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Prostate cancer was the second most common cancer and ranked fifth in causing cancer-related death in men
worldwide in 2020. BRCA mutations have been found to be especially clinically relevant with a role for germline or
somatic testing. Prostate cancer with DDR defects may be sensitive to poly(ADP-ribose) polymerase (PARP)

inhibitors which target proteins in a process called PARylation.

prostate cancer DNA damage repair

| 1. Introduction

Similar to other cancers, epigenetic and somatic or germline genetic modifications lead to higher risk of prostate
cancer and its progression 2841 DNA damage is implicated in carcinogenesis and may occur spontaneously or
secondary to endogenous sources such as reactive oxygen species and exogenous sources including ionising
radiation, chemicals or toxins, and ultraviolet (UV) radiation BI8Zl. DNA damage response (DDR) pathways are in
place to maintain genomic stability by monitoring DNA integrity and activating the DNA repair process or induce cell
apoptosis if necessary BIEILO  |mpaired DDR pathways lead to genomic instability through survival and
proliferation of unrepaired cells and subsequently tumorigenesis 1. Among germline and somatic mutations in
prostate cancer, DDR defects represent 25% of them—of these, BRCA mutations are the most frequent mutation
to occur 12, BRCA1/2 genes are located at chromosome 17021 and 13q12, respectively. They are large genes
consisting of 100 and 70 kb, respectively. They have an autosomal dominant inheritance pattern with incomplete
penetrance. There are multiple, major DDR pathways which are active during different phases of the cell cycle, and
these include base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), homologous
recombination (HR) and non-homologous end joining (NHEJ) 8l In the case of impairment of HR, synthetic

lethality induced by poly (ADP-ribose) polymerase (PARP) inhibition occurs and may target tumor tissue selectively.

| 2. DNA Repair Pathways
2.1. Base Excision Repair (BER)

BER is critical for repair of small base lesions that do not distort the double DNA helix caused by oxidation,
methylation and deamination 14Il13, |n the nucleus, it is usually prominent in the G1 phase of the cell cycle 18],
BER is initiated by one of 11 DNA glycosylases to remove the damaged base lesion and create an abasic or
apurinic/apyrimidinic (AP) site 18IIL71 At this site, an AP-site specific AP endonuclease (APE1) incises the DNA
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backbone and either of two sub-pathways occur: the missing nucleotide is inserted by DNA polymerase 3 (POL)
in a process called short-patch BER (the most dominant pathway usually), or 2—13 nucleotides are replaced by a

variety of proteins in the long-patch repair pathway 18. The replaced nucleotides are then sealed by a DNA ligase
u

Kuasne et al. found mutations in BER repair gene APEX1 have been implicated as increasing prostate cancer risk
(OR = 1.68 95% CI 1.10-2.58) 2. Furthermore, the XRCC1 gene, responsible for bringing together DNA repair

proteins such as DNA ligase 3 and DNA polymerase B, has also been linked to increasing prostate cancer risk (29,

2.2. Nucleotide Excision Repair (NER)

In contrast to BER, the NER pathway repairs bulky DNA adducts and lesions that may distort the DNA helix due to
UV radiation, chemotherapeutic agents such as cisplatin and environmental mutagens such as benzo[a]pyrene 13
(21, There are two sub-pathways in NER called global-genome NER (GG-NER) and transcription-coupled NER
(TC-NER) 131, The GG-NER scans the entire genome including areas that are transcriptionally inactive, whereas in
the TC-NER, RNA polymerase Il will stall at the lesion on the transcribed active genes 22, In GG-NER, recognition
of DNA damage is primarily through a complex of xeroderma pigmentosum, complementation group C (XPC)
protein, UV excision repair protein Radiation sensitive 23B (RAD23B) protein and Centrin 2 (CETNZ2), which
detects single-stranded DNA 231241 Fyrthermore, the ultraviolet-damaged DNA damage-binding protein (UV-DDB)
complex will bind to lesions secondary to UV damage and also allow binding from downstream repair proteins such
as XPC [22, Once there is recognition of damage by the XPC-RAD23B complex, it then binds to the 10-subunit
transcription initiation factor Il H (TFIIH) complex to open up the DNA, track for the lesion and then incise it 21,
DNA polymerases will then fill up the repair patch and be sealed by DNA ligases 22, In the TC-NER pathway, RNA
polymerase Il will identify the lesion and recruit specific proteins Cockayne syndrome WD repeat protein A (CSA)
and Cockayne syndrome protein B (CSB), which subsequently recruit other core proteins 22, The complex
translocates RNA polymerase Il in reverse and therefore exposes the lesion; TFIIH will bind to the site and start the

chain of events to remove the lesion as described for the GG-NER pathway [28],

Mandal et al. investigated the association between NER genes XPC PAT and XPC exon 15 and prostate cancer
(271, They found a significant association between XPC PAT Ins/Ins (/1) genotype with a 2.5-fold risk of prostate
cancer (Adjusted OR- 2.55, 95% CI-1.22-5.33, p = 0.012). Similarly, the XPC exon 15 variant CC genotype
showed a 2.1-fold increased risk of prostate cancer (Adjusted OR- 2.15, 95% CI-1.09-4.23, p = 0.026). The
Gleason grade categorises patients with prostate cancer based on cell differentiation; the XPC PAT I/l genotype
displayed a 2.8-fold increased risk of a high Gleason grade (Adjusted OR-2.88, 95% CI 1.22-6.79, p = 0.015).

These results highlight how variant mutations in NER genes can increase prostate cancer risk.

2.3. Mismatch Repair

Base mismatches and insertion-deletion loops (IDLs) that occur during replication are repaired by the MMR
pathway 28129 There are eight genes which code for the MMR pathway: hMSH2, hMSH3, hMSH5, hMSHS6,
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hMLH1, hPMS1 (hMLH2), hMLH3, hPMS2 (hMLH4) BIBLUBE2 The protein of the hMSH2 gene creates two
separate heterodimers with MSH6 or MSH3; these complexes MSH2-MSH6 (MutSa) and MSH2-MSH3 (MutSp)
identify and bind to the mismatches 3. The MSH2-MSH6 complex identifies single base mismatches and up to
two nucleotide IDLs, in contrast to the MSH2-MSH3 complex which identifies up to 13 nucleotide IDLs B4l The
MutSa or MutSp recruits the MutL complexes—the most important of which is MutLa (MLH1/PMS2 heterodimer)—
which act as a mediator for other proteins to remove the mismatch; these are proliferating cell nuclear antigen
(PCNA), replication factor C (RFC) and exonuclease 1 (EXO1) 13I83[36] |n particular, the EXO1 protein removes
the DNA towards and past the mismatch site; once excised, MutLa suppresses EXO1 activity B3, Finally, a DNA
polymerase will synthesise DNA to replace the excision and this will be sealed by DNA ligases 27,

MMR deficiency has a prevalence of 3-12% in prostate cancer 28 Graham et al. identified 27 men with MMR
deficiency metastatic prostate cancer—the MSH2 gene was the most frequently mutated (20 men, 74%). 13 men
(48%) had M1 metastatic disease on diagnosis and 19 out of 24 men (79%) who had a prostate biopsy had a
Gleason score = 8. They highlighted that MMR deficiency is associated with a high Gleason score and advanced

metastatic disease on diagnosis, but further studies with a higher sample size are needed to investigate this further
(28],

2.4. Homologous Recombination and Non-Homologous End Joining

DNA double-strand breaks (DSBs) are repaired predominantly through HR and NHEJ B2, HR occurs in the S and
G2 phases of the cell cycle as it requires a template of a sister chromatid and will repair the DNA damage error-
free; compared to NHEJ which occurs throughout the cell cycle, but especially in the G1 phase and is error-prone
as it ligates the ends of broken DNA without a template B4, |n NHEJ, both free ends of DSBs will be recognized
and bound by the Ku70/80 heterodimer and this recruits the DNA-PK catalytic subunit (PKcs) to form a multi-unit
complex 4. This complex then recruits further proteins such as Artemis and PNK to repair into a normal DNA
structure, polymerases to bind the broken ends, and ligases to seal both DNA strands 4243144145 The NHEJ
process is error-prone without using a DNA template and can consequently drive genomic instability . In contrast,
HR is predominantly error-free due to identical sister chromatids being present 8. Damaged DNA will be identified
and the MRN complex (MRE11-NBS1-RAD50) will be recruited, which will activate ATM and the RAD3-related ATR
kinase 7. This will stop the cell cycle to allow DNA repair to occur and create 3'-single-stranded DNA (ssDNA)
ends 8. The exposed ssDNA will be coated by Replication Protein A (RPA), which will be replaced by Rad51 in a
BRCA1/2 dependent pathway to complete the recombinase reaction 8. The BRCA1/2 genes are key mediators in
the HR pathway and any BRCA mutations would impair this HR pathway BI49 For example, BRCA1/2 mutations
can lead to HR deficiency which would allow tumorigenesis BY. Figure 1 provides an overview of the different DSB

repair pathways.
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Figure 1. Overview of the different DSB repair pathways. End resection is the essential step for the choice
between cNHEJ and HR, a-EJ, and SSA. The availability of a sister chromatid will direct HR. Different steps during
HR are dependent on BRCA1 and BRCA2. NHEJ is dependent on the activity of 53BP1, RIF1, and the Shieldin
complex (REV7, SHLD1, SHLD2, and SHLD3).

Germline BRCA mutations have been linked to reduced metastasis-free survival in localized prostate cancer and

the importance of detecting these mutations will be discussed below [51]

2.5. Synthetic Lethality

Synthetic lethality is a phenomenon where inactivation of one gene allele allows cell survival compared to cell
death when multiple gene alleles are disrupted 52 cancer cells suffer from increased oxidative stress levels and
subsequent DNA damage [49l53] ppRr pathways would usually repair this DNA damage, but DDR inhibitors have
been used to achieve synthetic lethality that leads to tumor cell apoptosis 49 An example of this are the PARP
inhibitors which have been used in treatment of prostate cancer 4] pARP enzymes repair single-strand breaks
and can also be activated in the HR repair (HRR) pathway for DSBs B2 Therefore, PARP inhibitors lead to
accumulation of single-strand DNA breaks along with DSBs, which would physiologically be repaired through the
HRR pathway with BRCA1/2 and PARP 52 However, in BRCA mutated prostate cancer, PARP inhibition would
prevent tumor DNA repair and lead to tumor cell apoptosis 52 Therefore, inactivation of both demonstrates
synthetic lethality where tumor cells can no longer survive. Synthetic lethality could also be used in tumors which
share molecular features of BRCA mutated tumors—known as “BRCAness” B2, Therefore, mutation of genes other
than BRCA in the HR pathway allows for greater therapeutic use of PARP inhibitors and there is ongoing research
into this broader use of synthetic lethality targeting the HR pathway 28],
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In summary, there are multiple DDR pathways which protect genome stability. Mutations can occur in these DDR
genes and increase susceptibility to prostate cancer. The most common mutation is of the BRCA genes, which are
a vital part of the HR pathway and can lead to more aggressive disease. Therefore, there has been a focus on
BRCA-mutated prostate cancer in the research. Treatment for BRCA-mutated prostate cancer includes PARP
inhibitors, which use the phenomenon of synthetic lethality to increase single-strand breaks and DSBs of tumor
DNA—which cannot be repaired through a deficient HR or PARP inhibition—and therefore cancer cell death 7.
Their use has also expanded to target prostate cancer with non-BRCA mutated genes, but have similarity to the
BRCA mutated genes 28],

| 3. Genomic Analysis of Prostate Cancer

Prostate cancer has a high inheritable component and genomic analysis allows identification of a mutation in
screening high-risk individuals along with driving treatment decisions with specific therapeutic agents 8. The
Cancer Genome Atlas (TCGA) found molecular heterogeneity after analysis of 333 primary prostate cancer
specimens B2, |nactivation of DDR genes were found in 19% of localized prostate cancers with the majority in the
HR pathway—these included BRCA1 (1%), BRCAZ2 (3%), RAD51C (3%). Furthermore, other vital kinases involved
in DNA repair were inactivated: CDK12 (2%), ATM (4%), FANCD2 (7%) 3. Other studies have compared the
mutations found in primary and metastatic prostate cancer. Pritchard et al. analyzed germline mutations of 20 DNA
repair genes in 692 men with metastatic castration-resistant prostate cancer (MCRPC) and no family history; 84
deleterious mutations in these DNA repair genes were identified in 82 men (11.8%) with the most frequent being
BRCA?2 at 5.3% 89, |n comparison, the Cancer Genome Atlas prostate cancer study found 4.6% of men with

localized prostate cancer had germline mutations in these 20 DNA repair genes 13169

Grasso et al. also compared 50 mCRPC with 11 high-grade localized prostate cancer 81 They found higher
mutations in DNA repair factors such as BRCA2, ATM and RAD50 in mCRPC (46%) compared to localized
prostate cancer (27%) 9. Furthermore, the study by the International Stand Up to Cancer/Prostate Cancer
Foundation team (SU2C-PCF) analyzed 150 metastatic prostate cancer specimens and identified 8% with germline
DDR mutations and 23% with somatic DDR alterations 2. Of the samples, BRCA2 was the most frequently
mutated (13%), followed by ATM (7.3%), MSH2 (2%) and BRCA1, FANCA, MLH1, RAD51B and RAD51C (0.3%
for all) 89, Germline BRCA2 mutations were identified in 5.3%, which is higher than observed in primary prostate
cancer 15169 PROREPAIR-B was the first prospective study to determine the prognostic impact of BRCA2 as well
as BRCA1, ATM and PALB2 on cause-specific survival (CSS) in 419 mCRPC patients 3. The study did not reach
the primary end-point as there was no statistically significant difference in CCS between non-carriers and carriers
of ATM, BRCA1/2 and PALB?2 (33.2 months vs. 23.3 months, p = 0.264). However, germline BRCA2 mutation was
identified to be a negative prognostic factor on CSS at 17.4 months compared to 33.2 months in non-carriers (p =
0.027). Therefore, BRCA2 mutation was confirmed as an independent prognostic factor for CSS (p = 0.033) 631,

These studies demonstrate both germline and somatic mutations, especially in DDR genes, are prevalent in both
primary and metastatic prostate cancer. Testing for these mutations early on could identify those who may progress

to advanced metastatic disease as well as specific individualized treatment options 64, Germline mutation testing
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allows screening in men who are of risk of prostate cancer, while somatic mutation testing can determine treatment

options 3],

The advent of PARP inhibitors in mCRPC has popularized germline testing of mutations in DNA repair genes such
as BRCA1 and BRCA?2 [68 Guidelines for the above have been framed as a necessity in an era of precision
oncology. The National Comprehensive Cancer Network (NCCN) Prostate Cancer Guideline Version 4.2019
recommends germline testing for BRCA1, BRCA2, PALB2, ATM, CHEK2, FANCA, RAD51D and HOXB13. Criteria
include risk group, pathology and family history. All metastatic PC under the high or very high risk NCCN groups
warrant testing. Low to intermediate risk groups are tested in the presence of intraductal pathology or a
background of suspicious family history. This implies males in the family diagnosed with PC less than 60 years of
age or those who died from it, Ashkenazi Jewish ancestry, or having at least three cancers running in the family
consistent with hereditary breast ovarian cancer (HOBC) or Lynch syndrome 2. The NCCN Genetic/Familial High-
Risk Assessment: Breast, Ovarian, and Pancreatic Guideline (Version 1.2020) recommend testing specifically for
high penetrance genes including BRCA1 and BRCAZ2. Criteria include men with: (1) metastatic prostate cancer or
intraductal pathology; (2) Gleason =7 of Ashkenazi Jewish ancestry; (3) =1 first, second or third degree with breast
cancer diagnosed <50 years of age or ovarian/pancreatic/metastatic prostate cancer/intraductal prostate cancer
diagnosed at any age; (4) =2 first, second or third degree relative with breast cancer or prostate cancer irrespective

of Gleason and age of diagnosis [€8],

The Philadelphia Prostate Cancer Consensus Conference 2019 was an international effort to gain a multi-
disciplinary consensus among oncology, urology, cancer genetics, epidemiology, patient advocates, and NCCN
leaders to arrive at uniform guidelines for germline testing. It was recommended for men with mCRPC and
castration-sensitive prostate cancer and for men with strong family history of two or more male relatives diagnosed
with prostate cancer at <60 years of age or died from the same. Additional considerations for testing included
pathologic criteria (intraductal pathology; advanced disease of T3a or higher; or International Society of Urological
Pathology [ISUP] Grade Group 4 or above) and family history criteria (two or more cancers in the HBOC or Lynch
syndrome spectrum diagnosed at <50 years of age or having Ashkenazi Jewish ancestry) 2. The NCCN Prostate
Cancer Early Detection Guideline Version 2.2019 recommends considering BRCA1/2 status for prostate cancer
screening starting at 40 years of age or to consider annual screening vs every two-year screening among BRCA1/2
mutation carriers 7. The NCCN Genetic/Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic
Guideline Version 1.2020 recommends Prostate Specific Antigen (PSA) screening start at 40 years of age for
BRCA1 and BRCA?2 carriers 88, The 2019 Philadelphia Prostate Cancer Consensus Conference recommended
that BRCA2 mutation status be a part of prostate cancer screening discussions and to start prostate cancer
screening at age 40 or 10 years prior to the youngest prostate cancer diagnosed in a first-, second- or third-degree

male relative 69,

The European Society for Medical Oncology (ESMO) Clinical Practice Guidelines for prostate cancer recommend
tumor testing for homologous recombination genes and mismatch repair defects (or microsatellite instability) in all
patients with mCRPC. Patients with pathogenic mutations in cancer-risk genes identified through tumor testing

should be referred for germline testing and genetic counselling. Germline testing for BRCA2 and other DDR genes

https://encyclopedia.pub/entry/49209 6/13



BRCA Mutations in Prostate Cancer | Encyclopedia.pub

associated with cancer predisposition syndromes is warranted in patients with a family history of cancer 2. The
European Association of Urology-European Association of Nuclear Medicine-European Society for Radiotherapy
and Oncology-European Association of Urology Section of Urological Research-International Society of Geriatric
Oncology (EAU-EANM-ESTRO-ESUR-ISUP-SIOG) guidelines also recommends germline testing in metastatic
prostate cancer. Their criteria include—men with (1) high-risk prostate cancer with a relative diagnosed with
prostate cancer at age < 60 years; (2) multiple relatives diagnosed with prostate cancer at age < 60 years or died
from it; (3) family history of high-risk germline mutations or multiple cancers on same side of family. However, the
strength of these recommendations is “weak” 1],

Contrary to the above advocacy of germline testing all around the globe, the United Kingdom’s National Institute for
Health and Care Excellence (NICE) does not recommend the PARP inhibitor olaparib for the treatment of patients
with hormone-relapsed, metastatic prostate cancer that harbour BRCA1 or BRCAZ2 mutations that have progressed
on abiraterone or enzalutamide. According to them, treatment options for the above cohort include docetaxel,
cabazitaxel or radium-223. Although clinical trial data have demonstrated that patients who received olaparib have
extended progression-free survival (PFS) and overall survival (OS) over those who received re-treatment with
either abiraterone or enzalutamide, evidence is unclear because re-treatment with those agents is not considered
to be effective and is not standard of care in the National Health Service (NHS). It is also uncertain how effective
olaparib is compared with cabazitaxel, radium-223 or docetaxel because there is no evidence directly comparing

them. Hence, NICE is one of the very few which have no guidance on germline testing of prostate cancer 2],

References

1. Koochekpour, S. Genetic and epigenetic changes in human prostate cancer. Iran. Red. Crescent.
Med. J. 2011, 13, 80-98.

2. Castro, E.; Eeles, R. The role of BRCA1 and BRCAZ2 in prostate cancer. Asian. J. Androl. 2012,
14, 409-414.

3. Mateo, J.; Boysen, G.; Barbieri, C.E.; Bryant, H.E.; Castro, E.; Nelson, P.S.; Olmos, D.; Pritchard,
C.C.; Rubin, M.A.; de Bono, J.S. DNA Repair in Prostate Cancer: Biology and Clinical
Implications. Eur. Urol. 2017, 71, 417-425.

4. Boussios, S.; Rassy, E.; Shah, S.; loannidou, E.; Sheriff, M.; Pavlidis, N. Aberrations of DNA
repair pathways in prostate cancer: A cornerstone of precision oncology. Expert. Opin. Ther.
Targets 2021, 25, 329-333.

5. Bartkova, J.; Horejsi, Z.; Koed, K.; Kramer, A.; Tort, F.; Zieger, K.; Guldberg, P.; Sehested, M.;
Nesland, J.M.; Lukas, C.; et al. DNA damage response as a candidate anti-cancer barrier in early
human tumorigenesis. Nature 2005, 434, 864-870.

https://encyclopedia.pub/entry/49209 7/13



BRCA Mutations in Prostate Cancer | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Tubbs, A.; Nussenzweig, A. Endogenous DNA Damage as a Source of Genomic Instability in

Cancer. Cell 2017, 168, 644—-656.

. Colotta, F.; Allavena, P.; Sica, A.; Garlanda, C.; Mantovani, A. Cancer-related inflammation, the

seventh hallmark of cancer: Links to genetic instability. Carcinogenesis 2009, 30, 1073-1081.

. Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell

2010, 40, 179-204.

. Zhang, W.; van Gent, D.C.; Incrocci, L.; van Weerden, W.M.; Nonnekens, J. Role of the DNA

damage response in prostate cancer formation, progression and treatment. Prostate. Cancer
Prostatic. Dis. 2020, 23, 24-37.

Ghose, A.; Moschetta, M.; Pappas-Gogos, G.; Sheriff, M.; Boussios, S. Genetic Aberrations of
DNA Repair Pathways in Prostate Cancer: Translation to the Clinic. Int. J. Mol. Sci. 2021, 22,
9783.

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—674.

Nombela, P.; Lozano, R.; Aytes, A.; Mateo, J.; Olmos, D.; Castro, E. BRCA2 and Other DDR
Genes in Prostate Cancer. Cancers 2019, 11, 352.

Chatterjee, N.; Walker, G.C. Mechanisms of DNA damage, repair, and mutagenesis. Environ. Mol.
Mutagen. 2017, 58, 235-263.

Krokan, H.E.; Bjgras, M. Base Excision Repair. Cold Spring Harb. Perspect. Biol. 2013, 5,
a012583.

Schiewer, M.J.; Knudsen, K.E. DNA Damage Response in Prostate Cancer. Cold Spring Harb.
Perspect. Med. 2019, 9, a030486.

Dianov, G.L.; Hubscher, U. Mammalian Base Excision Repair: The Forgotten Archangel. Nucleic.
Acids. Res. 2013, 41, 3483-3490.

Abbotts, R.; Wilson, D.M., lll. Coordination of DNA single strand break repair. Free Radic. Biol.
Med. 2017, 107, 228-244.

Almeida, K.H.; Sobol, R.W. A unified view of base excision repair: Lesion-dependent protein
complexes regulated by post-translational modification. DNA Repair. 2007, 6, 695-711.

Kuasne, H.; Rodrigues, I.S.; Losi-Guembarovski, R.; Reis, M.B.; Fuganti, P.E.; Gregorio, E.P;
Libos Junior, F.; Matsuda, H.M.; Rodrigues, M.A.; Kishima, M.O.; et al. Base excision repair genes
XRCC1 and APEX1 and the risk for prostate cancer. Mol. Biol. Rep. 2011, 38, 1585-1591.

Rybicki, B.A.; Conti, D.V.; Moreira, A.; Cicek, M.; Casey, G.; Witte, J.S. DNA Repair Gene XRCC1
and XPD Polymorphisms and Risk of Prostate Cancer. Cancer Epidemiol. Biomark. Prev. 2004, 3,
23-29.

https://encyclopedia.pub/entry/49209 8/13



BRCA Mutations in Prostate Cancer | Encyclopedia.pub

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Schérer, O.D. Nucleotide Excision Repair in Eukaryotes. Cold Spring Harb. Perspect. Biol. 2013,
5, a0126009.

Kumar, N.; Raja, S.; Van Houten, B. The involvement of nucleotide excision repair proteins in the
removal of oxidative DNA damage. Nucleic. Acids. Res. 2020, 48, 11227-11243.

Masutani, C.; Sugasawa, K.; Yanagisawa, J.; Sonoyama, T.; Ui, M.; Enomoto, T.; Takio, K.;
Tanaka, K.; van der Spek, P.J.; Bootsma, D.; et al. Purification and cloning of a nucleotide
excision repair complex involving the xeroderma pigmentosum group C protein and a human
homologue of yeast RAD23. EMBO J. 1994, 13, 1831-1843.

Nishi, R.; Okuda, Y.; Watanabe, E.; Mori, T.; lwai, S.; Masutani, C.; Sugasawa, K.; Hanaoka, F.
Centrin 2 Stimulates Nucleotide Excision Repair by Interacting with Xeroderma Pigmentosum
Group C Protein. Mol. Cell. Biol. 2005, 25, 5664-5674.

Fousteri, M.; Vermeulen, W.; van Zeeland, A.A.; Mullenders, L.H. Cockayne syndrome A and B
proteins differentially regulate recruitment of chromatin remodeling and repair factors to stalled
RNA polymerase Il in vivo. Mol. Cell 2006, 23, 471-482.

Marteijn, J.A.; Lans, H.; Vermeulen, W.; Hoeijmakers, J.H. Understanding nucleotide excision
repair and its roles in cancer and ageing. Nat. Rev. Mol. Cell. Biol. 2014, 15, 465-481.

Mandal, R.K.; Gangwar, R.; Kapoor, R.; Mittal, R.D. Polymorphisms in base-excision &
nucleotide-excision repair genes & prostate cancer risk in north Indian population. Indian J. Med.
Res. 2012, 135, 64-71.

Li, Z.; Pearlman, A.H.; Hsieh, P. DNA mismatch repair and the DNA damage response. DNA
Repair. 2016, 38, 94-101.

Jiricny, J. The multifaceted mismatch-repair system. Nat. Rev. Mol. Cell. Biol. 2006, 7, 335-346.

Lipkin, S.M.; Wang, V.; Jacoby, R.; Banerjee-Basu, S.; Baxevanis, A.D.; Lynch, H.T.; Elliott, R.M.;
Collins, F.S. MLH3: A DNA mismatch repair gene associated with mammalian microsatellite
instability. Nat. Genet. 2000, 24, 27-35.

Clark, N.; Wu, X.; Her, C. MutS Homologues hMSH4 and hMSH5: Genetic Variations, Functions,
and Implications in Human Diseases. Curr. Genom. 2013, 14, 81-90.

Amaral-Silva, G.K.; Martins, M.D.; Pontes, H.A.; Fregnani, E.R.; Lopes, M.A.; Fonseca, F.P.;
Vargas, P.A. Mismatch repair system proteins in oral benign and malignant lesions. J. Oral.
Pathol. Med. 2017, 46, 241-245.

Pecina-Slaus, N.; Kafka, A.; Salamon, |.; Bukovac, A. Mismatch Repair Pathway, Genome
Stability and Cancer. Front. Mol. Biosci. 2020, 7, 122.

Fishel, R. Mismatch Repair. J. Biol. Chem. 2015, 290, 26395-26403.

https://encyclopedia.pub/entry/49209 9/13



BRCA Mutations in Prostate Cancer | Encyclopedia.pub

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Martin, S.A.; Lord, C.J.; Ashworth, A. Therapeutic targeting of the DNA mismatch repair pathway.
Clin. Cancer Res. 2010, 16, 5107-5113.

Liu, D.; Keijzers, G.; Rasmussen, L.J. DNA mismatch repair and its many roles in eukaryotic cells.
Mutat. Res. Rev. Mutat. Res. 2017, 773, 174-187.

lyer, R.R.; Pluciennik, A.; Burdett, V.; Modrich, P.L. DNA Mismatch Repair: Functions and
Mechanisms. Chem. Rev. 2006, 106, 302—-323.

Graham, L.S.; Montgomery, B.; Cheng, H.H.; Yu, E.Y.; Nelson, P.S.; Pritchard, C.; Erickson, S.;
Alva, A.; Schweizer, M.T. Mismatch repair deficiency in metastatic prostate cancer. Response to
PD-1 blockade and standard therapies. PLoS ONE 2020, 15, e0233260.

Lieber, M.R. The mechanism of double-strand DNA break repair by the nonhomologous DNA end-
joining pathway. Annu. Rev. Biochem. 2010, 79, 181-211.

Virtanen, V.; Paunu, K.; Ahlskog, J.K.; Varnai, R.; Sipeky, C.; Sundvall, M. PARP Inhibitors in
Prostate Cancer—The Preclinical Rationale and Current Clinical Development. Genes 2019, 10,
565.

Zang, Y.; Pascal, L.E.; Zhou, Y.; Qiu, X.; Wei, L.; Ai, J.; Nelson, J.B.; Zhong, M.; Xue, B.; Wang,
S.; et al. ELL2 regulates DNA non-homologous end joining (NHEJ) repair in prostate cancer cells.
Cancer Lett. 2018, 415, 198-207.

Ma, Y.; Pannicke, U.; Schwarz, K.; Lieber, M.R. Hairpin opening and overhang processing by an
Artemis/DNA-dependent protein kinase complex in nonhomologous end joining and V(D)J
recombination. Cell 2002, 108, 781-794.

Koch, C.A.; Agyei, R.; Galicia, S.; Metalnikov, P.; O’'Donnell, P.; Starostine, A.; Weinfeld, M.;
Durocher, D. Xrcc4 physically links DNA end processing by polynucleotide kinase to DNA ligation
by DNA ligase IV. EMBO J. 2004, 23, 3874-3885.

Ma, Y.; Lu, H.; Tippin, B.; Goodman, M.F.; Shimazaki, N.; Koiwali, O.; Hsieh, C.L.; Schwarz, K.;
Lieber, M.R. A biochemically defined system for mammalian nonhomologous DNA end joining.
Mol. Cell 2004, 16, 701-713.

Hsu, H.L.; Yannone, S.M.; Chen, D.J. Defining interactions between DNA-PK and ligase
IVIXRCC4. DNA Repair. 2002, 1, 225-235.

Verdun, R.E.; Karlseder, J. The DNA damage machinery and homologous recombination pathway
act consecutively to protect human telomeres. Cell 2006, 127, 709-720.

Sun, Y.; McCorvie, T.J.; Yates, L.A.; Zhang, X. Structural basis of homologous recombination.
Cell. Mol. Life Sci. 2020, 77, 3—18.

Krajewska, M.; Fehrmann, R.S.; de Vries, E.G.; van Vugt, M.A. Regulators of homologous
recombination repair as novel targets for cancer treatment. Front. Genet. 2015, 6, 96.

https://encyclopedia.pub/entry/49209 10/13



BRCA Mutations in Prostate Cancer | Encyclopedia.pub

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

Bednarz-Knoll, N.; Eltze, E.; Semjonow, A.; Brandt, B. BRCAness in prostate cancer. Oncotarget
2019, 10, 2421-2422.

Ladan, M.M.; van Gent, D.C.; Jager, A. Homologous Recombination Deficiency Testing for BRCA-
Like Tumors: The Road to Clinical Validation. Cancers 2021, 13, 1004.

Castro, E.; Goh, C.; Leongamornlert, D.; Saunders, E.; Tymrakiewicz, M.; Dadaev, T.;
Govindasami, K.; Guy, M.; Ellis, S.; Frost, D.; et al. Effect of BRCA Mutations on Metastatic
Relapse and Cause-specific Survival After Radical Treatment for Localised Prostate Cancer. Eur.
Urol. 2015, 68, 186—193.

Topatana, W.; Juengpanich, S.; Li, S.; Cao, J.; Hu, J.; Lee, J.; Suliyanto, K.; Ma, D.; Zhang, B.;
Chen, M.; et al. Advances in synthetic lethality for cancer therapy: Cellular mechanism and clinical
translation. J. Hematol. Oncol. 2020, 13, 118.

Sigorski, D.; 1zycka-Swieszewska, E.; Bodnar, L. Poly(ADP-Ribose) Polymerase Inhibitors in
Prostate Cancer: Molecular Mechanisms, and Preclinical and Clinical Data. Target. Oncol. 2020,
15, 709-722.

Boussios, S.; Karihtala, P.; Moschetta, M.; Abson, C.; Karathanasi, A.; Zakynthinakis-Kyriakou, N.;
Ryan, J.E.; Sheriff, M.; Rassy, E.; Pavlidis, N. Veliparib in ovarian cancer: A new synthetically
lethal therapeutic approach. Investig. New Drugs 2020, 38, 181-193.

Lord, C.J.; Ashworth, A. BRCAness revisited. Nat. Rev. Cancer 2016, 16, 110-120.

Boussios, S.; Moschetta, M.; Karihtala, P.; Samartzis, E.P.; Sheriff, M.; Pappas-Gogos, G.; Ozturk,
M.A.; Uccello, M.; Karathanasi, A.; Tringos, M.; et al. Development of new poly(ADP-ribose)
polymerase (PARP) inhibitors in ovarian cancer: Quo Vadis? Ann. Transl. Med. 2020, 8, 1706.

Teyssonneau, D.; Margot, H.; Cabart, M.; Anonnay, M.; Sargos, P.; Vuong, N.S.; Soubeyran, I.;
Sevenet, N.; Roubaud, G. Prostate cancer and PARP inhibitors: Progress and challenges. J.
Hematol. Oncol. 2021, 14, 51.

Pilarski, R. The Role of BRCA Testing in Hereditary Pancreatic and Prostate Cancer Families.
Am. Soc. Clin. Oncol. Educ. Book 2019, 39, 79-86.

Abeshouse, A.; Ahn, J.; Akbani, R.; Ally, A.; Amin, S.; Andry, C.D.; Annala, M.; Aprikian, A.;
Armenia, J.; Arora, A.; et al. The Molecular Taxonomy of Primary Prostate Cancer. Cell 2015, 163,
1011-1025.

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.

Grasso, C.S.; Wu, Y.M.; Robinson, D.R.; Cao, X.; Dhanasekaran, S.M.; Khan, A.P.; Quist, M.J.;
Jing, X.; Lonigro, R.J.; Brenner, J.C.; et al. The mutational landscape of lethal castration-resistant

https://encyclopedia.pub/entry/49209 11/13



BRCA Mutations in Prostate Cancer | Encyclopedia.pub

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

prostate cancer. Nature 2012, 487, 239-243.

Robinson, D.; Van Allen, E.M.; Wu, Y.M.; Schultz, N.; Lonigro, R.J.; Mosquera, J.M.; Montgomery,
B.; Taplin, M.E.; Pritchard, C.C.; Attard, G.; et al. Integrative clinical genomics of advanced
prostate cancer. Cell 2015, 161, 1215-1228.

Castro, E.; Romero-Laorden, N.; Del Pozo, A.; Lozano, R.; Medina, A.; Puente, J.; Piulats, J.M.;
Lorente, D.; Saez, M.l.; 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.

Messina, C.; Cattrini, C.; Soldato, D.; Vallome, G.; Caffo, O.; Castro, E.; Olmos, D.; Boccardo, F,;
Zanardi, E. BRCA Mutations in Prostate Cancer: Prognostic and Predictive Implications. J. Oncol.
2020, 2020, 4986365.

Cheng, H.H.; Sokolova, A.O.; Schaeffer, E.M.; Small, E.J.; Higano, C.S. Germline and Somatic
Mutations in Prostate Cancer for the Clinician. J. Natl. Compr. Cancer Netw. 2019, 17, 515-521.

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.

National Comprehensive Cancer Network Clinical Guidelines in Oncology (NCCN Guidelines):
Prostate Cancer (Version 1.2022). Available online: https://www.nccn.org/guidelines/guidelines-
detail?category=1&id=1459 (accessed on 18 October 2021).

National Comprehensive Cancer Network Clinical Guidelines in Oncology (NCCN Guidelines):
Genetic/Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic (Version 1.2022).
Available online: https://www.nccn.org/guidelines/guidelines-detail?category=2&id=1503
(accessed on 18 October 2021).

Giri, V.N.; Knudsen, K.E.; Kelly, W.K.; Cheng, H.H.; Cooney, K.A.; Cookson, M.S.; Dahut, W.;
Weissman, S.; Soule, H.R.; Petrylak, D.P.; et al. Implementation of Germline Testing for Prostate
Cancer: Philadelphia Prostate Cancer Consensus Conference 2019. J. Clin. Oncol. 2020, 38,
2798-2811.

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

Mottet, N.; van den Bergh, R.C.N.; Briers, E.; Van den Broeck, T.; Cumberbatch, M.G.; De Santis,
M.; Fanti, S.; Fossati, N.; Gandaglia, G.; Gillessen, S.; et al. EAU-EANM-ESTRO-ESUR-SIOG
Guidelines on Prostate Cancer-2020 Update. Part 1: Screening, Diagnosis, and Local Treatment
with Curative Intent. Eur. Urol. 2021, 79, 243-262.

https://encyclopedia.pub/entry/49209 12/13



BRCA Mutations in Prostate Cancer | Encyclopedia.pub

72. National Institute for Health and Care Excellence. Olaparib for Previously Treated BRCA-Mutation
Positive Hormone-Relapsed Metastatic Prostate Cancer. February 2021. Available online:
https://www.nice.org.uk/guidance/gid-tal0584/documents/129 (accessed on 13 October 2021).

Retrieved from https://encyclopedia.pub/entry/history/show/114386

https://encyclopedia.pub/entry/49209 13/13



