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ABSTRACT

Inhibition of Poly(ADP-ribose) Polymerasel (PARP1) impairs DNA damage
repair, and early generation PARP1/2 inhibitors (olaparib, niraparib, etc.) have
demonstrated clinical proof of concept for cancer treatment. Here, we describe
the development of the novel PARP inhibitor E7449, a potent PARP1/2 inhibitor
that also inhibits PARP5a/5b, otherwise known as tankyrasel and 2 (TNKS1
and 2), important regulators of canonical Wnt/B-catenin signaling. E7449 inhibits
PARP enzymatic activity and additionally traps PARP1 onto damaged DNA; a
mechanism previously shown to augment cytotoxicity. Cells deficient in DNA repair
pathways beyond homologous recombination were sensitive to E7449 treatment.
Chemotherapy was potentiated by E7449 and single agent had significant antitumor
activity in BRCA-deficient xenografts. Additionally, E7449 inhibited Wnt/B-catenin
signaling in colon cancer cell lines, likely through TNKS inhibition. Consistent with
this possibility, E7449 stabilized axin and TNKS proteins resulting in B-catenin
de-stabilization and significantly altered expression of Wnt target genes. Notably,
hair growth mediated by Wnt signaling was inhibited by E7449. A pharmacodynamic
effect of E7449 on Wnt target genes was observed in tumors, although E7449
lacked single agent antitumor activity in vivo, a finding typical for selective TNKS
inhibitors. E7449 antitumor activity was increased through combination with MEK
inhibition. Particularly noteworthy was the lack of toxicity, most significantly the
lack of intestinal toxicity reported for other TNKS inhibitors. E7449 represents a
novel dual PARP1/2 and TNKS1/2 inhibitor which has the advantage of targeting
Wnt/B-catenin signaling addicted tumors. E7449 is currently in early clinical
development.
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INTRODUCTION

Poly(ADP-ribose) Polymerases (PARPs) catalyze
the post-translational modification of proteins through
addition of ADP-ribose, using nicotinamide adenine
dinucleotide as substrate [1]. The PARP family comprises
17 members, identified through sequence homology to
the PARP1 catalytic domain. PARP1 and 2 and PARPS5a
and 5b (also known as tankyrasel and 2; TNKSI1 and 2)
catalyze the addition of poly(ADP-ribose) (PAR), whereas
the majority of family members incorporate single
ADP-ribose units to substrate proteins [2, 3]. Covalent
modification by the addition of PAR serves to regulate the
function of target proteins, which often include the PARP
enzymes themselves [4]. Large, linear and/or branched
chains of PAR recruit binding proteins and serve as a
scaffold for generation of large protein complexes [5, 6, 7].

PARP family enzymes are involved in many
physiological processes, including cell division, regulation
of transcription, maintenance of telomere integrity,
control of protein degradation, and cell survival and
death [8, 9]. Additional important functions in cellular
stress responses include detection of DNA damage, DNA
repair, response to heat shock, response to unfolded
protein in the endoplasmic reticulum, and the cytoplasmic
stress response [6, 8, 10, 11]. Discovered more than 40
years ago, PARP1 is the founding member and the best
characterized PARP [12, 13]. It is considered a significant
anticancer target due to its important function in DNA
damage repair and the maintenance of genomic stability
as well as additional functions in transcriptional regulation
and epigenetics [9, 14]. PARPI is a highly abundant
nuclear enzyme that is recruited to and activated by sites
of DNA damage. PARP2 is similarly mobilized; however
PARP1 activity is responsible for the majority (90-95%)
of PAR generated by genotoxic stress [15, 16]. PARP1
is involved in repair of single strand DNA breaks via the
base excision repair (BER) pathway and non-homologous
end joining (NHEJ) pathways [15, 17]. PARP1 inhibition
in cancers defective in homologous recombination (HR)
repair such as those containing mutations in BRCAI
or BRCA2, leads to effective killing through synthetic
lethality [18, 19]. In addition, preventing DNA repair
through inhibition of PARP1/2 sensitizes tumor cells to
radiotherapy and cytotoxic drugs that damage DNA,
establishing a rationale for using PARP inhibitors as
anticancer agents in combination therapy [14, 20]. Clinical
proof of concept for synthetic lethality of PARP inhibitors
in BRCA1/2 mutant breast and ovarian tumors has been
achieved for olaparib (AstraZeneca) and niraparib (Tesaro)
with sustained antitumor activity as monotherapy observed
in patients with advanced disease [21, 22, 23, 24].
Olaparib (Lynparza) gained approval from the FDA
and the European Medicines Agency for use in certain
patients with advanced BRCA-mutated ovarian cancer.
Additionally, various PARP inhibitors are under evaluation
as combinatorial therapy in multiple clinical studies.

TNKSI1 and 2 share high sequence similarity with
PARP1 within their PARP catalytic domains, however
the remainder of the proteins are highly divergent.
Specifically, TNKS1 and 2 contain ankyrin repeats for the
recognition and binding of substrate proteins and a sterile
a-motif (SAM) that mediates protein-protein interaction
and self-oligomerization [25, 26]. In contrast, PARPI
comprises a DNA binding domain containing 2 Zn-finger
motifs, a domain with a nuclear localization signal, and
an auto-modification domain with a BRCT motif [1].
Knockout of genes encoding TNKS1 or 2 individually
results in viable and developmentally normal mice,
whereas inactivation of both genes is embryonic lethal,
analogous to prior findings in PARP1 and 2 knockout
mice [27, 28]. Tankyrases have multiple diverse cellular
functions including regulation of Wnt/B-catenin signaling,
and roles in telomere maintenance, mitosis and glucose
uptake [25, 26]. At present, tankyrases are attracting
significant attention as emerging therapeutic targets for
cancer, principally due to their role in Wnt signaling.
Aberrant Wnt/B-catenin signaling has been implicated
in the development and progression of multiple cancers.
Tankyrase inhibition results in stabilization of axin, a
principal constituent of the 3-catenin destruction complex,
and culminates in antagonism of Wnt signaling [29].

Several PARP inhibitors are currently under
evaluation in cancer patients. Phase 3 studies are underway
and most are directed toward patients with BRCA mutant
tumors. In this study, we describe the preclinical profile
and characteristics of E7449, a novel and potent inhibitor
of PARP1/2 and TNKS1/2. In common with earlier
generation PARP1/2 inhibitors e.g. olaparib, niraparib,
veliparib (AbbVie), etc., E7449 displays potent antitumor
activity in BRCA-deficient in vivo models and potentiates
the activity of chemotherapy preclinically. Inhibition
of TNKS1/2 by E7449 is a significant distinction from
traditional inhibitors and the resultant modulation of Wnt/
B-catenin signaling may broaden the potential therapeutic
applications beyond tumors with deficient DNA repair
capacity. Evaluation of E7449 in early clinical studies in
cancer patients is underway [30].

RESULTS

E7449 inhibits PARP1 and 2 and TNKS1 and 2

E7449 is 8-(isoindolin-2-ylmethyl)-2,9-dihydro-
3H-pyridazino[3.,4,5-de]quinazolin-3-one  (Figure 1A,
Supplemental Figure 1 for synthesis scheme); an orally
bioavailable, brain penetrable, small molecule PARP
inhibitor that is not a substrate for P-glycoprotein [31].
Potent inhibition of PARP was observed in a cell free assay
(Trevigen) where PARylation of histones was inhibited by
E7449 with IC, values of 1.0 and 1.2 nmol/L for PARP1
and 2 respectively (Supplementary Table 1). To examine
selectivity of E7449 for PARP1 and 2, a screen of available
full length recombinant human PARP enzymes was
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Figure 1: E7449 traps PARP onto DNA and affects DNA repair pathways beyond HR. A. structure of E7449. B. western blot
of chromatin-bound fraction from DT40 cells. Cells were treated with various concentrations of E7449 for 30 min or no drug (lanes 1 and 3)
in the presence or absence of 0.05% MMS. Chromatin-bound proteins were extracted and subjected to western analysis using antibodies
directed against PARP1 or Histone H3, a positive marker for chromatin-bound proteins. Graph represents quantification of PARP1 signal
intensity, measured with Image Studio software on the LI-COR Odyssey imager. C. western blot of cells treated with olaparib in the
presence or absence of 0.05% MMS; graph represents quantitation of PARP1 levels in chromatin-bound fraction. Representative images
from 3 independent assays, where E7449 was assayed alongside olaparib. D. sensitivity profile of E7449 in a panel of 32 isogenic DNA
repair mutant DT40 cell lines. Mean IC, values from at least 3 independent assays were normalized to the IC value in wild type DT40
cells (3.2 umol/L). Bars are shaded based on DNA repair function; checkered for PARP1, grey for HR, white for NHEJ, and black for all

other DNA repair pathways. Dashed lines represent 2-fold sensitivity or resistance of cell line to E7449 versus the wild type cells.

performed using *?P-NAD" as substrate and auto-PARylation
as readout [2]. IC, values of ~2.0 and ~1.0 nmol/L were
obtained for E7449 inhibition of PARP1 and 2 respectively
in this assay (Supplementary Table 1). Significant inhibitory
activity was not observed for PARP3 or PARPs 6-16
(PARP9 and 13 lack activity and PARP4 had minimal signal
in this study, (data not shown)). In contrast, E7449 inhibited
TNKSI1 and 2 (PARP5a and 5b) with IC, values of 50-100
nmol/L (Supplementary Figure 2A, Supplementary Table 1).
Assay of E7449 with the semi-quantitative TNKS1 histone
PARylation assay from Trevigen revealed an average IC,
value of 115 nmol/L for E7449 (Supplementary Table 1,
Supplementary Figure 2B). In this assay the average IC,
value for the selective tankyrase inhibitor XAV939, included
as a positive control, was ~10 nmol/L (Supplementary

Figure 2B), similar to that previously reported: 11 and 4
nmol/L for TNKS1 and 2 versus 2.194 and 0.114 pmol/L
for PARP1 and 2 respectively [29]. In contrast, the selective
PARP1/2 inhibitor, olaparib (reported IC, values of 5 and 1
nmol/L for PARPI and 2 versus 1.5 pmol/L for TNKS1 [32])
did not inhibit tankyrase at the concentrations tested; IC,, >
3,000 nmol/L (Supplementary Figure 2B).

E7449 traps PARP1 onto DNA and affects DNA
repair pathways beyond HR

In addition to catalytic inhibition of PARylation,
mechanistic studies have recently revealed that PARP
inhibitors may act as poisons to trap PARP onto DNA
[33-35]. The PARP-DNA complexes likely interfere with
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DNA replication and thus, contribute to cytotoxicity.
In avian B-lymphoblast DT40 cells damaged with the
alkylating agent methyl methanesulfonate (MMS) the
presence of E7449 resulted in binding of PARPI to
chromatin in a dose responsive manner (Figure 1B).
Trapped PARP was also observed upon incubation of
cells with olaparib (Figure 1C). Minimal PARP trapping
was observed in the absence of MMS or PARP inhibitor
(Figures 1B and 1C).

To further evaluate inhibition by E7449 and
its selectivity for various DNA repair pathways, a
cell proliferation assay was performed in a panel of
32 isogenic DT40 cell lines, in which each line was
deficient in a distinct DNA repair gene [36]. In wild type
DTA40 cells E7449 inhibited cell proliferation in a 2 day
assay with an IC_ value of 3.2 pmol/L; this value was
used for normalization of E7449 IC_ values obtained in
mutant cells (Figure 1D, see Supplementary Figure 3 for
representative IC_ curves). Strikingly, DT40 cells lacking
PARP expression appeared significantly resistant to
treatment with E7449, with a 5 fold increase in IC, versus
parental DT40 cells (Figure 1D). A similar observation was
made with olaparib inhibition (Supplementary Figure 4):
this finding is consistent with the requirement of PARP
for drug cytotoxicity and the PARP trapping activity of
both inhibitors. Notably, resistance to PARP inhibition was
also observed in cells lacking Ku70, a protein required for
NEH]J repair of double-strand DNA breaks. As anticipated,
lines deficient in components of the HR pathway (BRCA1
and 2, CtIP, Rad54, etc.) were most E7449-sensitive, with
IC,, values up to 10 fold lower than those observed in wild
type DT40 (Figure 1D). In addition, greater than 2 fold
sensitization to E7449 was observed in cell lines deficient
in checkpoints (ATM and RAD17), ubiquitin ligase for
post-replication repair (RAD18), components of BER and
nucleotide excision repair (NER) pathways; FEN1, POLD,
and POLB, and the RecQ helicase BLM, confirming the
extensive inhibitory activity of E7449 in DNA repair,
outside the narrow definition of HR (Figure 1D). Overall,
the sensitivity profile of E7449 closely resembled that
determined for olaparib (Supplementary Figure 4).

E7449 potentiates antitumor activity of
chemotherapies temozolomide and carboplatin

PARP1/2 inhibitors potentiate cell killing effects
of DNA damaging chemotherapy through inhibition
of DNA damage repair. Consistent and robust chemo-
potentiation of the alkylating agent temozolomide
(TMZ) has been demonstrated with PARP1/2
inhibition [14, 37, 38]. Potent sensitization of TMZ
was established for E7449 in the mouse melanoma
B16-F10 isograft model. Growth of subcutaneous
tumors was moderately inhibited by single agent
treatment with E7449 (100 mg/kg) or TMZ (50 mg/kg),
whereas combination of E7449 dosed at 10, 30 and

100 mg/kg with TMZ resulted in significantly enhanced
tumor growth inhibition (Figure 2A). The increased
antitumor activity was E7449 dose responsive and was
significant even at the lowest E7449 dose of 10 mg/kg
(Figure 2A). Potentiation of TMZ antitumor therapy was
accompanied by increased toxicity as observed by
decreased body weight in animals treated with the
combination (Figure 2B). No animal lethality occurred
but body weight loss was observed in all 3 combination
groups. All mice recovered weight once treatment was
completed.

Potentiation of platinum agents has also been
reported for PARP1/2 inhibitors [14, 39]. In orthotopic
MX-1 human breast cancer xenografts, treatment with
E7449 enhanced the antitumor activity of carboplatin
(Figure 2C). No antitumor activity was observed in
MX-1 xenografts following treatment with E7449 alone
at 100 mg/kg once daily and administration of a single
dose of carboplatin resulted in only modest antitumor
activity (Supplementary Figures 5A and 5B). Addition
of E7449 resulted in enhanced carboplatin antitumor
activity, but only when administered simultaneously
with, or prior to carboplatin treatment (Figure 2C). E7449
administration 1 day post-carboplatin treatment resulted
in antitumor activity that closely resembled that observed
with carboplatin alone. Combination treatment was well
tolerated with no signs of toxicity or significant body
weight loss observed for any of the treatments (Figure 2D).

Inhibition of PARP activity and growth of BRCA
mutant tumors by E7449

A compelling body of evidence supports the use
of PARP inhibitors in tumors lacking double stranded
DNA repair by HR e.g. BRCA mutant tumors [reviewed
in 14, 15]. To evaluate single agent antitumor activity,
E7449 was assessed in a panel of breast cancer cell lines
in an 8 day proliferation assay. E7449 sensitive and
resistant lines were observed with IC, values ranging
from ~0.2 to >10 pmol/L (Figure 3A, see Supplementary
Figure 6 for representative IC, | curves). MDA-MB-436,
a triple negative breast cell line that harbors a BRCAI
mutation (5396 + 1G > A in splice donor site of exon
20) was the most sensitive cell line identified. In an
in vivo subcutaneous MDA-MB-436 xenograft model,
administration of E7449 at 30 or 100 mg/kg once daily
for 28 days resulted in statistically significant antitumor
activity (Figure 3B). A dose response was observed, with
greater tumor growth inhibition at the higher 100 mg/kg
dose. Treatment with E7449 at 30 or 100 mg/kg was
well-tolerated without any significant body weight loss
or deaths (data not shown). Pharmacodynamic PARP
inhibition was assessed in tumors following a single dose
of E7449 at 30 or 100 mg/kg (5 mice per group) at various
time points post-dosing from 1 to 36 hours (Figure 3C
and 3D). Considerable variability in PAR levels was
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Figure 2: E7449 potentiates antitumor activity of temozolomide and carboplatin. A. antitumor effect of E7449 in combination
with TMZ in B16-F10 mouse melanoma isografts. Data represent the mean + StdDev. TMZ was administered orally once daily for 5 days.
E7449 was orally administered once daily in combination with TMZ for 5 days and alone for an additional 2 days. *P < 0.05 versus
TMZ alone on days 14 and 20, “P < 0.05 versus vehicle control group on day 14 (one-way ANOVA followed by the Dunnett’s multiple
comparison test). B. relative body weight of animals treated with E7449, TMZ, and E7449 + TMZ combination. Data represent the mean +
SEM. *Body weight loss was observed in all E7449 + TMZ combination treatment groups on day 7. Recovery from body weight loss was
observed in all mice upon completion of drug treatment. C. antitumor effect of E7449 in combination with carboplatin in a MX-1 human
breast cancer orthotopic model. Data represent the mean + SEM. Carboplatin was administered as a single intravenous dose at 60 mg/kg on
day 3 or 4. E7449 was orally administered once daily at 100 mg/kg with administration beginning on either day 3 or day 4. *P <0.05 versus
E7449 D4 + carboplatin D3 on day 19. D. relative body weights of animals treated with E7449 + carboplatin combination. No significant
body weight loss was observed in any animals over the course of the experiment.

various time points from 0.25 to 36 hours post-treatment.
As in the previous study, significant variability in tumor
PAR levels of vehicle-treated mice was noted (Figure 4,

observed in the control (vehicle treated) group of 10 mice,
as previously reported [40]. Treatment with E7449 at
100 mg/kg resulted in significant PARP inhibition that

was sustained for at least 12 hours and recovered to basal
levels within 24 hours (Figure 3D). At the 30 mg/kg dose
significant PARP inhibition was also observed but the
effect was less sustained and partial rebound was observed
within 12 hours (Figure 3C).

Pharmacodynamic PARP inhibition by E7449
in tumors

To further interrogate E7449 pharmacodynamic
PARP inhibition a study was conducted in the NCI-H460
lung cancer xenograft model. No antitumor activity was
recorded for E7449 in this model which was selected
for its rapid and consistent tumor growth. Mice were
administered a single E7449 dose from 1 to 100 mg/kg
and tumors were harvested for PAR analysis by ELISA at

control mice panel). E7449 treatment resulted in
significant PARP inhibition at early time points (0.25 and
1 hour) even at the lowest administered dose of 1 mg/kg
(Figure 4). PARP activity levels were recovered at least
partially to basal levels within 6 hours post-dose of
E7449 at 1 and 3 mg/kg. Increasing E7449 dose resulted
in a more sustained duration of PARP inhibition. At the
highest E7449 dose of 100 mg/kg complete inhibition
was observed up to 12 hours and the rebound in activity
delayed until 24 hours post treatment (Figure 4).

E7449 inhibits Wnt signaling in vitro

Tankyrase inhibition antagonizes Wnt/B-catenin
signaling through axin stabilization, which results
in enhanced activity of the destruction complex and
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Figure 3: Antitumor activity and PARP inhibition by E7449 in a BRCA mutant xenograft model. A. E7449 sensitivity
profile for inhibition of proliferation in a breast cancer cell line panel. At least 3 independent assays were performed and data represent
mean + SEM. The most E7449-sensitive cell line, MDA-MB-436 (BRCAI mutant) is shaded in black. B. antitumor effect of E7449
in MDA-MB-436 human breast cancer xenografts. Data represent the mean + StdDev. E7449 was administered orally once daily for
28 consecutive days as indicated by shaded box. *P < 0.05 versus vehicle control group on day 83 (one-way ANOVA followed by the
Dunnett’s multiple comparison test). C. and D. PARP inhibition by E7449 in tumor tissue from MDA-MB-436 human breast cancer
xenografts. A single dose of E7449 at 30 mg/kg (Figure 3C) or 100 mg/kg (Figure 3D) was administered to animals bearing MDA-MB-436
tumors. At various timepoints from 1 to 36 hours post-administration, animals were euthanized and tumors harvested. PARP activity in
tumor lysate was assessed through determination of PAR levels, normalized by protein concentration. Mean PAR (ng/mg protein) in control
animals (vehicle-treated) was set to 100% PARP activity and the inhibition of PARP activity for each time point was calculated by using an
average of all control replicates. PAR % of control (mean + SEM) was calculated from data of 2 experiments assayed in triplicate and each
bar on the graph represents % PAR levels in the tumor tissue from an individual mouse.

ultimately in proteolysis of B-catenin [29]. Studies were appeared both E7449-dose and time responsive

performed to determine if E7449-mediated tankyrase
inhibition could affect Wnt signaling in human colon
cancer SW480 (Wnt active, APC mutant) cells in vitro.
A significant increase in the level of axin2 protein
was observed in cells treated with E7449 (Figure 5A).
Increased axin2 was also observed following treatment
with the selective tankyrase inhibitor XAV939, whereas
axin2 remained at basal levels following treatment with
the selective PARP1/2 inhibitor olaparib (Figure 5A).
Stabilization of axin2 as well as tankyrase proteins

(Supplementary Figures 7A and 7B). Concomitant with
the increase in axin2, E7449 treatment reduced levels
of active (non-phosphorylated) and total B-catenin by
~70 and 50% respectively, versus ~90 and 75% for the
more potent XAV939 (Figures 5B and 5C). In contrast,
B-catenin protein levels remained unchanged in olaparib-
treated cells (Figures 5B and 5C). A modest decrease in
Cyclin D1 protein levels was observed following treatment
with E7449 or XAV939, while protein levels were again
unaffected by olaparib treatment (Figure 5D). Together
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Figure 4: Dose-dependent PARP inhibition by E7449 in tumor tissue from NCI-H460 human lung cancer
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these data suggest that alterations in Wnt/B-catenin
signaling proteins, mediated by E7449 and XAV939, are
the consequence of tankyrase inhibition and accordingly
were not observed with olaparib, which only weakly
inhibits tankyrase.

In DLD-1 cells (Wnt active, APC mutant) treated
with E7449, similar if less potent effects were observed
on axin2 and cyclin D1; analogous to effects induced by
XAV939, but not olaparib (Supplementary Figures 7C
and 7D). A robust effect on levels of B-catenin was not
observed by western blot for E7449 or XAV939 in this
cell line. In the Wnt inactive human colon cancer RKO
cell line, axin2 and B-catenin were not detected (data not
shown).

Gene expression profiling was performed to measure
the effect of E7449 treatment on expression of genes
involved in Wnt signaling. Expression was measured by
quantitative PCR using a custom-designed array following
E7449 treatment of SW480 cells. Significantly altered
expression of 30 Wnt-related genes was observed following
E7449 treatment. Overall, the gene expression profile
revealed by E7449 treatment closely resembled that obtained
with XAV939 (Figure 6A). E7449-treated DLD-1 cells also
underwent significantly altered expression of 40 Wnt-related
genes and again, the expression heat map closely resembled
that of XAV939 treated-cells (Supplementary Figure 8).

Approximately 45% of genes altered upon E7449 treatment
were common to both cell lines. PARP inhibitors are known
to act as regulators of transcription factors [41]; therefore a
study was conducted to confirm that gene changes observed
were the result of tankyrase inhibition by E7449 and not
PARP1/2 inhibition. SW480 cells were treated with E7449,
XAV939 or olaparib (at 3 umol/L where olaparib is not
expected to inhibit tankyrases, as compared with 30 pmol/L
in the previous study), and gene expression changes were
measured using the array described above. Expression of
17 Wnt-related genes was significantly altered by at least
one of the 3 compound treatments (Figure 6B). Heat map
expression profiles for E7449 and XAV939 were again
highly comparable and differed considerably from that
of olaparib, whose profile more closely resembled that of
DMSO. Six E7449-responsive genes common to each study
(NOS3, LGRS and LEF'I up-regulated and NKD1, CYR61
and MMP7, down-regulated) are represented in Figure
6C and 6D. XAV939 treatment also altered expression of
these 6 genes in the same direction, although differences
in the scale of change were observed (Figure 6C and 6D).
In contrast, olaparib treatment had no effect or altered
expression in the opposite direction (NOS3, MMP?7),
(Figure 6D) suggesting that the E7449-mediated gene
expression changes are the consequence of tankyrase
inhibition.
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and western blot, then probed with antibodies targeting various Wnt/B-catenin pathway proteins: A. axin2; B. total B-catenin; C. active
(non-phosphorylated) B-catenin; D. cyclin D1. Tubulin was used as a sample loading control and fluorescence intensity of bands was
measured using Image Studio software on the LI-COR Odyssey imager. Ratio of analyte to tubulin was plotted (A—D, right hand panels)
and each is a representative of several independent experiments.
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Figure 6: E7449 inhibits Wnt signaling in vitro: effects of E7449 treatment on expression of Wnt-related genes in
SW480 cells. A. following 72 h incubation of SW480 cells with E7449 or XAV939 at 30 pmol/L or DMSO (control), RNA was harvested
and gene expression profiling performed using a custom designed TLDA; genes listed in Supplementary Table 2. The heat map represents
30 Wnt-related genes whose expression was altered following E7449 exposure (red: increased, green: decreased). Genes with a relative
fold change of > 1.5 (P > 0.05, student’s #-test) versus DMSO control were subjected to hierarchical clustering (Manhattan distance) and
complete linkage plotting to generate the heat map. B. Gene expression profiling in SW480 cells treated with E7449, XAV939 or olaparib
at 3 umol/L or DMSO for 72 h. Heat map generated as above represents 17 Wnt-related genes whose expression was significantly altered by
any of the 3 compound treatments. C. and D. 6 E7449-responsive genes common to both 3 and 30 pmol/L study respectively; data represent
mean + SEM. In general, XAV939 treatment altered gene expression in the same direction as E7449, whereas olaparib treatment had no

effect or altered expression in the opposite direction (D).

E7449 inhibits Wnt signaling in vivo

Wnt signaling is necessary for hair follicle
development and cycling [42—44]. Re-growth of hair in
mice was investigated to determine if tankyrase inhibition
by E7449 could impact Wnt signaling in vivo. Following
hair removal, C57BL/6 mice were treated with E7449
administered once daily at 30, 100 or 300 mg/kg. Within 2
weeks, notable re-growth of hair was observed in vehicle-
treated mice with only a few small bald patches remaining;
full hair re-growth was observed by Day 21 (Figure 7). In
contrast, hair re-growth was significantly delayed in mice
treated with E7449. A dose response effect was observed
and bald patches remained at Day 21 in mice treated with

the higher E7449 doses (Figure 7). These data suggest
inhibition of Wnt signaling in vivo mediated by E7449,
likely through inhibition of tankyrase activity.

E7449 combined with MEK inhibitor inhibits
tumor growth in a Wnt model

In a Wntl subcutancous model (mammary tumors
initially isolated from Wntl (int-1) transgenic mice [45]),
single agent E7449 treatment (100 mg/kg) did not inhibit
tumor growth whereas significant antitumor activity
was observed following administration of the porcupine
inhibitor Wnt-C59, a potent Wnt signaling antagonist
(Figure 8A). Gene expression analysis in tumors from
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Figure 7: E7449 dose-responsively inhibits re-growth of hair, a Wnt-mediated pathway, in mice. C57BL/6 female mice
were depilated using Nair™ and E7449 treatment initiated the following day. E7449 was administered at 30, 100 or 300 mg/kg once daily
for 12 days. Re-growth of hair was monitored and recorded by photography for comparison to vehicle-treated mice.

Wnt-C59-treated mice revealed significant alteration of
several Wnt-related genes including CAR2, FZD9, LEF I,
and VILI (Figure 8B). Expression of these genes was
also altered in tumors from E7449-treated mice, albeit to
a lesser extent (Figure 8B). Tankyrase inhibition of Wnt
signaling by itself may prove insufficient to achieve tumor
shrinkage; therefore, activity of E7449 was re-assessed in
combination with the MEK inhibitor E6201. Antitumor
activity was enhanced in the combination versus either
single agent alone (Figure 8C, left panel). The addition
of E7449 to E6201 had minimal effect on toxicity as
measured by body weight loss (Figure 8C, right panel).

DISCUSSION

This report provides the first characterization of a dual
PARP1/2 and TNKS1/2 inhibitor. E7449 is a novel, potent
inhibitor of the DNA repair proteins PARP1 and 2; it traps
PARP onto DNA to augment cytotoxicity and, comparable
to earlier PARP inhibitors it exhibits selectivity for tumor
cells that are deficient in HR repair and other DNA
repair pathway proteins. Single agent antitumor activity
was observed for E7449 in a BRCA mutant xenograft
model, while in combination E7449 potentiated the DNA
damaging effects of chemotherapy in vivo. Additionally,
and in contrast to described clinical PARP inhibitors, E7449
inhibits the PARylation activity of TNKS1/2 at a clinically
relevant dose. Tankyrase is a key regulator of Wnt/B-catenin
signaling, a pathway known to promote tumorigenesis and

a target for the development of cancer therapeutics. In
cells with active Wnt signaling, E7449 treatment altered
expression of Wnt pathway proteins and Wnt-related
genes, and administration to mice prevented re-growth of
hair, a Wnt-dependent pathway. Pharmacodynamic effects
on Wnt signaling were observed in the Wntl model, and
co-administration of E7449 with a MEK inhibitor, resulted
in a synergistic antitumor effect, with no significant toxicity.
Dual inhibition of TNKS1/2 and PARP1/2 distinguishes
E7449 from existing PARP inhibitors and may lead to a
distinct spectrum of clinical opportunity; E7449 is currently
in early phase clinical development [30].

E7449 inhibits PARP1 and 2 with a potency
of 1.0 and 1.2 nmol/L; values in a similar range to
those reported for olaparib, niraparib and talazoparib
(BioMarin), with the caveat that different assays were
used for each inhibitor [32, 46, 47]. PARP trapping was
demonstrated for E7449 in DT40 cells in the presence
of the alkylating agent MMS. A dose responsive effect
was observed, however the increase in trapped PARP
appeared minimal alongside the 100 fold increase in
E7449 concentration (Figure 1B), perhaps because
PARP trapping was close to maximal at the lowest
E7449 treatment (0.1 pmol/L), or reflecting the limit of
sensitivity of the assay. The amount of PARP detected
in chromatin complexes was almost identical for E7449
and olaparib. Beyond the similar potency of catalytic
inhibition and PARP trapping by E7449, the dose of
E7449 necessary for sustained PARP inhibition in
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Figure 8: Antitumor effect of E7449 in combination with MEK inhibitor in Wnt-dependent model. A. effect of E7449 on
tumor growth in Wntl subcutaneous model. No antitumor effect was observed following administration of E7449 once daily at 100 mg/kg.
Wnt-C59 porcupine inhibitor dosed once daily at 10 mg/kg significantly inhibited tumor growth (left panel). Both drugs were well tolerated
with minimal toxicity as measured by body weight loss (right panel). B. Relative fold change in expression of CAR2, FZD9, LEFI, and
VILI in tumors harvested following 7 days of drug treatment. Analysis was performed using a mouse-specific TLDA (genes listed in
Supplementary Table 3) and data for individual tumors are plotted (5 mice per group), with lines representing median. * P> 0.05, student’s
t-test with fold change of > 2. C. synergistic antitumor activity with combination of E7449 and MEK inhibitor E6201 in Wnt1 model. E7449
was administered orally once daily and E6201 was administered intravenously Q4Dx3. No antitumor activity was observed with single
agent E6201; combination with E7449 resulted in synergistic inhibition of tumor growth (left panel). E6201 treatment resulted in decreased
body weight (<10%) which recovered post-treatment. Addition of E7449 to E6201 did not impact body weight loss (right panel).

tumors and single agent antitumor activity closely
resembles that described for the traditional PARP
inhibitors, olaparib, niraparib, etc. rather than the lower
dosed talazoparib [32, 46, 47].

Data generated in the DT40 cell line panel
where PARP deficient cells were significantly more
resistant to E7449 than wild type cells demonstrate
the requirement of PARP for E7449 activity and also
confirm E7449-mediated PARP trapping to enhance
cytotoxicity. Resistance to E7449 was also observed
in cell lines deficient in NHEJ repair (KU70, PKCS,
and LIGIV) as previously reported for other PARP
inhibitors [35]. Predictably, cell lines that lacked HR
pathway proteins were more sensitive to E7449, and an
increase in susceptibility to E7449 was also observed
in cell lines with deficiency in checkpoint proteins and
well as proteins from several DNA repair pathways,
including BER and NER. The profile of E7449 in the
panel is indistinguishable to that of olaparib, again
demonstrating that the PARP1/2 inhibition properties

of E7449 closely correlate to those of traditional PARP
inhibitors.

While E7449 closely parallels previously described
inhibitors in terms of PARP inhibition and preclinical
properties, significant divergence arises with respect to
effects on tankyrase activity. E7449 inhibits TNKS1/2
with IC, values from 50 to 120 nmol/L, a dose considered
clinically relevant [30]. An IC, value of > 3 pmol/L was
determined for olaparib for TNKSI1 inhibition using the
Trevigen assay. Reported IC, values for tankyrase inhibition
by olaparib, niraparib, and veliparib (various assays) are
at least 5-20 fold higher than that observed for E7449
(1.5 pmol/L, 0.6 pmol/L, and 15 pmol/L, respectively
[32, 46, 25]), and reflect drug concentrations not likely to
be achievable clinically. No data have been reported for
tankyrase inhibition by rucaparib or talazoparib, although
rucaparib binding to the catalytic domain of multiple PARP
family members including tankyrases was described by
Wahlberg et al [48]; no significant binding of TNKS1/2 was
reported for olaparib or veliparib in their study.
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While tankyrases perform multiple and varied
cellular tasks including maintenance of telomeres, roles
in mitosis and glucose uptake, the burgeoning interest
in targeting tankyrase for development of anticancer
therapeutics is primarily directed to their role in the
regulation of Wnt/B-catenin signaling [25, 26]. The
B-catenin destruction complex (composed of APC, axin
(limiting component), and GSK3[) regulates proteolysis of
the transcription factor f-catenin through phosphorylation
and is inactivated during active Wnt signaling; this
leads to accumulation of non-phosphorylated B-catenin
that translocates to the nucleus and transcribes multiple
target genes, including cyclin D1. PARylation of axin by
tankyrase is necessary for its subsequent ubiquitination
by RNF146 and proteasome degradation; inhibition
of tankyrase by XAV939 results in axin and tankyrase
stabilization, enhanced activity of the destruction complex
and ultimately in inhibition of p-catenin-mediated
transcription [25, 29, 49]. Wnt/B-catenin signaling
perturbation was achieved with E7449 treatment in Wnt-
active colon cancer cells and the profiles generated both by
western blot and in gene expression studies appeared very
similar to that of the selective tankyrase inhibitor XAV939.
Importantly and distinctly, treatment with olaparib which
lacks potent tankyrase inhibition had minimal impact on
Wnt signaling proteins in these in vitro studies, implying
that effects were not PARP1/2-sensitive and were more
likely the result of tankyrase inhibition. Additionally,
E7449 treatment prevented re-growth of hair in mice,
a process that is Wnt signaling dependent [42—44]. We
postulate that E7449 reduces Wnt/B-catenin signaling
by inhibiting tankyrase, thus preventing PARylation-
dependent axin degradation, and thereby promoting
B-catenin destabilization.

Tankyrase is currently the most highly validated
druggable target in the Wnt/B-catenin pathway; inhibitors
have been shown to reduce signaling and extensive
discovery efforts have resulted in the identification of
multiple tankyrase inhibitors [reviewed in 25, 26]. Of
these, only GO07-LK was reported to inhibit tumor
growth as a single agent in certain models [50], while
the majority of tankyrase inhibitors lack antitumor
activity in vivo. Similarly, E7449 treatment resulted in
pharmacodynamic effects on Wnt-target genes in vivo but
these changes in gene expression appeared insufficient to
mediate an antitumor effect in the Wntl model as a single
agent. GO07-LK has a very narrow therapeutic window
because of intestinal toxicity, an on-target tankyrase
inhibition effect [50]. Dose limiting intestinal toxicity that
produces significant adverse effects is commonly observed
upon inhibition of Wnt/B-catenin signaling [51, 52].
Importantly, no gastrointestinal toxicity was observed in
preclinical studies with E7449 despite evidence of Wnt-
target perturbation. Moreover, E7449 has been generally
well tolerated in cancer patients treated to date, with
fatigue (a PARP inhibitor class effect) rather than intestinal

toxicity identified as the dose-limiting toxicity in a small
phase 1 study [30].

Whnt/B-catenin signaling has been identified as a
potential mediator of resistance to MEK inhibition and
strong synergy has been observed for the combination of
MEK and tankyrase inhibition in KRAS-mutant cancer
cells [50, 53, 54]. Consistent with these findings, when
E7449 was combined with the MEK inhibitor, E6201,
synergistic antitumor activity was observed in the Wntl
model. E7449 also significantly potentiated the antitumor
effects of temozolomide and carboplatin with tolerable
toxicity, most likely through inhibition of DNA repair
activity of PARP1/2. In addition to a wide range of
chemotherapeutic agents, PARP inhibitors are increasingly
under clinical investigation in combination with targeted
therapies including inhibitors of PI3K, bortezomib,
etc. Co-inhibition of TNKS1/2 by E7449 potentially
increases the range and number of possible, rationally
targeted combinations for this therapy. For example, a
critical role for tankyrase and Wnt/B-catenin signaling
was identified for maintenance of lung cancer cells during
EGFR inhibition and subsequent inhibition of tankyrase
significantly enhanced the antitumor activity of EGFR
inhibitors in NSCLC cells [55]. Testing additional targeted
therapies with E7449 may reveal novel combinations and
indications for further development.

In this study we illustrate the unique properties
of E7449, a multi-targeted drug. We provide evidence
for meaningful inhibition of the DNA repair PARPs,
PARP1/2, in addition to TNKS1/2, key components of
Wnt signaling. Inhibition of multiple anticancer targets
offers the potential for enhanced efficacy and expanded
indications or combination partners, versus a single target
drug. Multi-target agents are common in drug discovery
and promiscuous multi-kinase inhibitors have proved
therapeutically effective anticancer drugs; using this as an
example, we propose that E7449 may possess increased or
broader therapeutic effectiveness through its dual PARP/
TNKS inhibition.

MATERIALS AND METHODS

Reagents

Synthesis of E7449 (C H N.O; IUPAC
8-(isoindolin-2-ylmethyl)-2,9-dihydro-3H-
pyridazino[3,4,5-de]quinazolin-3-one is described in the
supplementary methods and structures of intermediates
are provided in Supplementary Figure 1. E7449 and
E6201 (Eisai Inc.) stock solutions were prepared in
dimethyl sulfoxide (DMSO), aliquoted and stored at
—20°C. Olaparib and XAV939 were obtained from Selleck
Chemicals. Temozolomide (TMZ) was obtained from LKT
Laboratories (Cat# T1849).

A panel of 32 isogenic DT40 cell lines [36], in
which each line was deficient in a distinct DNA repair
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gene was maintained and assays were performed in the
laboratory of Dr. Jun Nakamura, UNC. MX-1 cells were
obtained from National Cancer Institute (Bethesda, MD).
All other cell lines were obtained from American Type
Culture Collection (ATCC) and maintained according
to their instructions. For in vivo studies, cells were used
within a short time of receipt from ATCC or cell line
authenticity was verified by STR typing.

PARP and TNKS enzyme assays: catalytic
inhibition and PARP trapping

The ability of E7449 to inhibit the activity of
human recombinant PARP1, mouse recombinant PARP2
or human recombinant TNKS1 was determined using
chemiluminescent PARP or tankyrase assay kits from
Trevigen, following the manufacturer’s instructions. 1C,
values were determined by non-linear regression using the
GraphPad Prism 5 software version 5.02 (Lake Forest, CA).

DT40 cells [36] were treated with PARP inhibitor
(0.1-10 pmol/L) in combination with 0.05% Methyl
methanesulfonate (MMS, Sigma-Aldrich (Cat# 129925).
Cells were pretreated for 5 min with MMS prior to adding
PARP inhibitor for a further 30 min incubation at 37°C
with gentle shaking. Following treatment, cells were lysed
using the subcellular protein fractionation kit for cells
(Thermo Scientific, Cat# 78840) to obtain the chromatin-
bound fraction. Chromatin-bound proteins were subjected
to western blot analysis with antibodies against PARP1
(Cell signaling Technology (CST), Cat# 9532), and
histone H3 as control (CST Cat# 3638). Following binding
of appropriate secondary antibodies labeled with IRDye®
(LI-COR), image analysis and quantitation of blots was
performed with Image Studio software for the LI-COR
Odyssey system (version 2.1.10).

GFP-PARPs were expressed in 293F cells
and the auto-PARylation activity of each PARP was
assessed in the presence or absence of E7449 at various
concentrations as in the previously described assay [2].
Briefly, 24 to 48 h after transfection, cells were washed
3x in ice-cold PBS and lysed for 20 min on ice in cell
lysis buffer (CLB: 50 mM HEPES, pH 7.4, 150 mM NacCl,
1 mM MgCl,, 1 mM EGTA, 1 mM DTT, 1% TritonX-100,
1 pg/mL leupeptin, aprotinin, pepstatin, PMSF). Lysates
were subject to ultracentrifugation at 100,000 g for 30 min.
Cleared lysates were incubated for 1 h at 4°C with anti-
GFP antibody (3E6, Life Technologies) and pre-bound
protein A magnetic beads (Millipore). Beads were then
washed 1 x 5 min in CLB, followed by 3 x 10 min washes
in CLB containing 1 M NaCl, and 1 x 5 min wash in PARP
reaction buffer (PRB; 50 mM Tris, pH 7.5, 50 mM NaCl,
0.5 mM DTT, 0.1% TritonX-100, 1 pg/mL leupeptin,
aprotinin, pepstatin). NAD® incorporation reactions
were performed in PRB containing 10 umol/L NAD*
supplemented with ¥P-NAD" at 1:20 ratio for 30 min
at 25°C. For PARPs with low incorporation signals

(PARP4, 5a and 16), NAD" incorporation was performed
at 1:5 ratio for 1 h at 25°C. Beads were then re-suspended
in Laemmli sample buffer, heated to 65°C for 10 min,
the beads removed using a magnet, and the supernatant
spotted onto Whatman paper. Samples were analyzed via
phosphorimaging.

Cell lines and proliferation assay

Proliferation assays were performed in a panel of 32
isogenic DT40 cell lines, in which each line was deficient
in a distinct DNA repair gene [36]. Cells were seeded and
incubated with test compound at various concentrations
for 2-3 days (~ 8 cell cycles). Cell growth was assessed
using XTT (ATCC® Cat# 30-1011K™) and IC,, values
were calculated using the GraphPad Prism 5 software
version 5.02 (Lake Forest, CA). Each experiment was
conducted in duplicate and a minimum of 3 separate
experiments were performed. Human breast cancer cell
lines, HCC1143, HCC70, HCC1806, MDA-MB-436,
T47D, MDA-MB-157, MDA-MB-231, MDA-MB-468,
MDA-MB-453, BT-20 and Hs578T were obtained from
ATCC. For cell line panel assays, cells were maintained
and assayed in RPMI 1640 or DMEM medium containing
10% FBS. For proliferation assays cells were plated at
low density in 96 well plates. E7449 was added at various
concentrations and plates incubated for a total of 8 days;
compound and medium were replenished on day 4.
Cell growth was assessed using the CellTiter-Glo® cell
viability assay (Promega, Cat# G7573). Each experiment
was conducted in duplicate and a minimum of 3 separate
experiments were performed.

Western blot and Gene expression

SW480, DLD-1 (Wnt-dependent) or RKO (Wnt-
independent) cells were plated in 6-well plates and
incubated overnight. Cells were treated with E7449,
olaparib or XAV939 and incubated for various time
periods prior to processing by SDS PAGE and western blot
analysis. Blots were probed with antibodies to axin 2 (CST
Cat# 2151), total B-catenin (CST Cat# 8480), non-phospho
(active) B-catenin (CST Cat# 8814), cyclin D1 (CST
Cat# 2926, Cat#2978), tankyrase (Abcam Cat# ab13587:
this antibody does not discriminate between tankyrase
1 and 2), a-tubulin (Abcam Cat# ab56676), and -actin
(Abcam Cat# ab3280). Following binding of appropriate
secondary antibodies labeled with IRDye® (LI-COR),
image analysis was performed with Image Studio software
for the LI-COR Odyssey system (version 2.1.10).

Gene expression profiling was performed using a
custom designed TagMan® low density array (TLDA).
Total RNA was isolated from cell lines using RNeasy
Mini Kit (Qiagen) and from xenograft tumor FFPE
tissue using RecoverAll Total Nucleic Acid Isolation
(Ambion). Human and mouse, real-time qPCR TLDAs
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(384-well micro fluidic card) were designed with genes
selected based on their involvement in Wnt signalling
(see supplementary Tables 2 and 3 for lists of genes on
TLDAs). ¢cDNA was generated from total RNA using
High Capacity ¢cDNA Reverse Transcription kit (Life
Technologies) or SuperScript® VILO™ Master Mix (Life
Technologies). 100 ng cDNA was combined with TagMan®
Gene Expression Master Mix (Life Technologies) for the
cell lines and TagMan® Advanced FAST Master Mix
(Life Technologies) for the xenograft tissue for each port
(in duplicate). TLDAs were run based on recommended
cycling times for each master mix. Ct values were
calculated and imported into GeneData Analyst for further
analysis. To calculate the ACts, gene expression was
normalized to several housekeeping genes. Relative fold
change was calculated by comparison to the DMSO or
vehicle-treated controls for each sample. A student’s ¢-test
was used to calculate P-values and hierarchical clustering
used Manhattan distance and complete linkage plotting of
selected significant genes to generate heat maps.

In vivo efficacy studies

All studies were performed according to IACUC
approved protocols. The general health of mice was
monitored daily. Tumor volume was determined by caliper
measurements (mm), using the formula (1 x w?)/2 = mm?,
where | and w refer to the larger and smaller perpendicular
dimensions collected at each measurement. Tumor
dimensions were recorded twice per week starting when
tumors reached an approximate size of 100 to 150 mm?.
Body weights were recorded twice per week and relative
body weight was calculated as follows: Relative body
weight = (body weight on day of measurement/ body
weight on first day of treatment).

TMZ combination in B16-F10 isograft model:
female C57BL/6 mice were inoculated subcutaneously
with B16-F10 cells (2 x 10%). Following randomization
by body weight, drug treatment was initiated 1 day post-
inoculation. Both E7449 and TMZ were formulated in
0.5% methyl cellulose and orally administrated once
per day. TMZ was administered daily on days 1 to 5 at
50 mg/kg as a single agent or in combination. E7449 was
administered daily on days 1 to 7 at doses of 10, 30 and
100 mg/kg in combination with TMZ and at a dose of
100 mg/kg as a single agent. The control group was treated
with vehicle (0.5% methyl cellulose in water). E7449 or
vehicle was administered first and when dosing of all
animals was complete TMZ was administered to animals
receiving the combination.

Carboplatin combination in MX-1 orthotopic
xenografts: female nude mice were implanted with
MX-1 cells (0.5 x 10°) in the thoracic mammary fat pad.
Treatment started on day 3 when the average tumor size
was approximately 50 mm?. Carboplatin was administered

as a single intravenous dose at 60 mg/kg on day 3 or 4.
E7449 was administered orally once daily at 100 mg/kg
with administration beginning on either day 3 or day 4.

E7449 as a single agent in MDA-MB-436
xenografts: female SCID mice were inoculated
subcutaneously with MDA-MB-436 cells (1 x 107).
E7449 treatment was initiated on day 46 post-inoculation
and continued once daily for 28 days at doses of 30 or
100 mg/kg.

E6201 and E7449 combination in Wntl model:
Mammary tumors were initially isolated from Wntl
(int-1) transgenic mice [45] and the model maintained
through serial passage of tumor pieces. Tumor pieces
cut to approximately 2 mm?® in size were injected
subcutaneously in female nude mice. Treatment was
initiated approximately 9—10 days post-implantation of
mice. E7449 was administered once daily at 100 mg/kg,
alone or in combination with E6201 (MEK inhibitor),
administered intravenously every 4 days 3 times at
40 mg/kg. The porcupine inhibitor Wnt-C59 (BioVision
Cat# 2063) which inhibits Wnt signaling was included as
a positive control and dosed orally once daily at 10 mg/kg
(formulated in 0.5% methyl cellulose with 0.1% Tween 80).

Seven week old C57BL/6 female mice were
subjected to depilation using Nair™ to examine any
effect of E7449 on re-growth of hair. Drug treatment was
initiated the next day and E7449 was dosed at 30, 100 or
300 mg/kg orally once daily for 12 days. Re-growth of
hair was monitored and recorded by photography.

In vivo PARP inhibition

Inhibition of PARP activity was evaluated in tumor
lysates from MDA-MB-436 xenograft mice following
administration of a single dose of E7449 at 30 or 100 mg/kg.
Control group (10 mice) were treated with vehicle (0.5%
methyl cellulose in water). Mice were euthanized and
tumors were harvested at 1, 6, 12, 24 and 36 hours post
treatment (5 mice per treatment per time point). Individual
tumors were removed and flash frozen in liquid nitrogen
for PAR analysis. PARP inhibition was also evaluated in
tumors from NCI-H460 human lung cancer subcutaneous
xenografts. Control group animals (24 mice) were
treated with vehicle (0.5% methyl cellulose). E7449 was
administered in a single dose at 1, 3, 10, 30 and 100 mg/kg.
Mice were euthanized and tumors were harvested at 0.25,
1, 6, 12, 24 and 36 hours post-treatment. PAR levels were
determined by ELISA using the procedure provided by
Trevigen and comparing to a PAR standard curve. Protein
concentration of tumor lysates was determined using the
BCA assay (Thermo Scientific). Results were converted
from pg PAR/assay well to ng PAR/mg protein. Data was
pooled from multiple experiments. The percent of control
for each time point was calculated by using an average of
all control replicates from that experiment.

www.impactjournals.com/oncotarget

41320

Oncotarget



ACKNOWLEDGMENTS

The authors would like to express their gratitude
to Dr. Jun Nakamura (University of North Carolina) for
performing the DT40 cell line panel assays. Particular
thanks to Dr. Nanding Zhao for assistance with contracts,
to Ms. Shanqin Xu and Dr. Galina Kuznetsov for technical
input and discussion and to Dr. Mary Woodall-Jappe for
review of the manuscript and helpful discussion. We
are also sincerely grateful to Dr. Barbara Ink for her
scientific review and most especially for her continual
encouragement and support.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

1. Amé J-C, Spenlehauer C, de Murcia G. The PARP super-
family. BioEssays. 2004; 26:882-93.

2. Vyas S, Matic [, Uchima L, Rood J, Zaja R, Hay RT, Ahel I,
Chang P. Family-wide analysis of poly(ADP-ribose) poly-
merase activity. Nat Comm. 2014; 5:4426.

3. Kleine H, Poreba E, Lesniewicz K, Hassa PO, Hottiger MO,
Litchfield DW, Shilton BH, Liischer B. Substrate-assisted
catalysis by PARP10 limits its activity to mono-ADP-ribo-
sylation. Mol Cell. 2008; 32:57-69.

4. D’Amours D, Desnoyers S, D’Silva I, Poirier GG.
Poly(ADP-ribosyl)ation reactions in the regulation of
nuclear functions. Biochem J. 1999; 342:249-68.

5. Miwa M, Saikawa N, Yamaizumit Z, Nishimurat S,
Sugimura T. Structure of poly(adenosine diphosphate ribose):
Identification of 2°-[1”-ribosyl-2"-(or 3”-)(1*”’-ribosyl)]ade-
nosine-5’, 57, 5”’-tris(phosphate) as a branch linkage. PNAS.
1979; 76:595-99.

6. Leung AK. Poly(ADP-ribose): An organizer of cellular
architecture. J Cell Biol. 2014; 205:613—19.

7. Leine H, Liischer B. Learning how to read ADP-
ribosylation. Cell 2009; 139:17-19.

8. Schreiber V, Dantzer F, Amé J-C, de Murcia G. Poly(ADP-
ribose): novel functions for an old molecule. Nat Revs Mol
Cell Biol. 2006; 7:517-28.

9. Schiewer MJ, Knudsen KE. Transcriptional roles of PARP1

in cancer. Mol Cancer Res. 2014; 12:1069-80.

Leung AKL, Vyas S, Rood JE, Bhutkar A, Sharp PA,

Chang P. Poly(ADP-ribose) regulates stress responses

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

and microRNA activity in the cytoplasm. Mol Cell. 2011;
42:489-99.

Jwa M, Chang P. PARP16 is a tail-anchored endoplasmic
reticulum protein required for the PERK- and IREla-
mediated unfolded protein response. Nat Cell Biol. 2012;
14:1223-30.

M, Miwa M, Sugimura T. Studies
poly(adenosine diphosphate-ribose). X. Properties of a

Yamada on
partially purified poly(adenosine diphosphate-ribose) poly-
merase. Arch Biochem Biophys. 1971; 146:579-86.
Okayama H, Edson CM, Fukushima M, Ueda K,
Hayaishi O. Purification and properties of poly(adenosine
diphosphate ribose) synthetase. J Biol Chem. 1977;
252:7000-5.

Curtin NJ, Szabo C. Therapeutic applications of PARP
inhibitors: Anticancer therapy and beyond. Mol Aspects
Med. 2013; 34:1217-56.

Lupo B, Trusolino L. Inhibition of poly(ADP-ribosyl)
ation in cancer: Old and new paradigms revisited. Biochim
Biophys Acta. 2014; 1846:201-15.

Shich WM, Amé J-C, Wilson MV, Wang Z-Q, Koh DW,
Jacobson MK, Jacobson EL. Poly(ADP-ribose) polymerase
null mouse cells synthesize ADP-ribose polymers. J Biol
Chem. 1998; 273:30069-72.

De Lorenzo SB, Patel AG, Hurley RM, Kaufmann SH. The
elephant and the blind men: making sense of PARP inhibi-
tors in homologous recombination deficient tumor cells.
Front Oncol. 2013; 3:228.

Farmer H, McCabe N, Lord CJ, Tutt ANJ, Johnson DA,
Richardson TB, Santarosa M, Dillon KIJ, Hickson I,
Knights C, Martin NMB, Jackson SP, Smith GCM,
Ashworth A. Targeting the DNA repair defect in BRCA
mutant cells as a therapeutic strategy. Nature. 2005;
434:917-21.

Bryant HE, Schultz N, Thomas HW, Parker KM, Flower D,
Lopez E, Kyle S, Meuth M, Curtin NJ, Helleday T. Specific
killing of BRCA2-deficient tumours with inhibitors of
poly(ADP-ribose) polymerase. Nature. 2005; 434:913-17.

Durkacz BW, Omidiji O, Gray DA, Shall S. (ADP-ribose),
participates in DNA excision repair. Nature. 1980; 283:
593-96.

Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui-
Roelvink M, Mortimer P, Swaisland H, Lau A,
O’Connor MJ, Ashworth A, Carmichael J, Kaye SB, et al.
Inhibition of poly(ADP-ribose) polymerase in tumors from
BRCA mutation carriers. N Engl ] Med. 2009; 361:123-34.
Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW,
Weitzel JN, Friedlander M, Arun B, Loman N,
Schmutzler RK, Wardley A, Mitchell G, Earl H, et al. Oral
poly(ADP-ribose) polymerase inhibitor olaparib in patients
with BRCA1 or BRCA2 mutations and advanced breast
cancer: a proof-of-concept trial. Lancet. 2010; 376:235-44.

Audeh MW, Carmichael J, Penson RT, Friedlander M,
Powell B, Bell-McGuinn KM, Scott C, Weitzel JN,

www.impactjournals.com/oncotarget

41321

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Oaknin A, Loman N, Lu K, Schmutzler RK, Matulonis U,
et al. Oral poly(ADP-ribose) polymerase inhibitor olaparib
in patients with BRCA1 or BRCA2 mutations and recur-
rent ovarian cancer: a proof-of-concept trial. Lancet. 2010;
376:245-51.

Sandhu SK, Schelman WR, Wilding G, Moreno V,
Baird RD, Miranda S, Hylands L, Riisnaes R, Forster M,
Omlin A, Kreischer N, Thway K, Gevensleben H, et al. The
poly(ADP-ribose) polymerase inhibitor niraparib (MK4827)
in BRCA mutation carriers and patients with sporadic can-
cer: a phase 1 dose-escalation trial. Lancet Oncol. 2013;
14:882-92.

Riffell JL, Lord CJ, Ashworth A. Tankyrase-targeted thera-
peutics: expanding opportunities in the PARP family. Nat
Rev Drug Discov. 2012; 11:923-36.

Lehtio L, Chi N-W, Krauss S. Tankyrases as drug targets.
FEBS J. 2013; 280:3576-93.

Chiang YJ, Hsiao SJ, Yver D, Cushman SW, Tessarollo L,
Smith S, et al. Tankyrase 1 and tankyrase 2 are essential but
redundant for mouse embryonic development. PLoS One.
2008; 3:€2639.

Meénissier de Murcia J, Ricoul M, Tartier L, Niedergang C,
Huber A, Dantzer F, Schreiber V, Amé J-C, Dierich A,
LeMeur M, Sabatier L, Chambon P, deMurcia G. Functional
interaction between PARP-1 and PARP-2 in chromosome
stability and embryonic development in mouse. EMBO J.
2003; 22:2255-63.

Huang S-MA, Mishina YM, Liu S, Cheung A, Stegmeier F,
Michaud GA, Charlat O, Wiellette E, Zhang Y, Wiessner S,
Hild M, Shi X, Wilson CJ, et al. Tankyrase inhibition sta-
bilizes axin and antagonizes Wnt signaling. Nature. 2009;
461:614-20.

Plummer R, Dua D, Cresti N, Suder A, Drew Y,
Prathapan V, Stephens P, Thornton J, Ink B, Lee L,
Matijevic M, McGrath S, Sarker D. Phase 1 study of the
PARP inhibitor E7449 as a single agent in patients with
advanced solid tumors or B-cell lymphoma. Annals Oncol.
2014; 25:iv146-iv164.

McGonigle S, Chen Z, Wu J, Kolber-Simonds D,
McGrath S, TenDyke K, Wang Z, Nomoto K. E7449, a
potent inhibitior of PARP1 and 2, is active in acute myeloid
leukemia. Cancer Res. 2013; 73:3323.

Menear KA, Adcock C, Boulter R, Cockroft XL, Copsey L,
Cranston A, Dillon KJ, Drzewiecki J, Garman S, Gomez S,
Javaid H, Kerrigan F, Knights C, et al. 4-[3-(4-cyclopro-
panecarbonylpiperazine-1-carbonyl)-4-fluorobenzyl]-2-H-

phthalazin-1-one: a novel bioavailable inhibitor of
poly(ADP-ribose) polymerase-1. J Med Chem. 2008;
51:6581-91.

Kedar PS, Stefanick DF, Horton JK, Wilson SH. Increased
PARP-1 association with DNA in alkylation damaged,
PARP-inhibited mouse fibroblasts. Mol Cancer Res. 2012;
10:360-68.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Helleday T. The underlying mechanism for the PARP and
BRCA synthetic lethality: Clearing up the misunderstand-
ings. Mol Oncol. 2011; 5:387-93.

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

Ridpath JR, Takeda S, Swenberg JA, Nakamura J.
Convenient, multi-well plate-based DNA damage response
analysis using DT40 mutants is applicable to a high-
throughput genotoxicity assay with characterization of
modes of action. Environ Mol Mutagen. 2011; 52:153-160.
Palma JP, Wang Y-C, Rodriguez LE, Montgomery D,
Ellis PA, Bukofzer G, Niquette A, Liu X, Shi Y, Lasko L,
Zhu G-D, Penning TD, Giranda VL, et al. ABT-888 confers
broad in vivo activity in combination with temozolomide in
diverse tumors. Clin Cancer Res. 2009; 15:7277-90.

Plummer R, Lorigan P, Steven N, Scott L, Middleton MR,
Wilson RH, Mulligan E, Curtin N, Wang D, Dewji R,
Abbattista A, Gallo J, Calvert H. A phase 1l study of
the potent PARP inhibitor, Rucaparib (PF-01367338,
AGO014699), with temozolomide in patients with metastatic
melanoma demonstrating evidence of chemopotentiation.
Cancer Chemother Pharmacol. 2013; 71:1191-99.

Drew Y, Mulligan EA, Vong W-T, Thomas HD, Kahn S,
Kyle S, Mukhopadhyay A, Los G, Hostomsky Z,
Plummer ER, Edmondson RJ, Curtin NJ. Therapeutic
potential of poly(ADP-ribose) polymerase inhibitor
AGO014699 in human cancers with mutated or methylated
BRCA1 or BRCA2. J Natl Cancer Ins. 2010; 103:334-46.

Kinders RJ, Hollingshead M, Khin S, Rubinstein L,
Tomaszewski JE, Doroshow JH, Parchment RE. Preclinical
modeling of a phase 0 clinical trial: qualification of a phar-
macodynamic assay of poly(ADP-ribose) polymerase in
tumor biopsies of mouse xenografts. Clin. Cancer Res.
2008; 14:6877-85.

Aguilar-Quesada R, Munoz-Gamez JA, Martin-Oliva D,
Peralta-Leal A, Quiles-Pérez R, Rodriguez-Vargas JM, Ruiz
de Almodévar M, Conde C, Ruiz-Extremera A, Oliver FJ.
Modulation of transcription by PARP-1: Consequences in
carcinogenesis and inflammation. Curr Med Chem. 2007;
14:1179-87.

Kishimoto J, Burgeson RE, Morgan BA. Wnt signaling
maintains the hair-inducing activity of the dermal papilla.
Genes Dev. 2000; 14:1181-85.

Blagodatski A, Poteryaev D, Katanaev VL. Targeting the
Wnt pathways for therapies. Mol Cell Ther. 2014; 2:28-43.

Lei M-X, Chuong C-M, Widelitz RB. Tuning Wnt signals
for more or fewer hairs. J Invest Dermatol. 2013; 133:7-9.
Tsukamoto AS, Grosschedl R, Guzman RC, Parslow T,
Varmus HE. Expression of the int-1 gene in transgenic
mice is associated with mammary gland hyperplasia and
adenocarcinomas in male and female mice. Cell. 1988;
55:619-625.

WWw

.impactjournals.com/oncotarget

41322

Oncotarget



46.

47.

48.

49.

50.

Jones P, Altamura S, Boueres J, Ferrigno F, Fonsi M,
Giomini C, Lamartina S, Monteagudo E, Ontoria JM,
Orsale MV, Palumbi MC, Pesci S, Roscilli G, et al.
Discovery of 2-{4-[(3S)-piperidin-3-yl]phenyl}-2H-
indazole-7-carboxamide (MK-4827): a novel oral
poly(ADP-ribose)polymerase (PARP) inhibitor effica-
cious in BRCA-1 and —2 mutant tumors. J Med Chem.
2009; 52:7170-85.

Shen Y, Rehman FL, Feng Y, Boshuizen J, Bajrami I,
Elliot R, Wang B, Lord CJ, Post LE, Ashworth A. BMN
673, a novel and highly potent PARP1/2 inhibitor for the
treatment of human cancers with DNA repair deficiency.
Clin Cancer Res. 2013; 19:1-13.

Wabhlberg E, Karlberg T, Kouznetsova E, Markova N,
Macchiarulo A, Thorsell A-G, Pol E, Frostell A, Ekblad T,
Oncii D, Kull B, Robertson GM, Pellicciari R, et al. Family-
wide chemical profiling and structural analysis of PARP
and tankyrase inhibitors. Nature Biotech. 2012; 30:283-88.
Li VSW, Ng SS, Boersema PJ, Low TY, Karthaus WR,
Gerlach JP, Mohammed S, Heck AJR, Maurice MM,
Mahmoudi T, Clevers H. Wnt signaling through inhibition
of B-catenin degradation in an intact axinl complex. Cell.
2012; 149:1245-56.

Lau T, Chan E, Callow M, Waaler J, Boggs J, Blake RA,
Magnuson S, Sambrone A, Schutten M, Firestein R,
Machon O, Korinek V, Choo E, et al. A novel tankyrase
small-molecule inhibitor suppresses APC mutation-driven
colorectal tumor growth. Cancer Res. 2013; 73:3132—44.

51.

52.

53.

54.

55.

Pinto D, Gregorieff A, Begthel H, Clevers H. Canonical
Wnht signals are essential for homeostasis of the intestinal
epithelium. Genes & Dev. 2003; 17:1709—13.

Kuhnert F, Davis CR, Wang H-T, Chu P, Lee M, Yuan J,
Nusse R, Kuo CJ. Essential requirement for Wnt signaling
in proliferation of adult small intestine and colon revealed
by adenoviral expression of Dickkopf-1. PNAS. 2004;
101:266-71.

Spreafico A, Tentler JJ, Pitts TM, Tan AC, Gregory MA,
Arcaroli JJ, Klauck PJ, McManus MC, Hansen RJ, Kim J,
Micel LN, Selby HM, Newton TP, et al. Rational combina-
tion of a MEK inhibitor, Selumetinib, and the Wnt/calcium
pathway modulator, Cyclosporin A, in preclinical models
of colorectal cancer. Clin Cancer Res. 2013; 19:4149-62.
Schoumacher M, Hurov KE, Lehar J, Yan-Neale Y,
Mishina Y, Sonkin D, Korn JM, Flemming D, Jones MD,
Antonakos B, Cooke VG, Steiger J, Ledell J, et al.
Inhibiting tankyrases sensitizes KRAS-mutant cancer cells
to MEK inhibitors via FGFR2 feedback signaling. Cancer
Res. 2014; 74:3294-305.

Casas-Selves M, Kim J, Zhang Z, Helfrich BA, Gao D,
Porter CC, Scarborough HA, Bunn PA Jr, Chan DC,
Tan AC, DeGregori J. Tankyrase and the canonical Wnt
pathway protect lung cancer cells from EGFR inhibition.
Cancer Res. 2012; 72:4154-64.

www.impactjournals.com/oncotarget

41323

Oncotarget



