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P-2019/46551

SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIRECCION DE NUEVAS CREACIONES
E. S. D.

Re: Expediente No. NC2019/0011591
Solicitud de patente a nombre de JANSSEN PHARMACEUTICA NV.

Yo, CAROLINA DAZA MONTALVO identificada como aparece al pie de mi firma,
domiciliada en la Carrera 11 No. 86-53, obrando como apoderada de la sociedad
JANSSEN PHARMACEUTICA NV., domiciliada en Monheim am Rhein, Alemania,
solicitante de la patente de la referencia, en respuesta al oficio No. 4053 notificado
electronicamente el 25 de marzo de 2022, relacionado con los requerimientos de fondo
de la solicitud, y para el cual se solicitd prorroga de 30 dias el 17 de junio de 2022,
atentamente me permito presentar la siguiente informacion:

1. Modificaciones a las Reivindicaciones y Claridad

Con fundamento en la facultad que confiere el articulo 34 de la Decision 486 al
solicitante para modificar la solicitud de patente en cualquier momento del tramite,
presento junto con este memorial nuevo capitulo reivindicatorio, el cual consta de ocho
(8) reivindicaciones y reemplaza completamente el capitulo presentado anteriormente.
Especificamente, se realizaron las siguientes modificaciones:

1.1 Se han modificado las antiguas reivindicaciones 1 a 5 para eliminar lo relacionado
a las composiciones farmacéuticas con prednisona o prednisolona.

1.2 Se han adicionado las nuevas reivindicaciones 6 a 8 relacionadas a las
composiciones farmacéuticas con prednisona o prednisolona.

1.3 Se eliminaron las antiguas reivindicaciones 6 a 12.
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En cuanto a estas modificaciones, me permito decir que las mismas no amplian de
ninguna manera la materia objeto de la presente solicitud y se realizaron con el animo
de superar las objeciones de claridad y patentabilidad planteadas por el examinador en
su concepto técnico.

En consecuencia, nos permitimos indicar que el presente capitulo reivindicatorio, que
incluye ocho (8) reivindicaciones, se ajusta a las disposiciones del articulo 30 de la
Decisién 486/00.

2. Pago de tasas

En relacidon con el niumero de reivindicaciones, atentamente nos permitimos decir que
no se adjunta tasa por concepto de reivindicaciones adicionales, toda vez que el nuevo
capitulo reivindicatorio tiene un menor nimero de reivindicaciones a las presentadas
previamente, y en esencia es el mismo objeto, pero definido con mayor claridad.

Por otra parte, me permito adjuntar recibo por concepto de pago de tasa de modificacién
a las reivindicaciones, segun lo establecido en |la Resolucién No. 59669 de 2020.

3. Unidad de Invencion

El examinador ha indicado que "La solicitud carece de unidad de invencion, debido a
que reclama mas de un grupo inventivo sin la presencia de caracteristicas o elementos
técnicos nuevos e inventivos que son comunes a todas las invenciones, lo anterior,
teniendo en cuenta que el concepto comun es composiciones para el tratamiento
farmacoldgico de canceres de prostata resistente a hormonas, de alto riesgo y
resistentes a la castracion, y se encuentra divulgado en el estado de la técnica,
especificamente en el documento Ensayo NCT01576172 (Brazos e intervenciones).

Por lo tanto, esta invencion presenta diferentes conceptos técnicos inventivos asi:

e Grupo inventivo 1: Una composicion farmacéutica que comprende niraparib y
acetato de abiraterona (reivindicaciones 1 a 5).

e Grupo inventivo 2: una composicion farmacéutica que comprende prednisona o
prednisolona (reivindicaciones 1 a 10).

e Grupo inventivo 3: Una composicion farmacéutica que comprende niraparib
(reivindicaciones 6 a 10).

e Grupo inventivo 4: Una composicion farmacéutica que comprende acetato de
abiraterona (reivindicaciones 6 a 10).

clarkemodet.com



Carrera 11 No. 86-53, Piso 3

Edificio Segovia
Clarke + 110221 Bogota, Colombia

T(+57) 1618 10 88
MOdet F (+57) 1 63508 24

(...) Por consiguiente, la busqueda del estado de la técnica y el examen de patentabilidad
fueron realizados para el primer grupo inventivo citado”.

En este respecto, el solicitante desea manifestar respetuosamente su desacuerdo con
dicha objecién. Sin embargo, se informa que la invencidn se limita al Grupo Inventivo
1 referido en el Oficio que se contesta. Por lo tanto, se ve superada dicha objecion y se
cumple con el requisito de patentabilidad.

Adicionalmente, se informa que el solicitante se reserva el derecho de presentar una o
mas divisionales durante el tramite.

4. Nivel Inventivo

El examinador establece que las reivindicaciones 1 a 5 carecen de nivel inventivo a la
luz de las ensefianzas descritas en los documentos Ensayo NCT01576172, National
Cancer Institute (NCI) (D2), y Sandhu S. K., et al. The lancet oncology (D3).

A este respecto, me permito decir que el articulo 18 de la Decisién 486 establece que
“Se considerara que una invencion tiene nivel inventivo, si para una persona del oficio
normalmente versada en la materia técnica correspondiente, esa invencion no hubiese
resultado obvia ni se hubiese derivado de manera evidente del estado de la técnica”.

Lo anterior significa que el analisis de nivel inventivo NO es una comparacién de los
objetos de las anterioridades y la solicitud en estudio. El anadlisis de nivel inventivo debe
demostrar la obviedad de la invencidén y establecer cdmo ésta no contiene un salto
cualitativo, que demuestre su altura inventiva, teniendo en cuenta que se hace
necesario demostrar que la invencion analizada carece de nivel inventivo y hubiese
sido obvia para una persona versada en la materia.

De acuerdo con lo anterior, y como se indicd en el numeral 3 del presente memorial, el
solicitante escogid las reivindicaciones del Grupo Inventivo 1 referido en el Oficio que
se contesta para continuar con el proceso de patentabilidad de la presente solicitud.
Adicionalmente, desea indicar que teniendo en cuenta las modificaciones presentadas
en el nuevo capitulo reivindicatorio, se superan las objeciones realizadas, por cuanto
dichas caracteristicas no se encuentran divulgadas en los documentos citados
por el examinador.
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El examinador afirma que D2! divulga la administracién de un inhibidor PARP y acetato
de abiraterona en el tratamiento del cancer de prostata resistente a la castracion
(mCRPC). El examinador reconoce que D2 no divulga el inhibidor de PARP que se
reivindica actualmente (niraparib). En un intento de subsanar esta deficiencia, el
examinador cita D3, que supuestamente describe la administracion de niraparib a
pacientes con mCPRC. Segun el examinador, un experto en la materia estaria motivado
para modificar la composiciéon de D2 para incluir niraparib.

El examinador, sin embargo, no ha identificado ninguna razén por la que una persona
con conocimientos ordinarios habria estado motivada para hacer esta modificacion. De
hecho, hay buenas razones para creer que dicha persona no habria estado motivada
para modificar la ensefianza de D2 de la manera en la que el examinador propone.

Los expertos en la materia, por ejemplo, entendieron que no habia razén para
administrar veliparib con acetato de abiraterona porque hacerlo produce resultados que
no son mejores que administrar acetato de abiraterona sin ningun veliparib. Este
entendimiento se evidencia, por ejemplo, en una publicaciéon de Hussain, et al. que
informa sobre los resultados del documento D2 (Documento que se presenta como
anexo a este memorial)?. Hussain sefiala que “[a] pesar de las sdlidas pruebas
preclinicas de apoyo, la adicion de veliparib a [acetato de abiraterona + prednisona]
no afecto a la respuesta” (Hussain en la pagina 996, énfasis afadido). Como concluyd
Hussain sucintamente, “[v]eliparib ... no afect6 a la respuesta” (id. en 991)3.

Dada la demostracion de Hussain en relacion a que la combinacién de veliparib, acetato
de abiraterona y prednisona no era mas eficaz que el acetato de abiraterona vy la
prednisona por si solos, las personas con conocimientos ordinarios en la materia no

! Estudio NCT01576172 titulado “Abiraterone Acetate and Prednisone With or Without Veliparib in Treating
Patients With Metastatic Castration-Resistant Prostate Cancer.”. El solicitante cree que el examinador
incluyd por error el titulo de un estudio diferente (NCT01972217) en relacién con esta referencia.

2 Hussain, et al., "Targeting Androgen Receptor and DNA Repair in Metastatic Castrations-Resistant Prostate
Cancer: Results from NCI 9012," J Clin. Oncol., 36(10):991 (2018).

3 Una publicacion reciente caracterizé el ensayo de manera similar:

Los pacientes fueron asignados aleatoriamente a recibir abiraterona (brazo A) o abiraterona con
veliparib (300 mg dos veces al dia, brazo B). No hubo diferencias estadisticamente
significativas entre los dos brazos en cuanto a la respuesta al [antigeno especifico de la
prostata] (brazo A: 63,9% y brazo B: 72,4%, p = 0,27) o la mediana de [supervivencia libre
de progresion] (brazo A: 10,1 meses y brazo B: 11 meses, p = 0,99). Hasta la fecha, no hay
ningun otro ensayo en curso que investigue el veliparib en el cancer de préstata.

Teyssonneau, et al., Journal of Hematology & Oncology, 14:51 (2021) en la pagina 12 (énfasis afiadido)
(se adjunta copia a este memorial)
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habrian tenido motivacidon para emplear esa combinacién (en lugar de sélo abiraterona
y prednisona), y ciertamente no habrian tenido ninguna motivacién para emplear otra
combinacién en la que el inhibidor de PARP veliparib hubiera sido sustituido por otro
inhibidor PARP como el niraparib. De hecho, a menos que una persona con
conocimientos ordinarios ya conociera las invenciones reclamadas en la presente
solicitud, habria creido que esas otras combinaciones que contienen PARP no mostraria
ningun beneficio que no pudiera lograrse con el acetato de abiraterona y la prednisona
solos.

D3 no se opone a la ensefianza combinada de D2 y Hussain, ni se afirma que lo haga.
Se ha afirmado que D3 es relevante por su ensenanza de la administracion de niraparib
a pacientes con mCRPC. No hay ninguna razén para creer que esta ensefianaza habria
llevado a aquellos con conocimientos ordinarios a administrar otro ingrediente activo
con acetato de abiraterona, y mucho menos a administrar niraparib.

Ademas, la combinacién reclamada de niraparib con acetato de abiraterona puede
proporcionar una opcion terapéutica en pacientes refractarios a las terapias existentes
mediante un efecto terapéutico mejorado. Esto se confirma con el experimento in vivo
descrito en el Ejemplo 2 de la solicitud, que proporciona la primera prueba de concepto
para el tratamiento del cancer de prostata con una combinacién de inhibidores PARP e
inhibidores de la biosintesis de andrégenos. En este experimento, los ratones fueron
inyectados por via subcutanea con células de cancer de préstata (VCaP), castrados, y
luego dosificados en cuatro grupos: 1) vehiculo de control; 2) niraparib; 3) abiraterona;
y 4) niraparib y abiraterona. Se evalud el crecimiento tumoral y la supervivencia de
cada grupo. La combinacion de abiraterona y niraparib proporciond mejoras
significativas en la inhibicion del crecimiento tumoral (Figura 1) y la supervivencia
(Figura 2) en comparacion con la abiraerona o el niraparib por separado. Los datos de
los Ejemplos de la presente descripcion demuestran resultados sorprendentes e
inesperados. La Tabla 4 proporciona datos que muestran el efecto de niraparib y/o
acetato de abiraterona en la supervivencia de ratones portadores de tumores. La
combinacién de niraparib y acetato de abiraterona fue capaz de aumentar la vida de los
ratones en un 31%. Este efecto no sélo es estadisticamente significativo (valor p de
<0,0001), sino que es sorprendente porque el aumento observado en la duracion de la
vida es mas que la adicidn de niraparib (-0,6%) y acetato de abiraterona (13,1%). Estos
datos de supervivencia son sorprendentes e inesperados, sobre todo si se tiene en
cuenta que no se observd ningun efecto cuando se afiadidé veliparib al acetato de
abiraterona mas prednisona en D2.
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En resumen, las referencias citadas en la Accién Oficial que se contesta, tomadas solas
0 en conjunto, no ensefian ni sugieren ninguna combinacion de acetato de abiraterona
y niraparib.

De esta forma, teniendo en cuenta que los documentos D2 y D3, asi como los
documentos que se anexan, no mencionan, describen o sugieren, en forma
individual o en combinacidn, todas las caracteristicas técnicas reclamadas en el nuevo
capitulo reivindicatorio presentado por el solicitante, las nuevas reivindicaciones

presentadas son novedosas, e inventivas sobre el estado del arte.

En este sentido, y siguiendo el Manual Andino de Patentes, la presente invencidn tal y
como se encuentra definida en las reivindicaciones 1 a 8, tiene diferencias con el estado
del arte e implicd un nivel inventivo durante su desarrollo, por lo cual debe ser
considerada como novedosa e inventiva segun las disposiciones de los articulos 16 y 18
de la Decision 486.

5. Conclusion

Con las modificaciones introducidas y los argumentos presentados puede concluirse
que:

i) La presente solicitud es clara, concisa y estd debidamente soportada en la
descripcion, cumpliendo con los requerimientos del Articulo 30 de la Decisién
486;

i) Las reivindicaciones actuales presentan unidad de invencién, cumpliendo asi
con los requerimientos del Articulo 25 de la Decisidon 486; y

iii) Las reivindicaciones actuales son patentables sobre D2 y D3, cumpliendo asi
con los requerimientos del Articulo 18 de la Decisién 486.

Por tanto, atentamente me permito solicitar a ese Despacho otorgar el privilegio de
patente solicitado a la solicitud en estudio, toda vez que cumple a cabalidad con los
requerimientos de la Decisién 486/00.

En consecuencia, solicitamos a ese Despacho pronunciarse en relacidon con todos los

argumentos presentados en este memorial dando estricta aplicacion al principio del
debido proceso consagrado en el articulo 29 de la Constitucién Nacional.
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6. Anexos

e Nuevo capitulo reivindicatorio conformado por 8 reivindicaciones.

e Recibo de pago correspondiente a Tasa de modificacién a las reivindicaciones.

e Hussain, et al., "Targeting Androgen Receptor and DNA Repair in Metastatic
Castrations-Resistant Prostate Cancer: Results from NCI 9012," J Clin. Oncol.,
36(10):991 (2018).

e Teyssonneau, et al., Journal of Hematology & Oncology, 14:51 (2021)

Sefiora Directora,

CQ%MMLVO

C.C. 66.783.790 de Palmira Valle
TP-141563 CSJ

notificaciones@clarkemodet.com.co
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REIVINDICACIONES MODIFICADAS

1. Una composicidén farmacéutica que comprende niraparib y acetato de

abiraterona.

2. Las composiciones farmacéuticas segun la reivindicacion 1, donde la

composicidon farmacéutica se constituye para administracién oral.

3. Composicion farmacéutica segun la reivindicacién 1 o la reivindicacion
2, donde la composicién farmacéutica comprende de 50 a 350 mg de
niraparib y de 100 a 1500 mg de acetato de abiraterona.

4, Las composiciones farmacéuticas segun la reivindicaciéon 1 o la
reivindicacién 2, donde la composicién farmacéutica comprende 50 mg de

niraparib y 500 mg de acetato de abiraterona.

5. Las composiciones farmacéuticas segun la reivindicacion 1 o la
reivindicacién 2, donde la composicién farmacéutica comprende 100 mg

de niraparib y 500 mg de acetato de abiraterona.

6. La composicidén farmacéutica segun una de las reivindicaciones
anteriores, donde la composicion comprende ademas prednisona o

prednisolona.

7. La composicion farmacéutica segun la reivindicacion 6, donde la

composicién comprende de 2 a 15 mg de prednisona o prednisolona.

8. La composicidon farmacéutica segun la reivindicacion 6 o 7, donde la

composicién comprende 5 mg de prednisona o prednisolona.
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Targeting Androgen Receptor and DNA Repair in Metastatic
Castration-Resistant Prostate Cancer: Results From NCI 9012

Maha Hussain, Stephanie Daignault-Newton, Przemyslaw W. Twardowski, Costantine Albany, Mark N. Stein,
Lakshmi P. Kunju, Javed Siddiqui, Yi-Mi Wu, Dan Robinson, Robert ]. Lonigro, Xuhong Cao, Scott A. Tomlins,
Rohit Mehra, Kathleen A. Cooney, Bruce Montgomery, Emmanuel S. Antonarakis, Daniel H. Shevrin, Paul G.
Corn, Young E. Whang, David C. Smith, Megan V. Caram, Karen E. Knudsen, Walter M. Stadler, Felix Y. Feng,
and Arul M. Chinnaiyan

Purpose

To determine whether cotargeting poly (ADP-ribose) polymerase-1 plus androgen receptor is su-
perior to androgen receptor inhibition in metastatic castration-resistant prostate cancer (nCRPC)
and whether ETS fusions predict response.

Patients and Methods

Patients underwent metastatic site biopsy and were stratified by ETS status and randomly assigned
to abiraterone plus prednisone without (arm A) or with veliparib (arm B). Primary objectives were:
confirmed prostate-specific antigen (PSA) response rate (RR) and whether ETS fusions predicted
response. Secondary objectives were: safety, measurable disease RR (mRR), progression-free
survival (PFS), and molecular biomarker analysis. A total of 148 patients were randomly assigned to
detect a 20% PSA RR improvement.

Results

A total of 148 patients with mCRPC were randomly assigned: arm A, n = 72; arm B, n = 76. There
were no differences in PSARR (63.9% v72.4%; P=.27), mRR (45.0% v52.2%; P=.51), or median
PFS (10.1 v11 months; P=.99). ETS fusions did not predict response. Exploratory analysis of tumor
sequencing (80 patients) revealed: 41 patients (51%) were ETS positive, 20 (25%) had DNA-damage
repair defect (DRD), 41 (51%) had AR amplification or copy gain, 34 (43%) had PTEN mutation, 33
(41%) had TP53 mutation, 39 (49%) had PIK3CA pathway activation, and 12 (15%) had WNT
pathway alteration. Patients with DRD had significantly higher PSA RR (90% v56.7%; P=.007) and
mMRR (87.5% v38.6%; P=.001), PSA decline =90% (75% v25%; P=.001), and longer median PFS
(14.5 v8.1 months; P=.025) versus those with wild-type tumors. Median PFS was longer in patients
with normal PTEN(13.5 v6.7 months; P=.02), TP53(13.5 v7.7 months; P=.01), and PIK3CA (13.8 v
8.3 months; P=.03) versus those with mutation or activation. In multivariable analysis adjusting for
clinical covariates, DRD association with PFS remained significant.

Conclusion
Veliparib and ETS status did not affect response. Exploratory analysis identified a novel DRD as-
sociation with mCRPC outcomes.

J Clin Oncol 36:991-999. © 2017 by American Society of Clinical Oncology

prednisone (AAP) and enzalutamide." Both
prolong survival in metastatic castration-resistant
prostate cancer (mCRPC) irrespective of prior

Despite a high response rate (RR) to androgen
deprivation (AD), a majority of patients with
metastatic prostate cancer (PCa) will experience
progression to castration resistance. Advances
in understanding the biology and progression
mechanisms to castration resistance led to devel-
opment and approval of novel androgen receptor
(AR) —targeted therapies: abiraterone acetate plus

docetaxel.”* However, many patients exhibit de
novo resistance to both therapies, and resistance
invariably occurs in responders, warranting a search
for better treatments.”®

Several studies have shown that AR regulates
components of DNA-repair pathways, and con-
versely, several enzymes involved in DNA repair can
modulate AR activity.”'> An important example is

© 2017 by American Society of Clinical Oncology 991
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poly (ADP-ribose) polymerase-1 (PARP1), an enzyme with essential
roles in recognition and repair of single-strand DNA breaks through
base excision repair process.'® Several cancers, including CRPC,
exhibit increased PARP1 expression and/or activity.'®"” Compelling
data implicate PARP1 in mediation of DNA-repair responses to
alkylators, cellular survival in BRCA-deficient cells, and AR-mediated
PCa cell proliferation.'®*%** Specifically, preclinical studies using
PARP1 inhibitors (eg, veliparib, olaparib) in PCa showed that
PARPI activity was required for maximal AR function.'® In vivo, PARP1
inhibition with veliparib was as effective as castration in preventing
tumor growth, and even greater inhibition was achieved with
combination veliparib and castration.'®

Canonic ETS gene fusions (androgen-responsive promoters
driving ETS transcription factor overexpression) are present in
> 50% of patients with PCa. ERG, the predominant ETS gene fusion
product, physically interacts with PARP1.>*° PARP1 is required for
full ERG activity and its downstream oncogenic functions. ERG-
positive xenografts are preferentially sensitive to PARP1 inhibitors.*®

On the basis of these data, we hypothesized that in patients
with mCRPC, cotargeting AR and PARP1 would result in a better
RR than AAP and the combination would be most effective in
patients with ETS fusion—positive tumors.

Patients

Eligible patients had mCRPC, Eastern Cooperative Oncology Group
performance status of 0 to 2, testosterone < 50 ng/dL, normal organ function,
no prior exposure to AAP, and up to two prior chemotherapy regimens.
Complete eligibility criteria are outlined in the Study Protocol. All patients
provided written informed consent per institutional and federal guidelines.

Study Design, Treatment, and End Points

This was a biomarker-stratified and randomized phase II multicenter
trial (Fig 1). The primary objectives were to evaluate whether AAP plus
veliparib is superior to AAP, as reflected by prostate-specific antigen (PSA)

Patients enrolled
(N =190)

Biopsy not done (off study)
(n=4)

Biopsy completed
(n =186)

Biopsy unusable because
of shipping error
(n=1)

Inadequate tissue for
biomarker assessment
(n = 26)

Tissue assessment and random
assignment completed

(n = 159)

ETS positive
(n = 56; 35%)

(n =28)

Abiraterone arm

=7l (n = 80)
Received treatment* Received treatment* th tlr,e‘f":d 1)
(n =74) (n=79) neligible n=
Not treated | | | |
Ingllglble (n=2) Response Treatment Response Treatment
Withdrew gonsent (n=2) evaluablet cycles < 2 evaluablet cycles < 2
Insurance issue (n=1) (n=72) n=2) (n = 76) n23)
Sequenced# Sequencedt
(n=33) (n =47)

ETS negative
(n = 103; 65%)

(n =52)

Abiraterone + veliparib arm

Fig 1. CONSORT diagram. (*) Safety evaluable. (t) Defined as having received two cycles of therapy or removed because of toxicity; five patients who received < two
cycles did so by patient choice. () Sequencing completed for all patients with sufficient extra tissue from biopsy required for sequencing.
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RR (= 50% decline), and whether ETS gene fusion predicts response.
Other end points included measurable disease RR (mRR), progression-free
survival (PFS), toxicities, and exploratory tumor molecular analysis.

All patients underwent metastatic disease biopsy (unless metastatic
archival tissue was available). ETS status was determined by immunohis-
tochemistry (IHC) for ERG and in situ hybridization (ISH) —based assays for
ETV1 fusions,””*® conducted in a College of American Pathologists/Clinical
Laboratory Improvement Amendments—accredited laboratory. The study
was activated before AAP approval in prechemotherapy setting. Eligible
patients were stratified by prior ketoconazole and ETS fusion status (positive
or negative) and randomly assigned to AA 1,000 mg per day plus prednisone
5 mg twice per day (arm A) or AAP plus veliparib 300 mg twice per day
(arm B), for days 1 to 28. Arm B patients underwent lead-in treatment with
AAP, followed on day 8 by veliparib, in cycle 1 only. Treatment was con-
tinued until radiographic/clinical disease progression, intercurrent illness,
unacceptable adverse events (AEs), withdrawal of consent, or death.

Assessments

Patients underwent baseline disease assessments and then every
12 weeks with bone scan, computed tomography or magnetic resonance
imaging of abdomen/pelvis, and x-ray or computed tomography of chest
for the first year. For patients who have completed = 1 year of therapy,
imaging can be done every 4 months, and for patients who have completed
= 2 years of therapy, imaging can be done every 6 months. Irrespective of
duration on therapy, imaging can be done sooner than the specified in-
tervals as clinically indicated. PSA was assessed at baseline and on day 1 of
each cycle. AEs were graded according to Common Terminology Criteria
for Adverse Events (version 4.0).

Tumor Sequencing

Extra tumor tissue for sequencing was available for 87 patients; 80 of
87 were response evaluable (four patients received < two cycles of
treatment, three patients were never treated, one was ineligible, and two
withdrew consent). Their baseline characteristics are detailed in Appendix
Tables Al and A2 (online only). Flash-frozen biopsies were processed for
genomic DNA and total RNA isolation using Qiagen AllPrep Kit (Hilden,
Germany) and then underwent targeted exon sequencing and capture
transcriptome analysis at University of Michigan (Ann Arbor, MI), as
previously detailed.**

Statistical Analysis

Biomarker-stratified design®’ was used to determine a PSA RR dif-
ference between arms A and B and between arms by ETS fusion (positive v
negative strata). The trial was designed to accrue 148 response-evaluable
patients randomly assigned at a one-to-one ratio to arms A and B to
provide 80% power at a one-sided 5% significance level to detect an
improvement of 20% in PSA RR between arms with a x* test of pro-
portions, assuming a PSA RR of 30% in arm A (based on data available at
time of study design)." Response-evaluable patients were those receiving at
least two therapy cycles or those removed from study because of toxicity
before completing two cycles. The PSA RR difference between treatment
groups by ETS fusion status was an interaction test with a significance
threshold of .15 from a logistic model (trial design details provided in
protocol).

The primary outcome of confirmed PSA RR (complete or partial
response) was analyzed with x? tests to test differences between treatment
arms and differences within a biomarker stratum between treatment arms.
Confirmed PSA RR was modeled to test ETS fusion status as prognostic
using a logistic model with ETS status as the only covariate and as pre-
dictive using logistic models testing interaction of treatment arm and ETS.
Similar models were used for mRR. Both prognostic and predictive models
were used in the exploratory analyses for each sequencing biomarker
including DNA-damage repair defect (DRD). Secondary end point PES was
reported using Kaplan-Meier methods and associated log-rank tests.

jeo.org

Exploratory analysis for prognostic biomarkers with association with PFS
was reported using product-limit estimates and log-rank tests. Cox models
were used to test biomarkers as predictive of PES with models including an
interaction of treatment arm and biomarker status. An unplanned analysis
using a multivariable Cox model for PFS was used to explore biomarker
associations with PFS after controlling for clinical covariates by adding the
biomarker to the model including the clinical covariates. Each biomarker
was modeled separately. All analyses were completed using SAS software
(version 9.4; SAS Institute, Cary, NC).

Patient Characteristics

From May 2012 through December 2015, 190 patients with
mCRPC were enrolled at 12 centers (Table 1); 185 eligible patients
underwent metastatic biopsy (soft tissue, n = 89; bone, n = 96); 159

Table 1. Baseline Patient Demographic and Clinical Characteristics by
Treatment Arm
No. (%)
Arm A: Arm B: Abiraterone +
Abiraterone Veliparib
Characteristic (n=74) (n=79) P
Age, years 35
Median 69 68
Range 50-90 47-85
Race .09
White 61 (82.4) 74 (93.7)
Black 9(12.2) 3(3.8)
Other 4) 2 (2.5)
Performance status .93
0 46 (62.2) 50 (63.3)
1 28 (37.8) 28 (35.4)
2 0 1(1.3)
PSA, ng/mL 67
Median 32.7 36.4
Range 0.8-1,557.6 0.04-1,074.4
Cancer pain present 23 (31.1) 26 (33.0) .81
Sites of disease
Bone 64 (86.5) 68 (86.1) .94
Lymph node 45 (60.8) 53 (67.1) 42
Visceral 13 (17.6) 21 (26.6) 18
Other 13 (17.6) 16 (20.3) .67
Previous treatments
Chemotherapy 16 (20.8) 23 (30.3) .29
Docetaxel/cabazitaxel 11 (14.9) 17 (21.5)
Other 5 (6.8) 6 (7.6)
Enzalutamide 2(2.7) 2 (2.5) L2
Sipuleucel-T 22 (29.7) 13 (16.5) .05
Experimental agent 19 (25.7) 15 (19.0) .32
Strata: ETS fusion and .83
ketoconazole use
ETS fusion positive* 25 (33.8) 28 (35.4)
ETS fusion negative 49 (66.2) 51 (64.6)
Previous ketoconazole 8(10.8) 9(11.3) 91
No. of treatment cycles .68
Median 9 ©
Range 1-46 1-50
Overall survival —
Median 30.6 32.3
95% Cl 28.4 to NR 28.4 to NR
Abbreviations: NR, not reached; PSA, prostate-specific antigen.
*ETS fusion determined by immunohistochemistry/in situ hybridization.
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patients (86%) had adequate tissue; 35% were ETS positive; 153
patients (white, 88%; black, 8%; median age, 68 years; median
PSA, 35.4 ng/mL) were randomly assigned to arm A (AAP; n = 74)
or arm B (AAP + veliparib; n = 79; Fig 1).

Safety

Because of bothersome low-grade AFEs, veliparib dose was
reduced to 200 mg twice per day for cycle 1, and if tolerated, dose
was escalated to 300 mg twice per day for subsequent cycles.
Distribution of grade = 3 AEs irrespective of attribution was
similar between arms. Overall, therapy was well tolerated (Appendix
Table A3, online only); hyperglycemia was the only high-grade
treatment-related AE that occurred in > 5% of patients in either
arm (arm A, 9%; arm B, 5%). In arm A, 20% of patients (n = 15)
had grade 3 treatment-related AEs, and one patient had grade 4
hyperglycemia. In arm B, 24% of patients (n = 19) had grade 3
treatment-related AEs, one patient had grade 4 thrombocytopenia,
and one patient had grade 5 cardiac arrest possibly treatment related.
Any-grade AEs that were significantly more frequent (P < .05) in
arm B versus arm A were fatigue, lymphopenia, nausea, and vom-
iting; edema occurred more frequently in arm A than arm B.

Efficacy

Of the 153 randomly assigned and treated patients, 148 were
response evaluable; five (3%) were not evaluable (four patients
chose to stop treatment within one cycle, and one had > 4-week
treatment delay). There was no statistically significant difference
between arms in confirmed PSA RR (arm A, 63.9%; arm B, 72.4%;
P=.27), mRR (arm A, 45.0%; arm B, 52.2%; P = .51), or median
PES (arm A, 10.1 months; arm B, 11 months; P = .99; Table 2;
Appendix Fig A1A). Furthermore, ETS fusion status did not predict
PSA, mRR, or PFS (Appendix Fig A1B).

DRD and Additional Prognostic Biomarkers

For 87 patients, extra biopsy tumor tissue was analyzed by
next-generation sequencing; 80 of 87 were treated and response
evaluable (arm A, n = 33; arm B, n = 47). Sequenced patients’
characteristics compared with those of patients who did not have
tumor sequencing and their baseline characteristics by treatment
arm are listed in Appendix Tables Al and A2. Overall, the groups
were fairly comparable, except for site of disease (bone v soft
tissue [eg, lymph node, visceral disease]), which affected the site
of biopsy: in the sequenced cohort, a majority (75%) were soft
tissue biopsies, whereas in the nonsequenced population, a ma-
jority (70%) had bone biopsies. This is not surprising, consid-
ering tumor yield is known to be better with soft tissue biopsy.
The tumor yield likely affected the difference between the two
groups in the proportion of patients with ETS-positive tumors,
which was higher in the sequenced group.

ETS fusion status was also analyzed by sequencing to evaluate
concordance with the THC/ISH methods used. Agreement between
methods was observed for 72 (90%) of 80 patients (Appendix Table
A4, online only); 41 patients (51.3%) were ETS positive by
sequencing.

Sequencing classified patients into three categories of DNA-
repair status (Fig 2A): wild type (WT; n = 55 [68.75%]), biallelic
DRD (n = 20 [25%]), and monoallelic DRD (n = 5 [6.25%]).
Patients with DRD had alterations in BRCAI, BRCA2, ATM,
FANCA, PALB2, RAD51B, or RAD51C, with BRCA2 being the most
frequently detected (Fig 2A). Notably, these genes represent major
players in the homologous recombination (HR) pathway, which
functions along with the nonhomologous end-joining (NHE])
pathway to repair DNA double-strand breaks.'”> Additional genes
of interest were also significantly altered, including AR (n= 41
[51%]), TP53 (n = 33 [41%]), PTEN (n = 34 [42.5%)]), and
PIK3CA (n = 39 [49%]). Alterations were also annotated for
AR-related genes and the WNT pathway.

Table 2. Detailed PSA and Measurable Response Outcomes by Treatment Arm and ETS Gene Fusion Status
Overall ETS Positive ETS Negative
(n = 148) (n =52) (n = 96)
No. (%) No. (%) No. (%)
Abiraterone + Abiraterone + Abiraterone +
Response Abiraterone Veliparib P Abiraterone Veliparib P Abiraterone Veliparib P Interaction P
PSA outcomes (n=72) (n =76) (n = 25) (n =27) (n = 47) (n = 49)
PSA response (CR/ 46 (63.9) 55 (72.4) .27 15 (60.0) 19 (70.4) 43 31 (66.0) 36 (73.5) 42 .89
PR)
CR 12 (16.7) 12 (15.8) 4(16.0) 3(11.1) 8(17.0) 9 (18.4)
PR 34 (47.2) 43 (56.6) 11 (44.0) 16 (69.3) 23 (48.9) 27 (55.1)
Stable disease 19 (26.4) 15 (19.7) 7 (28.0) 7 (25.9) 12 (25.5) 8 (16.3)
Progressive 7 (9.7) 6 (7.9) 3(12.0) 1(3.7) 4 (8.5) 5(10.2)
disease
Measurable disease (n = 40) (n = 46) (h =15) (n=19) (n = 25) (n=27)
RECIST response 18 (45.0) 24 (52.2) 51 6 (40.0) 10 (52.6) 46 12 (48.0) 14 (51.9) 78 .69
(CR/PR)
CR 1(2.5) 0 (0 00 0(0) 1(4.0) 0 (0
PR 17 (42.5) 24 (52.2) 6 (40.0) 10 (52.6) 11 (44.0) 14 (51.9)
Stable disease 14 (35.0) 12 (26.1) 5 (33.3) 6 (31.6) 9 (36.0) 6 (22.2)
Progressive 8 (20.0) 8(17.4) 4 (26.7) 3(15.8) 4 (16.0) 5 (18.5)
disease
Not evaluable 0 (0) 2 (4.4) 0 (0) 0 (0) 0 (0) 2 (7.4)
Abbreviations: CR, complete response; PR, partial response; PSA, prostate-specific antigen; RECIST, Response Evaluation Criteria in Solid Tumors.
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Fig 2. Landscape of molecular alterations, DNA-repair status, and survival in this cohort of patients with metastatic castration-resistant prostate cancer (mMCRPC).
(A) Next-generation sequencing of tumor tissues identified alterations in different genes for each patient (n = 80) as depicted in the matrix, called by each allele. Three
groups of patients were determined based on DNA-damage repair defect (DRD) status, represented at the top by black (biallelic DRD), gray (monoallelic DRD), or white
boxes (wild-type [WT] DRD). Above this, maximum percent decreases in prostate-specific antigen (PSA) levels throughout treatment are graphed for each patient, and
those with confirmed PSA responses are noted with dark blue bars. Progression-free survival (PFS; months), treatment (abiraterone [A/ABI], veliparib [V/VELI), and ETS
fusion status are also indicated at the top of the matrix for each patient. (B) Matrix of DRD status associated with PTEN alterations. Patients along the top in black
correspond to patients in this study, and patients in green represent cases from an additional MCRPC cohort.?® (C) PFS curves are shown for patients with WT/monoallelic
or biallelic DRD status. LOH, loss of heterozygosity.

Outcome analysis combined WT and monoallelic DRD patients, ~ (metastatic site, performance status, PSA, pain, and prior therapies)
because the DRD status of the latter group is considered nondeleterious, ~ were similar between DRD and WT groups except for prior sipuleucel-
and compared them with biallelic DRD patients. Prognostic covariates T therapy (DRD, n = 1 [5%] v WT, n = 16 [29%]).
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Fig 2. (Continued).

Unexpectedly, we uncovered a novel, significant association
between DRD and overall outcome/response. Patients with DRD
tumors had significantly higher confirmed PSA RR (90% v 56.7%;
P =.007; Table 3; Fig 2A), PSA decline of = 90% (75% v 25%; P = .001;
Appendix Fig A2, online only), mRR (87.5% v 38.6%; P = .001;
Table 3), and median PES (14.5 v 8.1 months; P = .025; Fig 2C;
depicted by treatment arm in Fig 3) compared with patients with
WT tumors.

Analysis of Clinical and Molecular Variables

Exploratory biomarker analysis revealed three additional
biomarkers associated with longer median PFS (Appendix Tables
A5 and A6, online only). Significantly better overall outcomes were
identified in patients with normal PTEN (13.5 v 6.7 months in
those with mutation; P = .02), normal TP53 (13.5 v 7.7 months in
those with mutation; P = .01), or nonactivated PIK3CA pathway
(13.8 v 8.3 months in those with activation; P = .03; Appendix
Table A5, online only). Multivariable analysis including clinical and
biomarker variables individually revealed DRD and TP53 as
biomarkers separately associated with PFS after controlling for
clinical covariates (Table 4). We also noted that mutation or loss of
PTEN seemed to be almost mutually exclusive with DRD (Fig 2A).

Exceptional Responders

Several patients had exceptional and durable responses to
therapy. These were patients in either arm with PFS > 24 months
and PSA decline > 90%. On the basis of these criteria, 19 ex-
ceptional responders (arm A, n = 8; arm B, n = 11) were identified;
their characteristics are listed in Appendix Table A7 (online only).
Nine of 19 had tumor sequencing: four had biallelic DRD, one had
monoallelic DRD, and four had WT tumors (Fig 2A; Appendix
Table A8, online only).

This prospective metastatic tissue—based biomarker-stratified
trial stratified patients with mCRPC by ETS fusion status and
then randomly assigned them to AAP with or without veliparib.
Preclinical data suggested that targeting PARP1 would synergize
with AR inhibition, and ETS fusion—positive tumors would be
preferentially sensitive to PARP1 inhibition.'>'®*® However, the
addition of veliparib did not affect response, nor did ETS status
predict response. There was no difference between arms in the
rate of exceptional responders (AAP, n = 8; AAP + veliparib, n = 11).
ETS fusion concordance between IHC/ISH and sequencing was
90%. ERG/ETS failure to predict response may have been a
result of the high prevalence of defects in DRD genes (approx-
imately 25% of patients), which was not known at time of study
design.

Exploratory metastatic tissue sequencing analysis uncovered
anovel finding. Several patients had alterations in genes involved in
DNA repair, particularly those implicated in the HR pathway; DRD
was significantly associated with better response and PFS irre-
spective of treatment arm. Prior studies demonstrated mechanistic
connections between AR and DNA repair in prostate cancer
models,”'® but ours is the first report, to our knowledge, to show
the association of DRD with outcome in patients with mCRPC
treated with AAP with higher PSA RR, mRR, and PFS compared
with patients with WT tumors. However, additional studies are
needed for confirmation, because this trial was not designed
specifically to test DRD predictive power with AR-targeted therapy.
A recent trial in mCRPC showed that DRD was associated with
high RRs to a different PARP1 inhibitor (olaparib), but there was
no control arm of an AR-targeted agent.’”

Table 3. PSA and Measurable Disease Response Rate by DNA Repair Status
DRD DNA-Repair WT/Monoallelic
Prognostic Biomarker (n = 20) (n = 60)
No. (%) No. (%) No. (%)
DNA-Repair
WT/ Abiraterone + Abiraterone + Interaction
Response DRD Monoallelic P Abiraterone Veliparib P Abiraterone Veliparib P P
PSA (n = 20) (n = 60) n=7) (n=13) (n =26) (n = 34)
PSA response 18 (90.0) 34 (56.7) .007 6 (85.7) 12 (92.3) 1.0 12 (46.2) 22 (64.7) 15 .97
95% CI, % 76.9 to 100 44.1 10 69.2 59.8 to 100 77.8 to 100 27.0t0 65.3 48.6 t0 80.8
Measurable disease (n =16) (n = 44) (n=5) (n=11) (n=19) (n = 25)
RECIST response 14 (87.5) 17 (38.6) .001 4 (80.0) 10 (90.9) 1.0 7 (36.8) 10 (40.0) .83 .64
95% Cl, % 59.5t0 98.3 24.1 to 54.0 44.9 to 100 73.9 to 100 15.2 to 58.5 20.8 t0 59.2
Abbreviations: DRD, DNA-damage repair defect; PSA, prostate-specific antigen; RECIST, Response Evaluation Criteria in Solid Tumors; WT, wild type.

996 © 2017 by American Society of Clinical Oncology

JOURNAL OF CLINICAL ONCOLOGY

Downloaded from ascopubs.org by 98.110.64.73 on June 1, 2020 from 098.110.064.073
Copyright © 2020 American Society of Clinical Oncology. All rights reserved.



Targeting AR and DN

A Repair in CRPC

1.0 4 + Censored
Log-rank P=.2127
— 0.8 Median (95% Cl), months
E DRD: 16.6 (13.5 to 19.5)
g 0.6
°o
o
—
2044
w
L
o
0.2
T T T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30 33 3
No. at risk: Time (months) N
DRD 7 7 7 6 1 0
WT 26 18 15 6 5 3 2 0

1.0 4 + Censored
Log-rank P =.0472
= 0.8 1 Median (95% Cl), months
= DRD: 13.8 (8.2 to 32.9)
-0
w 0.6
°o
o
p—
2044
wn
L
o
0.2
T T T T T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30 33 36 39 4
o. at risk: Time (months)
DRD 13 13 12 7 5 4 3 2 1
WT 34 25 19 14 5 2 1 0

Fig 3. Survival by DNA-repair status and treatment arm. Progression-free survival (PF

S) curves are shown by treatment arm for patients with wild-type (WT)/monoallelic

or biallelic DNA-damage repair defect (DRD), as determined by next-generation sequencing of tumors shown in Figure 2 of the main manuscript: (A) abiraterone/

prednisone; (B) abiraterone/prednisone plus veliparib.

AR plays a major role in promoting double-strand DNA break
repair.'>"? As such, AR blockade alone would be expected to
compromise DNA repair. This concept is supported by our data,
wherein tumors defective in DNA repair were sensitized to AAP.
Given this recently realized redundancy in function (eg, capacity of
both PARPI inhibitors and AR blockade to suppress DNA repair), it
is not unexpected that PARP1 inhibitors did not add to AR blockade.

Our results also raise the question of how DNA repair al-
terations may be associated with better outcomes with AR-targeted
therapy. Recent studies have shown that AR directly regulates genes
involved in DNA-damage responses that allow prostate cancer cells
to enhance DNA repair, decrease DNA damage, and continue
cycling.'>'>'>!> Conversely, castration or treatment with anti-
androgens leads to decreased expression of DNA-repair enzymes
and therefore increased DNA damage and decreased cellular
survival; in particular, inhibition of AR signaling has been shown to

inhibit the expression of genes primarily involved in the NHE]
pathway of double-strand DNA break repair.''”'* Disruption of
NHE]J in the context of an underlying HR defect (the alterations
identified in this trial cohort) could induce a synthetic lethality via
disruption of both of the major repair pathways for double-
stranded DNA breaks, thus explaining why patients with HR
deficiencies fare better with AAP treatment. Furthermore, as de-
scribed in this report, AR directly increases DNA-damage response
effectors, and in turn, many DNA-damage response proteins di-
rectly modulate AR activity, including BRCA1 and BRCA2, two HR
factors altered in several of the DRD patients.”>** Without
functional BRCA1 or BRCA2 cofactors, it can be hypothesized that
these patients may have had altered AR transcriptional activity
compared with WT patients. Further analysis of the sequencing
data herein uncovered a positive association with outcome for
patients with normal expression of PTEN and TP53 or nonactivated

Table 4. Multivariable Analysis of PFS by Biomarker Status (n = 80)
Marker Status Cox Model
Not Normal Normal Univariable Multivariable*
Median PFS (months) Median PFS (months) Hazard Ratio Hazard Ratio
Biomarker No. (%) (95% Cl) No. (%) (95% Cl) Log-Rank P (95% Cl) (95% Cl)
DRD v WT/monoallelic 20 (25) 14.5 (11.0 to 19.5) 55 (69) 8.0 (5.4 to 13.0) .02 0.52 (0.29t0 0.93)  0.51 (0.27 t0 0.97)
TP53 (mutated v normal) 33 (41) 7.7 (5.3 t0 8.8) 47 (59) 13.5 (8.2 to 16.6) .01 1.88 (1.14 t0 3.12)  2.52 (1.30 to 4.89)
PTEN (mutated v normal) 34 (43) 6.7 (4.1 t0 11.3) 46 (57) 13.5 (8.2 t0 16.6) .02 1.82 (1.11 to 3.01) 1.61 (0.92 to 2.82)
PIK3CA (activated v normal) 39 (49) 8.3 (5.4 t0 13.3) 41 (57) 13.8 (8.2 to 16.6) .03 1.74 (1.05 to 2.87) 1.45 (0.79 to 2.68)
SPOP (mutated v normal) 5 (6) NR (2.8 to NR) 75 (94) 8.8 (7.8 to 13.6) .06 0.28 (0.07 to 1.15)  0.54 (0.09 to 3.40)
CHD1 (mutated v normal) 4 (5) NR (2.6 to NR) 76 (95) 8.8 (7.8 to 13.6) .09 0.31 (0.07 t0 1.29)  0.39 (0.09 to 1.71)
AR (amplified/mutated v normal) 41 (51) 8.8 (5.4 t0 13.5) 39 (49) 11.0 (8.0 to 16.6) A7 1.41 (0.86 to 2.31) 1.34 (0.80 to 2.23)
ZFHX3 (mutated v normal) 6 (8) 10.0 (2.1 t0 13.8) 74 (92) 10.3 (8.0 to 13.8) .20 1.74 (0.74 to 4.09) 1.44 (0.57 to 3.63)
RBT (mutated v normal) 9 (11) 8.8 (1.9 t0 23.7) 71 (89) 10.3 (8.0 to 13.8) 46 1.32 (0.62 to 2.78) 1.47 (0.66 to 3.28)
ETS (positive v negative) 41 (57) 8.2 (5.4 to 14.5) 39 (49) 13.3 (8.2 t0 13.8) 48 1.19 (0.73 to 1.95) 1.24 (0.45 to 3.38)
WNT (activated v normal) 12 (15) 12.4 (2.7 t0 23.7) 68 (85) 10.3 (8.0 to 13.6) 9 0.96 (0.5 to 1.85) 0.88 (0.44 to 1.74)
Abbreviations: DRD, DNA-damage repair defect; NR, not reached; PFS, progression-free survival; WT, wild type.
*Multivariable model includes age, baseline prostate-specific antigen, race, Eastern Cooperative Oncology Group performance status, treatment arm, prior
chemotherapy, prior ketoconazole, fusion status stratum, and biomarker of interest.
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PIK3CA pathway. However, multivariable analysis including clinical
and biomarker variables individually revealed DRD and TP53 as
biomarkers separately associated with PFS after controlling for
clinical covariates. Expanded analysis of DRD and PTEN from an
additional mCRPC cohort*” demonstrated that DRD patients had
significantly less aberrations in PTEN, whereas patients with WT
DNA repair all had PTEN loss or aberration. The mutual exclusivity
between DRD and PTEN could further explain why patients with
WT DNA repair had worse outcome with therapy. PTEN loss has
been associated with more aggressive prostate cancers, and pre-
clinical models have suggested that PTEN loss/PIK3CA pathway
activation can alter AR transcriptional activity and lead to hormonal
therapy resistance.”>” Directly related to our results, in retrospective
analyses of patients with mCRPC receiving AAP in the postdocetaxel
setting, PTEN loss was associated with shorter overall survival from
time of initiation of AAP treatment.”’

In contrast to findings presented here, a recent study proposed
that patients with germline DRD have decreased time from
androgen-deprivation therapy initiation to castration resistance
and worse outcome with first-line hormonal therapy once CRPC
develops.®® Important differences in these two studies are evident
and could account for discrepancies. In our trial, DRD was de-
termined by metastatic tumor tissue sequencing, the gold standard
for detecting alterations. The contrasting study did not analyze
tumor tissue but rather defined DRD through targeted germline
sequencing. The WT DNA repair patients with whom the DRD
patients were compared were only classified as such through
germline sequencing, thus not accounting for those WT germline
patients who may have acquired somatic DRD events. Indeed, the
authors proceeded to sequence cell-free DNA, but only from those
patients who were first determined to have germline DRD; these
patients totaled 21 in comparison with the 80 tumors sequenced in
our study. Finally, the patients with mCRPC in the previous study
were treated with enzalutamide or AAP; in contrast, patients in our
trial all received AAP.

There are several limitations in our study. The analyses of the
biomarkers from sequencing were unplanned and exploratory and
included a convenient sample of 80 of 148 patients who had extra
biopsy tissue. The sequenced cohort included more soft tissue
biopsies compared with patients who were not sequenced. This is
not surprising, considering the known fact that the tissue yield is
better from soft tissue metastases. The tumor tissue yield also likely
affected the difference in the rate of ETS-positive tumors between
the two cohorts. The multivariable modeling included many
covariates for the sample size, so caution should be taken when
interpreting these results. Additionally, there was not a correction

for multiple comparisons in this study. Additional validation is
needed for the exploratory findings.

In conclusion, this metastatic tissue biomarker-stratified,
randomized trial in mCRPC showed that the approach is feasi-
ble. Despite robust preclinical supporting evidence, the addition of
veliparib to AAP did not affect response, nor did ETS fusion predict
response. Nonetheless, exploratory analysis led to the novel and
unexpected finding that DRD was associated with improved
outcomes with AAP treatment, possibly through induction of
a synthetic lethality in the context of HR defects. Interestingly,
DRD was also generally associated with normal PTEN status.
Normal PTEN, normal TP53, and nonactivated PIK3CA signaling
were significantly associated with improved outcome overall. These
hypothesis-generating observations are being evaluated in a follow-up
DRD-preselected randomized trial (AAP v olaparib v combination).
These results highlight the complexity of mCRPC, importance of the
totality of the biologic context, and need for informative clinical trial
designs.
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Fig A1. Progression-free survival (PFS) in patients with metastatic castration-resistant prostate cancer treated with abiraterone (A) or abiraterone plus veliparib (A + V) and
stratified by ETS gene fusion status. (A) PFS curves are shown for all 148 response-evaluable patients treated with abiraterone/prednisone alone (n = 72) or in combination
with veliparib (n = 76). (B) PFS curves are shown for each treatment arm stratified by ETS gene fusion status (determined by immunohistochemistry or in situ hybridization).
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Fig A2. Depth of prostate-specific antigen (PSA) decline by DNA-damage repair

defect (DRD) status. WT, wild type.
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Table A1. Demographic and Clinical Characteristics of Patients by Tumor
Sequencing Status
No. (%)
Sequenced Not Sequenced
Characteristic (n = 80) (n = 68) P
Age, years 44
Median 68 68
Range 50-85 55-90
Race .67
White 69 (86.3) 62 (91.2)
Black 7 (8.8) 4 (5.9)
Other 4 (5.0) 2 (2.9)
Performance status .88
0 50 (62.5) 43 (63.2)
1 29 (36.3) 25 (36.8)
2 1(1.3) 0
PSA, ng/mL .59
Median 36.8 31.0
Range 0.04-1,557.6 0.5-940.7
Cancer pain present 28 (35.0) 18 (26.5) .26
Sites of disease
Bone 66 (82.5) 62 (91.2) 12
Lymph node 62 (77.5) 33 (48.5) < .001
Visceral 20 (25.0) 14 (20.6) .52
Other 15 (18.8) 13 (19.1) .95
Previous treatment
Chemotherapy 25 (31.3) 13 (19.1) .09
Docetaxel/cabazitaxel 17 (21.3) 10 (14.7)
Other 8(10.0) 3 (4.4)
Enzalutamide 2 (2.5) 2 (2.9) .99
Sipuleucel-T 19 (23.8) 15 (22.1) .85
Experimental agent 18 (22.5) 16 (23.5) .88
Strata: ETS fusion and < .001
ketoconazole use
ETS fusion positive* 39 (48.8) 13 (19.1)
ETS fusion negative 41 (51.3) 55 (80.9)
Previous ketoconazole 10 (12.5) 6 (8.8) .60
Treatment arm .05
Abiraterone 33 (41.3) 39 (57.4)
Abiraterone + veliparib 47 (58.8) 29 (42.7)
No. of treatment cycles 79
Median 9 9
Range 2-50 1-46
PSA response rate, % 65.0 721 .36
Measurable disease 60 (75.0) 26 (38.2) < .001
Objective response, % 51.7 423 43
PFS, months 47
Median 10.3 10.8
95% Cl 8.0t0 13.8 8.21t013.7
OS, months .90
Median 323 30.6
95% Cl 24.1 to NR 28.1 to NR
Abbreviations: NR, not reached; OS, overall survival, PFS, progression-free
survival; PSA, prostate-specific antigen.
*ETS fusion determined by immunohistochemistry/in situ hybridization.
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Table A2. Baseline Covariates Among Patients With Tumor Sequencing

No. (%)

Abiraterone +

Abiraterone Veliparib
Characteristic (n=33) (n =47) P
Age, years 22
Median 70 68
Range 50-80 52-86
Race .61
White 27 (81.8) 42 (89.4)
Black 4(12.1) 3(6.4)
Other 2 (6.1) 2 (4.3)
Performance status .50
0 19 (57.6) 31 (66.0)
1 14 (42.4) 15 (31.9)
2 0 121
PSA, ng/mL .87
Median 35.2 39.2
Range 2-1,557.6 0.04-785.8
Cancer pain present 14 (42.4) 14 (29.8) 24
Sites of disease
Bone 15 (45.5) 27 (57.5) .29
Lymph node 24 (72.7) 38 (80.9) .39
Visceral 6 (18.2) 14 (29.8) 18
Other 6 (18.2) 9(19.2) 91
Previous treatments
Chemotherapy 9 (27.3) 16 (34.0) 52
Docetaxel/cabazitaxel 5 (15.2) 12 (25.5)
Other 4(12.1) 4 (8.5)
Enzalutamide 1(3.0 1(2.1) .99
Sipuleucel-T 12 (36.4) 7 (14.9) .03
Experimental agent 8 (24.2) 10 (21.3) .75
Strata: ETS fusion and ketoconazole .68
use
ETS fusion positive 17 (61.5) 22 (46.8)
ETS fusion negative 16 (48.5) 25 (53.2)
Previous ketoconazole 5 (15.2) 5(10.6) 73
No. of treatment cycles .68
Median 9 9
Range 2-39 2-50
Confirmed PSA response 18 (54.6) 34 (72.3) .10
Measurable disease response 11 (45.8) 20 (55.6) 46
PFS, months .89
Median 8.8 11.0
95% Cl 6.7 t0 13.8 7.4 10 13.8
OS, months —
Median 29.4 323
95% Cl 17.4 to NR 24.1 to NR

Abbreviations: NR, not reached; OS, overall survival; PFS, progression-free

survival; PSA, prostate-specific antigen.
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Table A3. AEs by Treatment Arm
No. (%)
Arm A: Abiraterone (n = 74) Arm B: Abiraterone + Veliparib (n = 79)
Grade Grade
AE 1 2 3 4 5 Total 1 2 3 4 5 Total
ALT increased 8(11)  1(1) 3 (4) 0 0() 12(16) 4 (5) 0 (0) 2(3) 00 0( 6(8
Alkaline phosphatase increased 3 (4) 2(3) 0(0) 0 0( 5(7) 2 (3) 4 (5) 2 (3) 0() 0() 8(10
Anemia 9(12) 1(1) 1(1) 0 0() 11015 10(13) 4(5) 2 (3) 0() 0(0) 16 (20
Anorexia 3 (4) 0 (0) 0 (0) 0 0( 34 5 (6) 5 (6) 0 (0) 0 0( 10(13)
Arthralgia 1(1) 0 (0) 0 (0) 0 o0( 1(1 1(1) 0 (0 1(1) 0() 0 2@
AST increased 140190 23 0(0) 0(0 0() 16(22) 6(8) 2(3) 0(0) 0 0( 8(10
Atrial fibrillation 0 (0) 0 (0) 0(0) 0 0() 0f(0 0 (0) 0 (0 1(1) 0 0@ 1)
Cardiac arrest 0 (0) 0 (0) 0 (0) 0() 0() 0f(0 0(0) 0(0) 0 (0) 0 1( 1
Confusion 1(1) 0 (0) 0(0) 0 o0( 1(1 0 (0 0 (0 1(1) 0 0@ 1)
Dehydration 0 (0) 0 (0) 0 (0) 0() 0() 0f(0 0 (0) 2(3) 1(1) 00 0( 3
Diarrhea 4 (5) 1(1) 0 (0) 0 0 5 10013 2@ 0 (0) 0() 0(0 12(15)
Dizziness 2(3) 0 (0) 0(0) 0 o0( 23 79 1(1) 0(0) 0() 0() 8(10)
Edema limbs 183(18) 23 0(0) 0() 0(0) 15(20) 5 (6) 0 (0) 0 (0) 0 0( 5(6)
Ejection fraction decreased 0(0) 0 (0) 0(0) 0( 0() 0f(0 0 (0) 0 (0) 1(1) 0() 0() 1(1
Fatigue 18(24) 2(3) 0(0) 0(0) 0() 20(27) 31(39 8(100 0(0) 0() 0(0 3949
Glucose intolerance 0 (0) 0 (0) 1(1) 0 0¢( 1(1) 0 (0) 0 (0) 0 (0) 0 0( 0(0
Headache 6 (8) 0 (0) 0 (0) 0 o0() 6(8) 5 (6) 1(1) 1(1) 0() 0( 7(9
Heart failure 0 (0) 0 (0) 1(1) 0 o0( 1(1 0 (0 0 (0 0 (0) 0 0( 0(0
Hot flashes 8(11) 1(1) 0(0) 0() 0() 9(12) 16(20) 0(0) 0 (0) 0() 0(0) 16 (20
Hyperglycemia 3 (4) 1(1) 6 (8) 1(1) 0() 1105 6(8) 2(3) 4 (5) 0(0 0( 12(15)
Hypertension 2(3) 6 (8) 3 (4) 0 0( 11015 34 2(3) 3 (4) 0 0( 8(10
Hypokalemia 6 (8) 0(0) 0 (0) 0 0() 618 7 (9 1(1) 1(1) 0 0 9011
Hypophosphatemia 3 (4) 4 (5) 1(1) 0 0( 8(11) 23 4 (5) 1(1) 00 0@ 709
Hypotension 0(0) 0 (0) 0(0) 0 0() 0f(0 0 (0 0 (0 1(1) 0 0@ 1(
Insomnia 4 (5) 0 (0) 0(0) 0 0() 45 8(10) 2(3) 11 0() 0() 11(14)
Lymphocyte count decreased 3 (4) 1(1) 1(1) 0 0() 5(7) 6 (8) 8 (100 1(1) 0() 0(0) 15(19
Nausea 5 (7) 0 (0) 0(0) 0 0( 5(7) 2937 12015 1(1) 0(0) 0(0) 42 (53)
Pain 0 (0) 1(1) 0(0) 0 o0( 1(1 2(3) 1(1) 1(1) 0 0( 4
Platelet count decreased 2(3) 1(1) 0(0) 0 o0( 34 5 (6) 1(1) 1(1) 1(1) 0 8(10
Respiratory, thoracic, and mediastinal disorders—other 0 (0) 0 (0) 0(0) 0( 0() 0f(0 0 (0) 0 (0) 11 0 0() 1(10
Sinus tachycardia 0 (0) 0 (0) 0 (0) 0( 0() 0f(0 0 (0) 0 (0 1(1) 0 0@ 1)
Syncope 0 (0) 0 (0) 0 (0) 0() 0() 0f(0 0 (0) 0 (0) 1(1) 00 0@ 1(1)
Thromboembolic event 0(0) 0 (0) 0(0) 0( 0() o0f(0 0 (0 0 (0 2(3) 00 0@ 2@
Vomiting 0(0) 0 (0) 0(0) 00 0() 0() 12(15) 5(6) 0 (0) 00 0( 17(22)
Maximum grade for patient 27 (36) 15(20) 15(20) 1(1) 0(0) 58(78) 24 (30) 28(35) 19(24) 1(1) 1(1) 73(92)
Abbreviation: AE, adverse event.
Table A4. ETS Gene Fusion Agreement Between Trial Methods and
Sequencing
ETS Status by Sequencing
No. (%)
ETS Status by Trial Methods* Negative Positive
Negative 36 (45.0) 5 (6.25)
Positive 3 (3.75) 36 (45.0)
Agreement 72 (90) of 80
*Trial methods: immunohistochemistry and in situ hybridization/fluorescence in
situ hybridization.
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Table A5. Biomarker Prognostic Analysis: Overall PSA Response, Measurable Disease Response, and PFS by Biomarker Status
Biomarker Status
Response/PFS Not Normal Normal P
Confirmed PSA response No. (%)
ETS (positive [n = 41] v negative [n = 39]) 5 (61.0) 7 (69.2) 44
DNA repair (defect [n = 20] v WT/monoallelic [n = 60]) 8(90.0) 4 (56.7) .007
AR (amplified/mutated [n = 41] v normal [n =39]) 5 (61.0) 7 (69.2) 44
TP53 (mutated [n = 33] v normal [n = 47]) 0 (60.6) 2 (68.1) 49
PTEN (mutated [n = 34] v normal [n = 46]) 7 (50.0) 5 (76.1) .016
PIK3CA pathway (activated [n = 39] v normal [n = 41]) 2 (56.4) 0 (73.2) 12
WNT pathway (activated [n = 12] v normal [n = 68]) 8 (66.7) 4 (64.7) .99
RB1 (mutated [n = 9] v normal [n = 71]) 6 (66.7) 6 (64.8) .99
CHD1 (mutated [n = 4] v normal [n = 76]) 3 (75.0) 9 (64.5) .99
SPOP (mutated [n = 5] v normal [n = 75]) 4 (80.0) 8 (64.0) .65
ZFHX3 (mutated [n = 6] v normal [n = 74]) 3 (560.0) 9 (66.2) 42
Measurable disease response
ETS (positive [n = 31] v negative [n = 29]) 5 (48.4) 6 (55.2) .60
DNA repair (defect [n = 16] v WT/monoallelic [n = 44]) 4 (87.5) 7 (38.6) .001
AR (amplified/mutated [n = 29] wnormal [n = 31]) 3 (44.8) 8 (68.1) .31
TP53 (mutated [n = 24] v normal [n = 36]) 0 (41.7) 1(58.3) 21
PTEN (mutated [n = 28] v normal [n = 32]) 2 (42.9) 9 (59.4) .20
PIK3CA pathway (activated [n = 29] v normal [n = 31]) 3 (44.8) 8 (68.1) 31
WNT pathway (activated [n = 8] v normal [n = 52]) 3 (37.5) 8 (53.9) 47
RB1 (mutated [n = 4] v normal [n = 56]) 2 (50.0) 9 (51.8) .99
CHD1 (mutated [n = 3] vnormal [n = 57]) 2 (66.7) 9 (50.9) .99
SPOP (mutated [n = 4] v normal [n = 56]) 3 (75.0) 8 (50.0) .61
ZFHX3 (mutated [n = 5] v normal [n = 55]) 3 (60.0) 8 (50.9) .99
PFS, months Median (95% Cl)
ETS (positive [n = 41] v negative [n = 39]) 8.2 (5.4 t0 14.5) 13 3 (8.2 t0 13.8) 48
DNA repair (defect [n = 20] v WT/monoallelic [n = 60]) 14.5 (11.0 to 19.5) 1 (5.5 to 11.0) .025
AR (amplified/mutated [n = 41] v normal [n = 39]) 8 8 (5.4 to 13.5) 11 O (8.0 to 16.6) A7
TP53 (mutated [n = 33] v normal [n = 47]) 7 (6.3 t0 8.8) 13.5 (8.2 to 16.6) .01
PTEN (mutated [n = 34] v normal [n = 46]) 7 (4.1 to 11.3) 13.5 (8.2 to 16.6) .02
PIK3CA pathway (activated [n = 39] v normal [n = 41]) 3 (5.4 to 13.3) 13.8 (8.2 to 16.6) .03
WNT pathway (activated [n = 12] v normal [n = 68]) 12 4 (2.7 to 23.7) 10.3 (8.0 to 13.6) 91
RB1 (mutated [n = 9] v normal [n = 71]) 8 (1.9 to 23.7) 10 3 (8.0 to 13.8) 46
CHD1 (mutated [n = 4] v normal [n = 76]) R (2.6 to NR) 8 (7.8 to 13.6) .09
SPOP (mutated [n = 5] vnormal [n = 75]) R (2.8 to NR) 8 (7.8 to 13.6) .06
ZFHX3 (mutated [n = 6] v normal [n = 74]) 10 0(2.1 10 13.8) 10 3 (8.0 to 13.8) .20
Abbreviations: NR, not reached; PFS, progression-free survival; PSA, prostate-specific antigen.
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Table A6. Biomarker Predictive Analysis: Overall PSA Response, Measurable Disease Response, and PFS by Biomarker Status and Treatment Arm

Marker Not Normal

Marker Normal

Abiraterone + Abiraterone + Interaction
Response/PFS Abiraterone Veliparib P Abiraterone Veliparib P
Confirmed PSA response No. (%) No. (%)
ETS (positive [n = 41] v negative [n = 39]) 8 (44.4) 17 (73.9) .05 10 (66.7) 17 (70.8) .78 27
DNA repair (defect [n = 20] v\WT/monoallelic 6 (85.7) 12 (92.3) 1.0 12 (46.2) 22 (64.7) 15 97
[n = 60])
AR (amplified/mutated [n = 41] v normal 9 (47.4) 16 (72.7) .097 9 (64.3) 18 (72.0) 72 .45
[n = 39])
PTEN (mutated [n = 34] v normal [n = 46]) 5 (35.7) 12 (60.0) .16 13 (68.4) 22 (81.5) .31 .78
TP53 (mutated [n = 33] v normal [n = 47]) 9 (60.0) 11 (61.1) .95 9 (50.0) 23 (79.3) .036 .18
PIK3CA pathway (activated [n = 39] v normal 6 (40.0) 16 (66.7) 10 12 (66.7) 18 (78.3) 41 .60
[n =41])
WNT pathway (activated [n = 12] v normal 3 (42.9) 5 (100.0) .08 15 (567.7) 29 (69.1) .34 .95
[n = 68])
Measurable disease response No. (%) No. (%)
ETS (positive [n = 31] v negative [n = 29]) 6 (42.9) 9 (52.9) .58 5 (50.0) 11 (57.9) .68 .94
DNA repair (defect [n = 16] v\WT/monoallelic 4 (80.0) 10 (90.9) 1.00 7 (36.8) 10 (40.0) .83 .64
[n = 44])
AR (amplified/mutated [n = 29] v normal 4 (36.4) 9 (50.0) .70 7 (63.9) 11(61.1) .69 .81
[n=31)
PTEN (mutated [n = 28] v normal [n = 32]) 5 (45.5) 7 41.2) .82 6 (46.2) 13 (68.4) 21 .31
TP53 (mutated [n = 24] v normal [n = 36]) 5 (50.0) 5 (35.7) .68 6 (42.9) 15 (68.2) 18 14
PIK3CA pathway (activated [n = 29] v normal 5 (45.5) 8 (44.4) .96 6 (46.2) 12 (66.7) 25 41
[n =231)
WNT pathway (activated [n = 8] v normal 0 (0.0) 3 (75.0) 14 11 (55.0) 17 (63.1) .90 .97
[n = 52])
PFS, months Median (95% Cl) Median (95% Cl)
ETS (positive [n = 41] v negative [n = 39]) 7.7 (2.7 to 19.5) 11.0 (7.4 t0 17.9) 29 13.8(8.2t016.6) 11.0 (5.5 t0 13.8) .33 .20
DNA repair (defect [n = 20] vWT/monoallelic 16.6 (13.5 to 19.5) 13.8 (8.2 to 32.9) .93 8.2 (3.9 t0 10.3) 8.1 (5.3 to 13.6) .79 .89
[n = 60])
AR (amplified/mutated [n = 41] v normal 8.3 (2.8 to 16.6) 8.8 (5.4 t0 13.8) .87 10.3 (6.7 to NR) 11.0 (6.4 t0 17.9) .60 .52
[n = 39))
PTEN (mutated [n = 34] v normal [n = 46]) 6.7 (2.6 to 19.5) 6.9 (2.8 t0 13.6) b5 135 (7.8t0 16.6) 13.8(8.1t0 19.2) .69 40
TP53 (mutated [n = 33] v normal [n = 47]) 8.3 (3.9t0 13.8) 5.7 (2.8 to 8.8) 30 135(2.7t016.6) 13.8(8.21017.9) .84 31
PIK3CA pathway (activated [n = 39] vnormal 8.3 (2.6 to 19.5) 11.0 (5.3 to 13.6) .62 13.8(7.7t016.6) 13.8 (7.4 t0 22.2) 77 .51
[n = 41])
WNT pathway (activated [n = 12] v normal 8.3 (1.9 t0 23.7) 16.5 (6.4 to 32.9) 74 8.8 (5.41t013.8) 11.0(7.41t013.8) .85 .80
[n = 68])

NOTE. Markers included but too small of a mutation/aberrant representative sample size by treatment arm for analysis: RB1, CHD1, SPOP, and ZFHX3.
Abbreviations: NR, not reached; PFS, progression-free survival; PSA, prostate-specific antigen.
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Table A7. Multivariable Analysis of PFS
Hazard Ratio (95% Cl)
Unadjusted Univariable Analysis Multivariable Cox Model
Covariate All Patients Sequenced Patients Only Sequenced Patients Only
Clinical
Treatment arm
Abiraterone + veliparib v abiraterone 1.00 (0.70 to 1.44) 1.04 (0.62 to 1.72) 1.00 (0.58 to 1.72)
ETS fusion status
Positive v negative 1.06 (0.72 to 1.56) 1.19 (0.73 to 1.95) 1.05 (0.60 to 1.83)
Prior ketoconazole 1.96 (1.11 to 3.46) 1.62 (0.79 to 3.31) 1.57 (0.74 to 3.36)
Age 1.02 (1.00 to 1.05) 1.04 (1.002 to 1.07) 1.04 (1.00 to 1.08)
Race
Black v white 0.87 (0.44 to0 1.73) 0.58 (0.23 to 1.44) 0.49 (0.18 to 1.34)
Other v white 0.65 (0.24 t0 1.78) 0.35 (0.09 to 1.44) 0.29 (0.07 to 1.31)
Performance status
Symptomatic v normal 2.00 (1.37 t0 2.92) 2.27 (1.35 to 3.80) 2.02 (1.16 to 3.563)
Baseline PSA (log transformed) 1.13 (1.00 to 1.27) 1.09 (0.92 to 1.29) 1.02 (0.88 to 1.19)
Previous chemotherapy 2.09 (1.39 to 3.13) 2.19 (1.31 to 3.66) 2.00 (1.12 to 3.564)
Previous enzalutamide 5.48 (1.98 to 15.2) Inf (2.0 to Inf) —
Biomarkers*
DNA repair (defect v WT/monoallelic) 0.52 (0.29 to 0.93) 0.51 (0.27 to 0.97)
AR (amplified/mutated v normal) 1.41 (0.86 to 2.31) 1.34 (0.80 to 2.23)
TP53 (mutated v normal) 1.88 (1.14 t0 3.12) 2.52 (1.30 to 4.89)
PTEN (mutated v normal) 1.82 (1.11 to 3.01) 1.61 (0.92 to 2.82)
PIK3CA pathway (activated v normal) 1.74 (1.05 to 2.87) 1.45 (0.79 to 2.68)
WNT pathway (activated v normal) 0.96 (0.50 to 1.85) 0.88 (0.44 to 1.74)
ARBT (mutated v normal) 1.32 (0.62 to 2.78) 1.47 (0.66 to 3.28)
CHD1 (mutated v normal) 0.31 (0.07 to 1.29) 0.39 (0.09 to 1.71)
SPOP (mutated v normal) 0.28 (0.07 to 1.15) 0.54 (0.09 to 3.40)
ZFHX3 (mutated v normal) 1.74 (0.74 to 4.09) 1.44 (0.57 to 3.63)
ETS fusion by sequencing (positive v negative) 1.19 (0.73 to 1.95) 1.24 (0.45 to 3.38)
Abbreviations: PFS, progression-free survival; PSA, prostate-specific antigen.
*Biomarkers were added separately and individually to the multivariable model containing clinical covariates.
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Table A8. Exceptional Responder Data

DRD Mutated Activated Mutated Prior Treatments PFS PSA (ng/mL) Bone Disease
Maximum
Progression Metastatic No. of Change in
Treatment (or Meximum ~ Confimed  Confirmed Biopsy Lesions at  Measurable
Patient ID Ste  Agelyears)  Race Group ETSFusions  DRD Genes AR PTEN TP53 Pk WNT SPOP CHDI Chemotherapy ~Other Ketoconazole ~ Months  Censored(0)  Baseline  Nadir  Change (%)  Response CR site Disease Site Baseline Disease (%)  Type of Lesion RECIST Comments
Sequenced
43 um 72 White A +V. - DRDBA  BRCAZ Y N N N N N Y None N N 44 [ 1129 01 -100 Y Y Liver Bone and visceral 24 -80 2 hepatic 1 hepatic mass had 80%
masses and reduction in size,
2iliac LNs and other hepatic
mass decreased
in size by 76%;
1 LN returned
to normal; 1 LN
decreased by
two thirds
53 CoH 66 White A +V. - DRDBA  BACAZ N N N N N N N None N N 39 1 1639 004 -100 Y Y N Bone and visceral 24 -81 5LNs 2 retroperitoneal LNs
retumed to normal;
nontarget pulmonary
nodule remained stable;
progression by new
liver metastases
85 um 53 Black A+V + DRDBA  AAD518, N N N N Y N N Other N N 3 1 552 39 -93 Y N N Bone = LN 59 -57 1IN Lateral external iliac
RAD51C N mass; progression
in LN mass
119 MDA 58 White A+ V + DRDBA  BRCAZ N N N N N N N Dogfcab N N 29 4 88 05 -94 Y N N Bone and visceral 59 46 2masses 1LN 2 masses reduced
approximately 40% each
LN shrank by 56%
125 COH 60 White A+ V - DRDMA  BRCAT N N N N N N N None Y N El 4 3386 205 -94 Y N N Visceral or other 0 -90 1 mass Pubic ramus-associated
soft tissue
3 CoH 80 Other A - wr N N N N N Y N None Y N 3 0 2588 00 -100 Y Y N Visceral or other 0 -100 Left upper Lung nodule
lung nodule went from 11 at
and 3 LNs baseline to 0 at
3-month scan;
LNs decreased from
first scan through 19.5-month
scan when CR
was attained; CR was
confirmed 3 months after
initial CR (22.5
months on trial)
70 COH 72 White A + wT e v Y Y N N N None Y N 2 [ 3974 013 -100 Y Y N LN only 0 -2 31LNs 1 LN remained
stable; 2 decreased; patient
continued receiving A
after departing trial
after 1 year and
remained stable
in follow- up.
82 COH 62 White A+V. + wT Amp Y Y Y N N N None Y N 27 1 192 00 -100 Y Y N Visceral or other 0 -58 1 nodule reduced
by 40%; 1 LN
reduced to normal;
1 LN decreased
and remained stable
107 UNC 75 Black A - wT N Y N Y N Y N None N N 3 [ 352 01 -100 Y Y N Bone = 1 -64 21LNs 1 LN reduced
from 33 10 11,
and other LN
reduced fiom 14 10 6
Not sequenced
20 CINg 64 White A + ND None N N 27 0 2087 042 -98 Y N Bone Bone 24
a4 CcoH 70 White A+ V - ND None N N 2 0 241 0 -100 Y Y Bone Bone = >20
29 ] 74 White A - ND None N N 5 0 93942 0008 -100 Y Y Bone Bone >20
77 NS 65 White A - ND None Y N £ 0 636 002 -100 Y Y Bone Bone = LN 24
102 COH 61 White A +V - ND None Y N 33 [ 15131 0 -100 Y Y Bone Bone * LN 59
13 UWASH 67 White A +V - ND None N N 31 0 095 003 -97 Y Y Bone Bone = LN 59
132 CINJ 62 White A +V + ND None Y N 32 0 1595 146 -99 Y N Bone Bone = LN 59
138 COH 74 White A +V ND None Y N 30 0 122 0 100 Y Y Bone Bone = LN 59
146 um 62 White A ND None N N 2 0 " 01 9 Y Y N LN only 0
162 um 60 White A ND None N N 2 1 97 01 9 Y Y Bone Bone and visceral 1020

NOTE. Exceptional responders were patients with > 24 months PFS and > 90% PSA response.

Abbreviations: A, abiraterone; amp, amplified; BA, biallelic; cab, cabozantinib; CG, copy gain; CINJ, Cancer Institute of New Jersey;
Indiana University; LN, lymph node; MA, monoallelic; MDA, MD Anderson; ND, not determined; NS, NorthShore; PFS, progression-free survival; PSA, prostate-specific antigen; RECIST, Response Evaluation Criteria in Solid Tumors; UM,

University of Michigan; UNC, University of North Carolina; UWASH, University of Washington; V, veliparib; WT, wild type.

COH, City of Hope; CR, complete response; doc, docetaxel; DRD, DNA-damage repair defect; IU,
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Abstract

Despite survival improvements achieved over the last two decades, prostate cancer remains lethal at the metastatic
castration-resistant stage (mMCRPC) and new therapeutic approaches are needed. Germinal and/or somatic alterations
of DNA-damage response pathway genes are found in a substantial number of patients with advanced prostate can-
cers, mainly of poor prognosis. Such alterations induce a dependency for single strand break reparation through the
poly(adenosine diphosphate-ribose) polymerase (PARP) system, providing the rationale to develop PARP inhibitors.

In solid tumors, the first demonstration of an improvement in overall survival was provided by olaparib in patients
with mCRPC harboring homologous recombination repair deficiencies. Although this represents a major milestone,

a number of issues relating to PARP inhibitors remain. This timely review synthesizes and discusses the rationale and
development of PARP inhibitors, biomarker-based approaches associated and the future challenges related to their

prescription as well as patient pathways.

Keywords: PARP inhibitors, Prostate cancers, Homologous recombination repair, DNA repair

Background
Prostate cancer is the second most common malignancy
and the fifth cause of cancer death in men, worldwide [1].
Despite survival improvements achieved using next gen-
eration hormonal therapies, chemotherapies or radionu-
clides [2], prostate cancer remains lethal at the metastatic
castration resistant stage (mCRPC). While androgen-
receptor (AR) signaling still plays a central role in their
development [3], a better understanding of the genomic
landscape has highlighted that DNA-damage response
(DDR) pathways may contribute to the progression of a
large number of advanced prostate cancers [4, 5] often
associated with worse prognosis [6].

DDR gene alteration induces a dependency on
poly(adenosine diphosphate-ribose) polymerase
(PARP)-1 for DNA repair, leading to cancer cell death
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when PARP-1 is inhibited. This synthetic lethality pro-
vides the rationale for using PARP inhibitors. Such treat-
ments have already shown substantial survival benefits as
maintenance therapy for patients with ovarian and pan-
creatic cancers or used in front line therapy in patients
with breast cancers [7-9]. While several PARP inhibitors
are still under development in prostate cancer, olaparib
has just demonstrated an improvement in overall survival
in patients with mCRPC harboring homologous recom-
bination repair deficiency [10].

While this represents a major milestone to achieve,
many issues remain unresolved regarding the efficacy of
other PARP inhibitors, the potential toxicity of combina-
tions, the panel of biomarkers to use, the mechanisms of
resistance or the promising role of platinum salt-based
chemotherapies. This review synthesizes and discusses
the main points regarding the rationale and development
of PARP inhibitors, the biomarker-based approaches
associated and the future challenges related to their pre-
scription as well as the patient’s pathway.
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permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
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to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
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From DNA-damage repair to the homologous
recombination deficiency in advanced prostate
cancer

DNA-damage repair

DNA-maintenance machinery allows genome stabil-
ity and prevents oncogenesis [11]. Single-strand breaks
(e.g., insertion, deletion and mismatches) (SSBs) are
repaired using base excision repair (BER), nucleo-
tide excision repair (NER) or mismatch repair (MMR)
processes. Those mechanisms are activated by various
regulatory factors such as poly ADP-ribose polymer-
ase (PARP), an ADP-ribosyl transferase, which con-
tribute to recruit BER or NER proteins on the DNA
strand break depending on the complexity of the point
mutation.

PARP is a family of 17 distinct proteins, in which
PARP 1 and 2 are involved in DNA repair [12]. PARP1
binds to damaged DNA gaps and, after conformational
change, induces PARylation [13]. PARP1 catalyzes the
polymerization of ADP-ribose units from NAD + (nico-
tinamide adenine dinucleotide) molecules and recruits
proteins of the DNA SSB repair system (BER or NER
systems) [14, 15]. Once a repair complex is recruited to
SSB, PARP1 is released from DNA.

When PARP1 is deficient, SSB cannot be repaired
[16]. Through the process of DNA replication, SSB con-
verts into a double-strand breaks (DSB), and the DSB
repair system is then required. Three mechanisms exist
to repair DSB: non-homologous end joining (NHEJ),
microhomology-mediated end joining (MME]) and
homologous recombination repair (HRR) [17]. HRR is
the most conservative of them, leading to a high-fidelity
repair by avoiding loss of information with the use of
the second chromosome as a template.

Homologous recombination repair (Fig. 1)

Following a DSB, ATM, a serine/threonine kinase, is
recruited and activated at the site. ATM activates, via
CHK2, a phosphorylation cascade of several targets
including BRCA1 [18]. BRCA1 recruits PALB2 which
attracts BRCA2 and RADS51 [19, 20]. This complex
induces the transfer of the broken sequence to the
respective undamaged sequence of the second chro-
mosome, allowing DNA restoration through a complex
cascade of many protein interactions. This core process
is called homologous pairing by strand invasion [21].
BRCA1 can also be activated through the Fanconi Ane-
mia (FANC) and BRIP1 pathway [22].
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Fig. 1 Homologous recombination repair pathways. Double-strand
breaks are detected by different proteins such as FANC complex
or ATM/CHEK2. They recruit homologous stand invasion effectors,
including BRCAT, BRCA2, PALB2 and RAD51, on the break site to carry
out a faithful DNA repair. DSB double-strand break, HRR homologous
recombination repair

Homologous recombination deficiency in metastatic
castration-resistant prostate cancer: prognostic impact

of germinal mutations

Ninety percent of mCRPC carry at least one clinically
actionable molecular alteration, with androgen recep-
tor (AR) pathways being the most frequently altered
(71%) [4]. Approximately 27% of mCRPC have a ger-
mline or a somatic alteration in BRCA2, BRCA1, ATM
or CHEK2 [5]. All HRR genes are tumor suppressors
and require both alleles to be inactivated in the tumoral
cell, with a complete loss of protein expression, accord-
ing to the Knudson two-hit hypothesis. The first allele
could either be constitutively or somatically inacti-
vated. The second hit could be due to another somatic
event, which leads to a complete loss of HRR system
within the cell. A copy neutral loss of heterozygosity
(LOH) with the loss of the wild-type allele is the most
common phenomenon. When tumors are diagnosed
with only one germline alteration without any other
mutant allele (either by somatic mutation or LOH),
HRR is still working and is not considered as a driver of
oncogenesis [23]. Taking into account both somatic and
germline mutations, BRCA2 (12-18%), ATM (3-6%),
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CHEK?2 (2-5%) and BRCAI (<2%) are the most com-
mon altered genes involved in HRR [4, 5].

In a cohort of patients with mCRPC, 11.8% presented
with a germline mutation in HRR genes, with an associ-
ated LOH in more than 90% of cases [24]. Interestingly,
this cohort did not reveal any association with age and
familial history of cancer, although most patients were
younger than 70 years old [24]. These germline mutations
represent roughly half of the cases of homologous recom-
bination deficient (HRD) mCRPC [5]. BRCA2 alterations
are still the most frequent, responsible for 5.3% of cases,
followed by ATM, CHEK2 and BRCAI (1.9, 1.6 and 0.9%,
respectively) [24].

Germline mutations of BRCA1/2 and ATM are asso-
ciated with worse prognosis in prostate cancer, while
to-date, somatic mutations are not shown to be [6, 25].
Patients with germline BRCA2 pathogenic variants have
a 20-fold risk of death related to prostate cancer [26].
ATM, a DNA-damage sensor gene, is frequently altered
in mCRPC. While a complete inactivation of BRCA2,
BRCA1 and PALB2 imprints a distinct mutational sig-
nature on genomes, there is no such a pattern with ATM
biallelic inactivation [27]. CHEK?2 is a checkpoint kinase
gene, activated by ATM and regulating BRCA1. The most
common pathogenic CHEK2 mutation, ¢.1100delC, has
been associated with an increased risk of lethal versus
indolent prostate cancers (respectively, 1.28% vs. 0.16%
P=0.004), giving a poor prognosis to this mutation [28].
Minor genes such as BRIPI, RADSID or PALB2 are
found in less than 0.5% of cases [29, 30].

Deleterious CDK12 alterations are enriched from local-
ized to advanced prostate cancers, occurring in 5-11% of
patients with mCRPC, and associated with worse prog-
nosis and high Gleason scores [31-33]. CDK12 is known
to inhibit intronic polyadenylation sites (frequent in HRR
genes sites), in order to keep the last exons within the
transcript and avoid truncated proteins. While correlated
to low expression of HRR genes, bi allelic CDK12 inac-
tivation was more recently shown to be associated with
a distinct subgroup of prostate cancers characterized by
focal tandem duplications and gene fusion-induced neo-
antigens all over the genome, as well as CD4+FOXP3—
tumor-invasive lymphocytes (i.e., likely to be permissive)
[28, 33]. In line with these pre-clinical data, a retrospec-
tive study suggested a better sensitivity of CDK12 altera-
tions to immune checkpoint inhibitors [31].

Alterations in HRR genes are present in a significant
proportion of patients with mCRPC, but their clini-
cal implication remains unclear. Recently, Castro et al
investigated the impact of germline mutations in HRR
genes in the prospective PROREPAIR-B study [34]. DDR
alterations were identified in 68 of 419 patients with
mCRPC (16.2%), including 14 with BRCA2, 8 with ATM,

Page 3 of 19

4 with BRCA1I and none with PALB2 or CHEK2 muta-
tions. The results did not show a difference in cause-
specific survival (CSS) between altered and non-altered
mCRPC (P=0.65). Conversely, CSS for patients with
BRCA?2 alterations was approximately halved compared
to non-carriers (17.4 months vs. 33.2 months, 95% CI
1.07-4.10, P=0.27). The authors conducted a post hoc
analysis to compare the CSS and PFS2 (second progres-
sion or death) according to BRCA2 status and sequence:
taxane-new hormonal therapy (NHT) or NHT-taxane.
After multivariate analysis it seemed that gBRCA2 carri-
ers had a shorter CSS and PFS2 compared to non-carri-
ers in the taxane-NHT sequence, while no difference was
observed in the NHT-taxane sequence. This suggests that
gBRCA?2 alterations are correlated with poorer progno-
sis, but that NHT may reverse this effect. These results
are reinforced by the retrospective study of Antonara-
kis et al, showing better progression-free survival (PFS)
and overall survival (OS) in patients with gBRCA/ATM
alterations treated with NHT as first line, compared to
non-mutated patients. The outcomes after first line NHT
did not appear better for patients with non-BRCA/ATM
germline alterations [35]. The results of these two stud-
ies need to be confirmed with larger groups of patients.
Similar studies regarding somatic HRR alterations were
not found.

Overall, a growing body of evidence showing a poorer
prognosis associated with germinal HRR gene aberra-
tions as well as mitigated results of standard treatments
in patients with prostate cancer, strengthened the ration-
ale to develop specific treatments such as PARP inhibi-
tors in this setting.

Development of PARP inhibitors in prostate cancer
used alone or in combination
Mechanism
PARP inhibitors (PARPi) are oral-targeted therapies,
which competitively bind to the NAD +sites of PARP1
and PARP2 inducing a catalytic inhibition (Fig. 2a, b).
Five different molecules are currently under develop-
ment or recently approved: olaparib, rucaparib, nira-
parib, veliparib and talazoparib. Their action inhibits the
PARylation, and thus, SSBs repair, leading to increase the
number of SSB within the cell (Fig. 3a). Unrepaired SSB
converts into DBS during the replication (Fig. 3b). When
used on HRD cells, PARPi induce a synergistic lethal
effect, increasing genomic instability enough to reach
tumor cell death. This phenomenon is called synthetic
lethality and is specific to tumor cells with complete HRD
(Fig. 2c). Catalytic inhibition has been observed in pros-
tate cancer cell lines [36, 37].

PARPi also trap PARP enzymes on DNA. The result-
ing DNA-PARP complexes block the replisome during
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Fig. 2 PARP inhibitors action mechanisms. Catalytic lethality. a PARP is recruited on single-stand breaks (SSB) and PARylates to recruit base-excision
repair (BER) agents to repair SSB. b PARPi are competitive inhibitors of PARP and prevent PARylation from occurring. So, BER systems are not
recruited and SSB is not repaired, allowing synthetic lethality. Trapping lethality. ¢ Nascent DNA on replication forks is protected from nuclease
action by a BRCA1/2 shield. d Inactivated PARP is locked on SSB; thus, the replication fork gets stale. In BRCA1/2 deficient cells, nucleases have the

replication, in a way that only HRR can resolve (Fig. 2c,
d) [36]. BRCA1l, BRCA2 and PALB2 are not only
involved in HRR, but also stabilize stalled replication
forks. BRCA1/2 or PALB2 loss destabilizes replication
forks, and this effect is potentialized by PARPi trap-
ping, in a synthetic lethality process [38]. Thus, PARPi
trapping has a cytotoxic action in HRD cells, and more
accurately on BRCA1, BRCA2 or PALB2 deficient cells.
Potency of trapping varies according to the molecule of
PARPi used (e.g., major for talazoparib) [36, 37].

PARP inhibitors as single agents

According to the preclinical rationale described above,
PARPi were firstly developed as single agents in mCRPC.
The main clinical studies are summarized in Table 1.

Olaparib

Olaparib was the first PARPi to be described. After
promising results reported in phase I, fifty patients with
mCRPC were enrolled in a phase II study (TOPARP-A)
[39]. They had received at least one chemotherapy regi-
men, and 98% were previously treated with abiraterone
or enzalutamide. The primary endpoint was the compos-
ite response rate (CRR), defined as an objective radio-
logical response (ORR) based on the response evaluation
criteria in solid tumors (RECIST), or a reduction of at
least 50% of the PSA level, or a decrease in the circulating
tumor cell (CTC). Of the 49 patients assessed for CRR,
seven had BRCA2 and four had ATM alterations. Other
HRR aberrations were seen in BRCAI, CHEK2, FANCA,
HDAC2 or PALB2 genes. Fourteen of the 16 patients
(88%) with HRR alterations had a CRR compared to 6%
for the patients without HRR deficiencies. Olaparib was
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well tolerated; grade 3 or 4 adverse events were primar-
ily anemia (20%), fatigue (12%) and leukopenia (6%).
Using next-generation sequencing (NGS), TOPARP-B
selected 161 (27%) patients with HRR gene alterations
among 592 patients with mCRPC treated with at least
one chemotherapy, and eligible for NGS analysis, [40].
Given the dose/response relationship for olaparib [41,
42], ninety-eight patients were randomly assigned in 2
cohorts: one receiving olaparib 400 mg twice daily and
the other 300 mg twice daily. The primary endpoint was
CRR defined with the same criteria as TOPARP-A. A
confirmed CRR was observed in 54.3% of the patients in
the 400 mg arm, compared to 39.1% in the 300 mg cohort
with, in return, higher toxicity in the 400 mg arm (3 times
more patients requested a dose reduction in the arm
400 mg mostly due to anemia). A preplanned subgroup
analysis showed that the highest CRR was observed in
the BRCA1/2 subgroup (83.3%), then PALB2 (57.1%),
both effectors of the HRR system. ORR was 52.4% and
33.3% for BRCA1/2 and PALB2 subgroups, respectively.
The CRR was lower in the ATM and CDKI2 subgroups
(36.8% and 25.0%, respectively), and moreover, almost no
radiological or PSA responses were observed. The effect
of olaparib in the CDK12 subgroup might be influenced
by an imbalance with more alterations in groups with

lower doses. While radiological and biological responses
are commonly used in daily practice, the value of CTC
conversion as a biomarker of response is still under eval-
uation, even if, in this trial, CTC conversion was associ-
ated with better radiographic PFS (rPES) and OS. Thus,
the CRR for the ATM and CDKI2 subgroups should be
interpreted with caution.

TOPARP studies confirmed that Olaparib used alone
was more efficient in HRR deficient mCRPC. Moreo-
ver, the efficacy in terms of CRR seemed to be higher for
effector genes of the HRR system (BRCA, PALB2) than
sensors (ATM, CDK12).

Building on these results, the PROfound study was
designed [43]. This phase III trial compared olaparib to
NHT in patients with mCRPC progressing after at least
one treatment with enzalutamide or abiraterone. Previ-
ous taxane chemotherapy was allowed. Patients were
included if an alteration (mono- or bi-allelic) in at least
1 of the 15 prespecified HRR genes (BRCAI, BRCA2,
ATM, BRIP1, BARDI, CDK12, CHEKI, CHEK2, FANCL,
PALB2, PPP2R2A, RADSIB, RAD5SIC, RADSID, and
RADS4L) was found. Patients with an alteration in
BRCA1, BRCA2 or ATM were assigned to cohort A, and
patients with alterations in any of the 12 other genes were
allocated to cohort B. The primary endpoint was the



Table 1 Phase Il or Il trials using PARP inhibitors alone to treat prostate cancers

CTID Treatment Phase No. patients Disease status Mandatory HRR Determination Primary endpoints Results
or estimated status for inclusion method for HRD
enrollment
NCT01682772/ Olaparib 2 50 mCRPC after at least  No Tumor Composite response  All comers: 33%
TOPARP-A docetaxel rate® HRD: 88%
NCT01682772/ Olaparib 2 98 mCRPC after at least  Bi-allelic deleterious ~ Tumor Composite response  BRCA1/2: 83%, ORR:
TOPARP-B docetaxel HRD rate® 524%
Preplanned second-  PALB2:57%, ORR: 33.3%
ary endpoint: ORR  ATM: 37%, ORR: 8.3%
CDK12: 25%, ORR: 0%
NCT02987543/PRO-  Olaparib versus NHT 3 778 mCRPC after at least  Bi- or mono-allelic Tumor Radiographic PFS rPFS:
found 1 NHT somatic or germline Preplanned second-  BRCA/ATM: 7.4 months
deleterious HRD ary endpoint: OS versus 3.6mo,
HR=0.34 (95% Cl
0.25-047)
General HRD:
5.8 months
versus 3.5 months,
HR=0.49 (95% Cl
0.38-0.63)
0S:
BRCA/ATM:
19.1 months
versus 14.7 months
HR=0.69 (Cl 95%
0.5-0.97)
No-BRCA/ATM:
14.1 months
versus 11.5 months
HR=0.96 (CI 95%
0.63-1.49)
NCT03432897/ Olaparib 2 13 High-risk localized PC  Deleterious HRD? Tumor or plasma PSA response rate Recruiting
BruOG-337 prior prostatec-
tomy
NCT03047135 Olaparib 2 50 Castration Sensi- No Undescribed method  PSA response rate Recruiting
tive Biochemically
Recurrent nmPC
NCT03434158 / Olaparib as maintenance 2 27 mCRPC after at least  Deleterious HRD? Undescribed method Radiographic PFS Recruiting
IMANOL therapy after docetaxel docetaxel
NCT03012321/BRCA-  Olaparib versus abirater- 2 70 mMCRPC, Tst line No Tumor PFS Recruiting
Away one versus abirater-
one + olaparib
NCT03263650 Olaparib maintenance 2 123 Aggressive variant PC - No Not performed PFS Ongoing, not recruit-

after cabazitaxel-carbo-
platin combination

ing
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Table 1 (continued)

CTID Treatment Phase No. patients Disease status Mandatory HRR Determination Primary endpoints Results
or estimated status for inclusion method for HRD
enrollment
NCT02854436/GALA-  Niraparib 2 291 mCRPC after at least 1 Bi-allelic HRD or ger- ~ Tumor or plasma ORR BRCA: 41%
HAD chemotherapy and mline pathogenic Non-BRCA: 9%
1 NHT BRCA1/2 alteration®
NCT04288687 Niraparib 2 18 mCRPC, platine Deleterious HRD? Undescribed method  Radiographic PFS Not yet recruiting
sensitivity
NCT04037254 ADT 2 180 High-risk localized PC No Not performed Disease-free survival ~ Ongoing, not recruit-
(24 months) +RT + nira- ing
parib (12 months)
NCT04030559 Niraparib for 3 months 2 30 High-risk localized PC, Bi- or mono-allelic Undescribed method Pathologic response  Recruiting
prior prostatectomy  deleterious HRD rate
NCT02952534/TRI- Rucaparib 2 193 mCRPC after at least 1 Bi- or mono-allelic Tumor or plasma ORRand PSA SBRCA1/2:43.9%, PRR:
TON-2 chemotherapy and somatic or germline response rate (PRR) 50.7%
1 NHT deleterious HRD gBRCA1/2:42.9%, PRR:
61.4%
ATM: 10.5%, PRR: 4.1%
CDK12:0%, PRR: 6.7%
CHEK12:11.1%, PRR:
16.7%
NCT02975934/TRI- Rucaparib versus NHT or 3 400 mCRPC, after 1 NHT,0 Deleterious BRCA1/2  Undescribed method Radiographic PFS Recruiting
TON-3 docetaxel chemotherapy or ATM alteration®
NCT03413995/TRI- Rucaparib 2 30 mCSPC unfit/unwill-  Germline HRD Undescribed method = PSA response rate Recruiting
UMPH ing ADT alteration®
NCT03442556/PLATI-  Rucaparib maintenance 2 20 mCRPC Bi- or mono-allelic Tumor or plasma Radiographic PFS Recruiting
PARP after docetaxel—carbopl- deleterious HRD
atin combination
NCT03533946/ROAR  Rucaparib 2 32 nmCSPC Deleterious HRD? Tumor or plasma PSA response rate Recruiting
NCT03148795/TAL-  Talazoparib 2 100 mCRPC after at least T Mono- or bi-allelic Tumor ORR BRCA: 50%
APRO-1 chemotherapy and HRD (CDK12 ATM: 7%
1 NHT excluded) Other HRD: 0%

ATM: ataxia telangiectasia mutated, sBRCA: somatic deleterious mutation of BRCA. gBRCA: germinal deleterious mutation of BRCA, mCRPC metastatic castration-resistant prostate cancer, mCSPC metastatic castration-
sensitive prostate cancer, nmPC non-metastatic prostate cancer, nmCSPC non-metastatic castration-sensitive prostate cancer, ADT androgen deprivation therapy, NHT new hormonal therapy, HRR homologous
recombination repair, HRD homologous repair deficiency, CTID clinical trial identification, PC prostate cancer, PFS progression free survival, ORR objective response rate, PSA response rate: decline of more than 50%, RT

radiotherapy

2 Mono- or bi-allelic status not specified

b Germline or somatic alteration specified

¢ Composite response rate: response according to RECIST or PSA reduction >50%, or reduction of circulating tumor cells to less than 5/7.5 mL of blood confirmed 4 weeks later
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imaging-based PES in cohort A. If the primary objective
was reached, testing of key secondary endpoints had to
be performed in a hierarchical manner: ORR in cohort A,
rPES in the overall population, time to pain progression
in cohort A and OS in cohort A. Crossover to olaparib
was allowed after blinding central review imaging-based
progression. After analysis of 2792 samples, 778 (28%)
patients were randomly assigned in a 2:1 ratio to receive
olaparib at a dose of 300 mg twice daily (162 patients
in cohort A, 94 patients in cohort B) or the physician’s
choice between enzalutamide or abiraterone (83 patients
in cohort A, 48 patients in cohort B). Primary endpoint
was reached and the median imaging-based PFES in the
cohort A was longer in the olaparib group (7.4 months vs.
3.6 months, Hazard Ratio (HR) 0.34, 95% CI 0.25-0.47,
P<0.001). The ORR, assessed by blinded, independent,
central review, among evaluable patients of the cohort
A was 33% in the olaparib group and 2% in the control
group. PFS was also longer in the overall population
(cohort A and B) for the experimental group (5.8 months)
compared to the control group (3.5 months), P<0.001.
A statistically meaningful better OS was subsequently
reported for patients receiving olaparib in cohort A than
those treated with NHT (19.1 months vs. 14.7 months,
HR 0.69, 95% CI 0.50-0.97, P=0.0175) [10]. Among
patients in the control group, with imaging-based disease
progression, 81% crossed over to receive olaparib, and
the sensitivity analysis adjusting for the crossover showed
an HR of 0.42 (95% CI 0.19-0.91). No difference was
observed before or after adjustment for crossover (HR
0.96; 95% CI 0.63—1.49) for cohort B.

The PROfound study is the first trial showing an
improvement in OS for mCRPC with an alteration in
BRCA1/2 or ATM genes, treated with PARPi, after at
least the use of NHT, even if a substantial crossover was
observed. In addition, olaparib significantly improved
time to pain progression, a key secondary endpoint (HR
0.44; 95% CI 0.22-0.91, P=0.0192), and was associated
with better health-related quality of life (HRQoL) func-
tioning over time, compared with NHT [44, 45]. These
patient-reported outcomes are of importance in the set-
ting of advanced prostate cancer. However, even if prom-
ising CRR rates were reported by TOPARP studies as well
as rPFS regarding ATM altered patients, the inclusion
in the same cohort of ATM and BRCA is questionable
given function differences and marginal results in other
phase III studies. A large retrospective study [46] and the
CARD randomized phase III trial [47] showed that not
delaying chemotherapy for eligible patients improves sur-
vival. Given these results, a standard arm allowing doc-
etaxel may have been more appropriate. Indeed, 35% of
the patients allocated to the standard arm received two
consecutive NHT, but no taxane-based chemotherapy,
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making the control group weaker. However, the PRO-
found trial was designed prior to these retrospective
and CARD data [46, 47]. Other ongoing phase II stud-
ies, evaluating olaparib as maintenance therapy following
chemotherapy for mCRPC, or as a single agent for local-
ized prostate cancers, are reported in Table 1.

Niraparib

Niraparib is another PARP1/2 inhibitor with higher trap-
ping potency and cytotoxicity than olaparib [36]. GALA-
HAD is an ongoing open-label phase II study evaluating
niraparib in patients with mCRPC and HRR deficiency,
progressing after taxane and NHT. HRR deficiency
was defined as a biallelic alteration in BRCA1/2, ATM,
FANCA, PALB2, CHEK?2, BRIP1, or HDAC2 assessed by
a plasma or tissue-based test. Patients received 300 mg
of niraparib daily. The primary endpoint was the ORR.
A CRR, defined as ORR, conversion of CTC, or more
than 50% decline in PSA level, was evaluated. Prelimi-
nary results were recently reported, regarding a popu-
lation of 81 patients with a biallelic HRR deficiency (46
BRCA1/2 and 35 non-BRCA) [48]. Of the 51 patients
with a measurable disease, the ORR in the “BRCA
group” was 41% (95% CI 23.5-61.1%) compared to 9%
(95% CI 1.1-29.2%) in the “non-BRCA group”; and the
CRR was 63% (95% CI 47.6-76.8%) compared to 17%
(95% CI 6.6—-33.7%), respectively. Median PFS and OS in
BRCA were 8.2 months (95% CI 5.2—-11.1 months) and
12.6 months (95% CI 9.2—15.7 months), respectively, ver-
sus 5.3 months (95% CI 1.9-5.7 months) and 14.0 months
(95% CI 5.3-20.1 months) in non-BRCA. Grade 3 and 4
adverse events were mostly hematologic with anemia
(29%), thrombocytopenia (15%) and neutropenia (7%),
managed with dose reduction or interruption.

GALAHAD is a phase II study with a small number of
patients. Thus, results on efficacy need to be interpreted
cautiously. As for olaparib, niraparib seems to be more
efficient in BRCA-altered patients. Efficacy is in the same
order of magnitude as olaparib (ORR of 52.4% and 41%
for BRCA groups in TOPARP-B and GALAHAD, respec-
tively) even if we would expect a greater effect in a pure
biallelic population. Toxicity was manageable and similar
to olaparib.

Three other ongoing phase II studies evaluating nira-
parib as monotherapy are reported in Table 1. One for
mCRPC and two for localized prostate cancer. To date,
there is no phase III study investigating niraparib as
monotherapy.

Rucaparib

Rucaparib has a cytotoxic power and trapping efficacy
comparable to olaparib [37]. The TRITON-2 phase 2
trial evaluated rucaparib 600 mg twice daily in patients
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with  mCRPC and mono- or bi-allelic deleterious
somatic or germline alteration in HRR genes (BRCAI,
BRCA2, ATM, BARDI1, BRIPI, CDKI12, CHEK2,
FANCA, NBN, PALB2, RAD5I1, RADSIB, RADS5IC,
RADS5ID, or RAD54L). Alterations were tested on
plasma or tumor tissue. Patients had a progression
after one or two NHT and one taxane-based chemo-
therapy. Primary outcomes were the ORR and the PSA
response rate. One hundred and fifteen patients had
a BRCA1/2 alteration (44 germline, 71 somatic) [49].
The ORR was 43.5% (95%CI 38.1- 63.4%) for the 62
ORR-evaluable patients; no differences were observed
between germline and somatic mutated patients. With
a median follow-up of 17.1 months, the median dura-
tion of response was not reached yet. The PSA response
rate was 54.8% (95% CI 45.2-64.1%). PSA responses
seemed smaller in the BRCAI (15.4%; 2 of 13 patients)
or mono-allelic patients (11.1%; 1 of 9 patients) com-
pared to BRCA2 (59.8%; 61 of 102 patients) or biallelic
patients (75.0%; 27 of 36 patients) (although these are
small populations). Seventy-eight patients had a non-
BRCA HRR alteration [50]. The PSA response rate was
4.1%, 6.7% and 16.7% in the ATM group (49 patients),
CDK12 cohort (15 patients) and CHEK2 group (12
patients), respectively. The ORR was 10.5% in the ATM
group (19 evaluable patients), 0% in the CDKI2 cohort
(10 evaluable patients), and 11.1% in the CHEK2 group
(9 evaluable patients). Of the 14 evaluable patients
with other HRR gene alterations, 4 (28.6%) had a radi-
ographic response and 5 (35.7%) had a PSA response.
Encouraging results are seen for PALB2, BRIPI and
RADSI. Indeed, both patients with a PALB2 alteration
had PSA responses and one had a partial radiographic
response. One of the 2 BRIPI-altered patients and a
patient with an RADS5IB alteration had radiographic
and PSA responses, both ongoing [50]. Adverse events
were comparable to other PARPi.

Again, these results suggest that BRCA1/2 and PALB2,
both effectors of HRR, are interesting targets, while
ATM, CDK12 and CHEK?2, sensors of HRR, may be less
directly involved. The other non-BRCA HRR genes war-
rant further investigation. This is the first phase II study
comparing mono- and biallelic, somatic and germline
altered patients. The results, even with small cohort of
patients, raise hypotheses for further investigations sug-
gesting better efficacy for biallelic altered patients and no
differences between somatic and germline status.

The TRITON-3 study (NCT02975934) is an ongo-
ing phase III trial comparing rucaparib versus abira-
terone, enzalutamide or docetaxel (physician’s choice)
after 1 NHT but no chemotherapy, for patients with
mCRPC and a deleterious mutation of BRCA1/2 or ATM
(Table 1).
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Talazoparib

Talazoparib is the PARPi with the strongest trapping effi-
ciency [37]. Its efficacy is 20- to 200-fold greater than the
others [51]. TALAPRO-1 is an ongoing phase II trial eval-
uating talazoparib 1 mg daily in patients with mCRPC
and mono- or bi-allelic HRR gene alterations (CDKI2
was not considered as an HRR gene). They have received
at least one taxane-based chemotherapy regimen and
one or more NHT. Interim results were recently reported
with 113 patients having received talazoparib and 75
patients evaluable for the primary endpoint of ORR (41
BRCA1/2, 3 PALB2, 17 ATM and 14 patients with other
HRR gene alterations) [52, 53]. In the BRCA, PALB2
and the ATM groups, ORR was 43.9%, 33.3% and 11.8%,
respectively. No response was observed in the other HRR
groups. Most common adverse events were slightly more
frequent than other PARPi, namely anemia (42.5%, all
grades) and nausea (32.7%, all grades) [53].

With these convincing results, PARPi are becom-
ing accepted as options to treat patients with mCRPC.
BRCA1/2 alterations are predictive of response to PARPi
and are the best candidates for treatment, irrespective
of somatic or germinal status. The biallelic inactivation
also appears to be important, with most of the responses
observed in this group. More studies are awaited to
support these statements and will not only explore the
PARPi efficacy earlier in the medical care (i.e., mCSPC or
localized prostate cancers) but also in combination with
other drugs.

Treatment combination with PARP inhibitors

Even if sustained efficacy is observed with PARPi used
alone, primary and secondary resistances are seen. To try
to potentiate their action, trials are underway to evaluate
the use of PARPi in combination with other drugs. The
main studies are summarized in Table 2.

PARP inhibitors and new hormonal therapies

In 2013, Polkinghorn et al. showed that AR regulates a
transcriptional program of DNA repair genes and that
NHT results in downregulation of DNA repair genes
[54]. Moreover, Schiewer et al. demonstrated, using dif-
ferent cell lines and xenografts, that PARP-1 promotes
AR functions [55]. Recently, two studies confirmed the
association between AR, HRR and PARP, on cell lines
and xenografts. They showed that androgen depriva-
tion therapy (ADT) or enzalutamide could result in a
state of BRCAness leading to sensitivity to PARP inhi-
bition of prostate cancer cells [56, 57]. Based on these
results Clarke et al. assessed the synergy between
olaparib and abiraterone in a randomized phase II
study [58]. One hundred and forty-two patients with
mCRPC, who previously received docetaxel but not



Table 2 Phase Il or lll trials using PARP inhibitors in combination to treat prostate cancers

CTID Treatment Phase No. patients Disease status Mandatory HRR status  Determination Primary endpoints Results
or estimated for inclusion method for HRD
enrollment
NCT01972217 Abiraterone £ olapa- 2 142 mCRPC after doc- No Plasma or blood or Radiographic PFS 13.8 months (com-
rib etaxel, no prior NHT tumor bination) versus
8.2 months (control),
P=0.034,HR=0.65
(C195% 0.44-0.97)
NCT03732820/PROpel  Abiraterone £ olapa- 3 720 mCRPC, Tst line No Tumor Radiographic PFS Ongoing, not recruiting
rib
NCT02484404 Olaparib+dur- 2 17 mCRPC after 1 NHT No Not performed Clinical efficacy PSA response rate:
valumab 53%, Radiographic
response: 44%
Radiographic PFS: 16.1
months
NCT02861573/KEY- Olaparib + pembroli- 2 41 mCRPC after atleast ~ No Not performed PSA response rate, PSA response rate: 13%
NOTE-365 cohort A zumab docetaxel safety
NCT03834519/KEY- Olaparib + pembroli- 3 780 mCRPC after CTand ~ No Not performed OS, radiographic PFS  Recruiting
LINK-010 zumab vs NHT 1 NHT
NCT03810105 Olaparib+dur- 2 32 Castration Sensi- Bi- or mono-allelic Undescribed method ~ Number of undetect-  Recruiting
valumab tive Biochemically deleterious HRD able PSA
Recurrent nmPC
NCT04336943 Olaparib+dur- 2 30 Castration Sensi- Deleterious HRD, Undescribed method ~ Number of undetect-  Recruiting
valumab tive Biochemically bi-allelic CDK12 able PSA
Recurrent nmPC alteration, MSI?
NCT03787680 /TRAP  Olaparib+ ATRi 2 45 mCRPC after doc- Cohort 1: no Tumor or blood ORR in DNA repair Recruiting
(AZD6738) etaxel or 1 NHT Cohort 22 HRD proficient patients
NCT03516812 Olaparib + testos- 2 30 mMCRPC after 1 NHT, 50% with® deleteri- Tumor or blood PSA decrease, AES Recruiting
terone no chemotherapy ous HRD, 50% with
competent HRR
NCT02893917 Olaparib = cediranib 2 90 mCRPC after 2 lines of No Not performed Radiographic PSA Ongoing, not recruiting
treatment
NCT03748641/MAG-  Abiraterone % nira- 3 1000 mCRPC, Tst line No Tumor Radiographic PFS Recruiting
NITUDE parib
NCT04497844/AMPLI-  ADT + abirater- 3 788 mCSPC No Tumor Radiographic PFS Recruiting
TUDE one = niraparib
NCT03431350 Niraparib + cetrelimab 1-2 148 mCRPC after 1 or 2 No Not performed ORR and AES Recruiting
or niraparib + abira- NHT
terone
NCT04455750/CASPAR  Enzalutamide = ruca- 31002 mCRPC, Tst line No Tumor Radiographic PFS Not yet recruiting
parib and OS
NCT03338790/Check-  Nivolumab +ruca- 2 330 mCRPC No Not performed ORR and PSA Ongoing, not recruiting
Mate 9KD parib/enzalutamide/ response rate

docetaxel
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Table 2 (continued)

CTID Treatment Phase No. patients Disease status Mandatory HRR status  Determination Primary endpoints Results
or estimated for inclusion method for HRD
enrollment
NCT03395197 (TAL- Enzalutamide + tala- 3 1037 mCRPC, Tst line No Not performed Radiographic PFS Recruiting
APRO-2) zoparib
NCT04332744/7Z-first  ADT + enzaluta- 2 54 mCSPC high volume  No PSA complete Recruiting

mide = talazoparib

response rate

CRPC metastatic castration-resistant prostate cancer, nCSPC metastatic castration-sensitive prostate cancer, nmPC non-metastatic prostate cancer, NHT new hormonal therapy, HRR homologous recombination repair,

HRD homologous repair deficiency, CTID clinical trial identification, PFS progression free survival, ORR objective response rate, OS overall survival, PSA response rate: decline of more than 50, AES adverse events. ATRi:
ceralasertib: orally available inhibitor of ataxia telangiectasia and rad3 related (ATR) kinase

@ Mono- or bi-allelic status not specified
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any NHT, were blindly randomized between abirater-
one with placebo, and abiraterone with olaparib. Only
21 patients (15%) had confirmed or suspected HRR
alteration (allelic status not known), 35 patients (25%)
were classified as HRR wild-type, and 86 (61%) had
partially characterized HRR status (HRR wild-type by
plasma and/or germline test, but no valid tumor test,
or no valid tumor, plasma and germline test). There
was a significant improvement of rPFS in the combina-
tion arm compared to the control arm (13.8 months vs.
8.2 months, P=0.034). The predefined subgroup analy-
sis for HRR-altered patients and HRR-wild type ones
was not significant, probably due to the small popula-
tion. Results for OS were immature by the data cut-
off, and no statistically significant differences could be
seen. The toxicity of the combination was high, i.e., 54%
of the patients experienced grade 3 or more adverse
events in the experimental arm versus 28% in the com-
parator arm. Seven patients (10%), aged 66—88 years
old, in the combination arm had serious cardiovascu-
lar events (4 myocardial infarctions, 1 fatal cardiac fail-
ure, 1 chronic cardiac failure, 1 fatal ischemic stroke)
compared with 1 thrombotic stroke in the control arm.
At baseline, 62% and 56% had cardiovascular risk fac-
tors in the combination and comparator arms, respec-
tively. Of note, median treatment duration was longer
in the combination arm (338 days vs. 253 days for abi-
raterone in each arm, 309 days for olaparib vs. 253 days
for placebo). This study shows a synergistic interaction
between NHT (abiraterone) and PARPi (olaparib), even
in the absence of HRR alteration, strengthening the
hypothesis that NHT induce a BRCAness state in pros-
tate cancers. However, a relatively high cardiovascu-
lar toxicity is observed (10%) in the combination arm,
leading to death in almost 3% of cases. Thus, the asso-
ciation should be used with caution in patients with
cardiovascular history.

Based on these results, the ongoing phase III trial PRO-
pel (NCT03732820) randomizes patients with mCRPC
between abiraterone with olaparib and abiraterone with
placebo, as first-line treatment, irrespective of HRR sta-
tus. The primary endpoint is rPFS; secondary endpoints
include OS and health-related quality of life. The effect of
HRR alteration will be studied in exploratory analyses.

Several ongoing studies are evaluating the associa-
tion of a PARPi combined with NHT with mainly rFPS
as primary endpoint. MAGNITUDE (NCT03748641)
and AMPLITUDE phase III trials (NCT04497844) ran-
domize patients with advanced prostate cancer between
abiraterone or abiraterone and niraparib in castration
resistance and castration sensitive setting, respectively.
The CASPAR trial (NCT04455750) is investigating a
combination of enzalutamide and rucaparib compared
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to enzalutamide in patients with mCRPC (irrespective of
HRR status). Talazoparib is being evaluated in associa-
tion with enzalutamide in the TALAPRO-2 trial.

Veliparib is the PARPi with the lowest trapping activ-
ity [36] and has only been tested in combination with
other treatments in mCRPC. A phase II trial aimed to
assess the association of abiraterone and veliparib in
patients with mCRPC irrespective of HRR status [59].
Patients were randomly assigned to receive abiraterone
(arm A) or abiraterone with veliparib (300 mg twice per
day, arm B). There were no statistically significant differ-
ences between the 2 arms regarding PSA response (arm
A:63.9% and arm B: 72.4%, P=0.27) or median PFS (arm
A:10.1 months and arm B: 11 months, P=0.99). To date,
there is no other ongoing trial investigating veliparib in
prostate cancer.

PARP inhibitors and immunotherapy

Several preclinical studies give strong rationale for using
immunotherapy. Indeed, PD-L1 expression rises from
localized to mCRPC [60], is higher in aggressive primary
prostate cancers [61] and is more frequently expressed
in dendritic cells of patients progressing under enzalu-
tamide [62], suggesting immune escape as a progression
pathway in prostate cancer. However, after a promising
start and demonstration of improvements in OS in 2010
with the injection of activated autologous peripheral-
blood mononuclear cells [63], the outcomes provided by
immune check-point inhibitors remain mixed [64—66].

A recent study has shown that PARPi could act as
immunomodulatory agents in DDR-mutated cells [67].
PARPi induce accumulation of cytosolic DNA fragments,
that activate the cGAS/STING pathway, stimulating the
innate immune system through an interferon-mediated
response. Interferon (IFN) induces PD-L1 expression,
limiting the cytotoxic immune response, which could
be overcome by PD-L1 blockade. Recently, the phase II
KEYNOTE-199 study, investigating pembrolizumab in
patients with mCRPC refractory to docetaxel, showed
that DDR deficiency could be a marker for response to
immunotherapy [66]: over the 9 patients with a response
and a tumor sample, 6 had an evaluable whole-exome
sequencing data. Out of these 6 patients, 4 had a DDR
gene alteration (1 multiple alteration including BRCA2,
FANCA, and RADS54 alterations; 2 with TP53 alteration,
and 1 with a BRCA2 alteration).

Based on these results, several studies combin-
ing immunotherapy and PARPi are ongoing. The first
phase II study to be published included 17 patients
with mCRPC that had progressed after previous NHT,
irrespective of HRR status treated by durvalumab and
olaparib [68]. Nine patients (53%) had a PSA decline
of more than 50%, and over the 13 RECIST-evaluable
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patients, 4 (30.8%) had an objective response. Of the
nine patients with a PSA decline, 6 had a biallelic
BRCA2 alteration. The PSA response rate was 100%
(6/6) in case of a biallelic BRCA2 alteration com-
pared to 27% (3/11) in the absence of a biallelic HRR
alteration. Three of the 8 non-responder patients had
a monoallelic BRCA2 shallow deletion, and one had a
shallow deletion of BRCA2, combined with a variant of
uncertain significance of BRCA2. Grade 3—-4 adverse
events were comparable to the previous PARPi studies
(i.e., anemia 24%, lymphopenia 12% and nausea 12%).
Four patients had immune-related adverse events
manageable with corticosteroids. Even if PARP inhibi-
tion was shown to increase PD-L1 expression, particu-
larly in BRCA2 depleted cells [69], the cohort of this
preliminary study suggests that most of the efficacy is
seen in the BRCA2-altered population and therefore
may only come from olaparib with no advantage of the
addition of durvalumab.

More recently, preliminary results from the phase
Ib/II KEYNOTE-365 study were reported: 41 patients
with heavily pretreated mCRPC (irrespective of DDR
alterations) were included in cohort A, to receive
olaparib and pembrolizumab at usual doses [70]. None
of the patients had HRR genes alteration. The com-
posite response rate (radiographic, or PSA or CTC
response) was 15%. Twenty-one patients (51%) experi-
enced grade 3 or more adverse events (mostly anemia,
nausea and fatigue). The CRR of this study was low. It
was the same as for patients without HRR alterations
in the TOPARP-A study (6%), but with higher toxicity
[39]. However, longer follow-up is needed.

The ongoing KEYLINK-010 study (NCT03834519)
is the only phase III trial combining immunotherapy
and PARPi in patients with mCRPC (unselected for
HRR gene alterations), previously treated with doc-
etaxel and one NHT. Patients are randomly assigned to
receive pembrolizumab with olaparib, or investigator’s
choice of NHT (abiraterone or enzalutamide, accord-
ing to previous NHT).

Early results of the association of olaparib with
immunotherapy are mixed. With variable toxicities,
the additive or synergistic effects of such a combi-
nation, especially in HRR-altered patients, remain
unclear. However, results presented are preliminary
with a median follow-up under one year, as it is known
that some patients can respond for a long time, as
observed in a phase III clinical trial using ipilimumab
[71]. Results with a larger phase III population and a
longer follow-up will help us to explore the associa-
tion. Other ongoing phase II trials combining immu-
notherapy with olaparib, niraparib or rucaparib are
listed in Table 2.
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Other combinations

Chemotherapies are tested as combination partners
for PARPi. The most frequently used chemotherapies
are DNA-damaging agents, such as platinum or other
alkylating agents to enhance dependency on PARP
enzymes, or topoisomerase inhibitors to freeze the fork
and increase trapping cytotoxicity [72]. Early promising
efficacy has been seen in ovarian cancers with, in return,
a higher toxicity [73]. Since then, most PARPi are devel-
oped as maintenance therapies after chemotherapy. To
date, the efficacy of the veliparib—temozolomide com-
bination is the only one reported and it showed modest
activity [74]. Other trials are awaited to better explore
these combinations (Table 1).

Several preclinical studies have shown that the associa-
tion of PARPi with other DDR inhibitors, such as ataxia
telangiectasia and rad3-related kinase (ATR) inhibitors,
could resensitize PARP-resistant cells or xenografts [75,
76]. Indeed, BRCA-deficient tumors which are resistant
to PARPi seem to have an increased dependency for the
ATR pathway for fork stabilization. Thus, the combina-
tion of PARPi to ATR inhibitors, unprotecting the stalled
fork, may overcome the PARPi resistance and restore
the synthetic lethality. The ongoing phase II study TRAP
(NCT03787680) assesses the efficacy of a PARPi (olapa-
rib) and an ATR inhibitor (AZD6738).

Based on these strong rationale, NHT, immunomodu-
latory agents, chemotherapies, DDR agents or other tar-
geted therapies could free PARPi from HRR alteration
dependency and enhance their efficacy. However, physi-
cians must be aware of the potential higher toxicities.

Biomarkers of response to PARP inhibitors

As mentioned before, not all HRR alterations have the
same impact on PARPi efficacy. The TOPARP-B trial
showed good CRR and ORR for BRCA1/2 and PALB2
altered-patients (83.3% and 52.4%, respectively, for
BRCA1/2; 57.1% and 33.3% for PALB2), while almost no
RECIST or biological responses were observed in ATM
or CDKI2 altered-patients [40]. The PROfound trial
confirmed these results and showed an OS improve-
ment only in the BRCA/ATM group, however within
this cohort ATM alterations did not show the same mag-
nitude of efficacy neither in rPFS, nor in OS [10]. The
same results were observed for niraparib, with an ORR
of 41% in the BRCA group compared to 9% in the non-
BRCA group (GALAHAD trial) [48]. TRITON-2 showed
an ORR of 43.5% in the BRCA group, and long-lasting
response for BRIP1 and RADS51 mutated-patients. But
almost no response was observed for ATM, CHEK2 or
CDK12. Moreover, the ORR was lower for mono-allelic
alterations (11.1%) compared to bi-allelic alterations
(75.0%) [49, 50]. No differences were observed between
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somatic and germline BRCA1/2 mutations [49]. TAL-
APRO-1 showed a good ORR in the BRCA group and no,
or few, responses for other HRR genes [52]. Finally, it is
noteworthy that within the BRCA group, a recent study
reported better outcomes in patients with BRCA2 com-
pared to BRCA1 mutations, with no differences in terms
of allelic fraction or germinal versus somatic mutations.
This small retrospective study remains hypothesis -gen-
erating with, as expected, 10 times more BRCA2 than
BRCA1 alterations [77].

Overall, these data suggest that HRR effectors, mainly
BRCA alterations, are better than sensors of DSB for pre-
dicting PARPi efficacy (Fig. 1).

Resistance mechanisms (Fig. 4)

PARPi resistance mechanisms (Fig. 4) are due to clonal
selection following diverse genetic events that alter
synthetic lethality. First cells can regain HRR capacity
through mutational reversion of BRCAI/BRCA2 or even
more frequently due to secondary mutations that restore
the open reading frame of those genes [78]. Loss of func-
tional antagonists of BRCA1 can also restore HRR. For
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instance, the loss of the P53BP1 expression in BRCA1
deficient cells specifically rescues HRR [79]. BRCA2
reversion mutations were reported on cell-free DNA in
progressive patients with mCRPC treated by olaparib or
talazoparib [80]. Second, the drug intracellular uptake
can be reduced through up-regulation of P-glycoprotein
efflux pump genes (ABCBI) [81]. Third, mutations of
PARPI preventing trapping can lead to PARPI resistance,
highlighting the importance of trapping in PARPi lethal-
ity [82]. Forth, loss of proteins (e.g., TET2, EZH2, PTIP,
SLEN11, SMARCL1) involved directly or indirectly in
the recruitment of nucleases onto unprotected BRCA1/2
deficient replicational forks can also lead to PARPi resist-
ance. Those data highlight that PARPi cytotoxicity in
BRCA2- or BRCAI-deficient cells is also due to nucle-
ase action on stalled replication forks by PARP [83, 84].
Finally, the microenvironment may also play a role in
PARPi resistance. It has been shown that the expression
of transforming growth factor beta receptor (TGEPR)
kinase on malignant cells, which is activated by bone
marrow stromal cells-derived transforming growth factor
beta 1 (TGF-P1), could enhance the DSB repair system in
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Fig. 4 Resistance mechanism to PARP inhibitors. Increased drug efflux. Overexpression of drug-efflux transporter genes, such as ABCB1, increases
the number of drug effluxion pumps and prevents PARP inhibitors (PARPi) from reaching cell nucleus. Decreased PARP trapping. Deletion of PARPT
or mutations in its DNA-binding domains avoid trapping to occur. This confers cells with a resistance to PARPI. Alternatively, increased PARylation
through loss of inhibitors, as PARG, produces the same effects with resistance to PARPI. Stabilization of stalled fork. Nucleases actions on nascent
DNA are delayed or reduced by the inhibition of proteins in charge of their recruitment to the fork. Restoration of Homologous Recombination
Repair (HRR). Mutational reversion or occurrence of a second mutation, which restores functional BRCA1/2 proteins, prevents the occurrence of
synthetic lethality. Loss of inhibitors of HRR such as 53BP1 leads to the same resistance
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leukemia cells [85]. Since bone metastases are predomi-
nant in prostate cancers it may be interesting to investi-
gate this hypothesis, especially in BRCA- altered patients.
Thus, a better understanding and monitoring of such
resistances using liquid biopsies may guide subsequent
treatments including combination of PARPi with other
agents (e.g., epigenetic treatments, TGEP inhibitors).

PARP inhibitors compared

As seen before, four PARPi are in development for
mCRPC: olaparib, niraparib, rucaparib and talazoparib.
Talazoparib has the strongest trapping efficiency, and its
cytotoxic efficacy is 20- to 200-fold better than the oth-
ers [36, 37]. However, with olaparib, it is less selective for
PARP-1 than rucaparib or niraparib [86]. Regarding effi-
cacy as a monotherapy, the ORR between the four PARPi
is roughly similar, between 40 and 50% for BRCA-altered
patients in the four phase II studies published to date [40,
48, 49, 52]. Toxicity is also equivalent between the four
molecules, mostly cytopenia, nausea and fatigue. Surpris-
ingly, 11 patients (4%) in the olaparib group compared
to 1 (1%) in the control group, experienced a pulmo-
nary embolism in the PROfound trial [43]. This adverse
event was not described in the other major studies with
olaparib [7, 8, 87]. The clinical significance of the occur-
rence of these cases is difficult to interpret and might be
due to the type of cancer or the association with ADT.
Of note, all grades blood creatinine increases were seen
in 10 to 15% of patients treated with olaparib, rucaparib
and niraparib but not with talazoparib. This is due to the
inhibition of renal transporters (MATE-1 and MATE2-K)
which are involved in active secretion of creatinine for
olaparib and rucaparib, and probably to hemodynamic
impairment for niraparib. In most cases, there is no
direct impact on renal function, and the issue is resolved
with dose holds [88-90]. Regarding drug interactions,
olaparib and rucaparib are metabolized by CYP450 and
inducers or inhibitors of the enzymes should be avoided,
while talazoparib and niraparib do not have major drug-
drug interactions (accessdata.fda.gov). This last point,
particularly relevant in an often older population with a
substantial polypharmacy, is known to be the weakness
of some NHT. The number of tablets taken daily can also
be of importance, regarding observance or swallowing
problems, and it ranges from one tablet for talazoparib,
to 3 tablets once a day for niraparib, or 2 tablets twice a
day for rucaparib and olaparib.

The evidence discussed above should be taken into
account cautiously, since no direct comparisons between
different PARPi have been done within one clinical trial.
Perhaps, the patient’s profile as well as the development
of these drugs in different indications or with different
combinations will help physicians to make their choice.
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Molecular profiling, potential and limits
The use of molecular profiling is becoming increasingly
prevalent in oncology. Up to now it was performed
essentially on tissue samples. Mateo et al. profiled 470
treatment-naive prostate biopsies, of which 61 patients
also had biopsies at castrate-resistant stage [91]. The
median time between the two same-patient biopsies
was 45.2 months (12-211 months). An increase in AR
mutations and amplifications was found, as well as
increased TP53, RB1 and PI3K/AKT pathway altera-
tions in mCRPC, suggesting that they could emerge
with treatment selection pressure. Conversely aber-
rations in HRR pathways (seen in 9 of the 61 patients)
were stable between metastatic and primary biopsies,
in line with previously published data [92]. The limited
number of HRR-altered patients prevents from making
broad conclusions, but repeating biopsies to look for
late acquisition of HRR alterations may be irrelevant.
However, tissue biopsies are of insufficient qual-
ity for molecular analyses in a non-negligible quota of
patients. Thus, 31% of biopsies failed molecular testing
in the PROfound trial and complementary techniques
are needed in order to increase the chance of screen-
ing [43]. In this last trial, plasma-derived circulating
tumor DNA (ctDNA) from patients was collected as
part of the screening process and was prospectively
analyzed at Foundation Medicine, Inc (FMI) using the
FoundationOne Liquid CDx assay. Eighty-one percent
(503/619) of ctDNA samples tested yielded a result.
High concordance between tumor tissues and ctDNA
was found, with 81% positive percentage agreement
and 92% negative percentage agreement [93]. Of the
181 patients in the BRCA/ATM cohort of the study who
consented and provided a plasma sample for ctDNA
testing, 42 (23.2%) samples failed analyses. BRCA/ATM
alterations were identified in 111/139 patients (79.9%).
The rPFS [HR =0.33 (95% CI 0.21-0.53)] improvement
was in the same order of magnitude as the one in the
Intention to Treat population identified by tumor tis-
sue testing [HR =0.34 (95% CI 0.25—0.47)] [94]. Thus,
ctDNA could offer additional opportunities to patients
who are not eligible for tumor tissue testing. However,
not all patients have concordant results and it can be
tough to estimate allelic fraction. Indeed, it depends on
tumor cell percentage, clonality and ploidy of the tumor
sample. To enhance efficiency, ctDNA analyses should
be done before the introduction of new treatment,
when the disease is progressing, especially since ctDNA
availability reduces right after the initiation of an effec-
tive treatment, such as ADT [95]. The optimal approach
for biomarkers should combine, if possible, tissue and
liquid biopsies as they can be complementary.



Teyssonneau et al. J Hematol Oncol (2021) 14:51

PARP inhibitors in 2021: Where are we? What will
be the future challenges?

PARP inhibitors are paving the way of precision medi-
cine in prostate cancer, followed by drugs targeting the
PI3k AKT mTOR pathway. While roughly one quar-
ter of patients with mCRPC harbor somatic or genetic
HRR gene mutations, not all derive benefit from PARPi.
Olaparib obtained FDA approval at a dose of 300 mg
twice daily on all genes tested (except PP2R2A), based on
the first results of the PROfound trial with improvement
on rPFS. However, given the benefit in OS for cohort A,
EMEA approval has just been formalized, and restricted
to BRCA1/2 regardless of the somatic or germinal status
(ATM was excluded). The benefit in OS for cohort A may
be nuanced by a “weak” standard arm (i.e., no chemother-
apy and half of patients with 2 back-to-back NHT as first
lines for mCRPC). The PROfound trial has been designed
before the results of the CARD study which highlighted
the necessity for eligible patients not to delay chemother-
apy in order to maintain a survival benefit [47]. Results
of the TRITON-3 trial (NCT02975934; Table 1) which
incorporates docetaxel in the standard arm will be of
interest. It is noteworthy that results of the TOPARP-B
trial suggest a better ORR but with higher toxicity using
400 mg twice daily compared to 300 mg twice daily [40].
That said, these data might be interesting for dosing
patients with good tolerance and absence of response.
Olaparib also improved time to pain progression and
HRQoL, strengthening its clinical impact [44, 45]. These
patient-reported outcomes are taken into consideration
for EMEA and FDA approvals in the setting of mCRPC.
Treatment with PARPi used alone is based on a screening
of genes, with questions regarding the panel of genes to
test, accessibility, cost and the population who may ben-
efit from such a test. While HRR-mutated genes seem to
occur early, with a suggested low enrichment from local-
ized to metastatic disease [91, 92], the feasibility of large
screening programs with archived biopsy samples may
be challenging, as well as new biopsies on osteoblastic
bone metastases, which are the only lesions accessible
for roughly half of patients with mCRPC. For instance,
in the PROfound trial screening, 30% of biopsies were
not suitable for DNA analysis [96]. High concordance
between tumor tissues and ctDNA was found, with 81%
positive percentage agreement and 92% negative percent-
age agreement [93]. Liquid biopsies may then be helpful.
However, some limitations regarding the determination
of the allelic fraction results can be seen. Detection of
somatic HRR-mutated genes first may be more efficient,
since they are two times as frequent as germinal muta-
tions. Nevertheless, in cases of somatic mutation, a ger-
minal mutation must be sought for genetic counseling.
Issues related to patient consent to involve their family in

Page 16 of 19

their research of genetic patrimony may be challenging
and raise ethical considerations. It is then of importance
in each country, to think about a specific patient’s path-
way related to a biomarker-based approach (depending
on biopsies suitable for analysis), and potentially involv-
ing genetic counseling. Allelic distribution seems to be
important to better predict efficacy of PARPI, since only
a biallelic silencing is associated with loss of function of
tumor suppressor genes. However, to date its real impact
in daily clinical practice is still unknown despite promis-
ing results for ORR [48, 49]. Prospective and retrospec-
tive studies investigating HRR status [33, 96] in patients
with mCRPC, showed co-occurrence between 2 or more
genes involved (mostly with BRCA2, CDKI12 and ATM)
in this pathway, raising questions about biological impact
on HRR and their predictive nature. Combination stud-
ies using PARPi with either NHT or immune checkpoint
inhibitors based on robust rationale are still under evalu-
ation with ongoing phase III trials. While benefits may
be maintained regardless of HRR status, major toxicities
have to be prevented in combination with NHT. Finally,
platinum may be efficient in this setting since they induce
intra-stand cross-links repairs using NER and HRR sys-
tems. A recent real-world cohort study investigating
carboplatin and olaparib in patients with mCRPC and
mutations in either BRCA1, BRCA2 and ATM did not
find any differences in PFS between the 2 drugs [97].
While PARPi is indicated according to platinum sensi-
tivity in ovarian and pancreatic cancers, data in prostate
cancer need further investigation to better delineate the
role of platinum, with potential leads following resistance
to PARPi (NCT04288687, PLATI-PARP trial).

Conclusions

Prostate cancer is the first disease where overall survival
has been improved using a PARP inhibitor. Up until now,
similarly to ovarian cancers [7], somatic and/or germinal
BRCA 1 and 2 aberrations seem to be the most predictive
biomarkers of efficacy of PARPi. Data regarding the other
HRR genes are generating hypotheses for further studies,
though some challenges must still be overcome regard-
ing the screening of these patients, for instance involv-
ing genetic counseling. Results of other ongoing phase
III trials assessing the efficacy of a PARPi used alone or
in combination are awaited, to better define their place
with regard to standard treatments and platinum-based
chemotherapies.

Abbreviations

ADT: Androgen deprivation therapy; AR: Androgen receptor; ATR: Ataxia
telangiectasia and rad3-related kinase; BER: Base excision repair; CRR: Com-
posite response rate; CSS: Cause-specific survival; CTC: Circulating tumor cell;
ctDNA: Circulating tumor DNA; DDR: DNA-damage response; FANC: Fanconi
Anemia; FMI: Foundation Medicine, Inc; HR: Hazard ratio; HRD: Homologous



Teyssonneau et al. J Hematol Oncol (2021) 14:51

recombination deficient; HRQoL: Health-related quality of life; HRR: Homolo-
gous recombination repair; IFN: Interferon; LOH: Loss of heterozygosity;
mCRPC: Metastatic castration-resistant prostate cancer; MMEJ: Microhomol-
ogy-mediated end joining; MMR: Mismatch repair; NAD +: Nicotinamide
adenine dinucleotide; NER: Nucleotide excision repair; NGS: Next-generation
sequencing; NHEJ: Non-homologous end joining; NHT: New-hormonal ther-
apy; ORR: Objective response rate; OS: Overall survival; PARP: Poly(adenosine
diphosphate-ribose) polymerase; PARPi: Poly(adenosine diphosphate-ribose)
polymerase inhibitor; PFS: Progression-free survival; RECIST: Response evalu-
ation criteria in solid tumors; rPFS: Radiographic progression-free survival;
SSB: Single-strand break; TGF-31: Transforming growth factor beta 1; TGFBR:
Transforming growth factor beta receptor.

Acknowledgements
The authors thank Pippa McKelvie-Sebileau for providing medical writing sup-
port and Nelly Riviere for the figures.

Authors’ contributions

HM collected and analyzed data regarding biology of the DDR pathway and
action or resistance mechanisms of PARP inhibitors. DT reviewed the literature
regarding prostate cancers and PARP inhibitors. He wrote most of the article
and designed the work. GR have drafted the work and wrote the discussions
and conclusions. He substantively revised the article. MC, MA, NV, IS, PS and NS
revised the work with caution and gave their expert opinion. All authors read
and approved the final manuscript.

Funding
The authors declare that they did not receive funding for this work.

Availability of data and materials
Not applicable.

Declarations

Ethic approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Medical Oncology, Institut Bergonie, Bordeaux, France.

2 Department of Genetic, Institut Bergonie, Bordeaux, France. > Department
of Radiotherapy, Institut Bergonie, Bordeaux, France. * Department of Urology,
Clinique Saint-Augustin, Bordeaux, France. > Department of Biopathology,
Institut Bergonie, Bordeaux, France.

Received: 14 December 2020 Accepted: 10 March 2021
Published online: 29 March 2021

References

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018;,68:394-424.

2. Parker C, Castro E, Fizazi K, Heidenreich A, Ost P, Procopio G, et al. Prostate
cancer: ESMO clinical practice guidelines for diagnosis, treatment and
follow-up. Ann Oncol. 2020;31:1119-34.

3. Tan ME, Li J, Xu HE, Melcher K, Yong E. Androgen receptor: structure, role
in prostate cancer and drug discovery. Acta Pharmacol Sin. 2015;36:3-23.

4. Robinson D, Van Allen EM, Wu Y-M, Schultz N, Lonigro RJ, Mosquera J-M,
et al. Integrative clinical genomics of advanced prostate cancer. Cell.
2015;161:1215-28.

5. Abida W, Armenia J, Gopalan A, Brennan R, Walsh M, Barron D, et al.
Prospective genomic profiling of prostate cancer across disease states

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 17 of 19

reveals germline and somatic alterations that may affect clinical decision
making. JCO Precis Oncol. 2017.

Castro E, Goh C, Olmos D, Saunders E, Leongamornlert D, Tymrakiewicz
M, et al. Germline BRCA mutations are associated with higher risk of
nodal involvement, distant metastasis, and poor survival outcomes in
prostate cancer. J Clin Oncol. 2013;31:1748-57.

Moore K, Colombo N, Scambia G, Kim B-G, Oaknin A, Friedlander M, et al.
Maintenance olaparib in patients with newly diagnosed advanced ovar-
ian cancer. N Engl J Med. 2018;379:2495-505.

Golan T, Hammel P, Reni M, Van Cutsem E, Macarulla T, Hall MJ, et al.
Maintenance olaparib for germline BRCA-mutated metastatic pancreatic
cancer. N Engl J Med. 2019;381:317-27.

Litton JK, Rugo HS, Ettl J, Hurvitz SA, Gongalves A, Lee K-H, et al. Tala-
zoparib in patients with advanced breast cancer and a germline BRCA
mutation. N Engl J Med. 2018;379:753-63.

. Hussain M, Mateo J, Fizazi K, Saad F, Shore N, Sandhu S, et al. Survival with

olaparib in metastatic castration-resistant prostate cancer. N Engl J Med.
2020;383:2345-57.

. Loeb LA. Mutator phenotype may be required for multistage carcinogen-

esis. Cancer Res. 1991;51:3075-9.

. Otto H, Reche PA, Bazan F, Dittmar K, Haag F, Koch-Nolte F. In silico

characterization of the family of PARP-like poly(ADP-ribosyl)transferases
(pARTs). BMC Genom. 2005;6:139.

. Juarez-Salinas H, LeviV, Jacobson EL, Jacobson MK. Poly(ADP-ribose) has

a branched structure in vivo. J Biol Chem. 1982;257:607-9.

. Okano S, Lan L, Caldecott KW, Mori T, Yasui A. Spatial and temporal

cellular responses to single-strand breaks in human cells. Mol Cell Biol.
2003;23:3974-81.

. Pines A, Vrouwe MG, Marteijn JA, Typas D, Luijsterburg MS, Cansoy M,

et al. PARP1 promotes nucleotide excision repair through DDB2 stabiliza-
tion and recruitment of ALCT. J Cell Biol. 2012;199:235-49.

. Wang ZQ, Stingl L, Morrison C, Jantsch M, Los M, Schulze-Osthoff K, et al.

PARP is important for genomic stability but dispensable in apoptosis.
Genes Dev. 1997;11:2347-58.

. Liang F, Han M, Romanienko PJ, Jasin M. Homology-directed repair is a

major double-strand break repair pathway in mammalian cells. Proc Natl
Acad Sci. 1998;95:5172-7.

. Stolz A, Ertych N, Bastians H. Tumor suppressor CHK2: regulator of DNA

damage response and mediator of chromosomal stability. Clin Cancer
Res Off J Am Assoc Cancer Res. 2011;17:401-5.

. Zhang J, Willers H, Feng Z, Ghosh JC, Kim S, Weaver DT, et al. Chk2 phos-

phorylation of BRCA1 regulates DNA double-strand break repair. Mol Cell
Biol. 2004;24:708-18.

Zhang F, Fan Q, Ren K, Andreassen PR. PALB2 functionally connects the
breast cancer susceptibility proteins BRCA1 and BRCA2. Mol Cancer Res
MCR. 2009;7:1110-8.

Liu J, Doty T, Gibson B, Heyer W-D. Human BRCA2 protein promotes
RAD51 filament formation on RPA-covered single-stranded DNA. Nat
Struct Mol Biol. 2010;17:1260-2.

Grompe M, D'’Andrea A. Fanconi anemia and DNA repair. Hum Mol Genet.
2001;10:2253-9.

Maxwell KN, Wubbenhorst B, Wenz BM, De Sloover D, Pluta J, Emery L,

et al. BRCA locus-specific loss of heterozygosity in germline BRCAT and
BRCA2 carriers. Nat Commun. 2017,8:319.

Pritchard CC, Mateo J, Walsh MF, De Sarkar N, Abida W, Beltran H, et al.
Inherited DNA-repair gene mutations in men with metastatic prostate
cancer. N Engl J Med. 2016;375:443-53.

Na R, Zheng SL, Han M, Yu H, Jiang D, Shah S, et al. Germline mutations in
ATM and BRCA1/2 distinguish risk for lethal and indolent prostate cancer
and are associated with early age at death. Eur Urol. 2017;71:740-7.
Edwards SM, Evans DGR, Hope Q, Norman AR, Barbachano Y, Bullock S,
et al. Prostate cancer in BRCA2 germline mutation carriers is associated
with poorer prognosis. Br J Cancer. 2010;103:918-24.

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin
AV, et al. Signatures of mutational processes in human cancer. Nature.
2013;500:415-21.

WuY, Yu H, Zheng SL, Na R, Mamawala M, Landis T, et al. A compre-
hensive evaluation of CHEK2 germline mutations in men with prostate
cancer. Prostate. 2018;78:607-15.

Page EC, Bancroft EK, Brook MN, Assel M, Hassan Al Battat M,

Thomas S, et al. Interim results from the IMPACT study: evidence for



Teyssonneau et al. J Hematol Oncol

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2021) 14:51

prostate-specific antigen screening in BRCA2 mutation carriers. Eur Urol.
2019;76:831-42.

Nicolosi P, Ledet E, Yang S, Michalski S, Freschi B, O'Leary E, et al. Preva-
lence of germline variants in prostate cancer and implications for current
genetic testing guidelines. JAMA Oncol. 2019;5:523-8.

Antonarakis ES, Isaacsson Velho P, Fu W, Wang H, Agarwal N, Sacristan
SantosV, et al. CDK12-altered prostate cancer: clinical features and thera-
peutic outcomes to standard systemic therapies, poly (ADP-Ribose) poly-
merase inhibitors, and PD-1 inhibitors. JCO Precis Oncol. 2020;4:370-81.
Schweizer MT, Ha G, Gulati R, Brown LC, McKay RR, Dorff T, et al. CDK12-
mutated prostate cancer: clinical outcomes with standard therapies and
immune checkpoint blockade. JCO Precis Oncol. 2020;4:382-92.
Rescigno P, Gurel B, Pereira R, Crespo M, Rekowski J, Rediti M, et al. Char-
acterizing CDK12-mutated prostate cancers. Clin Cancer Res. 2020;1078-
0432.CCR-20-2371.

Castro E, Romero-Laorden N, Del Pozo A, Lozano R, Medina A, Puente J,
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 Off J Am Soc Clin Oncol.
2019;37:490-503.

Antonarakis ES, Lu C, Luber B, Liang C, Wang H, Chen Y, et al. Germline
DNA-repair gene mutations and outcomes in men with metastatic
castration-resistant prostate cancer receiving first-line abiraterone and
enzalutamide. Eur Urol. 2018;74:218-25.

Murai J, Huang SN, Das BB, Renaud A, Zhang Y, Doroshow JH, et al.
Trapping of PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res.
2012;72:5588-99.

Murai J, Huang S-YN, Renaud A, Zhang Y, Ji J, Takeda S, et al. Stereospecific
PARP trapping by BMN 673 and comparison with olaparib and rucaparib.
Mol Cancer Ther. 2014;13:433-43.

Mijic S, Zellweger R, Chappidi N, Berti M, Jacobs K, Mutreja K, et al. Repli-
cation fork reversal triggers fork degradation in BRCA2-defective cells. Nat
Commun. 2017;8:859.

Mateo J, Carreira S, Sandhu S, Miranda S, Mossop H, Perez-Lopez R, et al.
DNA-repair defects and olaparib in metastatic prostate cancer. N Engl J
Med. 2015;373:1697-708.

Mateo J, Porta N, Bianchini D, McGovern U, Elliott T, Jones R, et al. Olaparib
in patients with metastatic castration-resistant prostate cancer with

DNA repair gene aberrations (TOPARP-B): a multicentre, open-label,
randomised, phase 2 trial. Lancet Oncol. 2020;21:162-74.

Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW, Weitzel JN, et al.
Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients with
BRCA1 or BRCA2 mutations and advanced breast cancer: a proof-of-
concept trial. Lancet Lond Engl. 2010;376:235-44.

Audeh MW, Carmichael J, Penson RT, Friedlander M, Powell B, Bell-
McGuinn KM, et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib in
patients with BRCAT or BRCA2 mutations and recurrent ovarian cancer: a
proof-of-concept trial. Lancet Lond Engl. 2010;376:245-51.

de Bono J, Mateo J, Fizazi K, Saad F, Shore N, Sandhu S, et al. Olapa-

rib for metastatic castration-resistant prostate cancer. N Engl J Med.
2020;382:2091-102.

Saad F, Roubaud G, Procopio G, Shore ND, Fizazi K, Thiery-Vuillemin A,

et al. Impact of olaparib vs physician’s choice of new hormonal agent
(pcNHA) on burden of pain in metastatic castration-resistant prostate
cancer (mCRPC): PROfound. J Clin Oncol. 2020;38:5538-5538.
Thiery-Vuillemin A, De Bono JS, Saad F, Procopio G, Shore ND, Fizazi K,

et al. Health-related quality of life (HRQoL) for olaparib versus enzaluta-
mide or abiraterone in metastatic castration-resistant prostate cancer
(mCRPC) with homologous recombination repair (HRR) gene alterations:
PROfound. J Clin Oncol. 2020,38:5539-5539.

Oh WK, Cheng WY, Miao R, Vekeman F, Gauthier-Loiselle M, Duh MS, et al.
Real-world outcomes in patients with metastatic castration-resistant
prostate cancer receiving second-line chemotherapy versus an alterna-
tive androgen receptor-targeted agent (ARTA) following early progres-
sion on a first-line ARTA in a US community oncology setting. Urol Oncol.
2018;36:500.1-500.€9.

de Wit R, de Bono J, Sternberg CN, Fizazi K, Tombal B, Wilfing C, et al.
Cabazitaxel versus abiraterone or enzalutamide in metastatic prostate
cancer. N Engl J Med. 2019;381:2506-18.

Smith MR, Sandhu SK, Kelly WK, Scher HI, Efstathiou E, Lara PN, et al.
Pre-specified interim analysis of GALAHAD: a phase Il study of niraparib

49.

50.

51.

52.

53.

54.

55.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 18 of 19

in patients (pts) with metastatic castration-resistant prostate cancer
(mCRPC) and biallelic DNA-repair gene defects (DRD). Ann Oncol.
2019;30:v884-5.

Abida W, Patnaik A, Campbell D, Shapiro J, Bryce AH, McDermott R,

et al. Rucaparib in men with metastatic castration-resistant prostate
cancer harboring a BRCA1 or BRCA2 gene alteration. J Clin Oncol.
2020;38:3763-72.

Abida W, Campbell D, Patnaik A, Shapiro JD, Sautois B, Vogelzang NJ,

et al. Non-BRCA DNA damage repair gene alterations and response to
the PARP inhibitor rucaparib in metastatic castration-resistant pros-

tate cancer: analysis from the phase II TRITON2 study. Clin Cancer Res.
2020;26:2487-96.

Shen'Y, Rehman FL, Feng Y, Boshuizen J, Bajrami |, Elliott R, et al. BMN 673,
anovel and highly potent PARP1/2 inhibitor for the treatment of human
cancers with DNA repair deficiency. Clin Cancer Res Off J Am Assoc
Cancer Res. 2013;19:5003-15.

De Bono JS, Mehra N, Higano CS, Saad F, Buttigliero C, van Oort IM, et al.
TALAPRO-1: phase Il study of talazoparib (TALA) in patients (pts) with
DNA damage repair alterations (DDRm) and metastatic castration-resist-
ant prostate cancer (NCRPC)—updated interim analysis (IA). J Clin Oncol.
2020;38:5566-5566.

De Bono JS, Mehra N, Higano CS, Saad F, Buttigliero C, van Oort IM, et al.
TALAPRO-1: phase Il study of talazoparib (TALA) in patients (pts) with
DNA damage repair alterations (DDRm) and metastatic castration-resist-
ant prostate cancer (mCRPC). J Clin Oncol. 2021;39:93-93.

Polkinghorn WR, Parker JS, Lee MX, Kass EM, Spratt DE, laquinta PJ, et al.
Androgen receptor signaling regulates DNA repair in prostate cancers.
Cancer Discov. 2013;3:1245-53.

Schiewer MJ, Goodwin JF, Han S, Brenner JC, Augello MA, Dean JL, et al.
Dual roles of PARP-1 promote cancer growth and progression. Cancer
Discov. 2012;2:1134-49.

. Asim M, Tarish F, Zecchini HI, Sanjiv K, Gelali E, Massie CE, et al. Synthetic

lethality between androgen receptor signalling and the PARP pathway in
prostate cancer. Nat Commun. 2017,8:374.

Li L, Karanika S, Yang G, Wang J, Park S, Broom BM, et al. Androgen
receptor inhibitor-induced “BRCAness”and PARP inhibition are
synthetically lethal for castration-resistant prostate cancer. Sci Signal.
2017;10:eaam7479.

Clarke N, Wiechno P, Alekseev B, Sala N, Jones R, Kocak |, et al. Olaparib
combined with abiraterone in patients with metastatic castration-resist-
ant prostate cancer: a randomised, double-blind, placebo-controlled,
phase 2 trial. Lancet Oncol. 2018;19:975-86.

Hussain M, Daignault-Newton S, Twardowski PW, Albany C, Stein MN,
Kunju LP, et al. Targeting androgen receptor and DNA repair in metastatic
castration-resistant prostate cancer: results from NCI 9012. J Clin Oncol
Off J Am Soc Clin Oncol. 2018;36:991-9.

Haffner MC, Guner G, Taheri D, Netto GJ, Palsgrove DN, Zheng Q, et al.
Comprehensive evaluation of programmed death-ligand 1 expression in
primary and metastatic prostate cancer. Am J Pathol. 2018;188:1478-85.
Gevensleben H, Dietrich D, Golletz C, Steiner S, Jung M, Thiesler T, et al.
The immune checkpoint regulator PD-L1 is highly expressed in aggres-
sive primary prostate cancer. Clin Cancer Res. 2016;22:1969-77.

Bishop JL, Sio A, Angeles A, Roberts ME, Azad AA, Chi KN, et al. PD-L1 is
highly expressed in Enzalutamide resistant prostate cancer. Oncotarget
Impact J. 2014,6:234-42.

Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al.
Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N
EnglJ Med. 2010;363:411-22.

Kwon ED, Drake CG, Scher HI, Fizazi K, Bossi A, van den Eertwegh AJM,
et al. Ipilimumab versus placebo after radiotherapy in patients with
metastatic castration-resistant prostate cancer that had progressed
after docetaxel chemotherapy (CA184-043): a multicentre, randomised,
double-blind, phase 3 trial. Lancet Oncol. 2014;15:700-12.

Beer TM, Kwon ED, Drake CG, Fizazi K, Logothetis C, Gravis G, et al.
Randomized, double-blind, phase Il Trial of ipilimumab versus placebo
in asymptomatic or minimally symptomatic patients with metastatic
chemotherapy-naive castration-resistant prostate cancer. J Clin Oncol.
2016;35:40-7.

Antonarakis ES, Piulats JM, Gross-Goupil M, Goh J, Ojamaa K,

Hoimes CJ, et al. Pembrolizumab for treatment-refractory metastatic



Teyssonneau et al. J Hematol Oncol

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

(2021) 14:51

castration-resistant prostate cancer: multicohort, open-label phase Il KEY-
NOTE-199 study. J Clin Oncol Off J Am Soc Clin Oncol. 2020;38:395-405.
Chabanon RM, Muirhead G, Krastev DB, Adam J, Morel D, Garrido M, et al.
PARP inhibition enhances tumor cell-intrinsic immunity in ERCC1-defi-
cient non-small cell lung cancer. J Clin Invest. 2019;129:1211-28.

Karzai F, VanderWeele D, Madan RA, Owens H, Cordes LM, Hankin A, et al.
Activity of durvalumab plus olaparib in metastatic castration-resistant
prostate cancer in men with and without DNA damage repair mutations.
JImmunother Cancer. 2018;6:141.

Sato H, Niimi A, Yasuhara T, Permata TBM, Hagiwara Y, Isono M, et al. DNA
double-strand break repair pathway regulates PD-L1 expression in cancer
cells. Nat Commun. 2017;8:1751.

Yu EY, Massard C, Retz M, Tafreshi A, Carles Galceran J, Hammerer P,

et al. Keynote-365 Cohort a: pembrolizumab (pembro) plus olaparib in
docetaxel-pretreated patients (pts) with metastatic castrate-resistant
prostate cancer (mCRPC). J Clin Oncol. 2019;37:145-145.

Fizazi K, Drake CG, Beer TM, Kwon ED, Scher HI, Gerritsen WR, et al. Final
analysis of the ipilimumab versus placebo following radiotherapy phase
Ill trial in postdocetaxel metastatic castration-resistant prostate cancer
identifies an excess of long-term survivors. Eur Urol. 2020;78:822-30.
Murai J, Zhang Y, Morris J, Ji J, Takeda S, Doroshow JH, et al. Rationale for
poly(ADP-ribose) polymerase (PARP) inhibitors in combination therapy
with camptothecins or temozolomide based on PARP trapping versus
catalytic inhibition. J Pharmacol Exp Ther. 2014;349:408-16.

Oza AM, Cibula D, Benzaquen AO, Poole C, Mathijssen RHJ, Sonke GS,

et al. Olaparib combined with chemotherapy for recurrent platinum-
sensitive ovarian cancer: a randomised phase 2 trial. Lancet Oncol.
2015;16:87-97.

Hussain M, Carducci MA, Slovin S, Cetnar J, Qian J, McKeegan EM, et al.
Targeting DNA repair with combination veliparib (ABT-888) and temozo-
lomide in patients with metastatic castration-resistant prostate cancer.
Invest New Drugs. 2014,32:904-12.

Yazinski SA, Comaills V, Buisson R, Genois M-M, Nguyen HD, Ho CK, et al.
ATR inhibition disrupts rewired homologous recombination and fork
protection pathways in PARP inhibitor-resistant BRCA-deficient cancer
cells. Genes Dev. 2017;31:318-32.

Kim H, Xu H, George E, Hallberg D, Kumar S, Jagannathan'V, et al. Combin-
ing PARP with ATR inhibition overcomes PARP inhibitor and platinum
resistance in ovarian cancer models. Nat Commun. 2020;11:3726.

Taza F, Holler AE, Adra N, Ashkar R, Sokolova A, Kessel A, et al. Differential
activity of PARP inhibitors in BRCA1- versus BRCA2-altered metastatic cas-
tration-resistant prostate cancer (mCRPC). J Clin Oncol. 2021;39:100-100.
Edwards SL, Brough R, Lord CJ, Natrajan R, Vatcheva R, Levine DA, et al.
Resistance to therapy caused by intragenic deletion in BRCA2. Nature.
2008;451:1111-5.

Bunting SF, Callen E, Kozak ML, Kim J-M, Wong N, Lopez-Contreras AJ,

et al. BRCA1 functions independently of homologous recombination in
DNA interstrand cross-link repair. Mol Cell. 2012;46:125-35.

Quigley D, Alumkal JJ, Wyatt AW, KothariV, Foye A, Lloyd P, et al. Analysis
of circulating cell-free DNA identifies multiclonal heterogeneity of BRCA2
reversion mutations associated with resistance to PARP inhibitors. Cancer
Discov. 2017;7:999-1005.

Rottenberg S, Jaspers JE, Kersbergen A, van der Burg E, Nygren AOH,
Zander SAL, et al. High sensitivity of BRCA1-deficient mammary tumors
to the PARP inhibitor AZD2281 alone and in combination with platinum
drugs. Proc Natl Acad Sci U S A. 2008;105:17079-84.

Pettitt SJ, Krastev DB, Brandsma |, Dréan A, Song F, Aleksandrov R, et al.
Genome-wide and high-density CRISPR-Cas9 screens identify point
mutations in PARP1T causing PARP inhibitor resistance. Nat Commun.
2018;9:1849.

Chaudhuri AR, Callen E, Ding X, Gogola E, Duarte AA, Lee J-E, et al.
Replication fork stability confers chemoresistance in BRCA-deficient cells.
Nature. 2016;535:382-7.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Page 19 of 19

Kharat SS, Ding X, Swaminathan D, Suresh A, Singh M, Sengodan SK, et al.
Degradation of 5hmC-marked stalled replication forks by APET causes
genomic instability. Sci Signal [Internet]. American Association for the
Advancement of Science; 2020 [cited 2021 Jan 28];13. https://stke-scien
cemag-org.proxy.insermbiblio.inist.fr/content/13/645/eaba8091

Le BV, Podszywalow-Bartnicka P, Maifrede S, Sullivan-Reed K, Nie-
borowska-Skorska M, Golovine K, et al. TGFBR-SMAD3 signaling induces
resistance to PARP inhibitors in the bone marrow microenvironment. Cell
Rep. 2020;33:108221.

Thorsell A-G, Ekblad T, Karlberg T, Low M, Pinto AF, Trésaugues L, et al.
Structural basis for potency and promiscuity in poly(ADP-ribose) poly-
merase (PARP) and Tankyrase inhibitors. J Med Chem. 2017,60:1262-71.
Robson M, Im S-A, Senkus E, Xu B, Domchek SM, Masuda N, et al. Olaparib
for metastatic breast cancer in patients with a germline BRCA mutation.
N EnglJ Med. 2017;377:523-33.

Liao M, Jaw-Tsai S, Beltman J, Simmons AD, Harding TC, Xiao JJ. Evaluation
of in vitro absorption, distribution, metabolism, and excretion and assess-
ment of drug-drug interaction of rucaparib, an orally potent poly(ADP-
ribose) polymerase inhibitor. Xenobiotica. 2020;50:1032-42.

McCormick A, Swaisland H. In vitro assessment of the roles of drug
transporters in the disposition and drug—drug interaction potential of
olaparib. Xenobiotica. 2017;47:903-15.

Lazareth H, Delanoy N, Cohen R, Boissier E, Ayari H, Combe P,

et al. Nephrotoxicity associated with Niraparib. Am J Kidney Dis.
2020;76:898-900.

Mateo J, Seed G, Bertan C, Rescigno P, Dolling D, Figueiredo |, et al.
Genomics of lethal prostate cancer at diagnosis and castration resistance.
J Clin Invest. 2020;130:1743-51.

Wedge DC, Gundem G, Mitchell T, Woodcock DJ, Martincorena I, Ghori M,
et al. Sequencing of prostate cancers identifies new cancer genes, routes
of progression and drug targets. Nat Genet. 2018;50:682-92.

Chi KN, Barnicle A, Sibilla C, Lai Z, Corcoran C, Williams JA, et al. Concord-
ance of BRCAT, BRCA2 (BRCA), and ATM mutations identified in matched
tumor tissue and circulating tumor DNA (ctDNA) in men with metastatic
castration-resistant prostate cancer (mCRPC) screened in the PROfound
study. J Clin Oncol. 2021;39:26-26.

Matsubara N, De Bono JS, Olmos D, Procopio G, Kawakami S, Urun'Y,

et al. Olaparib efficacy in patients with metastatic castration-resistant
prostate cancer (MCRPC) carrying circulating tumor (ct) DNA alterations
in BRCA1, BRCA2 or ATM: Results from the PROfound studly. J Clin Oncol.
2021;39:27-27.

Vandekerkhove G, Struss WJ, Annala M, Kallio HML, Khalaf D, Warner EW,
et al. Circulating tumor DNA abundance and potential utility in de novo
metastatic prostate cancer. Eur Urol. 2019;75:667-75.

De Bono JS, Fizazi K, Saad F, Shore N, Sandhu SK, Mehra N, et al. Central,
prospective detection of homologous recombination repair gene
mutations (HRRm) in tumour tissue from >4000 men with metastatic
castration-resistant prostate cancer (mCRPC) screened for the PROfound
study. Ann Oncol. 2019;30:v328-9.

Berchuck JE, Silver R, Bakouny Z, Abou Alaiwi S, Hamid A, Sweeney C,

et al. Response to olaparib or carboplatin in a real-world cohort of men
with DNA damage repair (DDR) deficient metastatic castration-resistant
prostate cancer (MCRPC). J Clin Oncol. 2020;38:43-43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



SUPERINTENDENCIA DE INDUSTRIA 'Y COMERCIO
Industria y Comercio NIT: 800.176.089-2
COMPROBANTE DE RECAUDO SISTEMA SIPI

SUPERINTENDENCIA

Radicado: NC2019/0011591 CAROLINA MERCEDES DAZA MONTALVO
Recibo: 22-69496 CC: 66.783.790
Fecha: 05/08/2022 Pago PSE No: 706734

CUS: 1588925472

Patente PCT i i i
TERAPIA DE COMBINACION PARA CANCER DE PROSTATA

Detalle del pago

Id. Rentistico Concepto y Servicio Cant. Val. Unit. Subtotal
1 50005-01-03 | Modificaciones / Correcciones al registro Patente PCT (DESCUENTO INTERNET) 1 $ 176,000 $ 176,000
TOTAL $ 176,000

Pagina 1l
Sede Centro: Carrera 13 No.27-00 Pisos 3,4,5y 10 Bogota D.C. - Colombia
Web: www.sic.gov.co e-mail:contactenos@sic.gov.co Conmutador:(571)5870000 Contact Center: (571)5920400



