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Prostate cancer (PC) is the second most common neoplasm among men. According to Cancer Research United Kingdom
(UK) (, accessed on 26 May 2021) it is the second leading cause of cancer- related death in the UK. Locally advanced
disease is curable, although metastatic disease has limited therapeutic options.
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| 1. Introduction

Prostate cancer (PC) is the second most common neoplasm among men &2 According to Cancer Research United
Kingdom (UK) (https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-

cancer#heading-Zero, accessed on 26 May 2021) it is the second leading cause of cancer- related death in the UK [,

Locally advanced disease is curable, although metastatic disease has limited therapeutic options. Androgen Receptor
(AR) signaling represents still the most important pathway to target for developing new and more effective therapies, and
androgen deprivation therapy (ADT) is still the cornerstone of management of PC patients. Resistance development to
ADT defines the status of metastatic castration resistant prostate cancer (mMCRPC) still associated with dismal clinical
outcome, poor prognosis and limited therapeutic options [ZHI3],

| 2. DNA Repair Mutations in Prostate Cancer

The incidence of germline mutations in DDR genes among men with mCRPC varies between 11-33% making it
significantly higher than that of localized disease €. As previously mentioned, the commonest DDR aberration is BRCA2,
followed by CDK12, ATM, CHEK2, BRCA1, MSH2, FANCA, MLH1, and RAD51 2. The most frequent somatic genomic
aberrations include AR (62.7%), ETS family (56.7%), TP53 (53.3%), and PTEN (40.7%) 14,

The breast cancer genes 1 and 2 (BRCA1 and BRCA2) are located at chromosome 17¢21 and 13q12, respectively [Z.
They are large genes consisting of 100 and 70 kb, respectively €. They have an autosomal dominant inheritance pattern
with incomplete penetrance . They are part of an HR DNA repair pathway usually utilized for DSB repair. BRCA
dysfunction determines HR deficiency, which is usually compensated by NHEJ, an error prone repair system & In any
case of impairment of HR, synthetic lethality induced by poly (ADP-ribose) polymerase (PARP) inhibition occurs and may
target tumor tissue selectively. The synthetic lethality could even represent the therapeutic strategy of cancers with BRCA-
like properties, known as “BRCAness” 29, This is based on the observation that deficiency in genes beyond BRCA that
are also implicated in HR may confer sensitivity to PARP inhibitors. Consequently, alterations in DDR genes, particularly in
those involved in HR repair, are predictors of response to PARP inhibition &I,

Structurally speaking, although both BRCA genes have a nuclear localization sequence, their functional domains hardly
display homology. The BRCAZ2 gene has eight internal repeats also known as BRC repeats and a DNA binding domain
which interact with RAD51 and DSS1 (deleted in split-hand/split foot protein 1) respectively, both of which are HR-related
proteins. BRCA1 has three domains: RING, coiled coil, and BRCT which interact with BARD1 (BRCA1-associated RING
domain), PALB2 (partner and localizer of BRCAZ2), ABRA1 (abraxas), CtIP (CtBP interactive protein), and BRIP1 (BRCA1-
interacting protein C-terminal helicase 1). Hence BRCA1 is a major component of the HR, but apart from that, is also
involved in DNA damage sensing, cell cycle regulation, E3 ubiquitin ligase activity and chromatin remodeling [,

Incidence of germline BRCA mutations in newly diagnosed PC is 1.2—2% 1. BRCA1/2 carriers can have around 4- and
8-fold risk of developing PC, respectively 2. Moreover, BRCA mutation carriers with localized PC have worse outcomes
than those who are wild type, regardless of the local treatment they have previously undergone. Indeed, BRCA carriers
have the worst prognosis, higher Gleason Score (8+), increased rate of lymph node involvement, earlier onset of distant
metastasis, and shorter survival 11, Patel et al. identified no statistically significant associations between BRCA1



pathogenic sequence variants (PSVs) and elevated PC risk. However, BRCA2 showed a PC Cluster Region (PCCR),
specifically ¢.756—c1000 and c.7914+ with PSVs linking to elevated risk of disease 121,

A dearth of consensus pertaining to screening high-risk PC patients was prevalent 19, To mitigate this, the IMPACT Study
(Identification of Men with a genetic predisposition to PC: Targeted screening in BRCA 1/2 mutation carriers and controls)
screened and enrolled 1522 PC patients with germline BRCA 1/2 mutation along with 959 controls 3 with annual
prostate specific antigen (PSA) testing and warranting prostate biopsy if PSA >3ng/mL were performed. BRCA2 carriers
(3.3%) showed a higher incidence of PC than their BRCA1 counterparts (2.6%) and controls (<2%) [&. More than 67% of
BRCAZ2 and 61% of BRCA1 carriers were classified under the intermediate/high-risk category.

| 3. Immunotherapy in Prostate Cancer

Immune checkpoint therapies have recently revolutionized the treatment approach of several solid tumors including
melanoma, and non-small cell lung cancers. Efficacy of these agents in PC has been disappointing so far. The two most
validated immune checkpoint targets are cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD1) and its ligands (programmed death-ligand 1/2, PD-L1/L2). CTLA-4 is currently targeted by
ipilimumab while PD1/PD-L1 by pembrolizumab, nivolumab, atezolizumab, and durvalumab. Beer et al. did a randomized,
double-blind phase Il trial where patients were randomly assigned to two groups: ipilimumab 10 mg/kg vs. placebo every
3 weeks for up to 4 doses. 399 patients were treated with ipilimumab, and 199 patients were treated with placebo. Median
PFS and OS in ipilimumab arm were 5.6 and 28.7 months whereas in the placebo arm they were reported to be 3.8 and
29.7 months, respectively. OS, being the primary endpoint, was therefore not impacted but progression of disease was
delayed 14l The IMbassador250 phase IlI trial randomized 759 patients with mMCRPC who underwent prior progression on
abiraterone and docetaxel, or in whom ADT was not administered to atezolizumab (atezo) and enzalutamide (enza) (n =
379) vs. enza alone (n = 380). Primary endpoint was improvement in OS; median OS for atezo + enza vs. enza alone
were 15.2 vs. 16.6 months, respectively, thus not meeting the primary endpoint 231,

Resistance to approved checkpoint inhibitors is currently believed to be related to the evidence that mMCRPC tumors are
inevitably immunologically “cold” probably due to their lower somatic mutation tumor burden with consequently reduced
tumor-infiltrating T-cells. Combination therapy using multiple checkpoint inhibitors have been proposed to mount a potent
T-cell response in PC and to potentially overcome intrinsic resistance to single agent checkpoint inhibition. The
Checkmate 650 trial combined CTLA-4 (ipilimumab 3 mg/kg) and PD-L1 (nivolumab 1 mg/kg) in 90 patients with 45 each
in cohort 1 (pre-chemotherapy) and cohort 2 (post-chemotherapy). The ORR, median PFS, median OS were 25%, 5.5
months, 19 months and 10%, 3.8 months, 15.2 months in cohort 1 and 2 respectively 28, Results were promising as
compared to the monotherapy counterparts. In line with other tumor types, MMR-deficient mCRPC patients have shown
response to immune-checkpoint inhibitors, due to the accumulation of somatic mutations, and consequently, the high
neoantigen burden. Pembrolizumab was approved by the FDA in 2017 for solid metastatic MMR-deficient tumors and can
be used in MMR-deficient PC patients 12, The KEYNOTE-199 study recruited 258 patients with prior progression on
docetaxel and targeted endocrine therapy to receive pembrolizumab. Median OS was 9.5, 7.9, and 14.1 months in three
cohorts of patients with PD-L1 positive, negative, and bone-predominant regardless of PD-L1 expression disease,
respectively 18], Ongoing and future biomarker studies from KEYNOTE-199, including gene expression profiles and tumor
mutational burden, will define molecular markers of response to pembrolizumab. Loss-of-function alterations of tumor
suppressor protein CDK12 was found in approximately 5-7% of PC. Translational studies demonstrated that CDK12
mutations may delineate an immuno-responsive subgroup of PC with increased levels of T-cell infiltration and
neoantigens. Based on that, CDK12-mutated tumors might constitute a separate subgroup of PC in which immunotherapy
may be effective 129211 Sg far, the largest cohort of CDK12-inactivated PC patients treated with immunotherapy has
been provided by two independent retrospective multicenter series. They have described the outcomes of 112 CDK12-
mutated tumors in total 22281 Among them, 28 received diverse immunotherapy regimens and favorable responses were
achieved even by some heavily pretreated cases. Several key conclusions can be made at that stage. These patients
often present with high-risk features, including Gleason grade group 4-5, T3-T4 disease, and de novo metastases.
Regardless of the biochemical response, the PFS on AR-signaling inhibitors was generally short. Moreover, responses to
immune checkpoint blockade seem to be enriched in less heavily pretreated patients. Finally, recent correlate analysis of
mMCRPC biopsies revealed CDK12-mutated mCRPCs were enriched in immunosuppressive CD4+FOXP3- cells 241,

There are no FDA approved indications for immune checkpoint inhibitors for treatment of castrate-sensitive PC; however,
their use is being evaluated in clinical trials. A phase Il trial is underway to evaluate pembrolizumab plus enzalutamide
plus ADT versus enzalutamide and ADT alone [NCT04191096]. Multiple phase | and phase |l trials are evaluating immune
checkpoint inhibitors in combination with treatments such as abiraterone and cabozantinib [NCT04477512], radiation
therapy [NCT04262154, NCT03795207], and an experimental IL-8 directed monoclonal antibody [NCT03689699]. In



addition, perioperative ipilimumab in combination with castration prior to radical prostatectomy has demonstrated
feasibility with longer follow-up ongoing 22,

References

1. Saxby, H.; Mikropoulos, C.; Boussios, S. An Update on the Prognostic and Predictive Serum Biomarkers in Metastatic
Prostate Cancer. Diagnostics 2020, 10, 549.

2. 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.

3. Cancer Research UK 2021. Available online: https://www.cancerresearchuk.org/health-professional/cancer-
statistics/statistics-by-cancer-type/prostate-cancer#heading-Zero (accessed on 26 May 2021).

4. 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.

5. Lozano, R.; Castro, E.; Aragon, I.M.; Cenddn, VY.; Cattrini, C.; L6pez-Casas, P.P.; Olmos, D. Genetic aberrations in DNA
repair pathways: A cornerstone of precision oncology in prostate cancer. Br. J. Cancer 2021, 124, 552-563.

6. 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, 329-333.

7. Godet, I.; Gilkes, D.M. BRCA1 and BRCA2 mutations and treatment strategies for breast cancer. Integr. Cancer Sci.
Ther. 2017, 4.

8. Hatano, Y.; Tamada, M.; Matsuo, M.; Hara, A. Molecular Trajectory of BRCA1 and BRCA2 Mutations. Front. Oncol.
2020, 10, 361.

9. Caffo, O.; Veccia, A.; Kinspergher, S.; Rizzo, M.; Maines, F. Aberrations of DNA Repair Pathways in Prostate Cancer:
Future Implications for Clinical Practice? Front. Cell. Dev. Biol. 2018, 6, 71.

10. 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.

11. 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.

12. Patel, V.L.; Busch, E.L.; Friebel, T.M.; Cronin, A.; Leslie, G.; McGuffog, L.; Adlard, J.; Agata, S.; Agnarsson, B.A.;
Ahmed, M.; et al. Association of Genomic Domains in BRCA1 and BRCA2 with Prostate Cancer Risk and
Aggressiveness. Cancer Res. 2020, 80, 624-638.

13. Bancroft, E.K.; Page, E.C.; Castro, E.; Lilja, H.; Vickers, A.; Sjoberg, D.; Assel, M.; Foster, C.S.; Mitchell, G.; Drew, K.;
et al. Targeted prostate cancer screening in BRCA1 and BRCA2 mutation carriers: Results from the initial screening
round of the IMPACT study. Eur. Urol. 2014, 66, 489—499.

14. Beer, T.M.; Kwon, E.D.; Drake, C.G.; Fizazi, K.; Logothetis, C.; Gravis, G.; Ganju, V.; Polikoff, J.; Saad, F.; Humanski,
P.; et al. Randomized, Double-Blind, Phase III Trial of Ipilimumab Versus Placebo in Asymptomatic or Minimally
Symptomatic Patients with Metastatic Chemotherapy-Naive Castration-Resistant Prostate Cancer. J. Clin. Oncol. 2017,
35, 40-47.

15. Sweeney, C.J.; Gillessen, S.; Rathkopf, D.; Matsubara, N.; Drake, C.; Fizazi, K.; Piulats, J.M.; Wysocki, P.J.;
Buchschacher, G.L., Jr.; Doss, J.; et al. IMbassador250: A phase Il trial comparing atezolizumab with enzalutamide vs
enzalutamide alone in patients with metastatic castration-resistant prostate cancer (NCRPC): Proceedings of the
Annual Meeting of the American Association for Cancer Research 2020. Cancer Res. 2020, 80.

16. Sharma, P.; Pachynski, R.K.; Narayan, V.; Flechon, A.; Gravis, G.; Galsky, M.D.; Mahammedi, H.; Patnaik, A.; Subudhi,
S.K.; Ciprotti, M.; et al. Nivolumab plus Ipilimumab for Metastatic Castration-Resistant Prostate Cancer: Preliminary
Analysis of patients in the Checkmate 650 Trial. Cancer Cell 2020, 38, 489-499.

17. Marcus, L.; Lemery, S.J.; Keegan, P.; Pazdur, R. FDA Approval Summary: Pembrolizumab for the Treatment of
Microsatellite Instability-High Solid Tumors. Clin. Cancer Res. 2019, 25, 3753—-3758.

18. Antonarakis, E.S.; Piulats, J.M.; Gross-Goupil, M.; Goh, J.; Ojamaa, K.; Hoimes, C.J.; Vaishampayan, U.; Berger, R.;
Sezer, A.; Alanko, T.; et al. Pembrolizumab for Treatment-Refractory Metastatic Castration-Resistant Prostate Cancer:
Multicohort, Open-Label Phase Il KEYNOTE-199 Study. J. Clin. Oncol. 2020, 38, 395-405.

19. Wu, Y.M.; Cieslik, M.; Lonigro, R.J.; Vats, P.; Reimers, M.A.; Cao, X.; Ning, Y.; Wang, L.; Kunju, L.P.; de Sarkar, N.; et
al. Inactivation of CDK12 Delineates a Distinct Immunogenic Class of Advanced Prostate Cancer. Cell 2018, 173,



1770-1782.

20. Sokal, E.S.; Pavlick, D.; Frampton, G.M.; Ross, J.S.; Miller, V.A.; Ali, S.M.; Lotan, T.L.; Pardoll, D.M.; Chung, J.H.;
Antonarakis, E.S. Pan-Cancer Analysis of CDK12 Loss-of-Function Alterations and Their Association with the Focal
Tandem-Duplicator Phenotype. Oncologist 2019, 24, 1526-1533.

21. Antonarakis, E.S. Cyclin-Dependent Kinase 12, Immunity, and Prostate Cancer. N. Engl. J. Med. 2018, 379, 1087—
1089.

22. Antonarakis, E.S.; Isaacsson Velho, P.; Fu, W.; Wang, H.; Agarwal, N.; Sacristan Santos, V.; Maughan, B.L.; Pili, R.;
Adra, N.; Sternberg, C.N.; et al. CDK12-Altered Prostate Cancer: Clinical Features and Therapeutic Outcomes to
Standard Systemic Therapies, Poly (ADP-Ribose) Polymerase Inhibitors, and PD-1 Inhibitors. JCO Precis. Oncol.
2020, 4, 370-381.

23. Schweizer, M.T.; Ha, G.; Gulati, R.; Brown, L.C.; McKay, R.R.; Dorff, T.; Hoge, A.C.H.; Reichel, J.; Vats, P.; Kilari, D.; et
al. CDK12-Mutated Prostate Cancer: Clinical Outcomes with Standard Therapies and Immune Checkpoint Blockade.
JCO Precis. Oncol. 2020, 4, 382—-392.

24. Rescigno, P.; Gurel, B.; Pereira, R.; Crespo, M.; Rekowski, J.; Rediti, M.; Barrero, M.; Mateo, J.; Bianchini, D.; Messina,
C.; et al. Characterizing CDK12-Mutated Prostate Cancers. Clin. Cancer Res. 2021, 27, 566-574.

25. Autio, K.A.; Eastham, J.A.; Danila, D.C.; Slovin, S.F.; Morris, M.J.; Abida, W.; Laudone, V.P.; Touijer, K.A.; Gopalan, A,;
Wong, P.; et al. A phase |l study combining ipilimumab and degarelix with or without radical prostatectomy (RP) in men
with newly diagnosed metastatic noncastration prostate cancer (NNCPC) or biochemically recurrent (BR) NCPC. J.
Clin. Oncol. 2017, 35, 203.

Retrieved from https://encyclopedia.pub/entry/history/show/35448



