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Abstract
PARP (poly(ADP-ribose) polymerase) inhibitors represent a novel class of anti-cancer therapy; they take advantage of syn-
thetic lethality and induce cell death by exploiting a defect in DNA repair. This class of medication was initially evaluated 
in patients with BRCA-associated tumors, but efficacy was also demonstrated in other populations. Since 2014, four PARP 
inhibitors have been approved in various indications: olaparib, niraparib, and rucaparib in high-grade serous ovarian cancer, 
and olaparib and talazoparib in metastatic breast cancer. The exact indications and study populations vary slightly between 
the different approvals in both disease states but there is significant overlap. PARP inhibitors continue to be investigated 
in ongoing clinical trials. In line with other targeted therapies, benefit appears to be strongest in a distinct population of 
patients with BRCA mutations or other defects in homologous recombination repair. Combination therapies, which include 
anti-angiogenesis agents and immunotherapy, show promise as a strategy to broaden efficacy for unselected patients. Initial 
studies of PARP inhibitors in combination with chemotherapy were limited by toxicity, but further studies are underway. To 
date, head-to-head trials comparing various PARP inhibitors have not been conducted, so questions remain in terms of choos-
ing a PARP inhibitor to administer when indications overlap, as well as how to sequence these medications. Here we review 
both completed and ongoing clinical trials involving PARP inhibitors and mechanisms of resistance to this class of drugs.
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Key Points 

PARPs are a family of enzymes that play a role in DNA 
repair.

PARP inhibitors have shown promising anti-cancer 
activity in a number of studies, and FDA approvals were 
granted in advanced ovarian cancer and metastatic breast 
cancer.

Tumors carrying mutations in BRCA1 or BRCA2 genes 
and other genes implicated in homologous repair defi-
ciency are particularly sensitive to PARP inhibition.

Combination therapy is increasingly explored as a means 
to augment efficacy of PARP inhibition and overcome 
resistance mechanisms.

1 Introduction

DNA is continually damaged through various endogenous 
and exogenous stressors. Mechanisms of damage include 
single-strand breaks, double-strand breaks, base modifi-
cations, and inter-strand and intra-strand cross-links. In 
the absence of adequate repair mechanisms, DNA damage 
results in cell death.

Poly(ADP-ribose) polymerase-1 (PARP1) and 
poly(ADP-ribose) polymerase-2 (PARP2), members of the 
PARP superfamily of enzymes, play a key role in DNA 
damage response (DDR) by acting as DNA damage sen-
sors and signal transducers. PARP1 is the most extensively 
studied of these enzymes. In a process known as poly-
ADP-ribosylation (PARylation), PARP1transfers ADP-
ribose from nicotinamide adenine dinucleotide (NAD+) 
to target proteins [1], which in turn enables recruitment of 
DNA repair proteins [2, 3]. PARP1 eventually PARylates 
itself and releases itself from repaired DNA [4, 5]. Devel-
opment of PARP inhibitors was fueled by the observation 
of small molecule nicotinamide analogs suppressing PAR-
ylation and thus enhancing cytotoxicity of DNA-damaging 
agents [6].

The mechanism of action of PARP inhibitors is com-
plex and involves two separate methods of cytotoxicity. 
First, PARP inhibitors interact with the binding site of the 
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PARP enzyme cofactor, β-NAD+, in the catalytic domain 
of PARP1 and PARP2, thus inhibiting enzymatic activity. 
Errors in repair increase, which leads to cell death. The 
second action involves “trapping” of PARP1, whereby the 
prevention of autoPARylation and the release of PARP1 
from the damaged DNA ultimately leads to cell death in 
double-strand repair-deficient cells [7–10].

In most cell lines PARP inhibition alone was insufficient 
to cause cell death [11]. Lack of lethality imparted by PARP 
inhibition alone was demonstrated by animal models, as 
mice engineered to lack PARP1 enzyme (PARP1-/-) were 
both viable and fertile [12]. However, in 2005, two seminal 
papers demonstrated that breast cancer cells with mutations 
in BRCA1 or BRCA2 genes were extremely sensitive to 
PARP inhibition [13, 14]. BRCA1 and BRCA2 proteins are 
important in homologous recombination for repair of dou-
ble-stranded breaks. When BRCA1 and BRCA2 genes are 
mutated, their subsequent proteins are unable to repair DNA 
damage, ultimately leading to cell death (Fig. 1) [15, 16]. 
This idea can be more broadly applied; cells with defects in 
the double-strand repair pathway appear to be more depend-
ent on PARP1 to maintain genomic integrity, thus are more 
sensitive to the cytotoxic effects of PARP inhibition [17].

Deleterious mutations of BRCA1 and BRCA2 lead to an 
increased risk of cancer, including breast, ovarian, prostate, 
and pancreatic cancers, because of the impaired homologous 
recombination repair pathways [18–21]. BRCA-deficient 
cells rely on the single-strand annealing sub-pathway of 
homologous recombination or non-homologous end-join-
ing to repair damaged DNA. However, both these repair 
pathways are prone to errors leading to an increased rate 
of mutations and cell death. Defects in homologous recom-
bination repair can be caused by other mechanisms aside 

from mutations in BRCA1 and BRCA2. Loss of function 
of other proteins such as RecA homologue RAD51, ataxia 
telangiectasia-mutated (ATM), ataxia telangiectasia and 
Rad3-related (ATR) proteins also demonstrate impaired 
homologous recombination [22]. Tumors with these abnor-
malities, described as “BRCA-like”, are often sensitive to 
similar therapies [23]. Phenotypically, triple-negative breast 
cancer and high-grade serous ovarian cancer have “BRCA-
like” features [24, 25].

In the era of targeted therapy, there have been many 
instances of successful targeting of driver mutations of 
tumor growth. The development of PARP inhibitors repre-
sents a departure from this paradigm of cancer drug devel-
opment. A unique aspect of PARP inhibition is the reliance 
on the tumor’s limitations, in this case the inability to repair 
DNA, in order to cause tumor cell death [26, 27]. PARP 
inhibition relies on the concept of synthetic lethality, a phe-
nomenon that arises when combined mutation or blockade of 
two genes leads to cell death, whereas mutation or blockade 
of only one of the genes does not. In this case, PARP inhibi-
tion induces DNA damage that cannot be repaired by tumors 
with deficient homologous recombination repair. Cells with 
intact homologous recombination remain unaffected, thus 
minimizing off-target effects and toxicities.

Another treatment strategy focuses on using PARP 
inhibitors in combination with cytotoxic chemotherapy, 
antiangiogenesis agents, radiotherapy, immune therapy, or 
by inhibiting proteins in the DNA damage-response path-
way. Rationale for this approach is discussed later in this 
review; as of now combination therapy with PARP inhi-
bition remains investigational. As monotherapy, several 
PARP inhibitors have been approved by the US Food and 
Drug Administration (FDA) (Table 1) and more are being 

Fig. 1  Synthetic lethality with PARP inhibition and BRCA mutation. 
Single stranded breaks in DNA can be repaired by PARP pathway 
with NAD + as a cofactor. Treatment with a PARP inhibitor prevents 
repair of single stranded breaks and instead leads to double stranded 
breaks which then undergo homologous recombination. BRCA 

mutated cells are unable to undergo DNA repair via the homologous 
recombination pathway thus leading to cell death. This illustrates the 
concept of synthetic lethality with PARP inhibition and BRCA muta-
tion, as both are required for cell death
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investigated in clinical trials. PARP inhibitors target the 
same binding site, but have differences in their chemical 
structures translating into different pharmacokinetic prop-
erties. For instance, talazoparib is more potent in PARP1 
trapping when compared to niraparib, but niraparib is more 
potent at PARP1 trapping than olaparib and rucaparib [9]. 
Veliparib on the other hand is more effective at inhibiting 
PARylation than in trapping PARP1 [7]. These differences 
translate into distinct side-effect profiles, and it remains to be 
seen if they have implications for efficacy, biomarker devel-
opment, etc. A summary of approved and investigational 
PARP inhibitors is presented below.

2  Olaparib (AZD2281)

Olaparib, initially known as AZD2281, is an oral PARP 
inhibitor. Pre-clinical studies showed impressive cytotoxic-
ity of PARP inhibition in cell lines with BRCA1/2 muta-
tions [14], a finding that was confirmed by animal studies 
using a genetically engineered mouse model for BRCA1-
associated breast cancer [28]. In clinical studies, olaparib 
was mostly evaluated in BRCA-associated tumors. To date 
it is FDA approved in advanced BRCA-mutated ovarian can-
cer, advanced BRCA-mutated, HER2-negative breast cancer, 
and as maintenance therapy for platinum-sensitive ovarian 
cancer regardless of BRCA mutation status (Tables 1 and 
2). More recently it was granted an orphan drug designa-
tion for maintenance therapy in BRCA-mutated metastatic 
pancreatic cancer. Studies for other indications are ongoing.

2.1  Phase I Studies

Olaparib was the first PARP inhibitor tested in clinical 
trials as a single agent. Results from the phase I study of 

olaparib were published by Fong et al. in 2009 [29]. A total 
of 60 patients with advanced solid tumors with tumor types 
including ovarian, breast, colorectal, melanoma, sarcoma, 
and prostate were enrolled. Initially, BRCA mutation was 
not required for eligibility; however, in the expansion phase 
only BRCA mutation carriers were enrolled to allow enrich-
ment of this population. Ultimately, 23 of the 60 patients 
carried BRCA1 or BRCA2 mutations. Durable objective 
antitumor activity was observed only in BRCA mutation car-
riers, whereas no objective antitumor response was seen in 
the non-BRCA carriers. Two BRCA carriers had tumors not 
typically associated with BRCA mutation status, including 
one with small-cell lung cancer and one with vaginal adeno-
carcinoma. Both of these patients progressed rapidly after 
initiating olaparib. Of the 19 patients with BRCA mutations, 
63% had a clinical benefit with olaparib. These patients had 
ovarian, breast, or prostate cancer. Olaparib 400 mg twice 
daily (BID) was determined to be the maximum tolerated 
dose (MTD), although antitumor efficacy was observed with 
dosing as low as 60 mg BID. Generally, olaparib was well 
tolerated. Most adverse effects were grade 1 or 2 and these 
included nausea (32%), fatigue (30%), taste alteration (13%), 
and anorexia (3%). Grade 3–4 thrombocytopenia, lymphope-
nia, nausea, vomiting, and dizziness were each seen in one 
patient at the 400-mg twice-daily (BID) dosing [29]. Given 
the lack of response in non-BRCA mutation carriers, future 
studies focused mostly on patients with BRCA mutations 
or homologous recombination deficiency in typical BRCA-
associated tumors.

Other phase I studies examined olaparib in combina-
tion with chemotherapy. Two trials looking at olaparib in 
conjunction with cisplatin and gemcitabine in adults with 
solid tumors observed significant myelosuppression, even 
with relatively low doses of olaparib [30, 31]. Excess mye-
losuppression was also noted when olaparib was given in 

Table 1  Summary of US Food and Drug Administration-approved PARP (poly(ADP-ribose) polymerase) inhibitors

Drug Dosing Chemical structure Half-life Peak plasma 
concentration

Excretion Side effects

Olaparib 300 mg BID C24H23FN4O3 12 h 1.5 h Urine (44%) and feces (42%) Cytopenias, nausea, vomiting, stoma-
titis, fatigue, anorexia, arthralgia, 
myalgia, dysgeusia, headache

Rucaparib 600 mg BID C19H18FN3O 17–19 h 1.9 h Feces Nausea, vomiting, constipation, 
diarrhea, abdominal pain, asthenia, 
cytopenias, dysgeusia, dyspnea

Niraparib 300 mg daily C19H20N4O 36 h 3 h Urine (48%) and feces (39%) Cytopenias, palpitations, nausea, 
vomiting, constipation, mucosi-
tis, diarrhea, dyspepsia, asthenia, 
myalgias, headache, insomnia, 
cough, rash

Talazoparib 1 mg daily C26H22F2N6O4S 90 h 1–2 h Urinary Cytopenias, anorexia, headache, nau-
sea, vomiting, diarrhea, alopecia, 
fatigue



660 E. Sachdev et al.

Ta
bl

e 
2 

 T
ria

ls
 fo

r a
pp

ro
ve

d 
dr

ug
s i

n 
ov

ar
ia

n 
ca

nc
er

 a
nd

 b
re

as
t c

an
ce

r

PA
R

P 
in

hi
bi

to
r

Tr
ia

l
Pa

tie
nt

 p
op

ul
at

io
n

Tr
ia

l d
es

ig
n

N
Tr

ea
tm

en
t a

rm
s

O
ut

co
m

e 
m

ea
su

re
Re

su
lt

Re
fe

re
nc

es

O
va

ria
n 

ca
nc

er
 O

la
pa

rib
N

C
T0

10
78

66
2

G
er

m
lin

e 
B

RC
A

1/
2 

m
ut

at
io

n 
an

d 
ad

va
nc

ed
 so

lid
 

tu
m

or
 in

cl
ud

in
g 

pl
at

in
um

-r
es

ist
an

t 
ov

ar
ia

n 
ca

nc
er

Ph
as

e 
2,

 n
on

-r
an

d-
om

iz
ed

 tr
ia

l
19

3 
pt

s i
n 

ov
ar

-
ia

n 
ca

nc
er

 
co

ho
rt

O
la

pa
rib

 4
00

 m
g 

tw
ic

e 
da

ily
Tu

m
or

 re
sp

on
se

 ra
te

 
(T

R
R

)
TR

R
 3

1.
1%

, 9
5%

 C
I 

24
.6

–3
8.

1
[4

2]

 O
la

pa
rib

St
ud

y 
19

 
(N

C
T0

07
53

54
5)

Re
cu

rr
en

t p
la

tin
um

-
se

ns
iti

ve
 h

ig
h-

gr
ad

e 
ov

ar
ia

n 
ca

nc
er

 a
nd

 
re

sp
on

se
 to

 m
os

t 
re

ce
nt

 th
er

ap
y

Ph
as

e 
2,

 ra
nd

om
iz

ed
, 

pl
ac

eb
o-

co
nt

ro
lle

d,
 

do
ub

le
-b

lin
d 

tri
al

26
4

1:
1 

ol
ap

ar
ib

 4
00

 m
g 

tw
ic

e 
da

ily
 v

s. 
pl

a-
ce

bo
 m

ai
nt

en
an

ce

Pr
og

re
ss

io
n-

fr
ee

 
su

rv
iv

al
 (P

FS
)

PF
S 

8.
4 

m
o 

w
ith

 
ol

ap
ar

ib
 v

s. 
4.

8 
m

o 
w

ith
 p

la
ce

bo
, 

H
R

 0
.3

5;
 9

5%
 C

I 
0.

25
–0

.4
9;

 p
 <

 0.
00

1

[4
3]

 O
la

pa
rib

SO
LO

-2
(N

C
T0

18
74

35
3)

G
er

m
lin

e 
B

RC
A

1/
2 

pl
at

in
um

-s
en

si
tiv

e,
 

re
la

ps
ed

 o
va

ria
n 

ca
nc

er
 w

ho
 h

ad
 

re
ce

iv
ed

 a
t l

ea
st 

tw
o 

lin
es

 o
f p

re
vi

ou
s 

ch
em

ot
he

ra
py

Ph
as

e 
3 

ra
nd

om
iz

ed
, 

do
ub

le
-b

lin
d 

tri
al

29
5

2:
1 

ol
ap

ar
ib

 3
00

 m
g 

tw
ic

e 
da

ily
 v

s. 
pl

a-
ce

bo
 m

ai
nt

en
an

ce

PF
S

PF
S 

19
.1

 m
o 

w
ith

 
ol

ap
ar

ib
 v

s. 
5.

5 
m

o 
w

ith
 p

la
ce

bo
, H

R
 

0.
50

; 9
5%

 C
I 0

.3
4–

0.
72

; p
 =

 0.
00

02

[4
5]

 O
la

pa
rib

SO
LO

-1
 

(N
C

T0
18

44
98

6)
B

RC
A

-m
ut

at
ed

 m
et

a-
st

at
ic

 o
va

ria
n 

ca
nc

er
 

fo
llo

w
in

g 
fir

st-
lin

e 
pl

at
in

um
-b

as
ed

 
ch

em
ot

he
ra

py

Ph
as

e 
3 

ra
nd

om
iz

ed
, 

do
ub

le
-b

lin
d,

 
pl

ac
eb

o-
co

nt
ro

lle
d,

 
m

ul
tic

en
te

r t
ria

l

39
1

2:
1 

ol
ap

ar
ib

 3
00

 m
g 

tw
ic

e 
da

ily
 v

s. 
pl

ac
eb

o

PF
S

PF
S 

no
t r

ea
ch

ed
 w

ith
 

ol
ap

ar
ib

 v
s. 

13
.8

 m
o 

w
ith

 p
la

ce
bo

, H
R

 
0.

30
; 9

5%
 C

I 0
.2

3–
0.

41
; p

 <
 0.

00
01

[4
7]

 N
ira

pa
rib

N
O

VA
 

(N
C

T0
18

47
27

4)
Pl

at
in

um
-s

en
si

tiv
e,

 
re

cu
rr

en
t o

va
ria

n 
ca

nc
er

Ph
as

e 
3 

ra
nd

om
iz

ed
, 

do
ub

le
-b

lin
d

55
3

2:
1 

ni
ra

pa
rib

 3
00

 m
g 

da
ily

 v
s. 

pl
ac

eb
o

PF
S

PF
S 

21
.0

 m
o 

vs
. 5

.5
 

m
o 

in
 th

e 
gB

RC
A

 
co

ho
rt 

(H
R

, 0
.2

7;
 

95
%

 C
I 0

.1
7–

0.
41

), 
as

 c
om

pa
re

d 
w

ith
 

12
.9

 m
o 

vs
. 3

.8
 m

o 
in

 th
e 

no
n-

gB
RC

A
 

co
ho

rt 
w

ith
 H

R
D

 
(H

R
, 0

.3
8;

 9
5%

 C
I 

0.
24

–0
.5

9)
 a

nd
 9

.3
 

m
o 

vs
. 3

.9
 m

o 
in

 th
e 

ov
er

al
l n

on
-g

B
RC

A
 

co
ho

rt 
(H

R
, 0

.4
5;

 
95

%
 C

I 0
.3

4–
0.

61
; 

p <
 0.

00
1 

fo
r a

ll 
th

re
e 

co
m

pa
ris

on
s

[9
1]



661PARP Inhibition in Cancer: An Update on Clinical Development

BI
D

 tw
ic

e 
da

ily
, T

RR
  to

ta
l r

es
po

ns
e 

ra
te

, P
FS

 P
ro

gr
es

si
on

 fr
ee

 su
rv

iv
al

, H
R 

ha
za

rd
 ra

tio

Ta
bl

e 
2 

 (c
on

tin
ue

d)

PA
R

P 
in

hi
bi

to
r

Tr
ia

l
Pa

tie
nt

 p
op

ul
at

io
n

Tr
ia

l d
es

ig
n

N
Tr

ea
tm

en
t a

rm
s

O
ut

co
m

e 
m

ea
su

re
Re

su
lt

Re
fe

re
nc

es

 R
uc

ap
ar

ib
A

R
IE

L3
 

(N
C

T0
19

68
21

3)
Pl

at
in

um
-s

en
si

tiv
e 

ov
ar

ia
n 

ca
nc

er
 w

ho
 

ha
d 

re
ce

iv
ed

 a
t 

le
as

t t
w

o 
pr

ev
io

us
 

pl
at

in
um

-b
as

ed
 

ch
em

ot
he

ra
py

 
re

gi
m

en
s

Ph
as

e 
3 

do
ub

le
-b

lin
d,

 
pl

ac
eb

o-
co

nt
ro

lle
d

56
4

2:
1 

ru
ca

pa
rib

 6
00

 m
g 

tw
ic

e 
da

ily
 o

r 
pl

ac
eb

o

PF
S

PF
S 

in
 B

RC
A -

m
ut

at
ed

 
pt

s:
 1

6·
6 

m
o 

w
ith

 
ru

ca
pa

rib
 v

s. 
5.

4 
m

o 
w

ith
 p

la
ce

bo
 (H

R
 

0.
23

; 9
5%

 C
I 0

·1
6–

0·
34

; p
 <

 0·
00

01
PF

S 
in

 H
R

D
 p

ts
: 

PF
S 

13
·6

 m
o 

vs
. 

5·
4 

m
o 

(H
R

 0
.3

2;
 

95
%

 C
I 0

.2
4–

0.
42

; 
p <

 0·
00

01
)

[8
4]

B
re

as
t c

an
ce

r
 O

la
pa

rib
O

ly
m

pi
A

D
 

(N
C

T0
20

00
62

2)
G

er
m

lin
e 

B
RC

A
1/

2-
m

ut
at

ed
, H

er
2-

ne
ga

-
tiv

e 
m

et
as

ta
tic

 b
re

as
t 

ca
nc

er

Ph
as

e 
3 

ra
nd

om
iz

ed
, 

op
en

-la
be

l
30

2
2:

1 
ol

ap
ar

ib
 3

00
 m

g 
tw

ic
e 

da
ily

 v
s. 

ph
ys

ic
ia

n-
ch

oi
ce

 
ch

em
ot

he
ra

py

PF
S

PF
S 

7 
m

o 
w

ith
 o

la
pa

-
rib

 v
s 4

.2
 m

o 
w

ith
 

ch
em

ot
he

ra
py

, H
R

 
0.

58
, 9

5%
 C

I: 
0.

43
, 

0.
80

; p
 =

 0.
00

09

[5
2]

 T
al

az
op

ar
ib

EM
B

R
A

CA
 

(N
C

T0
19

45
77

5)
G

er
m

lin
e 

B
RC

A
1/

2-
m

ut
at

ed
, H

er
2-

ne
ga

-
tiv

e 
m

et
as

ta
tic

 b
re

as
t 

ca
nc

er
 w

ho
 h

ad
 

re
ce

iv
ed

 n
o 

m
or

e 
th

an
 th

re
e 

pr
io

r c
yt

o-
to

xi
c 

ch
em

ot
he

ra
py

 
re

gi
m

en
s

Ph
as

e 
3 

ra
nd

om
iz

ed
, 

op
en

-la
be

l
43

1
2:

1 
ta

la
zo

pa
rib

 1
 m

g 
on

ce
 d

ai
ly

 v
s. 

ph
ys

ic
ia

n-
ch

oi
ce

 
ch

em
ot

he
ra

py

PF
S

PF
S 

8.
6 

m
o 

w
ith

 
ta

la
zo

pa
rib

 v
s 5

.6
 

m
o 

w
ith

 c
he

m
o-

th
er

ap
y,

 H
R

 0
.5

4;
 

95
%

 C
I: 

0.
41

, 0
.7

1;
 

p <
 0.

00
01

[1
00

]



662 E. Sachdev et al.

combination with dacarbazine [32] and topotecan [33]. 
Thus, further trials with these particular combinations are 
not being pursued.

BRCA mutations and other forms of homologous 
recombination deficiency have been reported in a small but 
significant proportion of pancreatic cancers [34], and mice 
bearing human pancreatic tumor xenografts showed tumor 
response to PARP inhibition in combination with gemcit-
abine [35]. As a result, a phase I clinical trial examined 
this combination in patients with solid tumors, including 
22 patients in a dose-expansion cohort with chemotherapy-
naïve advanced pancreatic cancer. Presence of a BRCA 
mutation was not required for enrollment. Dose-limiting 
toxicities were noted in four patients of the dose-escala-
tion cohorts, all of which resolved with gemcitabine dose 
modification. Overall, 38 of the 47 patients treated with 
olaparib and gemcitabine reported grade 3 or 4 adverse 
events, the most common of which were hematologic 
toxicities, occurring in 55% of patients. Other common 
side effects included nausea, vomiting, and an increase 
in alanine aminotransferase. Intermittent olaparib dos-
ing was explored, and ultimately olaparib 100 mg BID 
on days 1–14 in combination with gemcitabine 600 mg/
m2 on day 1 was selected for the expansion phase based 
on acceptable tolerability. Overall response rates (ORRs) 
were 10% (n = 4/41) in the dose-escalation phase. In the 
dose-expansion phase the ORR was 27% (n = 4/14) for 
the combination compared with 14% (n = 1/7) with gem-
citabine alone, though the difference was not significant. 
Analysis by BRCA mutation status was not possible given 
the small number of patients with known BRCA mutation 
status [36]. Though the numbers were small, the response 
rates were encouraging, and olaparib is being further 
investigated with pancreatic cancer patients with BRCA 
mutations both as monotherapy (NCT01078662) and in 
combination with chemotherapy (NCT01296763).

Olaparib in combination with pegylated liposomal doxo-
rubicin was examined in a phase I study in patients with 
solid cancers, the majority having breast or ovarian cancer. 
The maximum tolerated dose was reached using continuous 
olaparib 400 mg BID and pegylated liposomal doxorubicin 
40 mg/m2 on day 1 every 28 days. Fourteen of 44 patients 
(33%) had an objective response; 13 of the responders had 
ovarian cancer, of which 10 were platinum sensitive and 11 
had a germline BRCA mutation [37]. A phase II trial fur-
ther examining this combination in patients with platinum-
resistant ovarian cancer is ongoing (NCT03161132).

A phase I/II multicenter trial evaluated the tolerability of 
olaparib in combination with weekly paclitaxel in women 
with triple-negative breast cancer. A total of 19 patients 
were enrolled. Although over a third of patients experi-
enced grade 3 or 4 adverse events, the most common being 
myelosuppression, response rates were promising. Despite 

15 patients having received prior taxane chemotherapy, 37% 
had confirmed partial response (PR) and another 16% had 
unconfirmed response. One patient who was not a BRCA 
mutation carrier even enjoyed a complete radiologic remis-
sion and had continued on olaparib 4 years after enrollment 
began [38].

There are ongoing studies examining the role of various 
PARP inhibitors with radiotherapy. Preclinical studies dem-
onstrated activity of PARP inhibition in combination with 
radiation in head and neck squamous cell carcinoma cell 
lines. A phase I study evaluated escalating doses of olapa-
rib with fixed doses of cetuximab and radiation in heavy 
smokers with locally advanced head and neck cancer. Of the 
13 patients enrolled, three progressed at 14 months. With 
a starting dose of olaparib 50 mg BID, toxicities mainly 
included grade 3 dermatitis and acneiform rash [39]. Results 
with longer follow-up are awaited.

In summary, olaparib monotherapy was found to be fairly 
well tolerated at the maximum tolerated dose of 400 mg 
BID, whereas in combination with chemotherapy, response 
rates are promising but at the cost of excess myelosup-
pression. When given in combination, a dose reduction of 
100 mg BID is generally more tolerable with either intermit-
tent or continuous dosing. The greatest efficacy of olaparib 
is noted in BRCA-mutated tumors.

2.2  Phase II/III Studies

2.2.1  Ovarian Cancer

A phase II proof-of-concept study examined olaparib in 
BRCA-mutated ovarian cancer. Patients received olapa-
rib initially at the MTD of 400 mg BID, and subsequently 
at 100 mg BID. Tumor response rates were 33% with the 
higher dose compared to 12.5% at 100 mg BID dose. This 
study confirmed olaparib is active in BRCA-deficient ovar-
ian cancer and is more effective at the 400 mg BID dose, 
thus paving the way for further studies [40].

To answer the question of whether PARP inhibition could 
be effective in BRCA-like cancers, a phase II study was con-
ducted with women with BRCA-mutated breast or ovarian 
cancer as well as non-BRCA-mutated triple-negative breast 
and high-grade serous ovarian cancers, phenotypes typically 
seen with BRCA1 mutations. A total of 91 patients, 65 with 
ovarian and 26 with breast cancer, were treated with olapa-
rib 400 mg BID. Responses were seen exclusively in the 
ovarian cancer cohort, with response rates of 41% in the 
BRCA-mutated patients and 24% in the non-BRCA-mutated 
patients [41]. Though BRCA-mutated patients demonstrated 
better responses, there did seem to be activity in BRCA 
wild-type patients, providing rationale for further study in 
this high-grade serous ovarian population.
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A larger phase II single-arm trial conducted by Kaufman 
et al. confirmed activity in BRCA-mutated ovarian cancer. 
Patients with germline BRCA 1 or 2 mutations and recurrent 
metastatic cancer were enrolled, including 193 women with 
platinum-resistant ovarian cancer. Patients were adminis-
tered olaparib 400 mg BID. Among the patients with ovarian 
cancer, ORR was about 30% in a notably heavily pretreated 
population who had received a median of four prior thera-
pies [42]. Based on these results, in 2014 the FDA granted 
approval for olaparib in women with germline BRCA-
mutated ovarian cancer that received three or more prior 
lines of chemotherapy.

In 2012, Ledermann et al. published a phase II rand-
omized, double-blind, placebo-controlled trial, Study 19, 
examining the role of olaparib in maintenance therapy. A 
total of 264 women with recurrent platinum-sensitive high-
grade ovarian cancer that responded to most recent therapy, 
were randomized to olaparib 400 mg daily or placebo as 
maintenance therapy. Over half of the patients had unknown 
BRCA mutation status, 15% of patients in each arm were 
BRCA negative, with the remainder having BRCA1 or 
BRCA2 mutations. Patients on olaparib demonstrated 
improved progression-free survival (PFS) of 8 months with 
olaparib versus 5 months with placebo. In subgroup analy-
sis, olaparib showed superiority in both BRCA-positive 
and BRCA-status unknown patients, though PFS benefit 
was greater in BRCA-mutated patients. BRCA-negative 
women were not included in the subgroup analysis due to 
the small sample size [43]. The initial study demonstrated a 
non-statistically significant trend towards survival benefit. 
In an update published in 2018 with more mature data, a 
survival benefit was observed, though it did not meet the 
predefined threshold for statistical significance. Cross-over 
was not permitted in the trial, but 13% of patients in the 
placebo group went on to receive PARP inhibitors outside 
of the trial, thus confounding the survival data. A proportion 
of patients enjoyed a long-term response, with nearly a quar-
ter of patients on treatment for 2 years and 11% of patients 
on treatment for over 6 years. The long-term responders 
were made up of both BRCA-mutated and BRCA wild-type 
patients [44].

A rare but important safety signal arose in this trial: three 
cases of myelodysplastic syndrome (MDS) or acute myelog-
enous leukemia (AML) were observed, with two cases in 
patients randomized to olaparib and one in a patient rand-
omized to placebo.

The phase III SOLO2/ENGOT-Ov21 (NCT01874353) 
evaluated olaparib maintenance in patients with recurrent 
high-grade ovarian cancer, but restricted enrollment to 
women with a known germline or sporadic BRCA muta-
tion. The trial randomized 295 patients that had received 
two lines of previous chemotherapy in a 2:1 ratio to olapa-
rib maintenance or placebo. Those on the olaparib arm had 

an improved PFS of 19.1 months versus 5.5 months with 
placebo (HR 0.30, 95% CI 0.22–0.41) [45]. In a historical 
comparison to Study 19, PFS was about 10 months longer 
in the olaparib arm in this trial, presumably due to selec-
tion of BRCA-mutated tumors. A follow-up study examin-
ing quality-of-life metrics showed no significant detriment 
on health-related quality of life compared to placebo [46], 
thus indicating it is an overall well-tolerated maintenance 
strategy. The results of Study 19 and SOLO2 led to FDA 
approval for maintenance therapy after response to platinum-
based chemotherapy in patients with recurrent ovarian can-
cer regardless of BRCA status in 2017.

Most recently, the phase III SOLO1 (NCT01844986) 
trial led to the newest FDA approval for olaparib; main-
tenance therapy in the first-line setting for ovarian cancer. 
This trial randomized 391 women with newly diagnosed 
advanced ovarian cancer, almost all of whom were ger-
mline BRCA mutation carriers, in a 2:1 ratio to olaparib 
versus placebo maintenance. At 41-month follow-up, this 
placebo-controlled trial achieved its primary end point of 
improvement in PFS. Median PFS was not reached in the 
olaparib group and was 13.8 months with placebo. Survival 
data were not mature at time of publication, but a non-sig-
nificant trend towards improved overall survival (OS) was 
seen with olaparib. Despite a longer duration of treatment 
when compared to maintenance therapy in the relapsed set-
ting, the toxicity profile was fairly similar. A 1% incidence of 
MDS or AML occurred in the olaparib group, compared to 
none in the placebo group [47]; whether this increases with 
longer follow-up will need to be assessed. The question of 
whether PARP inhibitor maintenance can be expanded to 
all comers will need to be answered. Bevacizumab, a VEFG 
inhibitor, already has FDA approval in advanced platinum-
sensitive ovarian cancer in combination with chemotherapy 
and as maintenance therapy. An ongoing phase III study, 
PAOLA-1 (NCT02477644), is evaluating the efficacy of 
the combination of these two maintenance options in the 
first-line setting, with results expected in late 2019. Patients 
with newly diagnosed ovarian cancer will be randomized to 
bevacizumab versus bevacizumab plus olaparib maintenance 
following platinum therapy, and results will be stratified by 
BRCA mutation status [48].

Olaparib in combination with chemotherapy for recurrent 
platinum-sensitive ovarian cancer was examined in a rand-
omized phase II trial [49]. Patients received up to three prior 
courses of platinum-based chemotherapy with a progression-
free interval of at least 6 months. The study randomized 
162 patients to either olaparib 200 mg BID on days 1–10 of 
each 21-day cycle plus paclitaxel 175 mg/m2 and carbopl-
atin AUC 4 intravenously on day 1 or to carboplatin AUC 
6 and paclitaxel 175 mg/m2 intravenously on day 1 of each 
21-day cycle. Median PFS was significantly longer in the 
olaparib plus chemotherapy group, 12.2 months, compared 
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to the chemotherapy-alone group, 9.6 months. This differ-
ence was more pronounced in the BRCA-mutated patients. 
Not surprisingly, slight increased toxicity occurred in the 
combination group, with 65% of patients in the combina-
tion group experiencing grade 3 or 4 toxicity, compared to 
57% patients in the control arm. A late separation of the 
PFS curves suggests the maintenance phase was likely the 
main contributor to the benefit seen. Overall, the authors 
concluded the combination of chemotherapy and olaparib 
did not seem to offer a benefit over olaparib maintenance 
therapy alone [49].

Olaparib and cediranib, a VEGF-inhibitor, was studied 
in a randomized open-label phase II study for patients with 
platinum-sensitive, relapsed ovarian cancer or those with 
germline BRCA mutations. The combination of cediranib 
plus olaparib led to an improvement in PFS, 17.7 months 
with the combination compared to 9 months with olaparib 
monotherapy, in women with recurrent, platinum-sensitive 
ovarian cancer. Grade 3 or 4 adverse events were more com-
mon with the combination [50]. Two large phase III studies 
have been conducted comparing the combination of olaparib 
and cediranib to chemotherapy, NRG-GY004 in platinum-
sensitive ovarian cancer and NRG-GY005 in platinum-
resistant ovarian cancer. Enrollment is complete, but data 
are not yet mature. ICON 9 (NCT03278717) is a planned 
phase III follow-up study also looking at this combination; 
however, recruitment has not started.

Though combination therapy appears to be promising, 
toxicity may be a limiting factor. Currently, only olaparib 
monotherapy is FDA approved for women who have pro-
gressed after three or more prior lines of treatment irre-
spective of BRCA-mutation status, and as maintenance 
therapy in women with BRCA-mutated newly diagnosed 
and relapsed ovarian cancer.

2.2.2  Breast Cancer

Following the results of the initial phase I study of olaparib, 
the phase II ICEBERG1 trial (NCT00494234) examining 
olaparib in BRCA-mutated breast cancer was published. 
This trial contained two patient cohorts; the first cohort of 
patients was treated at the phase I MTD of 400 mg BID and 
the second sequential cohort was given the lowest inhibitory 
dose of 100 mg BID. The ORR of 46% was higher in cohort 
1 compared to cohort 2 with an ORR of 22%. Exploratory 
analysis showed responses in traditionally treatment-resist-
ant populations, including women with triple-negative breast 
cancer and heavily pre-treated patients. Toxicity was slightly 
increased with the higher dose, although overall therapy was 
well tolerated. In total, grade 3 or 4 adverse events were 
reported in 41% of patients in the olaparib 400 mg BID 
cohort and in 33% of patients in the olaparib 100 mg BID 
cohort. There were no grade 5 events [51].

OlympiAD (NCT02000622) further examined the role 
of olaparib in BRCA-mutated breast cancer. This phase 
III, open-label study randomized 302 women with BRCA-
mutated, Her2-negative, metastatic breast cancer, who had 
received no more than two prior lines of chemotherapy, to 
olaparib versus physician’s choice. The study met its pri-
mary endpoint of improved PFS, 7 months with olaparib 
versus 4.2 months with standard therapy. Olaparib was better 
tolerated with 36.6% grade 3 or higher toxicity compared to 
50.5% with standard therapy [52]. Based on these results, the 
FDA approved olaparib for metastatic, germline-mutated, 
Her2-negative breast cancer in early 2018, representing the 
first non-cytotoxic approval for this indication. In 2019, 
a published final analysis of OS did not detect a statisti-
cally significant survival benefit with olaparib compared to 
chemotherapy, with median OS 19.3 months with olaparib 
versus 17.1 months with chemotherapy, p value of 0.513. 
There was a suggestion of greater benefit among treatment-
naïve patients, though this was not statistically significant. 
Crossover upon progression was not permitted and cannot 
explain the lack of survival benefit. It is important to note, 
however, the study was not powered to identify a difference 
in this endpoint, and olaparib had less overall toxicity com-
pared to chemotherapy [53].

Olaparib’ s potential role as adjuvant therapy in 
early-stage disease is being examined in OlympiA 
(NCT02032823), a phase III trial enrolling patients with 
high-risk, BRCA-mutated, Her2-negative breast cancer who 
have completed local therapy and at least six cycles of chem-
otherapy. Patients will be randomized to olaparib 300 mg 
BID versus placebo for 12 months. Estimated enrollment is 
1800 patients and interim results are eagerly awaited [54].

The data for olaparib’s efficacy in non-BRCA-mutated 
breast cancer is less convincing. The aforementioned 
Study 19, which included women with BRCA-mutated and 
“BRCA-like” triple-negative breast cancer, demonstrated 
disappointing results with no objective response among 
the 23 patients in the trial. However, of the BRCA-mutated 
breast cancers, the disease control rate at 8 weeks was 70% 
compared to 19% in the mutation-negative cohorts [55].

Rationale exists for combining cytotoxic chemother-
apy with PARP inhibition, based on the assumption that 
chemotherapy damages the DNA and PARP inhibition pre-
vents repair of this damage. This strategy is being exam-
ined in triple-negative breast cancer. The PARTNER trial 
(NCT03150576) is an ongoing phase II/III trial examining 
whether addition of olaparib to platinum-based neoadju-
vant chemotherapy increases the pathologic response rate 
amongst women with localized triple-negative breast cancer 
[56].

The combination of olaparib and immunotherapy 
may also be effective, based on the idea that olaparib can 
induce DNA damage leading to neo-antigen formation and 
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increased efficacy of checkpoint inhibition. The phase II 
MEDIOLA trial (NCT02734004) examining the combina-
tion of olaparib and PDL-1 inhibitor durvalumab in women 
with metastatic, Her2-negative breast cancer and germline 
BRCA mutations demonstrated favorable results on interim 
analysis. Of 30 evaluable patients, a disease control rate 
of 80% was noted with an ORR of 63% and duration of 
response of about 9 months. When compared to olaparib 
monotherapy data from OlympiAD, response rates are 
roughly similar, but duration of response appears prolonged 
with the combination by about 2.5 months [57].

The phase II DORA trial ((NCT03167619) is evaluat-
ing the role of durvalumab maintenance in patients with 
advanced triple-negative breast cancer. DORA is a non-
comparator randomized trial in which patients who respond 
to four cycles of platinum-based chemotherapy will be ran-
domized to olaparib maintenance versus olaparib plus dur-
valumab maintenance [58]. In the future, PARP inhibitor 
monotherapy or in combination may be explored further for 
breast cancer patients with somatic BRCA mutations and 
patients with other pathways of homologous recombination 
deficiency.

2.2.3  Prostate Cancer

BRCA mutations are associated with other types of malig-
nancies aside from breast and ovarian cancers. A phase II 
trial was conducted to examine the efficacy of olaparib as 
monotherapy in patients with germline BRCA1 or BRCA2 
mutations irrespective of tumor type. Patients with advanced 
solid tumors and confirmed germline mutations in BRCA1/2 
were enrolled and treated with olaparib 400 mg BID. Of the 
eight patients with prostate cancer, tumor response rate was 
50% [59].

Though BRCA mutations significantly increase the risk 
of prostate cancer, they are responsible for a minority of 
prostate cancer cases; germline BRCA2 mutations are pre-
sent in 1.2% of prostate cancer cases [60] while germline 
BRCA1 mutations are present in 0.44% of prostate cancer 
[61]. However, inactivating mutations in homologous repair 
genes including CHEK2, BRIPI/FANCJ, NSB1, and ATM 
are more common, occurring in 20–25% of prostate cancers 
[62].

In the Trial of PARP Inhibition in Prostate Cancer 
(TOPARP-A) (NCT01682772), men with metastatic castra-
tion-resistant prostate cancer that progressed through one 
or two lines of chemotherapy were treated with olaparib 
400 mg BID. A total of 50 patients were enrolled and 49 
patients were evaluable for response. The tumor response 
rate was 33%, with 16/49 showing radiographic response. 
Tumor aberrations in DNA repair genes were found in 16 
patients, including mutations in BRCA2, ATM, FANCA, 

CHEK2, and PALB2. Of this cohort, tumor response rates 
were higher at 88% [63].

A trial investigating olaparib monotherapy in men with 
high-risk biochemically recurrent prostate cancer is cur-
rently ongoing (NCT03047135). An exploratory analysis 
will include biomarker discovery, including somatic DNA 
mutation analysis, RNA expression analysis, and immuno-
histochemistry for DNA damage markers. The study ini-
tially started enrolling in unselected patients, but if deemed 
appropriate, enrichment with biomarker-selected patients 
will occur [64].

PARP combination therapy is also being investigated in 
prostate cancer. At GU ASCO in 2018 data were presented 
from a phase II trial of olaparib and abiraterone in meta-
static castrate-resistant prostate cancer in unselected patients 
(NCT01972217). Men were randomized post-docetaxel 
to olaparib plus abiraterone versus olaparib plus placebo. 
Improved radiographic PFS was noted with the combina-
tion versus the comparator, 13.8 months versus 8.2 months, 
irrespective of presence of homologous recombination 
deficiency. However, toxicity increased with the combina-
tion with nearly double grade 3 or greater adverse events, 
54% versus 28% [65]. A phase III trial (NCT03732820) is 
planned to further evaluate this approach.

The idea of PARP inhibition augmenting checkpoint inhi-
bition is undergoing evaluation in prostate cancer. Prelimi-
nary data from a single-arm pilot study with accrual of 25 
patients (NCT02484404) with metastatic, castrate-resistant 
prostate cancer showed the combination of olaparib and dur-
valumab yielded a dramatic PSA response of > 50% in eight 
of 17 patients, six of whom possessed mutations in DNA 
repair pathways. Accrual for this study is ongoing [66].

To date there are no FDA approvals for PARP inhibitors 
in prostate cancer, but if further studies do yield an approval, 
the target population would likely expand beyond BRCA 
mutation to include any mechanism of homologous recom-
bination deficiency, thus potentially impacting a broader 
patient base. Proof of clinical benefit of combination therapy 
with PARP inhibition in unselected patients requires further 
study.

2.2.4  Gastrointestinal Cancers

Preclinical data suggest gastric cancer lines are more respon-
sive to olaparib when ATM protein levels are low [67]. A 
phase II study enriched for patients with low ATM tumors 
randomized patients with advanced gastric cancer to either 
olaparib 100 mg BID plus paclitaxel 80 mg/m2 on days 1, 
8, and 15 per 28-day cycles versus placebo plus paclitaxel 
80 mg/m2 on days 1, 8, and 15 per 28-day cycles. A total 
of 123 patients underwent treatment. The most common 
grade 3 or 4 toxicity in the combination arm was neutrope-
nia, which occurred in 59% of patients, and anemia, which 
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occurred in 11% of patients. Though PFS was not signifi-
cantly improved with the combination, OS was 13.1 months 
with olaparib plus paclitaxel versus 8.3 months with pacli-
taxel alone [68].

These findings prompted the phase III GOLD trial, 
recruiting Asian patients with advanced gastric cancer that 
progressed on first-line therapy. Treatment arms were iden-
tical to the preceding phase II trial. The study did not meet 
its primary endpoint of improved OS. Further exploration 
is being conducted on the data set to see if markers of DNA 
damage repair may be associated with sensitivity to PARP 
inhibitors [69]. Another phase I/II study (NCT03008278) is 
investigating olaparib in combination with ramucirumab in 
patients with advanced gastric cancer, irrespective of gene 
mutations. Similarly, an open phase II trial testing olaparib 
400 mg BID in patients with advanced colorectal cancer did 
not observe any anti-tumor response [70].

Results from the phase III, randomized, double-blind 
POLO study (nct 02184195) looking at olaparib mainte-
nance for BRCA-mutated pancreatic cancer were reported 
at ASCO 2019. The trial randomized 152 patients with meta-
static pancreatic cancer with germline BRCA1 or BRCA2 
mutations to olaparib maintenance or placebo after comple-
tion of first-line platinum-based chemotherapy. The primary 
endpoint of PFS was significantly longer in the olaparib 
group at 7.4 months, compared to 3.8 months with placebo. 
Median duration of response was 25 months with olaparib 
versus 4 months with placebo. At the time of interim analy-
sis, no survival benefit was seen, though these data were 
not yet mature. Additionally, there were no differences in 
quality of life between the two groups despite a higher per-
centage of grade 3 adverse events in the olaparib group [71]. 
This practice-changing study was the first to target a specific 
subpopulation of patients with metastatic pancreatic cancer.

3  Rucaparib (AG014699)

Rucaparib is an oral, potent, small molecule inhibitor of 
PARP-1, PARP-2, and PARP-3. In preclinical studies, ruca-
parib displayed preferential cytotoxicity to cells with BRCA 
mutations or those lacking components of the homologous 
recombination repair pathway [72], but also has demon-
strated activity in ovarian cancer cell lines lacking BRCA 
mutations [73]. It is FDA approved as maintenance treatment 
in patients with platinum-sensitive recurrent ovarian cancer 
irrespective of BRCA mutation status (Table 2). Rucaparib 
also demonstrates synergistic activity with radiation and 
chemotherapy, including platinum agents and topoisomer-
ase inhibitors, in various human cancer cell lines [73–75].

3.1  Phase I/II Trials

Rucaparib has shown promising results in ovarian cancer. 
The Study 10 trial (NCT01482715) was a multiphase trial 
assessing rucaparib in patients with germline BRCA1/2-
mutated ovarian cancer and other solid tumors [76]. In the 
phase I portion of the trial, one patient with breast cancer 
and one patient with ovarian cancer, both of whom had 
germline BRCA1 mutations, had a complete response at a 
dose of 360 mg BID and 300 mg daily, respectively. A PR 
was seen in three breast cancer patients, two ovarian can-
cer patients, and one pancreatic cancer patient, all of whom 
had either germline BRCA1/2 or tumor BRCA1 mutations 
[76]. In the phase II part of the Study 10 trial, 42 females, 
all of whom contained germline BRCA1- or BRCA2-
mutated, platinum-sensitive ovarian cancer received ruca-
parib 600 mg BID. About a third of the patients received at 
least three prior lines of platinum-based chemotherapy and 
the majority had between a 6- and a 12-month disease-free 
interval after their last platinum-based therapy. The ORR 
was 59.5% by RECIST criteria and 83.3% when evaluated by 
RECIST criteria and CA-125 response. The median duration 
of response was 7.8 months [76].

The ARIEL2 study (NCT01891344) is a two-part, mul-
ticenter, phase II trial evaluating efficacy of rucaparib in 
patients with relapsed, high-grade, platinum-sensitive 
ovarian cancer. In part 1, patients had to have received 
at least one or more chemotherapy regimens and the pri-
mary endpoint was PFS. The 204 patients enrolled were 
classified into three groups including BRCA mutated, 
BRCA wildtype with loss of heterozygosity high, and 
BRCA wildtype with loss of heterozygosity low. In con-
trast to the previously discussed ovarian cancer trials with 
olaparib, the BRCA-mutated group included patients with 
both germline or somatic BRCA mutations. Genomic loss 
of heterozygosity (LOH) was considered a biomarker of 
homologous recombination deficiency regardless of BRCA 
mutation status. The cut-off for classification as LOH 
high was at least 14%. Patients in the BRCA-mutated and 
BRCA wildtype with LOH high group had significantly 
longer PFS after treatment with rucaparib compared to 
the BRCA wildtype with LOH low group, HR 0.27 and 
0.62, respectively. PFS was 12.8 months, 5.7 months, and 
5.2 months, respectively [77].

In part 2, 134 patients were stratified into four groups 
including if they were platinum sensitive with platinum 
given as the immediate prior treatment, platinum sensitive 
with non-platinum treatment given as the immediate prior 
treatment, platinum resistant, and platinum refractory. ORR 
and PFS were highest in the platinum-sensitive group with 
platinum being immediate prior treatment. The ORR was 
70% in the platinum-sensitive receiving platinum imme-
diately prior group, 43% in the platinum-sensitive with 
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non-platinum therapy immediately prior group, 25% in the 
platinum-resistant group, and 0% in the platinum-refrac-
tory group. Similarly, PFS was 12.7 months, 7.4 months, 
7.3 months, and 5 months, respectively [78]. Based on both 
the Study 10 and ARIEL2 trials, the FDA granted ruca-
parib expedited approval for women with either germline or 
somatic BRCA-mutated, advanced ovarian cancer who have 
received at least two prior lines of chemotherapy.

Rucaparib has also been given in combination with chem-
otherapy with positive results. Preclinical studies showed 
that AG14447, the prodrug of rucaparib, had the most potent 
enhancing effect of temozolomide in vitro [74]. Thus ruca-
parib, which is the phosphate salt of AG14447, was selected 
for a phase I trial in combination with temozolomide. Addi-
tionally, the methylated breakdown compound of temozo-
lomide in the plasma induces DNA damage that is repaired 
by the DNA base excision repair pathway. Therefore, the 
rationale for using a PARP inhibitor with temozolomide is 
to inhibit DNA repair triggered by temozolomide-induced 
DNA damage [79]. A two-part phase I study evaluated the 
pharmacokinetics and pharmacodynamics of rucaparib in 
combination with temozolomide and then specifically in 
those with melanoma [80]. Interestingly, there was some 
clinical benefit from the combination in melanoma patients, 
which led to a phase II study evaluating the response rate 
in chemotherapy-naïve patients with metastatic melanoma. 
Of the 46 patients recruited, 17.4% had a PR and 17.4% had 
stable disease [79]. No phase III trial is underway for further 
assessment of this combination in melanoma.

The phase I study by Wilson et al. assigned 85 patients to 
four arms giving rucaparib in combination with a different 
chemotherapy regimen [81]. All the arms administered ruca-
parib intravenously except for arm A, which administered 
rucaparib orally to 33 patients. The four arms (A through 
D) consisted of rucaparib administered in combination with 
carboplatin, paclitaxel and carboplatin, pemetrexed and cis-
platin, and cyclophosphamide, respectively. The MTD for 
arm A was carboplatin AUC 5 and rucaparib 240 mg given 
orally daily. The study discontinued recruitment for ruca-
parib given intravenously, thus MTD was not determined 
for the other three arms. Across all arms, the disease-control 
rate, defined as complete response (CR), PR, or stable dis-
ease (SD) of at least 12 months, was 68.8%. This includes 
one patient with CR, who was a patient with breast cancer, 
nine patients achieving a PR, and 43 patients having SD. In 
analyzing the 33 patients who received oral rucaparib with 
carboplatin, two ovarian cancer patients achieved PR, one 
of whom had BRCA1 mutation, and one was a BRCA1-
mutated breast cancer patient [81].

The BRE09-146 phase II study (NCT01074970) did 
not show a difference in 2-year disease-free survival in 
triple-negative breast cancer patients, with residual disease 
after neoadjuvant chemotherapy, assigned to receive either 

cisplatin or cisplatin in combination with rucaparib intra-
venously [82]. These women were considered high risk for 
recurrence. However, the dose used for rucaparib was much 
lower than the 600-mg BID dose used in the monotherapy 
trials.

Overall, rucaparib is well tolerated at the recommended 
dose of 600 mg BID as monotherapy. The most common 
adverse effects experienced were nausea, fatigue, anemia, 
and vomiting. Anemia was the most common grade 3/4 
adverse event reported; however, it was managed by treat-
ment modification [83].

Rucaparib is also well tolerated when administered with 
chemotherapy. In the temozolomide combination phase II 
study, the two agents were well tolerated, with myelosup-
pression being the dose-limiting toxicity. However, ruca-
parib alone was not responsible for any toxicity. Myelo-
suppression resolved with dose reduction in temozolomide 
and cumulative myelosuppression was not present [79]. In 
the phase I study of rucaparib in combination with vari-
ous chemotherapy regimens, grade 3 or higher toxicities 
occurred in 75.3%. These were due to myelosuppression, 
nausea, and fatigue [81].

3.2  Phase III Trials

3.2.1  Ovarian/Fallopian/Primary Peritoneal Cancer

Based on the promising results from the Study 10 and 
ARIEL2 trials, rucaparib was evaluated in a double-blind, 
randomized, placebo-controlled, phase III trial called 
ARIEL3 (NCT01968213) [84]. This study randomized 564 
patients with high-grade serous or endometrioid ovarian, pri-
mary peritoneal, or fallopian tube carcinoma to receive either 
rucaparib 600 mg BID or placebo. All patients received at 
least two prior lines of platinum-based therapy and had to 
obtain a complete or PR to their most recent platinum-based 
regimen. Similar to the ARIEL2 trial, patients were grouped 
into one of the following: BRCA-mutated including ger-
mline or somatic mutations, non-BRCA-mutated with high 
LOH, and no mutations in BRCA or LOH. The primary 
endpoint was PFS. Rucaparib significantly improved median 
PFS over placebo in all three groups, with median PFS of the 
overall study population being 10.8 months in the rucaparib 
group versus 5.4 months in the placebo group. The greatest 
benefit in PFS was observed in the BRCA-mutated popula-
tion with median PFS 16.6 months in the rucaparib group 
versus 5.4 months in the placebo group [84]. Based on this 
study, the FDA approved rucaparib as maintenance treat-
ment in patients with platinum-sensitive recurrent epithelial 
ovarian, fallopian tube, or primary peritoneal carcinoma.

Multiple trials looking at rucaparib in various tumor 
types are currently recruiting. Of interest is the ARIEL4 trial 
(NCT02855944) comparing rucaparib versus chemotherapy 



668 E. Sachdev et al.

in women with BRCA-mutated ovarian, fallopian, or pri-
mary peritoneal cancers. The RUBY (NCT02505048) and 
RIO (NCT02395536) trials are phase II studies looking 
at rucaparib in breast cancer patients. The RUBY trial is 
recruiting women with BRCA1/2 somatic mutated meta-
static breast cancer. The RIO trial is studying rucaparib in 
triple-negative or BRCA-mutated breast cancers. The TRI-
TON trials (NCT0295234, NCT02975934) consist of look-
ing at rucaparib in men with metastatic castrate-resistant 
prostate cancer and homologous recombination gene defi-
ciency. There is also the ATLAS trial (NCt03397394) look-
ing at the efficacy of rucaparib in metastatic urothelial car-
cinoma and another trial for patients with pancreatic cancer 
(NCT03140670).

4  Niraparib (MK‑4827)

Niraparib is an oral, highly selective, small molecule that 
inhibits both PARP-1 and PARP-2. Preclinical studies show 
activity of niraparib against BRCA1- and BRCA2-mutated 
cell lines as monotherapy and in combination therapy [85]. 
Based on phase III data, FDA gave approval in March 2017 
for maintenance treatment of patients with recurrent epi-
thelial ovarian, fallopian tube, or primary peritoneal can-
cer, who had either a complete or a PR to platinum-based 
chemotherapy (Table 2). Similar to the previously discussed 
PARP inhibitors, niraparib is effective in preclinical models 
with platinum agents, topoisomerase inhibitors, methylation 
agents, alkylating agents, and also sensitizes cells to radia-
tion [85].

4.1  Phase I Trials

The first phase I study involving niraparib was a dose-
escalation study in which niraparib showed activity against 
ovarian, breast, and castrate-resistant prostate cancer. Out 
of the 20 patients with assessable BRCA-mutated ovarian 
cancer, eight patients achieved a PR with variable doses 
of niraparib. This included three out of nine patients with 
platinum-resistant disease and five out of 10 patients with 
platinum-sensitive disease. For the 22 evaluable patients 
with high-grade serious ovarian cancer, two out of three 
patients with platinum-sensitive disease demonstrated a PR 
and only three out of 19 patients with platinum-resistant 
disease had a PR. Additionally, two out of four patients with 
BRCA-mutated breast cancer had a PR to niraparib at doses 
of 150 mg and 210 mg daily. Lastly, nine out of 21 patients 
with castrate-resistant prostate cancer had stable disease 
and one patient had biochemical regression by over 50% 
decrease in PSA. This phase I dose-escalation trial found the 
optimal dose of niraparib to be 300 mg daily [86]. Niraparib 

showed promise against BRCA-mutated breast cancer, with 
two out of four patients obtaining a PR; histological sub-
types were not reported [86].

The TOPACIO trial, or Keynote-162 (NCT02657889), 
is a phase I/II study assessing the combination of niraparib 
with pembrolizumab. There were two groups of women; the 
first included women with metastatic triple-negative breast 
cancer treated with four or less prior lines of chemotherapy 
and the second group included women with recurrent, plati-
num-resistant ovarian cancer treated with five or less previ-
ous lines of therapy and a response greater than 6 months 
to the first line of platinum-based chemotherapy. Prelim-
inary data from January 2018 in 54 patients with TNBC 
show an ORR 29% [87]. Twelve of the 54 women had a 
BRCA mutation. In this subgroup seven patients had PR, 
one patient had CR, and one patient had SD. In the women 
with tumors expressing at least 1% PD-L1 positivity, the 
ORR was 33% as compared to 15% in those not expressing 
at least 1% PD-L1 positivity [87]. Preliminary data in the 
recurrent ovarian cancer cohort show that ORR was 25% out 
of 60 women evaluated [88]. When further assessing the 11 
patients with BRCA mutations, the ORR was 45% [88]. The 
phase II portion of the trial is currently recruiting.

Given both bevacizumab and PARP inhibitors have effi-
cacy in platinum-sensitive recurrent ovarian cancer, the 
combination of niraparib with bevacizumab was evaluated 
in the ANANOVA/ENGOT-OV24 trial (NCT02354131) 
trial and presented at ASCO 2019. In this proof-of-concept, 
phase II trial, 97 women with measurable high-grade serous 
or endometroid platinum-sensitive recurrent ovarian can-
cer were randomized to receive niraparib monotherapy or 
niraparib in combination with bevacizumab. The primary 
endpoint of median PFS was significantly longer in the com-
bination arm, 11.9 months versus 5.5 months with an HR of 
0.35. On subgroup analysis, the benefit with the combination 
was seen in those with and without homologous recombina-
tion deficiency [89]. This study was the first to show such 
promising results in recurrent ovarian cancer with a non-
chemotherapy-based combination.

Phase I studies have demonstrated that as single agent, 
higher doses can be tolerated and more effective. However, 
as expected in combination therapy, the MTD is lower, 
as limited by toxicities when adding a second agent. In a 
phase I combination trial of niraparib and temozolomide in 
patients with advanced cancer, the MTD of niraparib was 
40 mg daily in combination with the temozolomide 150 mg/
m2 for the first 5 days of each 28-day cycle [90]. Of the 
19 patients enrolled, one patient with glioblastoma had a 
PR with six cycles of niraparib 40 mg. Two patients, one 
with malignant melanoma and the other with serous ovarian 
cancer, demonstrated stable disease at a dose of 40 mg and 
30 mg, respectively [90].
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The most common adverse effect that has been reported 
with niraparib monotherapy is myelosuppression [86, 91]. 
Similarly, in the combination trials, hematologic toxicities 
were also the most common [87, 88, 90]. Niraparib appears 
to have increased incidences of hematologic toxicity com-
pared to other PARP inhibitors.

4.2  Phase III Trials

4.2.1  Ovarian/Fallopian/Primary Peritoneal Cancer

The phase III NOVA trial (NCT01847274) was designed 
based on the phase I/II trial that showed some efficacy of 
niraparib ovarian cancer, especially in platinum-sensitive 
disease. The NOVA trial is a double-blind, phase III trial 
randomizing 553 patients with platinum-sensitive recurrent 
ovarian cancer, fallopian tube cancer, or primary peritoneal 
cancer to receive either niraparib 300 mg daily or placebo 
for maintenance therapy. Patients had received at least two 
prior lines of platinum-based therapy and had either com-
plete or PR to the most recent line of platinum therapy. 
Patients were divided into two cohorts based on whether 
they had a deleterious germline BRCA mutation. The cohort 
without germline BRCA mutation was further stratified dur-
ing the statistical analysis to whether they had homologous 
recombination deficiency. The primary endpoint of median 
PFS was met for those taking niraparib in both cohorts. In 
those with a germline BRCA mutation, median PFS was 
significantly longer in those randomized to niraparib com-
pared to placebo, 21 months versus 5.5 months (HR 0.27; 
95% CI 0.17–0.41; p < 0.001), respectively. In those with-
out a germline BRCA mutation, the median PFS was still 
significantly longer in the niraparib group, 9.3 months ver-
sus 3.9 months (HR 0.45; 95% CI 0.34–0.61; p < 0.001), 
respectively. The difference in median PFS was even more 
pronounced in those without germline BRCA mutation and 
with homologous recombination deficiency, 12.9 months in 
the niraparib group compared to 3.8 months in the placebo 
group (HR 0.38; 95% CI 0.24–0.59; p < 0.001) [91]. Overall 
survival data are not mature. Based on these results, nira-
parib gained FDA approval in March 2017 for maintenance 
treatment of patients with recurrent epithelial ovarian, fal-
lopian tube, or primary peritoneal cancer, who had either a 
complete or a PR to platinum-based chemotherapy.

Similar to that seen in the phase I/II trials with niraparib, 
myelosuppression was the most common adverse event. The 
incidence of grade 3 or 4 thrombocytopenia, anemia, and 
neutropenia was 33.8%, 25.3%, and 19.6%, respectively, 
in the phase III NOVA trial [91]. These toxicities could be 
managed with dose modifications.

There are multiple ongoing and recruiting trials with 
niraparib as monotherapy and in combination therapy. 
The BRAVO trial (NCT01905592) is an ongoing phase III 

trial randomizing patients with previously treated BRCA-
mutated, Her2-negative breast cancer to niraparib versus 
physician’s choice. Final results of the TOPACIO trial are 
also eagerly awaited. Some other combination therapy trials 
include niraparib combination therapy for prostate cancer 
(QUEST, NCT03431350) and niraparib with carboplatin for 
homologous recombination deficiency advanced solid malig-
nancies (NCT03209401). Other trials are looking at nira-
parib in prostate cancer (NCT03553004), pancreatic cancer 
(NCT03601923), and endometrial cancer (NCT03016338).

5  Talazoparib (MDV3800 or BMN 673)

Talazoparib is a novel, selective inhibitor of PARP 1 and 
PARP 2 that has been shown to achieve antitumor response 
at lower concentrations than earlier generation PARP 
inhibitors [92]. Though it is comparable at inhibiting PARP 
catalytic activity to olaparib and rucaparib, it is 100 times 
more potent at trapping PARP-DNA complexes [9]. Pre-
clinical studies demonstrate activity in osteosarcoma [93], 
chronic lymphocytic leukemia [94], and ovarian cancer cell 
lines [95]. It was the second drug to be FDA approved for 
BRCA-mutated, Her2-negative breast cancer, after olaparib 
(Table 2).

5.1  Phase I Trials

The first phase I trial of talazoparib enrolled over 100 
patients with advanced solid tumors, with an expansion 
cohort for patients with tumors predicted to be potentially 
sensitive to PARP inhibition. This expansion cohort included 
patients with germline BRCA mutations, triple-negative 
breast cancer, ovarian cancer, prostate cancer, and pancre-
atic cancer. Those in the dose-escalation cohort received 
doses ranging from 0.025 mg/day to 1.1 mg/day, and those 
in the expansion cohort received a dose of 1.0 mg/day with 
continuous dosing. The most common toxicities included 
fatigue (37%), anemia (35%), nausea (32%), thrombocyto-
penia (21%), alopecia (20%), and neutropenia (15%). The 
most frequent grade 3 or 4 adverse events were cytopenias. 
Though there were eight deaths in the study, none were 
attributed to talazoparib. In the 14 BRCA-mutated breast 
cancer patients, the ORR was 50% and the clinical benefit 
rate was 86%, with a median PFS of about 35 weeks. For 
the 25 patients with BRCA-mutated ovarian cancer, ORR 
was 48% and clinical benefit rate was 76%, though response 
rates were much lower for platinum-resistant patients at 20%. 
Twenty-three patients with small-cell lung cancer were also 
enrolled, with poor response rates of 9%. Finally, of the 13 
patients with pancreatic cancer, four patients responded 
with ORR 31%, one of whom had a BRCA2 mutation and 
another a PALB2 mutation. In summary, talazoparib was 
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well tolerated and active mostly in BRCA-mutated breast 
and ovarian cancers [96].

Another phase I study of talazoparib in combination with 
carboplatin was conducted in 24 patients with solid tumors. 
A total of 24 patients with solid tumors were enrolled in 
four cohorts at 0.75 mg and 1 mg daily of talazoparib and 
weekly carboplatin AUC 1 and 1.5 at every two weeks or 
every 3 weeks, respectively. Grade 3 or 4 toxicities included 
fatigue (13%), neutropenia (63%), thrombocytopenia (29%), 
and anemia (38%). One complete and two PRs occurred in 
patients with germline BRCA1 and BRCA2 mutations, and 
of the four patients with stable disease beyond 4 months, 
three had somatic BRCA mutations and one had a BRIP1 
germline mutation, suggesting this combination is active 
in tumors with DNA repair mutations [97]. Response by 
tumor type was not specified, but overall this combination 
was deemed to be well tolerated.

5.2  Phase II/III Trials

5.2.1  Solid Tumors

A phase II study was performed to determine if the benefit 
seen with PARP inhibition in BRCA-mutated breast, ovar-
ian, and prostate cancers could be extended to other tumor 
types and other mutations. Thirty-five patients with solid 
tumors, excluding breast and ovarian cancer, with either 
germline BRCA mutations and not breast or ovarian can-
cer, somatic BRCA mutations, mutations/deletions of PTEN 
or mutations/deletions in other BRCA pathway genes were 
treated with talazoparib 1 mg/day. The clinical benefit rate 
was 29% for patients with germline BRCA mutations not 
including breast or ovarian cancer, 0% for somatic BRCA 
mutations, 44% for mutations in other BRCA pathway genes, 
and 8% for patients with PTEN mutations. In terms of safety, 
grade 3–4 events occurred in 37% of patients, the most com-
mon of which was thrombocytopenia. Overall, patients with 
PTEN mutations had a disappointing response, while there 
was some activity in non-breast and non-ovarian cancer 
patients with germline BRCA mutations, or mutations in 
other BRCA pathway genes [98].

5.2.2  Breast Cancer

Another phase II trial, ABRAZO (NCT02034916), enrolled 
84 patients with advanced breast cancer and germline 
BRCA1 and BRCA2 mutations that either were previously 
treated with platinum therapy or had three or more platinum-
free cytotoxic-based regimens. ORR was 24% for BRCA1 
patients, 34% for BRCA2, 26% for triple-negative breast can-
cer patients, and 29% for hormone receptor-positive breast 
cancer patients. The most common grade 3 or 4 toxicity was 

anemia, which occurred in about a third of patients, followed 
by thrombocytopenia and neutropenia [99].

Based on encouraging efficacy and safety data from the 
ABRAZO trial, the phase III, open-label EMBRACA study 
(NCT01945775) was initiated. EMBRACA randomized 431 
women with locally advanced or metastatic HER2-negative 
breast cancer and germline BRCA1/2 mutations who had 
received no more than three prior lines of therapy to receive 
talazoparib 1 mg daily versus investigator’s choice of con-
ventional chemotherapy. The primary endpoint of median 
PFS was significantly higher in the talazoparib group ver-
sus the chemotherapy group, 8.6 months versus 5.6 months, 
respectively, with an HR of 0.54. Response rate was higher 
in the talazoparib group, reaching 63% versus 27% in the 
chemotherapy group, with 5.5% of patients in the talazo-
parib group having a CR as compared to none of the patients 
in the chemotherapy group. The majority of adverse events 
noted with talazoparib were hematologic events, with grade 
3–4 hematologic events reaching 55%. However, only 6% 
patients discontinued talazoparib due to adverse events com-
pared to 9% in the chemotherapy group. The majority of the 
patients in both groups required dose reduction or interrup-
tion, 66% in talazoparib group versus 60% in the chemo-
therapy group. Lastly, this trial demonstrated a significant 
delay in the time to clinical deterioration in women receiving 
talazoparib as compared to those receiving chemotherapy 
[100]. Based on the EMBRACA trial, the FDA approved 
talazoparib for patients with germline BRCA-mutated, 
HER2-negative, locally advanced or metastatic breast can-
cer. Investigators are also assessing whether talazoparib 
is active in BRCA wild-type patients with triple-negative 
breast cancer with a phase II trial that is actively enrolling 
patients (NCT02401347).

In terms of quality of life, a follow-up of EMBRACA 
showed that quality of life was significantly improved with 
talazoparib compared to chemotherapy, based on the obser-
vation of greater delay to clinically meaningful deterioration 
with talazoparib compared to chemotherapy, 24 months and 
6 months, respectively [101]. Quality-of-life data from the 
ABRAZO trial demonstrated deterioration in role function-
ing and dyspnea, but improvement in breast and arm symp-
toms [102].

Ongoing efforts are evaluating whether talazoparib may 
be effective when moved into the curative setting. A pilot 
study was conducted at the MD Anderson Cancer Center to 
test the efficacy of single-agent talazoparib as neoadjuvant 
therapy in untreated BRCA mutation carriers. In this trial, 
patients were treated with 2 months of talazoparib followed 
by anthracycline- and taxane-based chemotherapy with or 
without carboplatin. A total of 13 patients were enrolled; 
eight patients were hormone receptor negative and four were 
hormone receptor positive. All patients experienced tumor 
shrinkage with the 2 months of talazoparib, with average 
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tumor loss of 78% [103]. In ASCO 2018, Litton et al. pre-
sented updated data showing nine of 20 patients achieving 
no residual tumor burden after 6 months of neoadjuvant tala-
zoparib [104]. If these findings are confirmed with larger 
trials, talazoparib could become the first targeted drug to be 
approved as monotherapy for this indication.

5.2.3  Prostate Cancer

Though there are no published phase II or III studies evaluat-
ing talazoparib in prostate cancer, several trials are under-
way. A phase II study (NCT03148795) evaluating efficacy 
and safety of talazoparib in men with metastatic, castration-
resistant prostate cancer with DNA repair defects is enroll-
ing patients, as is another phase III study TALAPRO-2 
(NCT03395197), comparing talazoparib plus enzalutamide 
versus placebo plus enzalutamide in DNA damage repair-
deficient metastatic castration-resistant prostate cancer.

6  Veliparib (ABT‑888)

Veliparib is an orally bioavailable PARP inhibitor that 
crosses the blood–brain barrier. Preclinical trials in mice 
demonstrated veliparib augmented apoptotic response and 
potentiated the effects of chemotherapy [105].

6.1  Phase I Trials

Various phase I clinical trials established the safety and 
toxicity profile for veliparib as monotherapy as well as in 
combination with chemotherapy. A phase I dose-escalation 
study treated Japanese patients with veliparib BID. Out of 
the 16 enrolled patients, 14 had high-grade serous ovarian 
cancer, one had primary peritoneal cancer, and one had 
BRCA-mutated breast cancer. A PR was the best response 
achieved and was seen in two patients with ovarian cancer. 
Grade 3 or 4 adverse events were observed in 50% of the 
patients, and the most common toxicities included nausea, 
vomiting, decreased appetite, abdominal pain, diarrhea, 
and malaise. The recommended phase II dose from this 
study was 400 mg BID [106].

Preclinical studies demonstrate enhanced activity when 
veliparib is combined with chemotherapy, thus prompt-
ing phase I trials combining velaparib with conventional 
chemotherapy. A dose-escalation trial evaluated veliparib 
in combination with carboplatin and paclitaxel for newly 
diagnosed advanced ovarian cancer. An optimal dose of 
150 mg BID was established. Response was assessed in 
five out of the nine enrolled patients, with PR seen in four 
patients and a CR seen in one patient [107]. A separate 

study established a tolerable dose of velapirib 400 mg BID 
in combination with cisplatin and paclitaxel for recurrent 
or persistent cervical cancer not amenable to curative 
chemotherapy. Out of the 29 patients with measurable 
disease, the ORR was 34% [108]. In non-small-cell lung 
cancer, veliparib in combination with carboplatin and 
paclitaxel yielded a PR for six out of 12 patients. The 
recommended phase II dose of veliparib was 120 mg BID 
when given with carboplatin and paclitaxel [109]. An ORR 
of 69% was observed in a study of patients with advanced 
ovarian and breast cancers treated with veliparib plus car-
boplatin and gemcitabine. The MTD of veliparib in this 
trial was 250 mg BID with carboplatin AUC 4 on day 1 
and gemcitabine 800 mg/m2 on days 1 and 8 of a 21-day 
cycle. Myelosuppression was the most common toxicity 
limiting the dose of veliparib [110].

Another phase I study evaluated velapirib in combination 
with bendamustine with an expansion cohort also including 
rituximab for patients with B-cell lymphomas. Response 
was seen in five out of seven patients given veliparib with 
bendamustine alone and in six out of seven patients given 
veliparib, bendamustine, and rituximab. When given with 
bendamustine, the MTD of bendamustine is reduced to 
300 mg BID [111].

Further studies measured the bioavailability of an 
extended-release formulation and established that veliparib 
did not alter the pharmacokinetics of temozolomide [112, 
113]. A pilot study of velapirib plus temozolomide for 
metastatic castration-resistant prostate cancer showed PSA 
response in two out of 25 evaluable patients and a stable 
PSA in 13 patients [114]. This combination could represent 
a viable option for patients who have exhausted endocrine 
and chemotherapy options.

In the neoadjuvant setting, veliparib was given with 
capecitabine and radiotherapy for stage II or stage III locally 
advanced rectal adenocarcinoma. Out of the 31 evaluable 
patients, 71% demonstrated downstaging of their tumor and 
29% achieved a complete pathological response. No dose-
limiting toxicities occurred, and importantly the addition of 
veliparib did not alter the pharmacokinetics of capecitabine. 
The recommended phase II dose was veliparib 400 mg BID 
[115], although it does not appear as though any further clin-
ical trials incorporating veliparib into rectal cancer therapy 
are ongoing.

The most common treatment-related adverse effects in the 
above combination studies were nausea and cytopenia, and 
dose-limiting toxicities were mostly cytopenia. After these 
initial trials established the safety and tolerability of veli-
parib, larger clinical trials are investigating the drug as mon-
otherapy and as chemosensitizers as well as radiosensitizers.
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6.2  Phase II/III Trials

6.2.1  Ovarian/Fallopian/Primary Peritoneal Cancer

Given the promising results seen in gynecological tumors 
in phase I studies, a phase II NRG Oncology/Gynecologic 
Oncology Group studied the efficacy of single-agent veli-
parib, at a dose of 400 mg BID, in 50 women with persis-
tent or recurrent BRCA-mutated epithelial ovarian, fallopian 
tube, or primary peritoneal cancer. The ORR was 26%, with 
subgroup analysis revealing an ORR of 20% in platinum-
resistant women and 35% in platinum-sensitive women. The 
median progression-free survival was 8.18 months [116]. 
A separate phase I/II study evaluated veliparib as mono-
therapy for BRCA-mutated epithelial ovarian, fallopian 
tube, or peritoneal cancer patients with platinum-resistant or 
intermediate sensitive relapse. Among 32 patients enrolled 
in the phase II trial, ORR, assessed by a combination of 
RECIST criteria and CA-125 response, was 65%, with 6% 
of the women having a complete response. Progression-free 
survival was 5.6 months and OS was 13.7 months [27].

Kummar et al. conducted a phase II trial of veliparib 
60 mg daily in combination with low-dose cyclophospha-
mide compared to cyclophosphamide alone for a 21-day 
cycle for 75 patients with pretreated high-grade serous or 
BRCA-mutated ovarian, primary peritoneal, or fallopian 
tube cancers. The addition of veliparib did not improve 
response rate or progression-free survival compared to 
cyclophosphamide monotherapy [117].

A multicenter phase III trial is ongoing to evaluate the 
efficacy of veliparib in combination with carboplatin and 
paclitaxel as initial treatment for advanced high-grade serous 
or epithelial ovarian, fallopian tube, or primary peritoneal 
cancer (NCT02470585).

6.2.2  Breast Cancer

Kummar et al. also conducted a phase II trial randomiz-
ing 45 women with heavily pretreated triple-negative breast 
cancer to either low-dose cyclophosphamide and veliparib 
60 mg daily or low-dose cyclophosphamide alone for 21-day 
cycles. Similar to the results of the ovarian cancer study, 
the combination of cyclophosphamide and veliparib did not 
improve the response rate or median progression-free sur-
vival compared to cyclophosphamide [118]. Unfortunately, 
this combination was not beneficial for a cohort of patients 
with very limited treatment options and poor prognosis.

In the phase II part of the California Consortium Trial, 
patients with BRCA-mutated metastatic breast cancer were 
treated with veliparib 400 mg BID and then on disease pro-
gression were given a combination of carboplatin AUC 5 
and veliparib 150 mg BID. Out of the 44 women enrolled in 
the phase II part of the trial, 30 switched to the combination 

therapy and only one woman responded to the combination 
of carboplatin and veliparib after progressing on single-
agent veliparib. The RR was 14% for BRCA1 patients and 
36% or BRCA2 patients, and this difference was not statisti-
cally significant. Interestingly there was a significant differ-
ence in PFS, 3.6 months in BRCA1 patients and 6.6 months 
in BRCA2 patients, but no significant differences in OS 
[119]. This finding is perhaps related to the more aggressive 
phenotype associated with BRCA1 mutations but also goes 
against the idea that BRCA-like or triple-negative breast 
cancer, which is more commonly seen in BRCA1-mutated 
patients, is more sensitive to PARP inhibition.

The I-SPY2 (NCT01042379) is a multicenter, adaptive, 
phase II trial evaluating newer agents combined with stand-
ard neoadjuvant therapy in women with stage II or stage 
III breast cancer. The primary endpoint is pathological CR 
(pCR). One of the experimental groups for women with 
Her2-negative breast cancer consisted of treatment with veli-
parib 50 mg BID and carboplatin AUC 6 every 3 weeks for a 
total of 12 weeks in combination with standard neoadjuvant 
chemotherapy with paclitaxel for 12 weeks followed by dox-
orubicin and cyclophosphamide. The comparator arm was 
standard neoadjuvant therapy with paclitaxel for 12 weeks 
followed by doxorubicin and cyclophosphamide. Women 
with Her2-positive cancers were not included because of 
the lack of safety data for veliparib in combination with tras-
tuzumab. Patients were evaluated in three groups: Her2-neg-
ative tumors, Her2-negative but hormone receptor-positive 
tumors, and triple-negative tumors. For the Her2-negative 
group pCR was 33% in the veliparib-carboplatin group as 
opposed to 22% in the standard therapy group, and this 
difference was largely attributed to the benefit derived in 
women with triple-negative breast cancers. For women with 
Her2-negative but hormone receptor-positive breast cancer, 
the pCR was 14% in the veliparib-carboplatin group com-
pared with pCR of 19% in the control group. Interestingly, 
women with triple-negative breast cancer had a higher pCR 
of 51% when given veliparib and carboplatin in addition to 
standard neoadjuvant therapy as opposed to a pCR rate of 
26% in the control group [120].

The promising results of the I-SPY2 trial prompted the 
BrighTNess study (NCT02032277), a phase III randomized, 
multicenter trial in women with stage II or stage III triple-
negative breast cancer. 634 women were randomized to 
three groups for segment 1 of neoadjuvant therapy, which 
included the following: the combination of veliparib, car-
boplatin, and paclitaxel, the combination of carboplatin, 
paclitaxel, and veliparib placebo, or paclitaxel with carbo-
platin placebo and veliparib placebo. The doses included 
veliparib 50 mg BID, carboplatin AUC 6 every 3 weeks, 
and paclitaxel 80 mg/m2 weekly for a total of 12 weeks. All 
patients then went on to segment 2, which included doxo-
rubicin and cyclophosphamide. The primary endpoint was 
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pCR following completion of neoadjuvant therapy. Although 
a higher proportion of patients in the veliparib-carboplatin-
paclitaxel group achieved a pCR compared to the paclitaxel 
alone group, 53% versus 31%, there was no significant dif-
ference in those attaining a pCR in the veliparib-carboplatin-
paclitaxel group compared with the carboplatin-paclitaxel 
group, 53% versus 58%. Additionally, no major toxicities 
were caused by the addition of veliparib; however, there 
were increased grade 3 and grade 4 toxicities when carbo-
platin was added to paclitaxel compared to paclitaxel alone, 
the most common serious ones being febrile neutropenia 
and anemia [121].

6.2.3  Other Solid Tumors

In a phase II trial of untreated advanced non-small-cell lung 
cancer, there was a trend toward improved OS and PFS with 
veliparib added to carboplatin and paclitaxel, but this was 
not statistically significant. This benefit appeared to be more 
pronounced in those with squamous cell carcinoma. Notably, 
two patients in the veliparib group did have a CR compared 
to none in the control arm [122]. In a multivariate analy-
sis of the results, recent smokers had a significantly higher 
PFS and OS compared to former smokers and never smok-
ers, thus implying smoking history predicted benefit from 
veliparib [123]. In a press release by Abbvie, the phase III 
randomized trial found that the addition of veliparib to car-
boplatin and paclitaxel failed to meet the primary endpoint 
of OS; however, final results have yet to be published.

A phase I study of velapirib plus whole brain radiation 
for patients with non-small-cell lung cancer brain metastases 
showed preliminary evidence of efficacy [124]. However, in 
a follow-up study the addition of veliparib to whole brain 
radiation did not have an impact on response rate or OS 
[125].

In a multicenter, double-blind, phase II study, 346 
patients with stage III or stage IV unresectable metastatic 
melanoma were randomized to receive temozolomide with 
veliparib 20 mg BID, veliparib 40 mg BID, or placebo. 
Although there was a trend toward increased PFS, this did 
not reach statistical significance. Additionally, OS was not 
increased with the addition of veliparib [126].

A single-arm trial followed patients with advanced hepa-
tocellular carcinoma refractory to sorafenib treated with a 
combination of temozolomide and veliparib. The trial was 
discontinued due to a poor objective response rate [127].

A phase I/II trial investigated veliparib 10 mg BID in 
combination with topotecan 0.6 mg/m2 on days 1–5 for 
21-day cycles in 27 women with persistent or recurrent 
uterine cancer. A PR was seen in two women (7%). On sub-
group analysis, women with low PARP-1 expression in their 
cervical cancer had longer PFS and OS, HR 0.25 and HR 

0.12, respectively, but this needs to be evaluated with further 
trials.

7  Mechanisms of Resistance

While PARP inhibitors are being increasingly used, mecha-
nisms of resistance to these agents have also been observed. 
Studies looking at cell lines of patients with BRCA2-
mutated-related cancers resistant to PARP inhibitors or plati-
num agents found secondary mutations in the BRCA2 gene, 
thus restoring BRCA2 function leading to repair of DNA 
from PARP inhibitors [128]. It is possible these reversion 
mutations occur prior to initiating therapy with PARP inhibi-
tors and that use of PARP inhibitors select for the resistant 
clone [129]. Alternatively, the BRCA mutation may cause 
error-prone DNA repair, thus randomly creating a second-
ary mutation that actually restores BRCA function [130]. 
Regardless of the timing of these secondary mutations, they 
most commonly occur in the open reading frame of the gene, 
therefore permitting translation.

Another proposed mechanism is through the decreased 
activity of nonhomologous end-joining factor 53BP1, whose 
presence is critical for promoting nonhomologous end join-
ing and counteracting homologous recombination. Loss 
of 53BP1 restores homologous recombination in BRCA1-
mutated cells by producing single-stranded DNA sufficient 
for homologous recombination to occur. In preclinical stud-
ies, a resistance mechanism to olaparib developed in mice 
with loss of 53BP1 expression [131] Tumors resistant to 
PARP by this mechanism were also resistant to topoisomer-
ase II inhibitors but not platinum agents, thought to be due to 
the fact that platinum agents cause more severe DNA dam-
age through DNA strand crosslinking [128].

Similarly, a recent study showed lack of FAM35A and 
C20orf196 proteins decreased sensitivity to PARP inhibitors 
in BRCA1-mutated tumor cell lines but not in BRCA1 wild-
type cell lines. FAM35A and C20orf196 proteins together 
form a complex called Shieldin that interacts with MAD2L2, 
which is part of the 53BP1 pathway mentioned previously. 
The interaction of Shieldin with MAD2L2 promotes nonho-
mologous end joining and antagonizes homologous recom-
bination, thus sensitizing BRCA1-deficient tumor cells 
to PARP inhibition. The inactivation of either one of the 
proteins in the Shieldin complex prevents nonhomologous 
end joining and promotes homologous recombination, thus 
conferring resistance to PARP inhibition [132].

Other proposed mechanisms include epigenetic changes 
and upregulation of drug efflux genes. As previously men-
tioned, PARP inhibitors prevent dissociation of PARP1 
and PARP2 enzymes at the site of DNA damage, with the 
subsequent cytotoxic PARP-DNA complex interfering with 
the DNA and leading to cell death. When the poly(ADP)
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ribosylation of PARP occurs, PARP is released from the 
DNA. PARP1 levels were reduced in human tumor cell lines 
with acquired resistance to PARP inhibitors, suggesting 
tumor-induced epigenetic downregulation of PARP and a 
higher rate of PARP turnover [128]. Additionally, methyla-
tion of all BRCA1 copies demonstrates sensitivity to ruca-
parib in patient-derived xenografts, whereas demethylation 
or partial methylation confers resistance to rucaparib [133].

Long-term treatment with PARP inhibitors, in particu-
lar olaparib, upregulates genes encoding the P-glycoprotein 
efflux pump, which leads to lower concentrations of the 
PARP inhibitor in the cells. Newer PARP inhibitors with 
lower affinity for the P-glycoprotein efflux pump are in 
development in order to prevent resistance [128].

8  Rationale for Combination Therapies

PARP inhibitors are being investigated in combination with 
cytotoxic chemotherapy, radiotherapy, antiangiogenesis 
agents, immune therapy, and with inhibitors of other pro-
teins in the DNA damage response (DDR) pathway. PARP 
inhibition makes tumor cells less able to repair DNA dam-
age inflicted by cytotoxic chemotherapy or radiation. In pre-
clinical and phase I/II studies, synergy has been observed 
between PARP inhibitors and various chemotherapy drugs, 
including alkylating agents and topoisomerase inhibitors. 
However, myelosuppression is a major concern, such that 
attenuated dosing of PARP inhibition is needed [79, 134, 
135]. PARP inhibitors have also been noted to be effective 
radio-sensitizers in multiple tumor types in preclinical stud-
ies, and this approach is being investigated further.

Combination of antiangiogenesis agents with PARP 
inhibitors may improve response in non-BRCA-mutated 
tumors, as suggested by phase 2 data examining the combi-
nation of cediranib and olaparib in platinum-sensitive ovar-
ian cancer [50]. Further combinations are under study with 
niraparib and bevacizumab in recurrent ovarian cancer in 
AVANOVA, the results of which are expected in late 2019.

Using PARP inhibitors with immunotherapy agents 
is also under investigation. In preclinical models, PARP 
inhibitors upregulated PDL1 expression in tumor cell lines, 
which were then treated with PDL1 blockade. This enhanced 
T-cell killing of tumor cells in vivo [136]. As mentioned 
previously, preliminary results from the TOPACIO trial 
with niraparib and pembrolizumab in women with TNBC 
showed an ORR 29%. Studies with combining checkpoint 
inhibitors and PARP inhibitors in the first-line setting are 
underway, including FIRST (NCT03602859), DUO-O 
(NCT03737643), JAVELIN (NCT03642132), and ATHENA 
(NCT03522246).

The DNA damage response (DDR) pathway contains 
over 400 proteins, including PARP proteins. Simultaneously 

targeting another protein in this pathway provides a way to 
overcome resistance to PARP inhibitors. Inhibiting both 
PARP and another protein in the DDR pathway sequen-
tially instead of concurrently would theoretically allow 
higher doses of both agents. Currently, combination trials 
with inhibitors to proteins in the DDR pathway and PARP 
inhibitors are ongoing. Some of the proteins in the DDR 
pathway being targeted are ATM, ATR, and WEE1, all of 
which have a role in cell-cycle checkpoint regulation [137]. 
One study currently underway is the VIOLETTE study 
(NCT03330847), a phase II study of either an inhibitor of 
ATR or WEE1 in combination with olaparib versus olaparib 
monotherapy in women with triple-negative breast cancer.

9  Conclusion

PARP inhibitors have changed the landscape for treatment 
of not only BRCA-mutated ovarian and breast malignan-
cies, but also where there is loss of homologous DNA 
repair. Trials in other types of malignancies with and 
without BRCA mutation are ongoing, in addition to com-
bination trials with a variety of agents in the hopes of 
expanding the use of these agents in other non-homol-
ogous recombination deficiency-driven tumor types. 
Although the newer PARP inhibitors, such as talazoparib, 
demonstrate increased potency, whether this translates 
into greater efficacy is as yet unknown as PARP inhibi-
tors have not been compared head to head. As more data 
emerge, hopefully we can identify predictive biomarkers 
in both monotherapy and drug combinations. Nonetheless, 
this class of anti-cancer drugs offers incredible promise 
in conventionally treatment-refractory groups including 
recurrent ovarian cancer, triple-negative breast cancer, 
and heavily pre-treated prostate cancer. To date, niraparib, 
olaparib, rucaparib, and talazoparib are FDA approved, 
and combination approvals are expected.

For patients with mutations in homologous recombination 
repair (e.g. BRCA), the use of a PARP inhibitor is likely to 
become a standard choice as all studies so far suggest that 
tumors driven by these mutations have high response rates. 
This brings into the forefront the need for consistent molecu-
lar testing to identify these likely responders. Ovarian cancer 
has up to 26% BRCA mutation, representing an important 
and clinically meaningful population [136]. Breast, pros-
tate, and even pancreatic cancer all have populations that can 
benefit from these drugs. Newer areas of interest in tumors 
with other DNA damage repair mutation, such as endome-
trial cancer, stress even more the need for careful molecular 
tumor assessment.

Adverse events associated with PARP inhibitors also 
require a careful assessment; as already noted, the majority 
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will experience nausea, fatigue, and anemia. Attention to 
pre-counseling of patients prior to the start of these drugs 
can help with reducing early discontinuation for side effects. 
Providing antiemetics in advance, encouraging patients that 
the nausea appears to decrease after the first 4–8 weeks, and 
dose reduction as needed can help patients stay on treatment 
long term. Fatigue may be mitigated by exercise or caffeine. 
Bone marrow toxicities such as anemia require careful moni-
toring with weekly cell blood counts in the first 4 weeks of 
therapy followed by monthly assessment. Dose reduction 
may be required for bone marrow toxicities.

The opportunity to have patients take an oral agent and 
have significant durable benefit cannot be understated. PARP 
inhibitors have changed the landscape of expectations in 
BRCA-mutated cancers. As rational combinations begin 
to emerge, more and more patients, even those without a 
homologous recombination deficiency, will be able to ben-
efit from these revolutionary agents.
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