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PRECLINICAL STUDIES
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Summary Poly(ADP-ribose) synthetase inhibitor, INO-1001,
is known to sensitize cells to radiation in vitro by inhibiting
the repair of DNA damage. Recent evidence has suggested
that PARP inhibition may also be a way of selectively
targeting p53 deficient cancer cells. The present study tested
INO-1001 for its in vivo effect on the chemoresponse of two
p53 deficient tumors, human breast cancer MDA-MB-231
and murine mammary carcinoma MCa-K. Doxorubicin was
used as the DNA damaging agent and tumor growth delay
assay was used as the endpoint. Results showed that INO-
1001 was highly effective in enhancing the anti-tumor
effects of Doxorubicin for both MDA-MB-231 (EF=1.88)
and MCa-K (EF=1.64). We conclude that PARP inhibitor
INO-1001 has high potential for enhancing the anti-tumor
effects of chemotherapy agents such as Doxorubicin against
p53 deficient breast cancer.
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Introduction

Poly(ADP-ribose) polymerase [PARP, also termed poly
(ADP-ribose) synthetase or PARS] is a nuclear enzyme
involved in multiple cellular functions including DNA
repair, maintenance of genomic integrity, and cell replica-
tion and differentiation (reviewed in [1, 2]). PARP
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functions as a sensor of DNA damage and a signaling
molecule, binds to DNA strand breaks and catalyses the
cleavage of NAD" into nicotinamide and ADP-ribose. The
role of PARP in improving cell survival after DNA damage
is not fully understood, but its binding to DNA may
initially stabilize DNA breaks protecting them from
nuclease attack or recombination. However, this PARP-
DNA binding is then released through auto-ADP ribosyla-
tion making DNA lesions available for DNA repair
mechanisms.

Because PARP plays an important role in the repair of
DNA strand breaks, including those induced by radiation
and chemotherapeutic drugs, inhibitors of this enzyme have
potential to improve cancer chemotherapy or radiotherapy
[2, 3]. A number of PARP inhibitors have been shown to
enhance radiation-induced cell killing, the effect of which
was particularly pronounced when present in the post-
irradiation period [4—11]. Earlier, commercially available
PARP inhibitors, such as 3-aminobenzamide or nicotin-
amide, are characterized by incomplete inhibition of PARP
activity and moreover they exhibit various non-specific
effects [2], and as such they have limited utility as radio-
sensitizers. Recently, a number of highly effective and
specific PARP inhibitors with low toxicity have been
developed [2, 3], and have undergone testing for their
radio (chemo) sensitizing effects. Our recent study demon-
strated that one of these novel agents, INO-1001, strongly
enhanced radiation sensitivity of a number of in vitro cell
lines without exerting any intrinsic cytotoxicity on its own
[12]. The radiosensitizing effect was higher in combination
with fractionated than single dose radiation, which was
consistent with the inhibition of repair from radiation
damage as an underlying mechanism of radiosensitization.

PARP inhibitors have also been explored for their
chemosensitizing activities, notably when combined with
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DNA damaging drugs such as alkylating agents and
topoisomerase-inhibiting agents [13—18]. Most studies
have been done in vitro using cancer cell lines of different
histology types, where PARP inhibitors demonstrated
ability to increase the number of DNA strand breaks and
enhance cell cytotoxicity induced by chemotherapeutic
agents. Importantly, this enhancing effect of PARP inhib-
itors appeared to be independent of the p53 status of tumor
cells, suggesting that PARP inhibitors could be an efficient
way to counteract resistance to chemotherapeutic agents in
p53 mutant tumors [17, 18]. An illustrative example of this
action is a recent observation that the PARP inhibitor ANI
was highly effective in sensitizing p53-deficient cancer
cells to doxorubicin-induced apoptosis [17]. Our present
study assessed whether these potent in vitro enhancing
effects of PARP inhibitors on doxorubicin-induced cell
cytotoxicity can be translated to in vivo antitumor activity
against p53 mutant tumors. We used the PARP inhibitor
INO-1001, that in our earlier study showed strong enhance-
ment of cell radiosensitivity [12], and two p53 mutant
mammary carcinoma tumors, one human tumor xenograft
and one a syngeneic mouse tumor.

Material and methods
Drugs

The catalytic activity of PARP was inhibited by the potent
isoindolinone-based PARP inhibitor INO-1001 provided by
Inotek Pharmaceuticals Corporation (Beverly, MA) [19, 20].
The compound was dissolved in 5% dextrose solution to a
concentration of 5 mg/ml and injected i.p. at a volume of
1 ml per mouse for a dose of approximately 200 mg/kg.
INO-1001 was given for three consecutive days: three times
per day at 4-h intervals.Doxorubicin (DOXO; Bedford
Labs, Bedford, OH) was obtained as a powder and dis-
solved in normal saline to a concentration of 0.8 mg/ml.
The solution was injected i.v. at a volume of 0.01 ml per
gram mouse body weight for a dose of 8 mg/kg.

Tumor cell lines and animals

The human breast cancer MDA-MB-231 was obtained from
American Type Culture Collection; tumor cell suspensions
were prepared from cells grown as monolayers in vitro. The
MCa-K tumor, a mammary carcinoma that spontaneously
arose in C3H mice, was in its seventh isotransplant gen-
eration when used. Tumor cell suspensions were prepared
by mechanical disruption and enzymatic digestion of non-
necrotic tumor tissue.

Sixty nude (nu—nu/Ncr) mice were used for the MDA-
MB-231 study and 55 C3Hf/KamLaw mice were used for
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the MCa-K study. Mice were bred in our specific-pathogen
free facility and were 3—4 months of age and weighed an
average of 32 g at the start of the experiments. They were
housed three to five per cage, exposed to 12-h light dark
cycles, and given free access to sterilized pelleted food
(Prolab Animal Diet, Purina Mills Inc., St. Louis, MO) and
sterilized water. Animals were maintained in an American
Association for Laboratory Animal Care approved facility,
and in accordance with current regulations of the US
Department of Agriculture and Department of Health and
Human Services. The experimental protocol was approved
by, and in accordance with, institutional guidelines estab-
lished by the Institutional Animal Care and Use Committee.

Tumor implantation and anti-tumor efficacy studies

Solitary tumors were produced by inoculation of 5x10°
MDA-MB-231 cells into the right hind leg of nude mice or
5x10° MCa-K cells into the right hind leg of C3H mice.
When tumors grew to an average of 7.2 mm in diameter
(range 7.0-7.7 mm), mice were given INO-1001 (200 mg/kg)
or 5% dextrose solution only. The agents were injected for
three consecutive days: three times per day at 4-h intervals.
Doxorubicin was given i.v. as a single dose of 8 mg/kg 1 day
after the first dextrose or INO-1001 treatment. On the day
both INO-1001 and Doxorubicin were given, the PARP
inhibitor was injected 5 min before DOXO. An additional
group of mice was treated with Doxorubicin alone when the
tumors (MCa-K) were 8 mm in diameter. Groups consisted
of seven to eight mice with MCa-K tumors or three to five
mice with MDA-MB-231 tumors.

Tumor growth delay was the endpoint used to determine
anti-tumor efficacy of INO-1001 and irradiation. To obtain
tumor growth curves, three mutually orthogonal diameters
of tumors were measured two to three times/week with a
vernier caliper, and the mean values were calculated. Mice
were sacrificed when tumors grew to 14—-15 mm. Regres-
sion and regrowth of tumors was assessed from the time of
DOXO treatment, i.e. 24 h after initial treatment with
dextrose or INO-1001. Tumor growth delay was expressed
as the time in days for tumors in the INO-1001- and
DOXO-treated groups to grow to 12 mm in diameter minus
the time in days for tumors in the dextrose only control
group to reach the same size. This was termed absolute
growth delay (AGD). For groups treated with both INO-
1001 and Doxorubicin, normalized growth delay (NGD)
was determined as the time for tumors in the combined
therapy group to grow to 12 mm minus time for tumors in
the group treated with INO-1001 alone to grow to 12 mm.
The enhancement factor (EF) was then determined by
dividing NGD for the group receiving INO-1001 plus
Doxorubicin therapy by the AGD for the group given
Doxorubicin and dextrose only.
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Table 1 Effect of INO-1001 and doxorubicin on the growth of MCa-K and MDA-MB-231 tumors in mice

Treatment® Tumor Growth Delay

Time in days® for tumors Absolute® growth Normalized® growth Enhancement®

to grow to 12 mm delay (AGD) delay (NGD) factor (EF)

MCa-K murine mammary carcinoma

Dextrose only control 7.4+0.2

INO-1001 only 9.3+0.8 1.9+0.8

Doxorubicin only 11.9+0.7 4.5+0.7

Dextrose+Doxorubicin 11.3£0.6 3.9+0.6

INO-1001+Doxorubicin 15.7+0.7 8.3+0.7 6.4+0.7 1.64
MDA-MB-231 human breast xenograft

Dextrose only control 23.2+2.8

INO-1001 only 22.8+2.5 —0.4+2.5

Dextrose+Doxorubicin 36.3+£2.8 13.1£2.8

INO-1001+Doxorubicin 47.5+4.3 243443 24.7+4.7 1.88

#MCa-K or MDA-MB-231 tumor cells were injected i.m. into the right hind legs of C3Hf/KamLaw or nude (nu/nu) mice, respectively. When
tumors grew to approximately 7.2 mm in diameter, mice were treated i.p. with INO-1001 or 1 ml of dextrose alone. Treatments were given three
times a day at 4-h intervals for three consecutive days. INO-1001 was diluted in dextrose to a concentration of 5 mg/ml and injected at a volume
of 1 ml per mouse for a dose of approximately 200 mg/kg. Doxorubicin (DOXO) was given i.v. as a single dose of 8 mg/kg 24 h after initial INO-
1001 or dextrose treatment. On the second day, when both agents were given, DOXO was injected 5 min after first INO-1001. One group of mice

with MCa-K tumors was treated with DOXO alone when tumors were 8 mm in diameter.
® Tumor growth delay was assessed from the time of DOXO treatment, i.e., 24 h after initial treatment with dextrose or INO-1001.
¢ AGD is defined as time in days for tumors treated with INO-1001, DOXO or both agents to reach 12 mm minus the time in days tumors in

control mice treated with dextrose alone required to grow to 12 mm.

4NGD is defined as the time in days for tumors to reach 12 mm in mice treated with combination of INO-1001and DOXO minus the time in days

for tumors to reach 12 mm in mice treated with INO-1001 alone.

°EF was obtained by dividing NGD in mice treated with INO-1001 plus DOXO with the AGD in mice treated with DOXO plus dextrose.

16

14

12 1

10 1

Tumor Size (mm)

6 T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Days After Doxorubicin

Fig. 1 Effect of INO-1001 and Doxorubicin on the growth of MCa-K
murine tumors. Mice bearing tumors in the right hind leg were treated
with dextrose (open circle), INO-1001 (filled circle), doxorubicin
(open diamond), dextrose plus doxorubicin (open triangle), or INO-
1001 plus doxorubicin (filled triangle). Treatment with INO-1001
(200 mg/kg) or dextrose was initiated when tumors were an average
diameter of 7.2 mm and was given i.p. three times a day for a total of
3 days. Doxorubicin (8 mg/kg i.v.) was administered as a single agent
when tumors were 8 mm, or it was given to mice 24 h after the first
INO-1001 or dextrose treatment
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Fig. 2 Effect of INO-1001 and Doxorubicin on the growth of MDA-
MB-231 human tumor xenografts. Mice bearing tumors in the right
hind leg were treated with dextrose (open circle), INO-1001 (filled
circle), dextrose plus doxorubicin (open triangle), or INO-1001 plus
doxorubicin (filled triangle). Treatment with INO-1001 (200 mg/kg)
or dextrose was initiated when tumors were an average diameter of
7.3mm and was given i.p. three times a day for a total of 3 days.
Doxorubicin (8 mg/kg i.v.) was injected 24 h after first INO-1001 or
dextrose treatment
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Results and discussion

Mice bearing MCa-K or MDA-MB-231 tumors were
treated with INO-1001, doxorubicin or both agents, and
the effect of these agents on tumor growth was assessed
by tumor growth delay shown in Table 1, Figs. 1 and 2.
INO-1001 as a single agent had no significant effect on the
growth of either MCa-K or MDA-MB-231 tumors. In
contrast, doxorubicin significantly delayed the growth of
both tumors, but was more effective in the treatment of
MDA-MB-231 tumors (AGD of 13.1+2.8 days compared
to 4.5+0.7 days for MCa-K tumors). When the two agents
were combined, the effect on tumor growth was more than
the additive effect of individual agents, implying that
synergy had occurred. The AGD was 8.3+£0.7 days for
MCa-K tumors and 24.3+4.3 for MDA-MB-231 tumors.
INO-1001 enhanced the antitumor efficacy of doxorubicin
by a factor of 1.64 for MCa-K and by a factor of 1.88 for
MDA-MB-231 tumors.

Our findings extend the observation of the ability of
PARP inhibitors to increase in vitro doxorubicin-induced
cell cytoxicity [17] to that of enhancing in vivo tumor
response to doxorubicin. Importantly, both in vitro [17] and
our in vivo findings showed that PARP inhibitors were
effective against p53 mutant tumor cells. Tumor suppressor
p53 is important in maintaining genomic instability and
suppressing carcinogenesis. Normally functioning p53 gets
activated after genotoxic stress and, depending on cell type,
nature, and the extent of damage, activates different cellular
responses including DNA repair, cellular senescence and
apoptosis [21-23]. In malignant tumors, however, p53 is
often mutated or functionally inactivated, rendering such
tumors resistant to cytotoxic agents [21-23]. This resistance
is attributed mainly to the inability of p-53 deficient cells to
undergo apoptotic cell death when exposed to cytotoxic
agents. The ability of PARP inhibitors to enhance doxorubicin-
induced apoptosis in p5S3 deficient breast cancer cell lines
involved other, p53-independent pathways in apoptosis
induction [17]. Specifically, the PARP inhibitor ANI-
induced apoptosis in these breast cancer cell lines was
associated with decrease in mitochondrial potential, increase
in cytochrome c release, association of the proapoptotic
protein Bax with mitochondria and caspase 3 activation. It is
possible that a similar mechanism was involved the
enhancement of antitumor efficacy of doxorubicin induced
by INO-1001 observed in the present study. Regardless of
the mechanisms involved, the results of our study show that
combining INO-1001, and likely other PARP inhibitors, with
chemotherapeutic agents might be an effective means to treat
p53 deficient cancers. However, studies using additional
tumors both p53-mutant and -wild-type will be needed to
confirm the conclusion derived from this initial investigation.
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