterations and other HRD defects requires the investigation of germline mutations and alterations acquired by the tumor, as described previously.



For that reason, somatic mutation analysis is moving germline testing in various scenarios, such as advanced ovarian and prostate cancer. HRD testing of the tumor directly has the advantage of providing higher rates of positivity compared with germline tests [19]. However, somatic testing is associated with higher rates of failure for sequencing [84]. For that reason, new protocols for improving the conservation and storage of paraffined samples should be implemented in hospitals. In fact, a systematic and consensus protocol for high-quality minimum biomarker testing is being requested by the scientific community [100]. These molecular testing recommendations should be offered to all cancer patients for diagnosis and prevention, detailing the type, the technique and the methods of implementation and ensuring adequate training for clinicians to guide the treatment decisions.



ESMO and NCCN guidelines [98,101,102] recommend pre-test counseling to determinate the most appropriate test for each patient and specific post-test counseling when results are available. Table 3 summarizes the current recommendations for testing based on international clinical guidelines.



A different strategy to identify HRD patients could be to measure the “genomic scarring” associated with loss of function in DNA repair pathways, as genomic instability. In 2012, three SNP-based assays were developed to quantify the extent of chromosomal abnormalities related to HRD: (a) TAI due to inappropriate chromosomal end fusions because of aberrant end joining; (b) LOH—related to inaccurate repair of sister chromatids during the S/G2 cell cycle phase; and (c) LST—chromosomal breaks of more than 10 Mb. These “functional assays” have been proposed as more reliable methods for identifying patients responding to PARPi compared to simply identifying gene mutations, although their role in guiding therapy is pending on validation, and their values and thresholds are heterogeneous across cancer types [103].



In 2020, the phase III PAOLA-1 trial in ovarian cancer was the first one to obtain FDA/EMEA approval for HRD-positive patients to use the PARPi combination with bevacizumab using the Myriad myChoice® test defined by GIS ≥ 42 [77]. However, the evaluations of the utility of these tests to predict the benefit from PARPi in the BRCAwt populations were preplanned secondary analyses in clinical trials, and there are not definitive results for trials specifically designed for this subpopulation [103,104]. In breast cancer patients, GIS ≥ 42 has been associated with BRCA mutations, and furthermore, TAI has been associated with an improved response to platinum chemotherapy [105,106]. In pancreatic cancer patients, GIS ≥ 42 has shown a sensitivity of 91% and a specificity of 83% for the identification of HRD. Moreover, a higher GIS has been associated with an improved oncological outcome with platinum chemotherapy [107]. Currently, there are different thresholds proposed as best classifiers for HRD score evaluation, but they are still pending validation [108].



In prostate cancer, non-commercial signatures based on genomic instability scores have been explored. An adequate correlation between BRCA-deficient samples and HRD-associated mutational signatures using WGS data was reported [109]. However, there are not clinical trials demonstrating the optimal threshold to assure the role of the HRD score testing as a predictor of treatment with PARPi or platinum therapy.



Another type of functional assay that may have the potential to provide a dynamic readout of HRD scarring is based on the estimation of the amount of nuclear RAD51, a downstream HR protein (a DNA recombinase). RAD51 enables high-fidelity double-strand DNA repair by facilitating DNA strand invasion into the sister chromatid, a process supported by the BRCA1/PALB2/BRCA2 complex. Reduced, DNA-damaged, induced nuclear RAD51 foci have been associated with BRCA1 or BRCA2 gene defects and PARPi responses [110,111]. This approach is currently under investigation, and functional assays have not yet been validated for pancreatic cancer [112].



Additionally, the HRD profile may change during cancer progression, as reversion mutations of HR genes have been reported to occur in 26% of patients, and this fact may be related to response to previous treatment to generate resistance to platinum or PARPi [113]. In this setting, monitoring the dynamic evaluation of HRD in cancer should be relevant. Moreover, one of the main difficulties in tumors such as pancreatic cancer is obtaining an adequate amount of tissue for genetic testing. Thus, liquid biopsy approaches to identify HRD based on circulating tumoral DNA analysis to assess chromosomal instability or mutational signatures is a promising method under study, but is not ready yet to use in clinical practice (pending validation) [114].




6. Conclusions


The detection of DNA repair defects related to the HR pathway provide a unique opportunity for the development of treatments in different type of tumors that take advantage of a same tumor feature. Tools and validation trials to identify the optimal HRD test across tumor types are urgently needed.







Author Contributions


V.P.-B. and N.R.-L. developed the review paper and drafted the manuscript. A.M., E.C., A.I.B., G.M., I.G.-D. and R.C. provided clinical information, comments and improvements to the manuscript. All authors participated in the interpretation and discussion of the data and the critical review of the manuscript. All authors have approved the submitted version and agree to be personally accountable for their own contributions. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


PI21/01111 grant, JR17/00007 from Instituto de Salud Carlos III, and Talento Clinico Programme from Cris Cancer Foundation awarded to NRL.




Conflicts of Interest


V.P.-B.: Speaking: Eisai, Merck, Eli Lilly. Advisory Board: Advanced Accelerator Applications, a Novartis company. Grant support: A grant from FSEOM and Merck “Premio Somos Futuro 2020.” Congress attendance: Roche, Eli Lilly, Bristol-Myers Squibb, Merck, Amgen, Merck Sharp and Dhome, Nutricia. Other: Travel and expenses from Roche, Bayer, Amgen, Esteve. A.M.: Consultant or advisory role: Sanofi, Pfizer, Bristol-Myers Squibb, Celgene, Leo Pharma, Incyte, Astra-Zeneca, MSD, Lilly, Roche. Research funding: Leo Pharma, Sanofi, Celgene. Speakers’ bureau: Rovi, Bayer, Servier, Menarini. Patents, Royalties, Other Intellectual Property: Risk assessment model in venous thromboembolism in cancer patients. E.C.: Consulting/Advisory roles: Astellas, AstraZeneca, Bayer, Janssen, MSD, Pfizer. Research grants (institution): Janssen, Bayer. A.I.B.: Consulting/advisory roles: Roche, Pfizer, Lilly, Novartis, Seagen, Pierre-Fabre. G.M.: Honoraria: Eisai, Astra-Zeneca, Roche, Tesaro, MSD Oncology, PharmaMar, Eisai, Grunenthal, Lilly. Consulting or advisory role: PharmaMar, Tesaro, Clovis Oncology. Travel, Accommodations, Expenses: PharmaMar, Pfizer, Roche, Angelini Pharma, Merck, Tesaro, MSD, Eisai. Other relationship: GlaxoSmithKline, Tesaro. R.C.: Consultant/member of advisory board: Lilly, MSD, Roche and Astra-Zeneca. Research funding: Bristol- Myers Squibb, MSD, Roche, Pfizer, Janssen, Novartis. N.R.-L.: Advisory: Astra-Zeneca, Clovis, MSD, GSK. Research grant (institution): Janssen, Pfizer, MSD.




References


	



Heeke, A.L.; Pishvaian, M.J.; Lynce, F.; Xiu, J.; Brody, J.R.; Chen, W.-J.; Baker, T.M.; Marshall, J.L.; Isaacs, C. Prevalence of Homologous Recombination–Related Gene Mutations across Multiple Cancer Types. JCO Precis. Oncol. 2018, 2018, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, M.D.; Vega, D.M.; Arend, R.C.; Baden, J.F.; Barbash, O.; Beaubier, N.; Collins, G.; French, T.; Ghahramani, N.; Hinson, P.; et al. Homologous Recombination Deficiency: Concepts, Definitions, and Assays. Oncologist 2022, 27, 167–174. [Google Scholar] [CrossRef] [PubMed]

	



Toh, M.; Ngeow, J. Homologous Recombination Deficiency: Cancer Predispositions and Treatment Implications. Oncologist 2021, 26, e1526–e1537. [Google Scholar] [CrossRef] [PubMed]

	



Lord, C.J.; Ashworth, A. BRCAness revisited. Nat. Rev. Cancer 2016, 16, 110–120. [Google Scholar] [CrossRef] [PubMed]

	



Mateo, J.; Lord, C.J.; Serra, V.; Tutt, A.; Balmaña, J.; Castroviejo-Bermejo, M.; Cruz, C.; Oaknin, A.; Kaye, S.B.; de Bono, J.S. A decade of clinical development of PARP inhibitors in perspective. Ann. Oncol. 2019, 30, 1437–1447. [Google Scholar] [CrossRef] [PubMed]

	



Hoppe, M.M.; Sundar, R.; Tan, D.S.P.; Jeyasekharan, A.D. Biomarkers for Homologous Recombination Deficiency in Cancer. JNCI J. Natl. Cancer Inst. 2018, 110, 704–713. [Google Scholar] [CrossRef]

	



Gorodetska, I.; Kozeretska, I.; Dubrovska, A. BRCA genes: The role in genome stability, cancer stemness and therapy resistance. J. Cancer 2019, 10, 2109–2127. [Google Scholar] [CrossRef]

	



Cortez, D.; Wang, Y.; Qin, J.; Elledge, S.J. Requirement of ATM-Dependent Phosphorylation of Brca1 in the DNA Damage Response to Double-Strand Breaks. Science 1999, 286, 1162–1166. [Google Scholar] [CrossRef]

	



Tibbetts, R.S.; Cortez, D.; Brumbaugh, K.M.; Scully, R.; Livingston, D.; Elledge, S.J.; Abraham, R.T. Functional interactions between BRCA1 and the checkpoint kinase ATR during genotoxic stress. Genes Dev. 2000, 14, 2989–3002. [Google Scholar] [CrossRef]

	



Lee, J.-S.; Collins, K.M.; Brown, A.L.; Lee, C.-H.; Chung, J.H. hCds1-mediated phosphorylation of BRCA1 regulates the DNA damage response. Nature 2000, 404, 201–204. [Google Scholar] [CrossRef]

	



Chen, J. Ataxia telangiectasia-related protein is involved in the phosphorylation of BRCA1 following deoxyribonucleic acid damage. Cancer Res. 2000, 60, 5037–5039. [Google Scholar] [PubMed]

	



Deng, C.-X. BRCA1: Cell cycle checkpoint, genetic instability, DNA damage response and cancer evolution. Nucleic Acids Res. 2006, 34, 1416–1426. [Google Scholar] [CrossRef]

	



Badie, S.; Escandell, J.M.; Bouwman, P.; Carlos, A.R.; Thanasoula, M.; Gallardo, M.M.; Suram, A.; Jaco, I.; Benitez, J.; Herbig, U.; et al. BRCA2 acts as a RAD51 loader to facilitate telomere replication and capping. Nat. Struct. Mol. Biol. 2010, 17, 1461–1469. [Google Scholar] [CrossRef]

	



Hasty, P.; Montagna, C. Chromosomal rearrangements in cancer: Detection and potential causal mechanisms. Mol. Cell. Oncol. 2014, 1, e29904. [Google Scholar] [CrossRef]

	



Lotan, T.L.; Kaur, H.B.; Salles, D.C.; Murali, S.; Schaeffer, E.M.; Lanchbury, J.S.; Isaacs, W.B.; Brown, R.; Richardson, A.L.; Cussenot, O.; et al. Homologous recombination deficiency (HRD) score in germline BRCA2- versus ATM-altered prostate cancer. Mod. Pathol. 2021, 34, 1185–1193. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Heyer, W.-D. Homologous recombination in DNA repair and DNA damage tolerance. Cell Res. 2008, 18, 99–113. [Google Scholar] [CrossRef]

	



Norquist, B.M.; Brady, M.F.; Harrell, M.I.; Walsh, T.; Lee, M.K.; Gulsuner, S.; Bernards, S.S.; Casadei, S.; Burger, R.A.; Tewari, K.S.; et al. Mutations in Homologous Recombination Genes and Outcomes in Ovarian Carcinoma Patients in GOG 218: An NRG Oncology/Gynecologic Oncology Group Study. Clin. Cancer Res. 2017, 24, 777–783. [Google Scholar] [CrossRef] [PubMed]

	



Pritchard, C.C.; Mateo, J.; Walsh, M.F.; De Sarkar, N.; Abida, W.; Beltran, H.; Garofalo, A.; Gulati, R.; Carreira, S.; Eeles, R.; et al. Inherited DNA-Repair Gene Mutations in Men with Metastatic Prostate Cancer. N. Engl. J. Med. 2016, 375, 443–453. [Google Scholar] [CrossRef]

	



Nicolosi, P.; Ledet, E.; Yang, S.; Michalski, S.; Freschi, B.; O’Leary, E.; Esplin, E.D.; Nussbaum, R.L.; Sartor, O. Prevalence of Germline Variants in Prostate Cancer and Implications for Current Genetic Testing Guidelines. JAMA Oncol. 2019, 5, 523–528. [Google Scholar] [CrossRef]

	



Sokol, E.S.; Pavlick, D.; Khiabanian, H.; Frampton, G.M.; Ross, J.S.; Gregg, J.P.; Lara, P.N.; Oesterreich, S.; Agarwal, N.; Necchi, A.; et al. Pan-Cancer Analysis of BRCA1 and BRCA2 Genomic Alterations and Their Association with Genomic Instability as Measured by Genome-Wide Loss of Heterozygosity. JCO Precis. Oncol. 2020, 4, 442–465. [Google Scholar] [CrossRef] [PubMed]

	



Marquard, A.M.; Eklund, A.C.; Joshi, T.; Krzystanek, M.; Favero, F.; Wang, Z.C.; Richardson, A.L.; Silver, D.P.; Szallasi, Z.; Birkbak, N.J. Pan-cancer analysis of genomic scar signatures associated with homologous recombination deficiency suggests novel indications for existing cancer drugs. Biomark. Res. 2015, 3, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Popova, T.; Manié, E.; Rieunier, G.; Caux-Moncoutier, V.; Tirapo, C.; Dubois, T.; Delattre, O.; Sigal-Zafrani, B.; Bollet, M.; Longy, M.; et al. Ploidy and large-scale genomic instability consistently identify basal-like breast carcinomas with BRCA1/2 inactivation. Cancer Res. 2012, 72, 5454–5462. [Google Scholar] [CrossRef] [PubMed]

	



Abkevich, V.; Timms, K.M.; Hennessy, B.T.; Potter, J.; Carey, M.S.; Meyer, L.A.; Smith-McCune, K.; Broaddus, R.; Lu, K.H.; Chen, J.; et al. Patterns of genomic loss of heterozygosity predict homologous recombination repair defects in epithelial ovarian cancer. Br. J. Cancer 2012, 107, 1776–1782. [Google Scholar] [CrossRef] [PubMed]

	



Birkbak, N.J.; Wang, Z.C.; Kim, J.-Y.; Eklund, A.C.; Li, Q.; Tian, R.; Bowman-Colin, C.; Li, Y.; Greene-Colozzi, A.; Iglehart, J.D.; et al. Telomeric Allelic Imbalance Indicates Defective DNA Repair and Sensitivity to DNA-Damaging Agents. Cancer Discov. 2012, 2, 366–375. [Google Scholar] [CrossRef] [PubMed]

	



Bell, D.; Berchuck, A.; Birrer, M.; Chien, D.; Cramer, D.W.; Dao, F.; Dhir, R.; Disaia, P.; Gabra, H.; Glenn, P.; et al. Integrated genomic analyses of ovarian carcinoma. Nature 2011, 474, 609. [Google Scholar]

	



de Jonge, M.M.; Auguste, A.; van Wijk, L.M.; Schouten, P.C.; Meijers, M.; Ter Haar, N.T.; Smit, V.T.; Nout, R.A.; Glaire, M.A.; Church, D.N.; et al. Frequent homologous recombination deficiency in high-grade endometrial carcinomas. Clin. Cancer Res. 2019, 25, 1087–1097. [Google Scholar] [CrossRef]

	



Alsop, K.; Fereday, S.; Meldrum, C.; DeFazio, A.; Emmanuel, C.; George, J.; Dobrovic, A.; Birrer, M.J.; Webb, P.M.; Stewart, C.; et al. BRCA Mutation Frequency and Patterns of Treatment Response in BRCA Mutation–Positive Women with Ovarian Cancer: A Report from the Australian Ovarian Cancer Study Group. J. Clin. Oncol. 2012, 30, 2654–2663. [Google Scholar] [CrossRef] [PubMed]

	



Candido-dos-Reis, F.J.; Song, H.; Goode, E.L.; Cunningham, J.M.; Fridley, B.L.; Larson, M.C.; Alsop, K.; Dicks, E.; Harrington, P.; Ramus, S.J.; et al. Germline mutation in BRCA1 or BRCA2 and ten-year survival for women diagnosed with epithelial ovarian cancer. Clin. Cancer Res. 2015, 21, 652–657. [Google Scholar] [CrossRef]

	



Foulkes, W.; Wong, N.; Brunet, J.S.; Bégin, L.R.; Zhang, J.C.; Martinez, J.J.; Rozen, F.; Tonin, P.N.; Narod, S.A.; Karp, S.E.; et al. Germ-line BRCA1 mutation is an adverse prognostic factor in Ashkenazi Jewish women with breast cancer. Clin. Cancer Res. 1997, 3, 2465–2469. [Google Scholar] [PubMed]

	



Moller, P.; Evans, D.G.; Reis, M.M.; Gregory, H.; Anderson, E.; Maehle, L.; Lalloo, F.; Howell, A.; Apold, J.; Clark, N.; et al. Surveillance for familial breast cancer: Differences in outcome according toBRCA mutation status. Int. J. Cancer 2007, 121, 1017–1020. [Google Scholar] [CrossRef]

	



Nilsson, M.P.; Hartman, L.; Idvall, I.; Kristoffersson, U.; Johannsson, O.T.; Loman, N. Long-term prognosis of early-onset breast cancer in a population-based cohort with a known BRCA1/2 mutation status. Breast Cancer Res. Treat. 2014, 144, 133–142. [Google Scholar] [CrossRef]

	



Bayraktar, S.; Gutierrez-Barrera, A.M.; Lin, H.; Elsayegh, N.; Tasbas, T.; Litton, J.K.; Ibrahim, N.K.; Morrow, P.K.; Green, M.; Valero, V.; et al. Outcome of metastatic breast cancer in selected women with or without deleterious BRCA mutations. Clin. Exp. Metastasis 2013, 30, 631–642. [Google Scholar] [CrossRef]

	



El-Tamer, M.; Russo, D.; Troxel, A.; Bernardino, L.P.; Mazziotta, R.; Estabrook, A.; Ditkoff, B.-A.; Schnabel, F.; Mansukhani, M. Survival and recurrence after breast cancer in BRCA1/2 mutation carriers. Ann. Surg. Oncol. 2004, 11, 157–164. [Google Scholar] [CrossRef] [PubMed]

	



Bonadona, V.; Dussart-Moser, S.; Voirin, N.; Sinilnikova, O.M.; Mignotte, H.; Mathevet, P.; Brémond, A.; Treilleux, I.; Martin, A.; Romestaing, P.; et al. Prognosis of early-onset breast cancer based on BRCA1/2 mutation status in a French population-based cohort and review. Breast Cancer Res. Treat. 2007, 101, 233–245. [Google Scholar] [CrossRef]

	



Arun, B.; Bayraktar, S.; Liu, D.D.; Barrera, A.M.G.; Atchley, D.; Pusztai, L.; Litton, J.K.; Valero, V.; Meric-Bernstam, F.; Hortobagyi, G.N.; et al. Response to Neoadjuvant Systemic Therapy for Breast Cancer in BRCA Mutation Carriers and Noncarriers: A Single-Institution Experience. J. Clin. Oncol. 2011, 29, 3739–3746. [Google Scholar] [CrossRef]

	



Goodwin, P.J.; Phillips, K.-A.; West, D.W.; Ennis, M.; Hopper, J.L.; John, E.M.; O’Malley, F.P.; Milne, R.L.; Andrulis, I.L.; Friedlander, M.L.; et al. Breast Cancer Prognosis in BRCA1 and BRCA2 Mutation Carriers: An International Prospective Breast Cancer Family Registry Population-Based Cohort Study. J. Clin. Oncol. 2012, 30, 19–26. [Google Scholar] [CrossRef]

	



Antoniou, A.; Pharoah, P.D.; Narod, S.; Risch, H.A.; Eyfjord, J.E.; Hopper, J.L.; Loman, N.; Olsson, H.; Johannsson, O.; Borg, A.; et al. Average Risks of Breast and Ovarian Cancer Associated with BRCA1 or BRCA2 Mutations Detected in Case Series Unselected for Family History: A Combined Analysis of 22 Studies. Am. J. Hum. Genet. 2003, 72, 1117–1130. [Google Scholar] [CrossRef]

	



Armes, J.E.; Egan, A.J.; Southey, M.C.; Dite, G.S.; McCredie, M.R.; Giles, G.; Hopper, J.L.; Venter, D.J. The histologic phenotypes of breast carcinoma occurring before age 40 years in women with and without BRCA1 or BRCA2 germline mutations: A population-based study. Cancer 1998, 83, 2335–2345. [Google Scholar] [CrossRef]

	



Southey, M.C.; Ramus, S.; Dowty, J.; Smith, L.D.; Tesoriero, A.A.; Wong, E.M.; Dite, G.; Jenkins, M.; Byrnes, G.; Winship, I.; et al. Morphological predictors of BRCA1 germline mutations in young women with breast cancer. Br. J. Cancer 2011, 104, 903–909. [Google Scholar] [CrossRef]

	



Golan, T.; Kanji, Z.S.; Epelbaum, R.; Devaud, N.; Dagan, E.; Holter, S.; Aderka, D.; Paluch-Shimon, S.; Kaufman, B.; Gershoni-Baruch, R.; et al. Overall survival and clinical characteristics of pancreatic cancer in BRCA mutation carriers. Br. J. Cancer 2014, 111, 1132–1138. [Google Scholar] [CrossRef] [PubMed]

	



Lozano, R.; Castro, E.; Aragón, I.M.; Cendón, Y.; Cattrini, C.; López-Casas, P.P.; Olmos, D. Genetic aberrations in DNA repair pathways: A cornerstone of precision oncology in prostate cancer. Br. J. Cancer 2020, 124, 552–563. [Google Scholar] [CrossRef]

	



Castro, E.; Romero-Laorden, N.; Del Pozo, A.; Lozano, R.; Medina, A.; Puente, J.; Piulats, J.M.; Lorente, D.; Saez, M.I.; Morales-Barrera, R.; et al. PROREPAIR-B: A Prospective Cohort Study of the Impact of Germline DNA Repair Mutations on the Outcomes of Patients with Metastatic Castration-Resistant Prostate Cancer. J. Clin. Oncol. 2019, 37, 490–503. [Google Scholar] [CrossRef] [PubMed]

	



Mateo, J.; Carreira, S.; Sandhu, S.; Miranda, S.; Mossop, H.; Perez-Lopez, R.; Nava Rodrigues, D.; Robinson, D.; Omlin, A.; Tunariu, N.; et al. DNA-Repair Defects and Olaparib in Metastatic Prostate Cancer. N. Engl. J. Med. 2015, 373, 1697–1708. [Google Scholar] [CrossRef] [PubMed]

	



Paller, C.J.; Antonarakis, E.S.; Beer, T.M.; Borno, H.T.; Carlo, M.I.; George, D.J.; Graff, J.N.; Gupta, S.; Heath, E.I.; Higano, C.S.; et al. Germline Genetic Testing in Advanced Prostate Cancer; Practices and Barriers: Survey Results from the Germline Genetics Working Group of the Prostate Cancer Clinical Trials Consortium. Clin. Genitourin. Cancer 2019, 17, 275–282.e1. [Google Scholar] [CrossRef] [PubMed]

	



Tung, N.; Arun, B.; Hacker, M.R.; Hofstatter, E.; Toppmeyer, D.L.; Isakoff, S.J.; Borges, V.; Legare, R.D.; Isaacs, C.; Wolff, A.C.; et al. TBCRC 031: Randomized Phase II Study of Neoadjuvant Cisplatin Versus Doxorubicin-Cyclophosphamide in Germline BRCA Carriers with HER2-Negative Breast Cancer (the INFORM trial). J. Clin. Oncol. 2020, 38, 1539–1548. [Google Scholar] [CrossRef]

	



Loibl, S.; O’Shaughnessy, J.; Untch, M.; Sikov, W.M.; Rugo, H.S.; McKee, M.D.; Huober, J.; Golshan, M.; von Minckwitz, G.; Maag, D.; et al. Addition of the PARP inhibitor veliparib plus carboplatin or carboplatin alone to standard neoadjuvant chemotherapy in triple-negative breast cancer (BrighTNess): A randomised, phase 3 trial. Lancet Oncol. 2018, 19, 497–509. [Google Scholar] [CrossRef]

	



Hahnen, E.; Lederer, B.; Hauke, J.; Loibl, S.; Kröber, S.; Schneeweiss, A.; Denkert, C.; Fasching, P.A.; Blohmer, J.U.; Jackisch, C.; et al. Germline mutation status, pathological complete response, and disease-free survival in triple-negative breast cancer: Secondary analysis of the GeparSixto randomized clinical trial. JAMA Oncol. 2017, 3, 1378–1385. [Google Scholar] [CrossRef] [PubMed]

	



Golan, T.; Barenboim, A.; Lahat, G.; Nachmany, I.; Goykhman, Y.; Shacham-Shmueli, E.; Halpern, N.; Brazowski, E.; Geva, R.; Wolf, I.; et al. Increased Rate of Complete Pathologic Response After Neoadjuvant FOLFIRINOX for BRCA Mutation Carriers with Borderline Resectable Pancreatic Cancer. Ann. Surg. Oncol. 2020, 27, 3963–3970. [Google Scholar] [CrossRef]

	



Okano, N.; Morizane, C.; Nomura, S.; Takahashi, H.; Tsumura, H.; Satake, H.; Mizuno, N.; Tsuji, K.; Shioji, K.; Asagi, A.; et al. Phase II clinical trial of gemcitabine plus oxaliplatin in patients with metastatic pancreatic adenocarcinoma with a family history of pancreatic/breast/ovarian/prostate cancer or personal history of breast/ovarian/prostate cancer (FABRIC study). Int. J. Clin. Oncol. 2020, 25, 1835–1843. [Google Scholar] [CrossRef]

	



Wattenberg, M.; Asch, D.; Yu, S.; O’Dwyer, P.J.; Domchek, S.M.; Nathanson, K.L.; Rosen, M.A.; Beatty, G.L.; Siegelman, E.S.; Reiss, K.A. Platinum response characteristics of patients with pancreatic ductal adenocarcinoma and a germline BRCA1, BRCA2 or PALB2 mutation. Br. J. Cancer 2019, 122, 333–339. [Google Scholar] [CrossRef]

	



Schmid, S.; Omlin, A.; Higano, C.; Sweeney, C.; Chanza, N.M.; Mehra, N.; Kuppen, M.C.P.; Beltran, H.; Conteduca, V.; De Almeida, D.V.P.; et al. Activity of Platinum-Based Chemotherapy in Patients with Advanced Prostate Cancer with and without DNA Repair Gene Aberrations. JAMA Netw. Open 2020, 3, e2021692. [Google Scholar] [CrossRef] [PubMed]

	



Mota, J.M.; Barnett, E.; Nauseef, J.T.; Nguyen, B.; Stopsack, K.H.; Wibmer, A.; Flynn, J.R.; Heller, G.; Danila, D.C.; Rathkopf, D.; et al. Platinum-Based Chemotherapy in Metastatic Prostate Cancer with DNA Repair Gene Alterations. JCO Precis. Oncol. 2020, 4, 355–366. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.-J.; Xu, Y.; Lin, Y.; Zhu, H.-J.; Zhou, Y.-D.; Mao, F.; Zhang, X.-H.; Huang, X.; Zhong, Y.; Sun, Q.; et al. Platinum-Based Neoadjuvant Chemotherapy for Breast Cancer with BRCA Mutations: A Meta-Analysis. Front. Oncol. 2020, 10, 592998. [Google Scholar] [CrossRef]

	



Chai, Y.; Chen Chen, Y.; Zhang, D.; Wei, Y.; Li, Z.; Li, Q.; Xu, B. Homologous Recombination Deficiency (HRD) and BRCA 1/2 Gene Mutation for Predicting the Effect of Plat-inum-Based Neoadjuvant Chemotherapy of Early-Stage Triple-Negative Breast Cancer (TNBC): A Systematic Review and Meta-Analysis. J. Pers. Med. 2022, 12, 323. [Google Scholar] [CrossRef] [PubMed]

	



Loibl, S.; Weber, K.E.; Timms, K.M.; Elkin, E.P.; Hahnen, E.; Fasching, P.A.; Lederer, B.; Denkert, C.; Schneeweiss, A.; Braun, S.; et al. Survival analysis of carboplatin added to an anthracycline/taxane-based neoadjuvant chemotherapy and HRD score as predictor of response—Final results from GeparSixto. Ann. Oncol. 2018, 29, 2341–2347. [Google Scholar] [CrossRef]

	



Lowery, M.A.; Kelsen, D.P.; Stadler, Z.K.; Yu, K.H.; Janjigian, Y.Y.; Ludwig, E.; D’Adamo, D.R.; Salo-Mullen, E.; Robson, M.E.; Allen, P.J.; et al. An Emerging Entity: Pancreatic Adenocarcinoma Associated with a Known BRCA Mutation: Clinical Descriptors, Treatment Implications, and Future Directions. Oncologist 2011, 16, 1397–1402. [Google Scholar] [CrossRef] [PubMed]

	



Fogelman, D.; Sugar, E.A.; Oliver, G.; Shah, N.; Klein, A.P.; Alewine, C.; Wang, H.; Javle, M.; Shroff, R.T.; Wolff, R.A.; et al. Family history as a marker of platinum sensitivity in pancreatic adenocarcinoma. Cancer Chemother. Pharmacol. 2015, 76, 489–498. [Google Scholar] [CrossRef]

	



Lowery, M.; Wong, W.; Jordan, E.J.; Lee, J.W.; Kemel, Y.; Vijai, J.; Mandelker, D.; Zehir, A.; Capanu, M.; Salo-Mullen, E.; et al. Prospective Evaluation of Germline Alterations in Patients with Exocrine Pancreatic Neoplasms. JNCI J. Natl. Cancer Inst. 2018, 110, 1067–1074. [Google Scholar] [CrossRef]

	



O’Reilly, E.M.; Lee, J.W.; Zalupski, M.; Capanu, M.; Park, J.; Golan, T.; Tahover, E.; Lowery, M.A.; Chou, J.F.; Sahai, V.; et al. Randomized, multicenter, phase II trial of gemcitabine and cisplatin with or without veliparib in patients with pancreas adenocarcinoma and a germline BRCA/ PALB2 mutation. J. Clin. Oncol. 2020, 38, 1378. [Google Scholar] [CrossRef]

	



Pishvaian, M.J.; Blais, E.M.; Brody, J.R.; Rahib, L.; Lyons, E.; De Arbeloa, P.; Hendifar, A.; Mikhail, S.; Chung, V.; Sohal, D.P.S.; et al. Outcomes in Patients with Pancreatic Adenocarcinoma with Genetic Mutations in DNA Damage Re-sponse Pathways: Results from the Know Your Tumor Program. JCO Precis. Oncol. 2019, 3, 1–10. [Google Scholar]

	



Golan, T.; Hammel, P.; Reni, M.; Van Cutsem, E.; Macarulla, T.; Hall, M.J.; Park, J.-O.; Hochhauser, D.; Arnold, D.; Oh, D.-Y.; et al. Maintenance Olaparib for Germline BRCA-Mutated Metastatic Pancreatic Cancer. N. Engl. J. Med. 2019, 381, 317–327. [Google Scholar] [CrossRef] [PubMed]

	



Kondo, T.; Kanai, M.; Kou, T.; Sakuma, T.; Mochizuki, H.; Kamada, M.; Nakatsui, M.; Uza, N.; Kodama, Y.; Masui, T.; et al. Association between homologous recombination repair gene mutations and response to oxaliplatin in pancreatic cancer. Oncotarget 2018, 9, 19817–19825. [Google Scholar] [CrossRef] [PubMed]

	



Reiss, K.A.; Yu, S.; Judy, R.; Symecko, H.; Nathanson, K.L.; Domchek, S.M. Retrospective Survival Analysis of Patients with Advanced Pancreatic Ductal Adenocarcinoma and Germline BRCA or PALB2 Mutations. JCO Precis. Oncol. 2018, 2, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Pokataev, I.; Fedyanin, M.; Polyanskaya, E.; Popova, A.; Agafonova, J.; Menshikova, S.; Tryakin, A.; Rumyantsev, A.; Tjulandin, S. Efficacy of platinum-based chemotherapy and prognosis of patients with pancreatic cancer with homologous recombination deficiency: Comparative analysis of published clinical studies. ESMO Open 2020, 5, e000578. [Google Scholar] [CrossRef] [PubMed]

	



Isakoff, S.; Mayer, E.L.; He, L.; Traina, T.A.; Carey, L.; Krag, K.J.; Rugo, H.S.; Liu, M.C.; Stearns, V.; Come, S.E.; et al. TBCRC009: A multicenter phase II clinical trial of platinum monotherapy with biomarker assessment in metastatic triple-negative breast cancer. J. Clin. Oncol. 2015, 33, 1902–1909. [Google Scholar] [CrossRef]

	



Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.J.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.; Hickson, I.; Knights, C.; et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature 2005, 434, 917–921. [Google Scholar] [CrossRef]

	



Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.; Helleday, T. Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005, 434, 913–917. [Google Scholar] [CrossRef]

	



Murai, J.; Huang, S.-Y.N.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [Google Scholar] [CrossRef]

	



Murai, J.; Huang, S.-Y.N.; Renaud, A.; Zhang, Y.; Ji, J.; Takeda, S.; Morris, J.; Teicher, B.; Doroshow, J.H.; Pommier, Y. Stereospecific PARP Trapping by BMN 673 and Comparison with Olaparib and Rucaparib. Mol. Cancer Ther. 2014, 13, 433–443. [Google Scholar] [CrossRef]

	



Kaufman, B.; Shapira-Frommer, R.; Schmutzler, R.K.; Audeh, M.W.; Friedlander, M.; Balmaña, J.; Mitchell, G.; Fried, G.; Stemmer, S.M.; Hubert, A.; et al. Olaparib monotherapy in patients with advanced cancer and a germline BRCA1/2 mutation. J. Clin. Oncol. 2015, 33, 244. [Google Scholar] [CrossRef]

	



Konstantinopoulos, P.A.; Ceccaldi, R.; Shapiro, G.I.; D’Andrea, A.D. Homologous Recombination Deficiency: Exploiting the Fundamental Vulnerability of Ovarian Cancer. Cancer Discov. 2015, 5, 1137–1154. [Google Scholar] [CrossRef]

	



Matulonis, U.A.; Penson, R.T.; Domchek, S.M.; Kaufman, B.; Shapira-Frommer, R.; Audeh, M.W.; Kaye, S.; Molife, L.R.; Gelmon, K.A.; Robertson, J.D.; et al. Olaparib monotherapy in patients with advanced relapsed ovarian cancer and a germline BRCA1/2 mutation: A multistudy analysis of response rates and safety. Ann. Oncol. 2016, 27, 1013–1019. [Google Scholar] [CrossRef]

	



Mirza, M.R.; Monk, B.J.; Herrstedt, J.; Oza, A.M.; Mahner, S.; Redondo, A.; Fabbro, M.; Ledermann, J.A.; Lorusso, D.; Vergote, I.; et al. Niraparib Maintenance Therapy in Platinum-Sensitive, Recurrent Ovarian Cancer. N. Engl. J. Med. 2016, 375, 2154–2164. [Google Scholar] [CrossRef]

	



Swisher, E.M.; Lin, K.K.; Oza, A.M.; Scott, C.L.; Giordano, H.; Sun, J.; Konecny, G.E.; Coleman, R.L.; Tinker, A.V.; O’Malley, D.M.; et al. Rucaparib in relapsed, platinum-sensitive high-grade ovarian carcinoma (ARIEL2 Part 1): An international, multicentre, open-label, phase 2 trial. Lancet Oncol. 2017, 18, 75–87. [Google Scholar] [CrossRef]

	



Moore, K.; Colombo, N.; Scambia, G.; Kim, B.-G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.; Leary, A.; Sonke, G.S.; et al. Maintenance Olaparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. J. Med. 2018, 379, 2495–2505. [Google Scholar] [CrossRef]

	



González-Martín, A.; Pothuri, B.; Vergote, I.; DePont Christensen, R.; Graybill, W.; Mirza, M.R.; McCormick, C.; Lorusso, D.; Hoskins, P.; Freyer, G.; et al. Niraparib in Patients with Newly Diagnosed Advanced Ovarian Cancer. N. Engl. J. Med. 2019, 381, 2391–2402. [Google Scholar] [CrossRef]

	



Ray-Coquard, I.; Pautier, P.; Pignata, S.; Pérol, D.; González-Martín, A.; Berger, R.; Fujiwara, K.; Vergote, I.; Colombo, N.; Mäenpää, J.; et al. Olaparib plus Bevacizumab as First-Line Maintenance in Ovarian Cancer. N. Engl. J. Med. 2019, 381, 2416–2428. [Google Scholar] [CrossRef]

	



Arora, S.; Balasubramaniam, S.; Zhang, H.; Berman, T.; Narayan, P.; Suzman, D.; Bloomquist, E.; Tang, S.; Gong, Y.; Sridhara, R.; et al. FDA Approval Summary: Olaparib Monotherapy or in Combination with Bevacizumab for the Maintenance Treatment of Patients with Advanced Ovarian Cancer. Oncologist 2020, 26, e164–e172. [Google Scholar] [CrossRef]

	



Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gonçalves, A.; Lee, K.-H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.; Martin, M.; et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. J. Med. 2018, 379, 753–763. [Google Scholar] [CrossRef]

	



Robson, M.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.; Armstrong, A.; et al. Olaparib for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation. N. Engl. J. Med. 2017, 377, 523–533. [Google Scholar] [CrossRef]

	



Tutt, A.N.; Garber, J.E.; Kaufman, B.; Viale, G.; Fumagalli, D.; Rastogi, P.; Gelber, R.D.; de Azambuja, E.; Fielding, A.; Balmaña, J.; et al. Adjuvant Olaparib for Patients with BRCA1- or BRCA2-Mutated Breast Cancer. N. Engl. J. Med. 2021, 384, 2394–2405. [Google Scholar] [CrossRef] [PubMed]

	



O’Reilly, E.M. Advances in the Management of Pancreatic Adenocarcinoma. J. Natl. Compr. Cancer Netw. 2020, 18, 958–961. [Google Scholar] [CrossRef]

	



Hussain, M.; Mateo, J.; Fizazi, K.; Saad, F.; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Survival with Olaparib in Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2020, 383, 2345–2357. [Google Scholar] [CrossRef] [PubMed]

	



de Bono, J.; Mateo, J.; Fizazi, K.; Saad, F.; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2020, 382, 2091–2102. [Google Scholar] [CrossRef] [PubMed]

	



Smith, M.R.; Scher, H.I.; Sandhu, S.; Efstathiou, E.; Lara, P.N.; Yu, E.Y.; George, D.J.; Chi, K.N.; Saad, F.; Ståhl, O.; et al. Niraparib in patients with metastatic castration-resistant prostate cancer and DNA repair gene defects (GALAHAD): A multicentre, open-label, phase 2 trial. Lancet Oncol. 2022, 23, 362–373. [Google Scholar] [CrossRef]

	



de Bono, J.S.; Mehra, N.; Scagliotti, G.V.; Castro, E.; Dorff, T.; Stirling, A.; Stenzl, A.; Fleming, M.T.; Higano, C.S.; Saad, F.; et al. Talazoparib monotherapy in metastatic castration-resistant prostate cancer with DNA repair alterations (TALAPRO-1): An open-label, phase 2 trial. Lancet Oncol. 2021, 22, 1250–1264. [Google Scholar] [CrossRef]

	



Abida, W.; Patnaik, A.; Campbell, D.; Shapiro, J.; Bryce, A.H.; McDermott, R.; Sautois, B.; Vogelzang, N.J.; Bambury, R.M.; Voog, E.; et al. Rucaparib in Men with Metastatic Castration-Resistant Prostate Cancer Harboring a BRCA1 or BRCA2 Gene Alteration. J. Clin. Oncol. 2020, 38, 3763–3772. [Google Scholar] [CrossRef]

	



Abida, W.; Campbell, D.; Patnaik, A.; Shapiro, J.D.; Sautois, B.; Vogelzang, N.J.; Voog, E.G.; Bryce, A.H.; McDermott, R.; Ricci, F.; et al. Non-BRCA DNA Damage Repair Gene Alterations and Response to the PARP Inhibitor Rucaparib in Meta-static Castration-Resistant Prostate Cancer: Analysis from the Phase II TRITON2 Study. Clin. Cancer Res. 2020, 26, 2487–2496. [Google Scholar] [CrossRef]

	



Carreira, S.; Porta, N.; Arce-Gallego, S.; Seed, G.; Llop-Guevara, A.; Bianchini, D.; Rescigno, P.; Paschalis, A.; Bertan, C.; Baker, C.; et al. Biomarkers Associating with PARP Inhibitor Benefit in Prostate Cancer in the TOPARP-B Trial. Cancer Discov. 2021, 11, 2812–2827. [Google Scholar] [CrossRef]

	



Ji, W.; Weng, X.; Xu, D.; Cai, S.; Lou, H.; Ding, L. Non-small cell lung cancer cells with deficiencies in homologous recombi-nation genes are sensitive to PARP inhibitors. Biochem. Biophys. Res. Commun. 2020, 522, 121–126. [Google Scholar] [CrossRef] [PubMed]

	



Arena, S.; Corti, G.; Durinikova, E.; Montone, M.; Reilly, N.M.; Russo, M.; Lorenzato, A.; Arcella, P.; Lazzari, L.; Rospo, G.; et al. A Subset of Colorectal Cancers with Cross-Sensitivity to Olaparib and Oxaliplatin. Clin. Cancer Res. 2019, 26, 1372–1384. [Google Scholar] [CrossRef]

	



Oza, J.; Doshi, S.D.; Hao, L.; Musi, E.; Schwartz, G.K.; Ingham, M. Homologous recombination repair deficiency as a therapeutic target in sarcoma. Semin. Oncol. 2020, 47, 380–389. [Google Scholar] [CrossRef]

	



Dieras, V.; Han, H.S.; Kaufman, B.; Wildiers, H.; Friedlander, M.; Ayoub, J.P.; Puhalla, S.L.; Bondarenko, I.; Campone, M.; Jakobsen, E.H.; et al. Veliparib with carboplatin and paclitaxel in BRCA mutated advanced breast cancer (BROCADE3): A randomized, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2020, 21, 1269–1282. [Google Scholar] [CrossRef]

	



O’Shaughnessy, J.; Schwartzberg, L.; Danso, M.A.; Miller, K.D.; Rugo, H.S.; Neubauer, M.; Robert, N.; Hellerstedt, B.; Saleh, M.; Richards, P.; et al. Phase III study of iniparib plus gemcitabine and carboplatin versus gemcitabine and carboplatin in patients with metastatic triple-negative breast cancer. J. Clin. Oncol. 2020, 32, 3840–3847. [Google Scholar] [CrossRef]

	



Coleman, R.; Fleming, G.F.; Brady, M.F.; Swisher, E.M.; Steffensen, K.D.; Friedlander, M.; Okamoto, A.; Moore, K.N.; Ben-Baruch, N.E.; Werner, T.L.; et al. Veliparib with first-line chemotherapy and as maintenance therapy in ovarian cancer. N. Engl. J. Med. 2019, 381, 2403–2415. [Google Scholar] [CrossRef]

	



Coleman, R.; Oza, A.M.; Lorusso, D.; Aghajanian, C.; Oaknin, A.; Dean, A.; Colombo, N.; Weberpals, J.I.; Clamp, A.; Scambia, G.; et al. Rucaparib maintenance treatment for recurrent ovarian carcinoma after response to platinum therapy (ARIEL3): A randomized, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 390, 1949–1961. [Google Scholar] [CrossRef]

	



Pujade-Lauraine, E.; Lederman, J.; Selle, F.; Gebski, V.; Penson, R.T.; Oza, A.M.; Korach, J.; Huzarski, T.; Poveda, A.; Pignata, S.; et al. Olaparib tablets as maintenance therapy in patients with platinum-sensitive, relapsed ovarian cancer and a BRCA1/2 mutation (SOLO2/ENGOT-Ov21): A double-blind, randomized, placebo-controlled, phase 3 trial. Lancet. Oncol. 2017, 18, 1274–1284. [Google Scholar] [CrossRef]

	



Chakravarty, D.; Johnson, A.; Sklar, J.; Lindeman, N.I.; Moore, K.; Ganesan, S.; Lovly, C.M.; Perlmutter, J.; Gray, S.W.; Hwang, J.; et al. Somatic Genomic Testing in Patients with Metastatic or Advanced Cancer: ASCO Provisional Clinical Opinion. J. Clin. Oncol. 2022, 40, 1231–1258. [Google Scholar] [CrossRef]

	



Parker, C.; Castro, E.; Fizazi, K.; Heidenreich, A.; Ost, P.; Procopio, G.; Tombal, B.; Gillessen, S. Prostate cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2020, 31, 1119–1134. [Google Scholar] [CrossRef]

	



Horgan, D.; Ciliberto, G.; Conte, P.; Curigliano, G.; Seijo, L.; Montuenga, L.M.; Garassino, M.; Penault-Llorca, F.; Galli, F.; Ray-Coquard, I.; et al. Bringing Onco-Innovation to Europe’s Healthcare Systems: The Potential of Biomarker Testing, Real World Evidence, Tumour Agnostic Therapies to Empower Personalised Medicine. Cancers 2021, 13, 583. [Google Scholar] [CrossRef]

	



National Comprehensive Cancer Network. Genetic/Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic (Version 2.2022). 9 March 2022. Available online: https://www.nccn.org/professionals/physician_gls/pdf/genetics_bop.pdf (accessed on 5 June 2022).

	



Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.; Barlesi, F.; Lolkema, M.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-Bernstam, F.; et al. Recommendations for the use of next-generation sequencing (NGS) for patients with metastatic cancers: A report from the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. [Google Scholar] [CrossRef]

	



Curtin, N.J.; Drew, Y.; Saha, S.S. Why BRCA mutations are not tumour-agnostic biomarkers for PARP inhibitor therapy. Nat. Rev. Clin. Oncol. 2019, 16, 725–726. [Google Scholar] [CrossRef]

	



Miller, R.; Leary, A.; Scott, C.; Serra, V.; Lord, C.; Bowtell, D.; Chang, D.; Garsed, D.; Jonkers, J.; Ledermann, J.; et al. ESMO recommendations on predictive biomarker testing for homologous recombination deficiency and PARP inhibitor benefit in ovarian cancer. Ann. Oncol. 2020, 31, 1606–1622. [Google Scholar] [CrossRef]

	



Timms, K.M.; Abkevich, V.; Hughes, E.; Neff, C.; Reid, J.; Morris, B.; Kalva, S.; Potter, J.; Tran, T.V.; Chen, J.; et al. Association of BRCA1/2 defects with genomic scores predictive of DNA damage repair deficiency among breast cancer subtypes. Breast Cancer Res. 2014, 16, 475. [Google Scholar] [CrossRef]

	



Telli, M.L.; Timms, K.M.; Reid, J.; Hennessy, B.; Mills, G.B.; Jensen, K.C.; Szallasi, Z.; Barry, W.T.; Winer, E.P.; Tung, N.M.; et al. Homologous Recombination Deficiency (HRD) Score Predicts Response to Platinum-Containing Neoadjuvant Chemotherapy in Patients with Triple-Negative Breast Cancer. Clin. Cancer Res. 2016, 22, 3764–3773. [Google Scholar] [CrossRef]

	



Golan, T.; O’Kane, G.M.; Denroche, R.E.; Raitses-Gurevich, M.; Grant, R.C.; Holter, S.; Wang, Y.; Zhang, A.; Jang, G.H.; Stossel, C.; et al. Genomic Features and Classification of Homologous Recombination Deficient Pancreatic Ductal Adenocar-cinoma. Gastroenterology 2021, 160, 2119–2132. [Google Scholar] [CrossRef]

	



How, J.; Jazaeri, A.; Fellman, B.; Daniels, M.; Penn, S.; Solimeno, C.; Yuan, Y.; Schmeler, K.; Lanchbury, J.; Timms, K.; et al. Modification of Homologous Recombination Deficiency Score Threshold and Association with Long-Term Survival in Epithelial Ovarian Cancer. Cancers 2021, 13, 946. [Google Scholar] [CrossRef]

	



Sztupinszki, Z.; Diossy, M.; Krzystanek, M.; Borcsok, J.; Pomerantz, M.M.; Tisza, V.; Spisak, S.; Rusz, O.; Csabai, I.; Freedman, M.L.; et al. Detection of Molecular Signatures of Homologous Recombination Deficiency in Prostate Cancer with or without BRCA1/2 Mutations. Clin. Cancer Res. 2020, 26, 2673–2680. [Google Scholar] [CrossRef]

	



Mukhopadhyay, A.; Plummer, E.R.; Elattar, A.; Soohoo, S.; Uzir, B.; Quinn, J.E.; McCluggage, W.G.; Maxwell, P.; Aneke, H.; Curtin, N.J.; et al. Clinicopathological features of homologous recombination-deficient epithelial ovarian cancers: Sensitivity to PARP inhibitors, platinum, and survival. Cancer Res. 2012, 72, 5675–5682. [Google Scholar] [CrossRef]

	



Hill, S.J.; Decker, B.; Roberts, E.A.; Horowitz, N.S.; Muto, M.G.; Worley, M.J.; Feltmate, C.M.; Nucci, M.R.; Swisher, E.M.; Nguyen, H.; et al. Prediction of DNA Repair Inhibitor Response in Short-Term Patient-Derived Ovarian Cancer Organoids. Cancer Discov. 2018, 8, 1404–1421. [Google Scholar] [CrossRef]

	



Wattenberg, M.M.; Reiss, K.A. Determinants of Homologous Recombination Deficiency in Pancreatic Cancer. Cancers 2021, 13, 4716. [Google Scholar] [CrossRef] [PubMed]

	



Tobalina, L.; Armenia, J.; Irving, E.; O’Connor, M.; Forment, J. A meta-analysis of reversion mutations in BRCA genes identifies signatures of DNA end-joining repair mechanisms driving therapy resistance. Ann. Oncol. 2020, 32, 103–112. [Google Scholar] [CrossRef] [PubMed]

	



Schonhoft, J.D.; Zhao, J.L.; Jendrisak, A.; Carbone, E.A.; Barnett, E.S.; Hullings, M.A.; Gill, A.; Sutton, R.; Lee, J.; Dago, A.E.; et al. Morphology-Predicted Large-Scale Transition Number in Circulating Tumor Cells Identifies a Chromosomal Instability Biomarker Associated with Poor Outcome in Castration-Resistant Prostate Cancer. Cancer Res. 2020, 80, 4892–4903. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 14 02950 g001 550] 





Figure 1. Functional features of proteins involved in HRD. Adapted with permission from Gorodetska et al. [7], copyright 2019 the authors, Ivyspring International Publisher under the terms of the Creative Commons Attribution license 4.0 (https://creativecommons.org/licenses/by-nc-nd/4.0/, accessed on 12 May 2022) and Hoppe et al. [6], copyright 2018 by the authors published by Oxford University Press. The figures have been modified for the purposes of this review. Proteins involved in the HR system have functions in DNA repair, but also participate in cell cycle regulation, transcriptional activation and chromatin remodeling. Genomic scarring is defined by the presence of chromosomal abnormalities related to HRD: (a) telomeric allelic imbalance (TAI) due to inappropriate chromosomal end fusions because of aberrant end joining, (b) loss of heterozygosity (LOH) related to inaccurate repair of sister chromatids during the S/G2 cell cycle phase and (c) large-scale transitions (LSTs) that are chromosomal breaks of more than 10 Mb. 
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Figure 2. Prevalence of somatic BRCA1/2 mutations across different tumor types. Adapted from Sokol et al. [20], copyright 2020 the authors, American Society of Clinical Oncology under the Creative Commons Attribution Non-commercial No Derivatives 4.0 License (https://creativecommons.org/licenses/by-nc-nd/4.0/, accessed on 12 May 2022). The figure has been modified for the purposes of this review. 
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Figure 3. HRD prevalence across different tumor types. Adapted from Marquard et al. [21], copyright 2015 Marquard et al, under the Creative Commons Attribution Non-commercial No Derivatives 4.0 License (https://creativecommons.org/licenses/by-nc-nd/4.0/, accessed on 12 May 2022). The figure has been made for the purposes of this review. HRD analysis of TCGA samples across 15 different cancer types was performed based on the number of Telomeric Allelic Imbalances (TAI) based on a genomic scar accumulation, the large scale transition (LST) based on a type of genomic scar associated with loss of BRCA1 or BRCA2 and the HRD-LOH based on a scar enriched in high-grade serous ovarian cancer patients with a loss of BRCA1 or BRCA2 [21,22,23]. However, the method originally used for ovarian cancer samples was adapted to avoid bias when the algorithm is applied across different tumors: (1) In the original publication describing TAI [24], all allelic imbalance events that extended to the telomere were counted, if they did not span the centromere. This results in an overrepresentation of tumors with an uneven copy number among high TAI cases, which has been corrected in the method used for the present study. (2) The original publication describing HRD-LOH [23] excluded chromosome 17 because LOH on chromosome 17 in the ovarian cancer samples is ubiquitous and for this reason did not provide independent information. However, for this figure, chromosome 17 was not excluded, as chromosome 17 is not ubiquitously lost in all cancer types, and therefore may provide independent information in some tumor samples. 
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Table 1. Clinical trials evaluating platinum therapy for HRD tumor types.
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Type of Tumour

	
Author

	
Type of Study

	
N

	
Primary Endpoint

	
Platinum

	
Benefit

	
Target

	
Sub-Population






	
Breast Cancer




	
Localized

	
Tung 2020 [45]

	
Randomized Phase II

	
118

	
pCR

	
Cisplatin

	
Platinum vs. Control: 18% vs. 26%. Risk ratio 0.70 (90% CI, 0.39–1.2).

	
HER2-

I-III

	
69% gBRCA1

30% gBRCA2

2% Both




	
Hahnen

2017 [47]

	
Randomized Phase II

	
50

	
pCR

	
Carboplatin

	
Platinum vs. Control: 65.4% vs. 66.7%. Odds ratio 0.94 (0.29–3.095), (p = 0.92).

	
TNBC

II-III

	
17% gBRCA1/2




	
Advanced

	
Isakoff 2015 [65]

	
Phase II

	
86

	
ORR

	
Cisplatin

Carboplatin

	
BRCA1/2 mut vs. wild type: 54.5% vs. 19.7%, (p = 0.022).

	
TNBC metastatic or locally recurrent unresectable

	
13% gBRCA1/2

77% wild type

10% not known




	
Pancreatic Cancer




	
Localized

	
Golan 2020 [48]

	
Retrospective analysis

	
61

	
pCR

	
Oxaliplatin

	
Mutated vs. non-mutated: 44.4% vs. 10%, (p = 0.009).

	
Borderline resectable

	
23% gBRCA2

77% gBRCA wild type




	
Metastatic

	
Okano 2020 [49]

	
Phase II

	
43

	
OS

	
Oxaliplatin

	
1-year survival 27.9% (90% CI 17–41.3).

Primary endpoint not met (30%).

	
Metastatic PDAC

	
Family history (ovarian, prostate, pancreatic, breast)

	-

	
BRCA not known










	
Wattenberg 2020 [50]

	
Retrospective analysis

	
26

	
PFS

	
Oxaliplatin

Cisplatin

	
Mutated vs. non-mutated: 10.1 vs. 6.9 months, (p = 0.0068)

	
Locally advanced or metastatic

	
33% Mutated:

	-

	
19.2% gBRCA1




	-

	
65.4% gBRCA2




	-

	
15.4% gPALB2




	-

	
67% Non-mutated










	
Prostate Cancer




	
Castration-resistant prostate cancer

	
Schmid 2020 [51]

	
Retrospective analysis

	
508

	
Platinum Antitumor activity (decrease PSA 50% and/or radiological response)

	
Carboplatin

Cisplatin

Oxaliplatin

	
Mutated (cohort 1) vs. non-mutated (cohort 2) decrease PSA: 47.1% vs. 36.1%, (p = 0.20).

	
Advanced

	

	-

	
15.7% Mutated (cohort 1):




	-

	
55% BRCA2




	-

	
15% ATM




	-

	
3.8% BRCA1




	-

	
19.3% Non-mutated (cohort 2)




	-

	
65% Unknown (cohort 3)










	
Mota 2020 [52]

	
Retrospective analysis

	
109

	
Platinum efficacy in DDR-mutant

	
Carboplatin

Cisplatin

	
67% BRCA2 achieved a PSA50 response (adjusted Odds Ratio 9.5; 95% CI 1.5–82.9) compared to DDRwt (13%), (p = 0.022).

	
Metastatic

	

	-

	
PARPi naïve and prior taxane:




	-

	
9% BRCA2




	-

	
3% ATM




	-

	
6% CDK12




	-

	
6% FANCA




	-

	
1% PALB2




	-

	
75% DDRwt














pCR: Pathologic complete response; ORR: objective response rate; OS: overall survival; PFS: progression free survival; CI: confidence interval. g: germline mutation. PSA: prostate-specific antigen. DDR: DNA damage repair, including somatic and germline mutations in BRCA1/2, ATM, CDK12, FANCA and PALB2 genes. DDR wt: DDR wild type.













[image: Table] 





Table 2. Phase III trials with PARP inhibitors.
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Type of Tumor

	
Author

	
Principal

Endpoint

	
Treatment

	
Benefit

	
OS

Benefit

	
Target

	
Sub-Population






	
Breast Cancer




	
Localized disease

	
Tutt et al., 2021 [80]

	
DFS

	
Local treatment and neoadjuvant or adjuvant chemotherapy. Olaparib vs. placebo.

	
Yes

	
NS

	
gBRCA1/2

	
71.3% BRCA1

28.3% BRCA2




	
Pre-treated M1 or unresectable

	
Diéras 2020 [93]

	
PFS

	
Carbo, pacli ± veliparib

	
Yes

	
NS

	
gBRCA1/2

	
-




	
Litton 2018 [78]

	
PFS

	
Chemo 1 vs. Talazoparib

	
Yes

	
NS

	
gBRCA1/2

	
-




	
Robson 2017 [79]

	
PFS

	
Chemo 1 vs. olaparib

	
Yes

	
NS

	
gBRCA1/2

	
-




	
O’Shaughnessy 2014 [94]

	
PFS and OS

	
Carbo, gem ± iniparib

	
Yes

	
Yes

	
Triple negative

	




	
Ovarian Cancer




	
1st line maintenance

	
Coleman 2019 [95]

	
PFS

	
Carbo, pacli ± veliparib

	
Yes

	
NR

	
Platinum sensitive

	
30% BRCA, 60% HRD




	
Gonzalez-Martin 2019 [76]

	
PFS

	
Niraparib vs. placebo

	
Yes

	
NS 2

	
Platinum sensitive

	
30% BRCA

51% HRD




	
Ray-Coquard 2019 [76]

	
PFS

	
Olaparib + Bevacizumab

	
Yes

	
NR

	
Platinum sensitive

	
30% BRCA

50% HRD




	
Moore 2018 [74]

	
PFS

	
Olaparib vs. placebo

	
Yes

	
NS 2

	
BRCA1/23

	




	
Platinum sensitive recurrence

	
Coleman 2017 [96]

	
PFS

	
Rucaparib vs. placebo

	
Yes

	
NS 2

	
Platinum sensitive

	
35% BRCA

60% HRD




	
Pujade-Lauraine 2017 [97]

	
PFS

	
Olaparib vs. placebo

	
Yes

	
NS

	
gBRCA1/2

	




	
Mirza 2016 [72]

	
PFS

	
Niraparib vs. placebo

	
Yes

	
NS

	
Platinum sensitive

	
BRCA and non-BRCA cohorts




	
Pancreatic Cancer




	
1st line maintenance

	
Golan 2019 [61]

	
PFS

	
Olaparib vs. placebo

	
Yes

	
NS 2

	
gBRCA1/2 + platinum sensitive

	




	
Prostate Cancer




	
Pre-treated M1 CRPC

	
De Bono 2020 [83]

	
PFS in cohort A

	
Olaparib vs. AA/enza

	
Yes

	
NS

	
Somatic HRD by NGS 15 genes multi-panel

	
Cohort A: BRCA + ATM

Cohort B: non-BRCA/ATM








1 Physician’s choice chemotherapy. 2 Immature data published. 3 Only two patients had somatic BRCA1/2 mutation.
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Table 3. Genetic testing recommendations for breast and/or ovarian cancer, exocrine pancreatic cancer and prostate cancer. National Comprehensive Cancer Network (NCCN) guidelines V2.2022, American Society of Clinical Oncology (ASCO) somatic genomic testing and European Society of Medical Oncology (ESMO) recommendations for the use of next-generation sequencing (NGS) in metastatic cancer.
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Breast and/or Ovarian Cancer

	
Exocrine Pancreatic Cancer

	
Prostate Cancer






	
Hereditary testing criteria

	
All patients diagnosed with epithelial ovarian cancer (including fallopian or peritoneal cancer).

Any blood relative with a known pathogenic/likely pathogenic variant.

Personal history of breast cancer with specific features:

	-

	
≤45 years.




	-

	
46–50 years with any:




	
Unknown family history



	
Multiple primary breast cancers (synchronous or metachronous)



	
≥1 close relative with breast, ovarian, pancreatic or prostate cancer at any age












	-

	
≥51 years:




	
≥1 close blood relative with any: breast cancer ≤50 years, or male breast cancer/ovarian/ pancreatic cancer any age, or metastatic, intraductal/cribiform histology, or high-or very high-risk group prostate cancer any age.



	
≥3 diagnoses of breast cancer in patient and/or close blood relatives



	
≥2 close blood relatives with breast or prostate cancer at any age.



	
Any age:



	
TNBC.



	
≥1 close relative with male breast cancer at any age



	
Aid in systemic treatment decisions or adjuvant treatment decisions.












	-

	
Ashkenazi Jewish ancestry







	
All individuals diagnosed.

First-degree relatives of individuals diagnosed *

	
Metastatic prostate cancer

Intraductal/cribriform histology

High or very high-risk group

Family history:

	-

	
≥1 close blood relative with breast cancer 50 years, or ovarian/pancreatic cancer any age, or metastatic, intraductal/cribriform histology, or high- or very-high risk prostate cancer.




	-

	
≥2 close blood relatives with breast or prostate cancer.




	-

	
Ashkenazi Jewish ancestry










	
Genetic testing process

	

	

	




	
-Familial pathogenic/likely pathogenic variant known

	
Testing for specific familial pathogenic/likely pathogenic variant

	
Testing for specific familial variant.

	
If Ashkenazi Jewish descendent: test for all three-founder pathogenic/likely pathogenic variants.






	
Consider NGS panel testing.




	
-No known familial pathogenic/likely pathogenic variant

	
Comprehensive testing with multigene panel

	
Comprehensive testing with multigene panel.

	
In the abscense of family history or clinical features may be of low yield.




	
Germline recommendations

	
BRCA1, BRCA2, ATM, BARD1, BRIP1, CDH1, CDKN2A, CHEK2, NBN, NF1, PALB2, PTEN, RAD51C, RAD51D, STK11, TP53. Lynch syndrome genes (MLH1, MSH2, MSH6, PM2).

	
BRCA1, BRCA2, ATM, CDKN2A, Lynch syndrome genes (MLH1, MSH2, MSH6, EPCAM), PALB2, STK11 and TP53.

	
BRCA1, BRCA2, ATM, PABL2, CHECK2. Lynch syndrome genes (MLH1, MSH2, MSH6, PM2).

	
HOXB13 may be valuable for family counselling.









	
Somatic testing ASCO recommendations

	
BRCA 1/2

NTRK1, NTRK2, NTRK3 fusions

MSI-H, TMB-H




	
Breast cancer: ERBB2 amplification. Oncogenic mutations in PIK3CA in HR+ HER2−.

Ovarian cancer: GIS-positive or HRD-positive.

	

	
MSI-H, ATM, BARD1, BRIP1, CDK12, CHEK1, CHEK2, FANCL, PALB2, RAD51B, RAD51C, RAD51D, RAD54L.




	
ESMO Scale for clinical actionability of molecular targets

	
Metastatic breast cancer: BRCA1/2 (germline/somatic)

	
Advanced pancreatic cancer: BRCA1/2 germline/somatic mutations, MSI-H

	
Advanced prostate cancer: BRCA1/2 somatic mutations/deletions, MSI-H, ATM mutations/deletions




	
NGS recommendations

	
Tumour multigene NGS can be used in ovarian cancer to determine somatic BRCA1/2.

In breast cancer, no current indication for tumour multigene NGS.

	
No current indication for tumour multigene NGS

	
Multigene tumour NGS to assess level I alterations.
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