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Abstract

Purpose: To evaluate the preclinical pharmacokinetics and antitumor efficacy of a novel orally
bioavailable poly(ADP-ribose) polymerase (PARP) inhibitor, ABT-888.
Experimental Design: In vitro potency was determined in a PARP-1 and PARP-2 enzyme
assay. In vivo efficacy was evaluated in syngeneic and xenograft models in combination with
temozolomide, platinums, cyclophosphamide, and ionizing radiation.
Results: ABT-888 is a potent inhibitor of both PARP-1 and PARP-2 with K is of 5.2 and
2.9 nmol/L, respectively.The compound has good oral bioavailability and crosses the blood-brain
barrier. ABT-888 strongly potentiated temozolomide in the B16F10 s.c. murine melanoma model.
PARP inhibition dramatically increased the efficacy of temozolomide at ABT-888 doses as low as
3.1 mg/kg/d and a maximal efficacy achieved at 25 mg/kg/d. In the 9L orthotopic rat glioma
model, temozolomide alone exhibited minimal efficacy, whereas ABT-888, when combined
with temozolomide, significantly slowed tumor progression. In the MX-1breast xenograft model
(BRCA1 deletion and BRCA2 mutation), ABT-888 potentiated cisplatin, carboplatin, and
cyclophosphamide, causing regression of established tumors, whereas with comparable doses
of cytotoxic agents alone, only modest tumor inhibition was exhibited. Finally, ABT-888 potentiated radiation (2 Gy/d  10) in an HCT-116 colon carcinoma model. In each model, ABT-888 did
not display single-agent activity.
Conclusions: ABT-888 is a potent inhibitor of PARP, has good oral bioavailability, can cross the
blood-brain barrier, and potentiates temozolomide, platinums, cyclophosphamide, and radiation in
syngeneic and xenograft tumor models. This broad spectrum of chemopotentiation and radiopotentiation makes this compound an attractive candidate for clinical evaluation.

poly(ADP-ribose) polymerase (PARP)-1 is the founding
member of a family of poly(ADP-ribosyl)ating proteins. All
PARP family members are characterized by the ability to
poly(ADP-ribosyl)ate protein substrates and all share a
catalytic PARP homology domain (1). PARP-1 and the closely
related PARP-2 are nuclear proteins and the only PARPs with
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DNA binding domains. These DNA binding domains localize
PARP-1 and PARP-2 to the site of DNA damage serving as
DNA damage sensors and signaling molecules for repair.
The knockout of PARP-1 is sufficient to significantly impair
DNA repair following damage via radiation (2) or cytotoxic
(3) insult. The residual PARP-dependent repair activity
(f10%) is due to PARP-2 (4, 5). These data imply that
inhibition of only PARP-1 and PARP-2 will impair DNA
repair following damage and that inhibition of other PARP
family members is not required in the process. The functions
of other PARP family members remain to be elucidated, but
poly(ADP-ribosyl)ation has been implicated in many cellular
processes, including differentiation, gene regulation, protein
degradation, spindle maintenance, as well as replication and
transcription (6).
Higher expression of PARP in cancer compared with normal
cells has been linked to drug resistance and the overall ability
of cancer cells to survive genotoxic stress (7, 8). Whereas PARP
is ubiquitously expressed in almost all types of eukaryotic cells
(9), PARP activity is increased in the nuclei of actively
proliferating cells (1). Enhanced PARP-1 expression and/or
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activity has been shown in several hematologic and solid
tumors (7, 8, 10). This differential expression of PARP in
normal versus tumor cells supports the observed selectivity of
PARP inhibitors to affect proliferating tumor cells.
PARP activity is essential for the repair of ssDNA breaks
through the base excision repair pathways (11, 12). Therefore,
inhibition of PARP sensitizes tumor cells to cytotoxic agents
that induce DNA damage that would normally be repaired
through the base excision repair system (e.g., DNA glycosylase, AP endonuclease, XRCC1, etc.). The most notable
agents in this group are alkylators (e.g., temozolomide and
cyclophosphamide), topoisomerase I poisons (irinotecan and
camptothecin), and certain types of intercalators (e.g.,
bleomycin). In fact, PARP inhibition has been shown to
sensitize tumors to all of these agents (2, 13 – 16). Furthermore, PARP is involved in the repair of DNA from ionizing
radiation, as numerous laboratories have shown that various
PARP inhibitors sensitize cancer cells to radiation, both in vitro
and in vivo (17, 18). PARP not only facilitates repair of
ssDNA breaks but also binds to more lethal radiation-induced
dsDNA breaks, apparently protecting the lesion and signaling
repair (19). Consistent with the concept of PARP-1 as a radiosensitization target, PARP-1 knockout mice show enhanced
sensitivity to g-radiation (20, 21). Interestingly, some PARP
inhibitors have been reported to show single-agent activity
for tumors lacking BRCA1 or BRCA2 DNA double-stranded
repair mechanisms (22, 23) and this is an active cancer
research area (24).
As a result of chemopotentiation and radiopotentiation as
well as potential for single-agent activity of PARP inhibitors,
several PARP inhibitors have entered clinical trials for the
treatment of cancer (24, 25). ABT-888 is a potent, orally
bioavailable PARP inhibitor with good penetration into the
brain. The compound is currently in the clinic for phase 0/
Exploratory IND dose refinements and pharmacokinetic
relationships (26). In this article, we describe the pharmacokinetic and antitumor activity (chemopotentiation and radiopotentiation) in preclinical animal models.

Materials and Methods
Compound. Enantiomerically pure ABT-888 was synthesized by
Abbott Cancer Research and Process Chemistry. The synthesis and cellbased evaluation will be published elsewhere (27).
In vitro PARP and SIRT assays. PARP assays were conducted in a
buffer containing 50 mmol/L Tris (pH 8.0), 1 mmol/L DTT, 1.5 Amol/L
[3H]NAD+ (1.6 ACi/mmol), 200 nmol/L biotinylated histone H1, 200
nmol/L slDNA, and 1 nmol/L PARP-1 or 4 nmol/L PARP-2 enzyme.
Reactions were terminated with 1.5 mmol/L benzamide, transferred to
streptavidin Flash plates (Perkin-Elmer), and counted using a TopCount
microplate scintillation counter.
Nicotinamide [2,5¶,8-3H]adenine dinucleotide and streptavidin SPA
beads were purchased from Amersham Biosciences. Recombinant
human PARP purified from Escherichia coli and 6-Biotin-17-NAD+ were
purchased from Trevigen. NAD+, histone, aminobenzamide, 3-aminobenzamide, and calf thymus DNA (dcDNA) were from Sigma.
Stem loop oligonucleotide (slDNA) CACAAGTGTTGCATTCCT CTCTGAAGTTAAGACCTATGCAGAGAGGAATGCAACACTTGTG, containing MCAT sequence (italics), was obtained from Qiagen. The
oligonucleotides were dissolved to 1 mmol/L in annealing buffer
containing 10 mmol/L Tris-HCl (pH 7.5), 1 mmol/L EDTA, and
50 mmol/L NaCl, incubated for 5 min at 95jC, and followed by
annealing at 45jC for 45 min. Histone H1 (95% electrophoretically
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pure) was purchased from Roche. Biotinylated histone H1 was prepared
by treating the protein with Sulfo-NHS-LC-Biotin (Pierce). SIRT2 assays
were conducted as described previously (28).
Pharmacokinetic studies. For oral pharmacokinetic studies, ABT-888
was separated from plasma and brain homogenate using liquid-liquid
extraction with a mixture of ethyl acetate and hexane at alkaline pH.
ABT-888 and the internal standard were separated from each other
and coextracted contaminants on a 50  3 mm Keystone Betasil Cyano
5 Am C18 column with an acetonitrile: 0.1% trifluoroacetic acid mobile
phase (40:60, by volume) at a flow rate of 0.3 mL/min. Analysis was
done on a Sciex API3000 Biomolecular Mass Analyzer with a turboionspray interface using Sciex MacQuan software (AME Bioscience).
The analysis of plasma pharmacokinetics from osmotic minipump
(OMP) studies was conducted using acidified methanol precipitated
plasma. Samples were injected onto a Phenomenex Synergi 4A Polar RP
column and ABT-888 eluted with a mixture of acetonitrile and 0.1%
acetic acid in water at a flow rate of 0.4 mL/min. Mass analysis was
done with a ThermoFinnigan LCQ Duo using Xcalibur software
(Thermo Electron Corp.).
Poly(ADP-ribose) polymer immunoblot. Tumors were excised and
flash frozen in liquid nitrogen. Frozen tumors were quickly homogenized in PBS supplemented with 20 mmol/L EDTA on ice using a
70-Am cell strainer (BD Biosciences) to enrich for tumor cells. H&E
analysis revealed 5% to 20% stromal interactions in the tumor. Singlecell suspensions were clarified of cell debris by a slow spin (20  g,
5 min), then washed, pelleted, and lysed in cell extraction buffer
(Invitrogen) supplemented with complete protease inhibitor (Roche
Applied Science) for an hour at 4jC. Subsequently, lysates were pulse
sonicated before clarification (300  g at 4jC, 15 min). Protein
concentration of lysates was assessed using the detergent-compatible
protein assay per manufacturer’s instructions (Bio-Rad). Samples were
analyzed by immunoblotting using SuperSignal chemiluminescent
system (Pierce). Rabbit polyclonal antibody for PAR was purchased
from Trevigen (1:1,000) and h-tubulin rabbit polyclonal antibody was
purchased from Cell Signaling Technology (1:1,000).
BRCA sequencing. All exons of BRCA1 and BRCA2 were sequenced
as described previously (29).
Cell lines for in vivo studies. B16F10 syngeneic murine melanoma,
9L syngeneic rat glioma, and HCT-116 human colon carcinoma were
obtained from the American Type Culture Collection (Manassas, VA)
and cultured according to their recommendations. The DOHH-2
human B-cell lymphoma was obtained from the German Collection
of Microorganisms and Cell Cultures. The lines were maintained at
37jC in a humidified atmosphere equilibrated with 5% CO2, 95% air.
The MX-1 human breast carcinoma was obtained from National Cancer
Institute (Frederick, MD). MX-1 tumors for cisplatin experiments were
propagated in nude mice by serial passage, whereas severe combined
immunodeficient (scid) female mice were used for the carboplatin and
cyclophosphamide experiments.
In vivo chemopotentiation and irradiation studies. All animal studies
were conducted in accordance with the guidelines established by the
internal Institutional Animal Care and Use Committees. The cisplatin
potentiation study was conducted at the Cancer Therapy and Research
Center, Institute for Drug Development (San Antonio, TX) and the
radiation potentiation study was conducted at The Johns Hopkins
University School of Medicine (Baltimore, MD). All other experiments
were conducted at Abbott Laboratories (Abbott Park, IL). For B16F10
syngeneic studies, 6  104 cells were mixed with 50% Matrigel (BD
Biosciences) and inoculated by s.c. injection into the flank of 6- to
8-week-old female C57BL/6 mice (20 g; Charles River Laboratories).
Mice were injection-order allocated to treatment groups, and therapy
was initiated on day 1 following inoculation. MX-1 tumors were
established from an in vivo propagated line. For cisplatin efficacy
studies, female nude mice (Harlan) were implanted s.c. by trocar with
fragments (20-30 mm3) of human tumors harvested from s.c. grown
tumors in nude mice hosts. When the tumors were f75 to 100 mm3
in size, the animals were pair matched into treatment groups. For the
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carboplatin and MX-1 cyclophosphamide studies, female scid mice
(Charles River Laboratories) were inoculated with 200 AL of a 1:10
dilution of tumor brei in 45% Matrigel and 45% Spinner MEM (Life
Technologies). For these established tumor studies, tumors were
allowed to grow to the indicated size and then randomized to therapy
groups. For DOHH-2 xenograft studies, 1  106 cells were mixed with
50% Matrigel and inoculated by s.c. injection into the flank of male scid
mice (Charles River Laboratories). The tumors were allowed to grow to
a predetermined size, then mice were randomized into therapy groups,
and dosing was initiated. Tumor growth for experiments was analyzed
by measurement with digital calipers and tumor volume was estimated
from the formula (L  W 2) / 2. Effects on tumor growth rate were
assessed by determining %T/C [(mean tumor volume of treated group
on day X / mean tumor volume of control group on day X)  100] for a
given treatment relative to monotherapy treatment. Effects on tumor
growth delay were assessed by Kaplan-Meier analysis.
For the orthotopic glioma model, 12-week-old female Fischer 344
rats (160-170 g; Charles River Laboratories) were anesthetized with an
i.p. injection of 70 mg/kg ketamine and 10 mg/kg xylazine. The rat
head was immobilized using a stereotactic device. Following a small
incision over the right hemisphere, a burr hole was prepared through
the skull 2 mm anterior and 2 mm lateral to the bregma. Five
microliters of cell suspension containing 5  105 tumor cells were
injected 4 mm in depth into the rat brain via a 10-AL Hamilton syringe.
The burr hole was bone wax sealed to reduce extracerebral leakage. The
incision was closed with veterinary adhesive and rats were allowed to
recover. Tumor growth was evaluated using T1-weighted magnetic
resonance imaging with a contrast enhancement by Magnevist (Berlex
Laboratories) on days 8, 11, and 14 posttumor inoculation.
ABT-888 was delivered by either oral route or continuous infusion
using s.c. placement of 14-day Alzet OMP model 2002 (Durect Corp.)
in a vehicle containing 0.9% NaCl adjusted to pH 4.0. The OMP
delivers at a rate of 12 AL daily and ABT-888 doses were calculated
accordingly. Temozolomide (Schering-Plough), cisplatin (Bedford
Laboratories), carboplatin (Bristol-Myers Squibb Co.), and cyclophosphamide (Bristol-Myers Squibb) were formulated according to the
manufacturers’ recommendations.
For radiation studies, five million human colon carcinoma HCT-116
cells were inoculated s.c. into the thighs of 6- to 7-week-old male nude
mice and measured twice weekly at three perpendicular tumor
dimensions. Tumor volume was calculated as (0.52) times the product
of the three dimensions. When tumor volumes were between 0.20
and 0.30 cm3, OMPs containing drug were implanted s.c. in the flank.
Three days after the pump implantation, radiation treatments were
begun. Radiation consisted of 2 Gy (at 5.9 Gy/min) delivered on
10 consecutive days to the tumor-bearing leg from a 137Cs irradiator
(Mark I, Shepherd and Associates), with the remainder of the body
shielded from the source. Tumor response was determined from the
number of days for each tumor to reach four times its volume at the
start of the radiation treatments.
Statistical analysis. Differences between specified groups were
analyzed using the Student’s t test (two-tailed) for comparing two
groups with P < 0.05 considered statistically significant. Kaplan-Meier
method was used to determine median survival times (log-rank tests)
for comparisons of ABT-888 combination plus cytotoxic agent versus
cytotoxic alone (StatView software, SAS Institute, and GraphPad Prism,
GraphPad Software, Inc.). In all tumor growth curves, mean tumor
volumes indicate that all animals were present in the treatment group.
Once a mouse is removed from the group, plotting was ceased.

tively. ABT-888 was also tested against SIRT2, an enzyme that
also uses NAD+ for catalysis, and found to be inactive (>5,000
nmol/L). The receptor profile of ABT-888 was determined in a
panel of 74 receptor-binding assays at a concentration of
10 Amol/L (30). ABT-888 displaced control-specific binding at
50% or greater at the human H1 (61%), the human 5-HT1A
(91%), and the human 5-HT7 (84%) sites only. The IC50 values
for these three receptors were 5.3, 1.5, and 1.2 Amol/L,
respectively. These data indicate that ABT-888 exhibits a selective
biochemical profile and that is unlikely to have adverse effects
mediated by a wide range of receptors and ion channels at
pharmacologically relevant plasma concentrations.
Pharmacokinetic studies. The pharmacokinetics of ABT-888
was evaluated in CD-1 mice, rats, dogs, and monkeys. (Table 1).
ABT-888 is characterized by plasma clearance values between
0.6 to 4.1 L/h kg, moderate volumes of distribution (V ss = 2.03.1 L/kg), and terminal elimination half-lives of 1.2 to 2.7 h.
The oral bioavailability from a solution formulation was 56% to
92%. Exposures were also obtained for both oral and OMP
administration routes at multiple doses in C57BL/6, nude, and
scid mice, the strains used in accessing preclinical efficacy.
Exposures were similar across strains whether administration
was oral or via OMP and were proportional with OMP (Table 1)
and oral doses (data not shown).
ABT-888 potentiates temozolomide in a syngeneic melanoma
model. Temozolomide is a newer generation of cytotoxic
alkylating agent that is currently used to treat central nervous
system malignancies and melanoma. The pharmacokinetic
profile of temozolomide is similar between mice and humans,
and this allows studies in mice at similar exposures to those
achieved in humans. This is important because preclinical
models best predict clinical outcomes when plasma drug
concentrations of the cytotoxic agents are similar to those seen
in humans (31). Consequently, a dose of 50 to 62.5 mg/kg/d
temozolomide was used, and this dose closely mimics human
exposure at the clinically relevant dose of 200 mg/m2 (oral,
q.d.5) when measured by either area under the concentration
curve (AUC) or C max. At this dose range, no overt toxicity
(e.g., excessive weight loss, ruffled coats, dehydration, etc.) was
observed in mice.
The B16 model, which is relatively resistant to most
chemotherapeutics, is moderately sensitive to temozolomide



Results
Activity of ABT-888. The chemical structure of 2-[(R)-2methylpyrrolidin-2-yl]-1H-benzimidazole-4-carboxamide is
shown in Fig. 1. ABT-888 is a potent PARP inhibitor, inhibiting
PARP-1 and PARP-2 with K is of 5.2 and 2.9 nmol/L, respec-
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Fig. 1. Chemical structure of ABT-888 (C13H16N4O, 244.29 g/mol).
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Table 1. Pharmacokinetics of ABT-888 in mice, Sprague-Dawley rats, beagle dogs, and cynomolgus monkeys
i.v. Dose
Strain
Mouse CD-1
Rat
Dog
Monkey





Dose
(mg/kg)

t 1/2 (h)

V c (L/kg)

V ss (L/kg)

V B (L/kg)

AUC
(Mg h/mL)

CLp
(L/h kg)

10
5
2.5
2.5

1.6
1.2
2.7
1.9

2.1
1.6
1.4
2.0

2.5
3.1
2.0
2.8

9.4
3.6
2.2
3.1

2.43
2.46
4.42
2.36

4.1
2.0
0.6
1.1

Oral dose
Strain



Dose*
(mg/kg)

C max
(Mg/mL)

T max (h)

t 1/2 (h)

AUC0-12h
(Mg h/mL)

F (%)

10
5
2.5
2.5
12.5
12.5
12.5

1.6
0.5
2.7
2.5
0.8
0.7
1.2

0.3
0.8
0.8
0.3
0.7
0.7
0.3

1.3
1.6
0.5
2.3
1.0
0.8
1.4

2.24
1.52
3.22
1.33
1.30
0.80
1.50

92
62
73
56

Mouse CD-1
Rat
Dog
Monkey
Nude
Scid
C57BL/6

OMP
Dose
(mg/kg)

50
25
12.5
5
3.125

Nude

Scid



C57BL/6



C ss
(Mg/mL)

AUC0-24h
(Mg h/mL)

C ss
(Mg/mL)

AUC0-24h
(Mg h/mL)

0.261
0.181
0.073

6.26
4.34
1.75

0.232
0.129
0.085

5.56
3.10
2.04

0.55

0.017

C ss
(Mg/mL)
0.105
0.046
0.022

0.023



AUC0-24h
(Mg h/mL)
2.52
1.10
0.53

0.41

*In tumor models, the oral dose is administered b.i.d, so the total daily dose in milligrams per kilogram is doubled. Likewise, the AUC0-12h is
multiplied by two to yield the total daily AUC.

and its sensitivity can be enhanced with PARP inhibitors
(16, 32). ABT-888, administered orally, significantly potentiated the temozolomide efficacy in a dose-dependent manner
(Fig. 2A). Maximum potentiation was seen at day 19 with %
T/C values (versus temozolomide) of 10 (P = 0.0003), 16
(P < 0.0001), and 23 (P < 0.0001) for the 25, 12.5, and
3.1 mg/kg/d ABT-888 combination groups, respectively. The
combinations were well tolerated with maximum body weight
loss of 11% for the 25 mg/kg/d ABT-888 and temozolomide
combination compared with 7% for temozolomide and 2%
for ABT-888. The mice rapidly regained weight once the dosing
period ended.
To establish the steady-state concentration necessary for
in vivo activity, ABT-888 was administered as a continuous
infusion in combination with 50 mg/kg/d temozolomide.
ABT-888 at doses of 25 to 1 mg/kg/d all significantly
potentiated the temozolomide monotherapy (Fig. 2B). Maximum potentiation was seen at day 17 with % T/C values
(versus temozolomide) of 13 (P < 0.0001), 12 (P < 0.0001),
16 (P < 0.0001), 39 (P = 0.0033), and 63 (not significant) for
the 25, 12.5, 5, 1, and 0.3 mg/kg/d ABT-888 combination
groups, respectively. A higher dose of 50 mg/kg/d ABT-888
could not be evaluated with temozolomide because this
combination resulted in skin toxicity at the OMP implantation
site. The 25 and 12.5 mg/kg/d ABT-888 combination treatments were equivalent in activity, thereby defining the
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maximally efficacious dose as 12.5 mg/kg/d in this model.
Maximum weight loss for the combination groups was 1%
compared with a 5% gain for temozolomide.
In vivo inhibition of PAR. Activation of PARP in response to
DNA damage results in ribosylation of various substrate
proteins. To show inhibition of PARP activity in vivo, tumors
from mice treated with ABT-888 were analyzed for levels of PAR
by Western blot. B16F10 tumor-bearing mice were treated with
either vehicle, temozolomide alone, or in combination with
ABT-888 (Fig. 2C), similar to doses used in the efficacy study
(Fig. 2A). A decrease in PAR proteins in tumors from animals
treated with either ABT-888 alone or in combination with
temozolomide was observed, indicating the ability of ABT-888
to inhibit PARP activity in vivo.
ABT-888 potentiates temozolomide in a syngeneic glioma
model. ABT-888 also potentiates temozolomide in a 9L
orthotopic rat glioma model. Maximum efficacy was seen at
day 14 using magnetic resonance imaging (Fig. 3A and C).
ABT-888 at 50 mg/kg/d in combination with temozolomide
reduced tumor volume by 63%, which was 44% better than
temozolomide alone (P < 0.005). Tumor growth inhibition
with ABT-888 was dose dependent (Fig. 3A and B). The
combination of 50 mg/kg/d dose of ABT-888 with temozolomide significantly prolonged animal survival versus temozolomide with a median survival of 19 and 22 days, respectively
(P < 0.0132, log-rank test; Fig. 3B). ABT-888 as a single agent at
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50 mg/kg/d was not efficacious in this model (data not
shown). The combinations were well tolerated with maximum
weight losses of only 9% for the combination compared with
8% for temozolomide.
To confirm central nervous system penetration, the pharmacokinetic profile of ABT-888 was evaluated in tumor-bearing
rats with drug concentration measured in plasma as well as
in brain and tumor tissues. After multiple doses of ABT-888
(50 mg/kg/d), the concentration of the compound 2 h after
dosing (near C max) was 1.36 F 0.16 Ag/mL, 0.72 F 0.12 Ag/g,
and 3.00 F 0.16 Ag/g in plasma, brain, and tumor tissues,
respectively. Coadministration of temozolomide did not alter
the plasma pharmacokinetic profile of ABT-888 (data not
shown).
ABT-888 potentiates platinum agents. The ability of ABT-888
to potentiate the efficacy of platinum-based agents was
investigated in the MX-1 breast carcinoma xenograft model.
This line was derived from a 29-year-old female with a poorly
differentiated mammary carcinoma. Internal sequencing efforts
at Abbott have determined that MX-1 has BRCA1 deletions. A
novel BRCA1 variant (BRCA1 33636delGAAA) was detected
that would result in a frameshift mutation predicted to
introduce a chain terminator and truncate the protein at
residue 999. Two previously described nonsynomous singlenucleotide polymorphisms were also detected in BRCA2
(BRCA2 16864A>C, Asn289His, and BRCA2 221847A>G,
Asn991Asp), both of which have been described in Chinese
Breast Cancer families (33).
ABT-888 induced a pronounced potentiation of cisplatin
activity (Fig. 4A). At day 68 when all mice were still present
in each combination group, no significant differences were

noted between the 5, 25, and 50 mg/kg/d combinations
with cisplatin. However, at the end of the trial, ABT-888 at
5, 25, and 50 mg/kg/d in combination with cisplatin
showed an increase in cures (8/9, 8/9, and 6/9 animals,
respectively), whereas the cisplatin monotherapy had only
3/9 cures (no measurable tumors at end of the trial). Both
the 5 and 25 mg/kg/d ABT-888 plus cisplatin were
significantly different than cisplatin alone (P = 0.049,
Fisher’s exact test), whereas the 50 mg/kg/d ABT-888 was
not significantly different from 5 and 25 mg/kg/d treatment
combinations. The vehicle and ABT-888 monotherapy
groups had no cures. This dose-response study showed that
maximal potentiation was reached at 5 mg/kg/d ABT-888.
Potentiation of platinum agents was confirmed in a second
MX-1 study using carboplatin. Carboplatin is a secondgeneration platinum, less toxic anticancer drug and is
currently the standard of care for treating lung, ovarian, and
head and neck cancers. ABT-888 administered at 25 mg/kg/d
via OMPs caused a pronounced potentiation of carboplatin
at 10 and 15 mg/kg/d as reflected by tumor volumes
(Fig. 4B). Compared with carboplatin treatment groups at
day 38, the %T/C values were 34 (P = 0.011) and 18
(P < 0.0001) for the carboplatin 15 and 10 mg/kg/d
combinations with ABT-888, respectively. The 10 mg/kg/d
carboplatin/ABT-888 combination regressed tumor volumes
from day 26, whereas carboplatin monotherapy had only a
modest tumor inhibition.
Because ABT-888 showed a pronounced potentiation of
carboplatin at 10 mg/kg/d, a separate study was undertaken
to determine the dose-response relationship of ABT-888 at
a fixed carboplatin dose. ABT-888 potentiated the activity of

Fig. 2. Efficacy and biomarker response
of ABT-888 in combination with
temozolomide in B16F10 murine melanoma
models. A, oral dose response of ABT-888.
B16F10 cells were injected s.c. into C57BL/
6 mice on day 0 and dosing was initiated
on day 1. ABT-888 was administered p.o.,
b.i.d. on days 1to 14. On days 3 to 7,
temozolomide (TMZ; p.o., q.d.) was
administered 2 h after ABT-888. Data
consists of 8 to 10 mice per treatment
group; bars, SE. B, ABT-888 continuous
infusion dose response. B16F10 cells were
injected on day 0. The 14-d OMPs were
implanted s.c. on day 1and temozolomide
was administered p.o., q.d. on days 3 to 7.
Data consists of 7 to 10 mice per treatment
group; bars, SE. C, Western blot analysis
showing significant inhibition in the level of
poly(ADP-ribose) polymers in B16F10 flank
tumors after treatment with ABT-888 alone
or in combination with temozolomide.
These results indicate inhibition of PARP
activity in tumors after in vivo treatment and
differential level of inhibition of PAR relative
to dose of ABT-888. Mice were dosed with
ABT-888 (25 and 3.125 mg/kg/d, p.o.,
b.i.d.2) or temozolomide (62.5 mg/kg/d,
p.o., q.d.2) and in combination. Tumors
were harvested 2 h after last dose.
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Fig. 3. In vivo efficacy of ABT-888 in
combination with temozolomide in a
syngeneic orthotopic 9L rat glioma model.
A, glioma tumor volumes at day 14 using
contrast-enhanced magnetic resonance
imaging. Treatment of ABT-888 began on
day 3 following tumor cell inoculation
and continued for 13 d. Temozolomide was
administered from day 4 to 8. Columns,
mean of 11to 12 rats per treatment group;
bars, SE. ABT-888 as a single agent at
50 mg/kg/d was not efficacious in this
model (data not shown). B, Kaplan-Meier
analysis of orthotopic 9L rat glioma model
(same experimental set of animals in A).
Survival end point was based when animals
showed signs of irreversible illness (e.g.,
impaired movement and greater than 20%
weight loss). Median survival times for the
vehicle, temozolomide, and 5, 18, and
50 ABT-888 mg/kg/d temozolomide
combination groups were 18, 19, 17.5, 21,
and 22 d, respectively. C, representative
contrast-enhanced magnetic resonance
images of orthotopic glioma (bright
intensity areas) with the tumor volumes
representative of the average for the
treatment groups of vehicle, temozolomide
alone, and ABT-888 and temozolomide.
Row, transverse slices from a single rat
taken on day 14.

10 mg/kg/d carboplatin (q4d3) with %T/C values (versus
carboplatin) at day 42 of 9 (P < 0.0005), 22 (P = 0.0014), and
42 (P = 0.012) for the 50, 25, and 12.5 mg/kg/d combinations of
ABT-888 and carboplatin (data not shown). The 5 and 1 mg/kg/d
doses of ABT-888 did not potentiate carboplatin.
ABT-888 potentiates cyclophosphamide. In the MX-1 model,
ABT-888 administered at 25 mg/kg/d via OMPs not only
potentiated cyclophosphamide at 12.5 mg/kg/d on days 20,
24, and 27 schedule (Fig. 4C) but also caused tumor regression, whereas the cyclophosphamide monotherapy only slightly
delayed tumor growth. The %T/C values of this combination
(versus cyclophosphamide) at day 38 was 35 (P = 0.0011).
Cyclophosphamide was not effective at 5 mg/kg/d and
ABT-888 did not potentiate the cytotoxic agent at this dose.
In a separate confirmatory study, ABT-888 at 25 mg/kg/d
enhanced the efficacy of cyclophosphamide (12.5 mg/kg/d,
q4d3) but potentiation was not shown at 12.5 mg/kg/d
of ABT-888. The %T/C values of combinations (versus carboplatin) at day 42 were 53 (P = 0.018), 91 (not significant),
and 100 (not significant) for the 25, 12.5, and 5 mg/kg/d
doses of ABT-888 combinations, respectively (data not
shown).
The ability of ABT-888 to potentiate the efficacy of
cyclophosphamide was also evaluated in the DOHH-2 B-cell
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lymphoma flank xenograft model. DOHH-2 is a lymphoma
line with the t(14;18) translocation that results in expression
of high levels of Bcl-2 and is sensitive to cyclophosphamide
(34). However, ABT-888 did not potentiate cyclophosphamide
using an array of cytotoxic schedules (q.d.1, q.d.4, q4d2,
and q4d3) and dosing schemes (data not shown), although
cyclophosphamide showed single-agent activity. These data
indicate that ABT-888 is not a potentiator of cyclophosphamide in the DOHH-2 model.
ABT-888 potentiates radiation. HCT-116 is a human colon
cancer line that has been very well characterized for radiation
sensitivity, including growth delay, cell cycle arrest, and
apoptosis (35, 36). ABT-888 administered via OMPs at 25
mg/kg/d potentiated fractionated radiation (2 Gy/d  10
days) with a median survival time of 36 days compared with
23 days (P < 0.036, log-rank test) from radiation alone
(Fig. 5). Although ABT-888 did not enhance median survival
(34 days) at 12.5 mg/kg/d (P = 0.06), this treatment group
did have one cure (no palpable tumor) when the study
was terminated on day 65. ABT-888 was also tested at 5 and
1 mg/kg/d in combination with radiation but these groups
were not significantly different than radiation alone. Overall,
ABT-888 showed a dose response in combination with radiation (P = 0.0165, log-rank trend).
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Discussion

Fig. 4. In vivo efficacy of ABT-888 in combination with cisplatin, carboplatin,
or cyclophosphamide in the MX-1 breast carcinoma xenograft model. A, tumors
were size matched to 100 mm3 on day 16 and PARP inhibitor therapy (p.o.,
b.i.d.8) was initiated the same day. A single dose of cisplatin at 6.0 mg/kg/d was
administered i.p. on day 18. Data consist of nine nude mice per treatment group;
bars, SE. B, tumors were size matched to f200 mm3 on day 16. ABT-888 was
administered at 25 mg/kg/d s.c., via 14-d OMPs starting on day 17. Carboplatin
was administered i.p. on days 20, 24, and 27. Data consists of 8 to 10 scid mice
per treatment group; bars, SE. C, tumors were size matched to f200 mm3 on day
16. ABT-888 was administered at 25, 12.5, and 5 mg/kg/d s.c., via 14-d OMPs
starting day 17. Cyclophosphamide at 12.5 and 5 mg/kg/d was administered i.p.,
on days 20, 24, and 27. Data consist of 8 to 10 scid mice per treatment group;
bars, SE. Respective control vehicles were used in all treatment groups.
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In this report, we describe ABT-888, a novel, orally
bioavailable, PARP inhibitor that potentiates DNA-damaging
agents. ABT-888 is a potent inhibitor of both PARP-1 and
PARP-2 with K is of 5.2 and 2.9 nmol/L, respectively. The
compound is orally bioavailable in preclinical species and
crosses the blood-brain barrier. ABT-888 induces a pronounced reduction in PAR proteins in tumor samples and
this ability of ABT-888 to rapidly inhibit PARP in vivo
confirms its favorable pharmacokinetic profile. The preclinical
pharmacokinetic studies predicate that ABT-888 will have
good human bioavailability suitable for either once or twice
daily dosing that can be combined with cytotoxic agents.
Several PARP inhibitors are under investigation in oncology
clinical trials, including AG014699 (Pfizer) in combination
with temozolomide in metastatic malignant melanoma (phase
II); INO-1001 (Inotek/Genentech) in combination with
temozolomide in malignant glioma (phase I); KU-59436, an
oral compound from KuDOS/AstraZeneca as a single agent in
cancer patients (phase I); and BS-201 (BiPar Sciences) as a
monotherapy agent in phase I and ABT-888 in phase 0/
Exploratory IND for dose refinements and pharmacokinetic
relationships (24 – 26). An oral agent such as ABT-888, offers
the cancer patient convenience when the overall therapy
regimen likely includes parenterally administered combinations of varying schedules.
The favorable pharmacokinetic profile and potency of
ABT-888 toward PARP enabled it to act as a broad-spectrum
potentiator of DNA-damaging agents, including temozolomide, cisplatin, carboplatin, cyclophosphamide, and radiation.
PARP inhibitors consistently potentiate temozolomide in
preclinical studies, including experimental models of solid
tumors (e.g., glioma, melanoma, colorectal, and breast cancer)
and hematologic malignancies (lymphoid and nonlymphoid;
refs. 25, 37, 38). Clinically, temozolomide is used to treat
melanoma and in brain tumors. Metastatic melanoma is
historically difficult to treat, with response rates for temozolomide and dacarbazine at just 13.5% and 12.1% and median
overall survival of 7.7 and 6.4 months, respectively (39). Little
change in overall survival has occurred for metastatic melanoma over the last 40 years. Temozolomide is used in
combination with radiation to treat glioblastoma multiforme.
This regimen provides brain tumor patients with a median
overall survival of 14.6 months and a 2-year survival just over
25% (40). Clearly, these are both areas of high unmet medical
needs and preclinical studies with ABT-888 in combination
with temozolomide suggest the potential of improvement in
therapy. ABT-888 strongly enhanced the activity of temozolomide in the B16F10 s.c. murine melanoma model regardless of
the route of ABT-888 at doses as low as 3.1 mg/kg/d with
maximal efficacy achieved at 25 mg/kg/d. In the treatment of
brain tumors, the blood-brain barrier can significantly affect
efficacy of agents (41). Brain and tumor tissue levels of
0.72 and 3.00 Ag/g, respectively, confirm that ABT-888 can
efficiently cross the blood-brain barrier. ABT-888 also potentiated temozolomide in the 9L orthotopic rat glioma model.
Whereas temozolomide alone exhibited minimal efficacy,
ABT-888 combined with temozolomide significantly slowed
tumor progression (reflected in decreased tumor volume and
prolonged survival) in a dose-related manner.

2734

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on June 18, 2021. © 2007 American Association for Cancer
Research.

ABT-888 Potentiates DNA-Damaging Agents In vivo

Fig. 5. Kaplan-Meier analysis of ABT-888 in combination with radiation in the
HCT-116 colon carcinoma model. Cumulative survival (% of tumors for each group
greater than 4 initial volume) is plotted versus time. Once a tumor volume of 100
to 200 mm3 was reached, animals were randomly assigned to different treatment
arms. ABT-888 was delivered via 14-d s.c. OMPs 3 d before radiation. Three days
after pump implantation, groups of animals were chosen to receive once daily
radiation (Rad) to the tumor xenograft site at 2 Gy per fraction for a total of 10 d.
Median survival times for the vehicle, ABT-888 monotherapy, radiation, and 1, 5,
12.5, and 25 ABT-888 mg/kg/d radiation combination groups were 9.5, 10.5, 23,
25.5, 26.5, 34, and 36 d, respectively. In combination with radiation, ABT-888
showed a dose response (P = 0.0165, log-rank trend). ABT-888 at 5 and 1mg/kg/d
in combination with radiation was not plotted because these groups were not
significantly different than radiation alone. Data consists of 10 mice per treatment
group; bars, SE. Log-rank test of ABT-888 (25 mg/kg/d) combination versus
radiation (P = 0.036); ABT-888 (12.5 mg/kg/d) combination versus radiation
(P = 0.06). One animal had no measurable tumor at the end of the trial in the
radiation and ABT-888 (12.5 mg/kg/d) combination group.

Ionizing radiation is the most widely used anticancer
intervention after surgery inducing both single and dsDNA
breaks. PARP inhibition results in radiosensitization through
the impairment of both single- and double-stranded break
repair pathways (42, 43), and PARP inhibitors have been
shown to sensitize cancer cells to radiation, both in vitro and
in vivo (17, 18, 25). In our study, ABT-888 potentiated
fractionated radiation using the well-characterized radiosensitive HCT-116 colon model showing that an oral PARP inhibitor
is an effective radiopotentiation agent. The strong potentiation
of both temozolomide and radiation in preclinical settings is an
incentive to consider using a PARP inhibitor with radiation in
the glioma setting as well as for other tumor types.
Platinum agents are among the most widely used and
effective anticancer drugs. These agents are used in the
treatment for testicular, head and neck, ovarian, bladder, and
lung cancers (44). Cytotoxic platinum agents (cisplatin, carboplatin, and oxaliplatin) form complex DNA adducts that
damage DNA and lead to cell death. Enhanced DNA repair,
through both the base excision repair and the nucleotide
excision repair pathways, is a major mechanism by which
tumor cells acquire resistance to these agents. Previous preclinical studies with cisplatin and PARP inhibitors showed only
a mild in vivo potentiation of cisplatin in a NSCLC xenograft
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model (15) or were inactive in vitro (13). In contrast, ABT-888
at 5 mg/kg/d in combination with cisplatin caused sustained
regressions resulting in 8/9 nonpalpable tumors versus 3/9 for
cisplatin monotherapy. Our studies also show for the first time
that a PARP inhibitor enhanced the activity of carboplatin. In
two separate studies, ABT-888 potentiated carboplatin, causing
tumor regression compared with only delayed tumor growth
with carboplatin monotherapy (10 mg/kg/d). This prominent
activity in a breast xenograft warrants further preclinical
investigation in other tumor types given the broad clinical
usage of platinum agents.
Cyclophosphamide is one of the most widely used alkylating
agents and is effective in combination chemotherapy regimens
for lymphoma, leukemia, breast cancer, small cell lung cancer,
multiple myeloma, and sarcomas (45). Potentiation of this
agent with a PARP inhibitor has not been reported previously
in vivo. In our studies, ABT-888 potentiated cyclophosphamide,
in the MX-1 breast xenograft model causing regressions of
established tumors compared with tumor growth delay with
cyclophosphamide monotherapy. However, the inability to
potentiate another cyclophosphamide-sensitive model
(DOHH-2 lymphoma) indicates that other factors, such as
genetic mutations, may be important for PARP inhibitor
activity.
One genetic factor that may be involved in PARP inhibitor
profile responses is the BRCA status or more specifically
homologous recombination competence (46). As described
above, MX-1 xenograft model is sensitive to several cytotoxic
agents, including carboplatin, cisplatin, and cyclophosphamide. Part of this sensitivity may be due to the dysfunction of
DNA repair enzymes (47). BRCA-deficient lines are more
sensitive to DNA-damaging agents and this sensitivity was
translated to the clinic with BRCA1-associated ovarian carcinoma patients responding better to platinum-based therapies
(48, 49). We have determined that MX-1 has BRCA1 deletions
and contains a BRCA2 mutation but we do not know whether
the BRCA2 mutation has any functional consequences. These
genes are important for DNA double-strand break repairs by
homologous recombination and these genetic alternations lead
to a predisposition to breast and ovarian cancer. This is the first
in vivo report of a PARP inhibitor in a human BRCA-deficient
line in combination with cytotoxic agents (platinums and
alkylating agents). The dramatic preclinical chemopotentiation
of platinums and cyclophosphamide with a PARP inhibitor in
the breast MX-1 model highlights their potential use in BCRAdeficient tumors, such as breast and ovarian as well as tumors
with deficiency in proteins integral to homologous recombination (e.g., Rad51, ATM, and Fanconi anemia proteins). Due
to our limited data set and in the absence of testing isogenic
lines FBRCA, it is still unclear whether BRCA or homologous
recombination deficiencies are significant determinants of
PARP inhibitor enhancements for platinum or cyclophosphamide antitumor activity; however, it may represent a useful
clinical stratification strategy for a more robust efficacy signal.
In addition, profiling of tumors for other DNA repair pathways
and acquisition of their isogenic lines (e.g., O-6-methylguanine-DNA methyltransferase and mismatch repair) would
further enhance clinical stratifications for temozolomide and
other cytotoxics.
PARP inhibitors are also being evaluated as novel singleagent targeted cancer therapies. Recently, two reports suggested

2735

Clin Cancer Res 2007;13(9) May 1, 2007

Downloaded from clincancerres.aacrjournals.org on June 18, 2021. © 2007 American Association for Cancer
Research.

Cancer Therapy: Preclinical

that PARP inhibitors have activity against BRCA-deficient
cells in the absence of any DNA-damaging agent (22, 23).
Because not all BRCA-deficient cells are sensitive to the PARP
inhibitors (50, 51), the prevalence of the single-agent
cytotoxicity within the BRCA-deficient population is still not
clear. In our studies, we observed no single-agent activity of
ABT-888 in the MX-1 xenograft model as well as in vitro (data
not shown). However, recently, it was shown that deficiencies
in key homologous recombination genes is a major determinant in sensitivity to PARP single-agent inhibition and is not
just confined to the BRCA1 or BRCA2 deficiencies (46). Other
genetic defects or off-target axis activity of some PARP
inhibitors may contribute to their single-agent antitumor
activities. Regardless, because few BRCA-deficient xenograft
models have been developed, the identification of MX-1 being
BRCA deficient will be a very useful tool for understanding

PARP inhibitor mechanisms for cancer monotherapy and
combination therapy.
In summary, ABT-888 is an orally bioavailable PARP
inhibitor that possesses an excellent efficacy and pharmacokinetic profile. The large unmet medical need and the
potential for the broad use of this compound, in combination
with numerous chemotherapeutic and radiotherapeutic regimens, renders ABT-888 an attractive agent for clinical
development.
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