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ABSTRACT: The canonical Wnt pathway plays an important
role in embryonic development, adult tissue homeostasis, and
cancer. Germline mutations of several Wnt pathway
components, such as Axin, APC, and ß-catenin, can lead to
oncogenesis. Inhibition of the poly(ADP-ribose) polymerase
(PARP) catalytic domain of the tankyrases (TNKS1 and
TNKS2) is known to inhibit the Wnt pathway via increased
stabilization of Axin. In order to explore the consequences of
tankyrase and Wnt pathway inhibition in preclinical models of
cancer and its impact on normal tissue, we sought a small molecule inhibitor of TNKS1/2 with suitable physicochemical
properties and pharmacokinetics for hypothesis testing in vivo. Starting from a 2-phenyl quinazolinone hit (compound 1), we
discovered the pyrrolopyrimidinone compound 25 (AZ6102), which is a potent TNKS1/2 inhibitor that has 100-fold selectivity
against other PARP family enzymes and shows 5 nM Wnt pathway inhibition in DLD-1 cells. Moreover, compound 25 can be
formulated well in a clinically relevant intravenous solution at 20 mg/mL, has demonstrated good pharmacokinetics in preclinical
species, and shows low Caco2 efflux to avoid possible tumor resistance mechanisms.
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The discovery and development of small molecule
inhibitors of the canonical Wnt pathway has been a

long-standing pursuit within oncology.1 Under normal circum-
stances, the Wnt signaling pathway plays a key role in
embryonic development and the regeneration of adult tissue
such as intestinal epithelial cells.2 Human tumors frequently
harbor gene mutations that impact important proteins along
the pathway such as APC, Axin, and ß-catenin.3 In most cases,
these mutations lead to constitutive activation of Wnt signaling,
which results in a Wnt ligand independent increase in the
transcription of Wnt genes and leads to heightened
proliferation.4 Approximately 85% of colorectal cancer (CRC)
harbors APC mutations.5 A plethora of small molecules has
been discovered that can modulate this pathway by targeting
various proteins (e.g., casein kinases and porcupine).6,7 Despite
this, there are currently no commercial drugs that target the
Wnt pathway in oncology.
In 2009, Huang et al. reported that inhibition of the

poly(ADP-ribose) polymerase (PARP) catalytic domain of
tankyrases (TNKS1 and TNKS2) can inhibit the Wnt pathway
via Axin stabilization.8 Using the small molecule tankyrase
inhibitor XAV939, they demonstrated that tankyrase interacts

with and PARsylates Axin. Tankyrase inhibition prevents
PARsylation of Axin, which in turn leads to increased Axin
protein levels in the cell. Higher levels of Axin lead to
sequestration and/or destruction of ß-catenin, preventing
translocation of ß-catenin to the nucleus and a reduction in
transcription of Wnt pathway genes. Moreover, they showed
evidence that XAV939 can inhibit soft agar colony formation of
DLD-1 cells grown under low serum conditions.
The tankyrases are members of the PARP enzyme

superfamily of proteins, all of which contain a PARP catalytic
domain that can catalyze the attachment of ADP ribose to the
surface of proteins using the cofactor nicotinamide adenine
dinucleotide (NAD+).9 As a consequence of their linkage to the
Wnt pathway, association with telomeres,10 and spindle
structure and function,11 the tankyrases have attracted a high
level of interest from the drug discovery community. Numerous
research groups have published reports of tankyrase inhibitors
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with varying degrees of potency and PARP enzyme family
selectivity.12−14

The goal of our medicinal chemistry effort was to discover a
potent dual TNKS1 and TNKS2 enzyme inhibitor that
demonstrated potent inhibition of the Wnt pathway as
demonstrated in a TCF TOPflash reporter assay in DLD-1
cells and that had sufficient DMPK properties for hypothesis
testing in preclinical in vivo xenograft models. In order to have
confidence that the biological effects of these compounds were
due to TNKS inhibition and not other PARPs, selectivity was
desired against other PARP family members, primarily PARP1.9

To avoid transporter mediated resistance mechanisms in CRC,
we sought compounds with low efflux potential as measured in
a standard Caco2 permeability assay at pH 7.4. Finally, we
strove to optimize this series for IV dosing, to allow greater
control over compound exposure and possibly mitigate
expected on-target intestinal toxicity.15

A high-throughput screen (HTS) of the AstraZeneca
screening collection identified the 2-phenyl quinazolinone 1
(Table 1), which had a 7 nM IC50 as a TNKS1 enzyme

inhibitor16 and was 2 μM in our DLD-1 Wnt reporter assay. 2-
Phenyl quinazolinones have been previously described in the
literature as tankyrase inhibitors.17,18 The potency, small size,
and synthetic accessibility of this compound class encouraged
us to explore the series further. Modeling and systematic
exploration of substituents around the quinazolinone ring
revealed that the 8-position could accommodate small groups.
We soon found that a hydroxymethyl moiety greatly improved
DLD-1 Wnt reporter potency. Further optimization of the 2-
phenyl ring suggested that the isopropyl group could be
replaced with 5- and 6-membered aromatic rings. Exploration
of various aryl rings gave compound 2a (Table 1), which had
improved cell potency (27 nM Wnt reporter).
Intrigued by the cell potency of compound 2a, we obtained a

crystal structure of this molecule bound to TNKS1 (Figure 1).
Compound 2a (yellow) binds in the nicotinamide pocket of
TNKS1 (gray), making critical H-bonds to the backbone NH
and carbonyl of Gly1185. The quinazolinone ring is sandwiched
between Tyr1224 and Tyr1213 making π-stacking interactions.
The hydroxymethyl moiety points toward Glu1291. Upon
binding, the compound displaces Tyr1203 (from apo structure
in cyan),19 which then reorganizes around the 2-phenyl linker,
while the pyrazole ring partially fills the newly vacated space.
The pyrazole sits at a ∼90° dihedral angle to the linking phenyl,
while its methyl group is solvent exposed.

On the basis of the crystal structure, we explored small
substituents on the heteroaryl terminal ring that would bias the
dihedral angle of the terminal biaryl system to 90° and fill space
vacated by Tyr1203. These efforts led to compound 3 (Table
2) featuring a terminal 4-methyl-3-pyridyl ring. The next phase

of optimization of the terminal aryl ring focused on exploring
electron donating and withdrawing substituents at the 6-
position of the 3-pyridyl ring. Introduction of σ-withdrawing
groups, such as F and Cl in compounds 4 and 5, gave no
significant improvement in cell potency but was accompanied
by a large increase in lipophilicity as measured by logD. In
contrast, π-donating groups gave an improvement in cell
potency, as exemplified by 6-NH2 compound 6 and 6-OCH3
compound 7. Dimethylation of the amine was also tolerated to
give compound 8, which had an IC50 < 3 nM in our cell assay,
albeit with high logD and low solubility.
Assuming that dimethylamine 8 adopts a similar binding

mode to compound 2a, we sought to improve the solubility and
lower the logD by adding hydrophilic groups to the amine at
the 6-position of the pyridyl ring, which was predicted to be
solvent exposed (Table 3). Nucleophilic aromatic substitution
of aryl-chloride 5 with methoxyethylamine led to compound 9,
which had high Caco2 permeability and low clearance in rat but
a very low volume of distribution. Hydroxyethyl compound 10
showed improved logD and solubility, but it suffered from high

Table 1. Optimization of HTS Hit Compound 1 to Lead
Optimization Starting Compound 2a

Cmpd R1 TNKS1 enz IC50 (μM) Wnt cell IC50 (μM)

1 H 0.007 2.0
1a CH2OH 0.006 0.145
2 H 0.007 1.25
2a CH2OH 0.004 0.027

Figure 1. Compound 2a (yellow) bound to TNKS1 (gray, PDB ID:
4W5S) overlaid with TNKS1 apo structure (cyan, PDB ID: 2RF5).

Table 2. 4-Methyl-3-pyridyl Moiety with π-Donating Groups
at the 6-Position Improves Cell Potency

Cmpd R1

TNKS1
enz IC50
(μM)

PARP1
enz IC50
(μM)

Wnt cell
IC50
(μM)

LogD
pH 7.4

Aq. Sol.
pH 7.4
(μM)

3 H 0.003 2.77 0.024 2.1 11
4 F 0.002 3.74 0.032 3.4 <1
5 Cl 0.006 0.017 0.019 3.9 <1
6 NH2 0.017 0.206 0.004 2.9 <1
7 OCH3 0.006 0.035 0.004 2.8 <1
8 N(CH3)2 0.019 <0.003 >3.5 4
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intrinsic clearance in rat hepatocytes due to oxidation of the
terminal OH to the carboxylic acid, confirmed by metabolite
identification using LC−MS/MS. The intrinsic clearance in rat
hepatocytes was lowered in compound 11 by introducing
geminal methyl groups alpha to the OH; however, logD,
solubility, and PK parameters were no different relative to 9. A
number of cyclic amines were also added to aryl-chloride 5 to
yield morpholine analogue 12, which showed little difference
compared to 9. A path forward was found in the isosteric, basic
piperazine 13, which gave a significant improvement in
solubility and a one unit drop in logD, although the Caco2
permeability of this compound was then less than 1 and the
efflux ratio was above 20.
To mitigate the efflux within this more soluble amine

containing subseries, we sought to tune the amine basicity,
steric environment, and H-bond potential through the addition
of nearby methyl groups. The addition of a single methyl group
α to the amine gave (S)-2-methylpiperazine 14, which had
improved permeability but also improved intrinsic clearance,
presumably due to reduced metabolism of the amine or CH2 α
to the amine. Rat PK of 14 revealed that this compound had an
increased volume of distribution and terminal half-life relative
to 9. Permeability was improved further by N-methylation to
give 15, but the drawback was a compound with poor metabolic
stability in vitro due to rapid N-demethylation and N-oxidation,

as confirmed by metabolite identification using LC−MS/MS.
Further blocking the NH group led to the cis-2,6-dimethyl
piperazine analogue 16, which had a good balance of improved
solubility, low intrinsic clearance, acceptable efflux, and good rat
pharmacokinetics. Interestingly, rigidification of this structure
by linking the methyl groups to form the ethylene bridged
piperazine in 17 gave a high efflux compound. The origin of the
approximately 10-fold difference in efflux between the two
compounds may lie in the accessibility of the NH group. The
piperazine methyl groups in 16 are bis-equatorial, providing
steric hindrance around the NH. In contrast, the alkyl groups
are locked in a bis-axial position in bicyclic compound 17,
further exposing the NH toward H-bonding with efflux
transporters.
A TNKS1-bound crystal structure was obtained for 15

(Figure 2). The terminal pyridine ring sits roughly
perpendicular to the linker phenyl ring, placing the methyl
group below the plane of the core quinazolinone and filling the
hydrophobic space near Tyr1203. The pyridine lone pair makes
a hydrogen bond with an ordered water molecule. The (S)-1,2-
dimethyl piperazine moiety is coplanar with the pyridine ring.
This group is not completely solvent exposed as initially
hypothesized; there are hydrophobic contacts between
Phe1188 and the inner half of the piperazine ring. The
piperazine adopts a conformation that places the 2-methyl

Table 3. Optimization of the Solvent Group Improves Solubility and Metabolic Stability while Maintaining Permeability and
Potency

aUnit: 10−6 cm/s. bUnit: mL/min·kg. cUnit: L/kg. dUnit: h.
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group axial to avoid A1,2 strain with the N-Me group. We also
observed an H-bond interaction network between the core
hydroxymethyl group, a water molecule, and Glu1291. In
published quinazolinone−TNKS2 structures,19 a water at this
position is highly conserved even in the absence of an 8-
position substituent (15/18 structures); however, with 15, the
Glu1291 carboxylate shifts ∼2.6 Å to replace an additional
water molecule observed in 11 of these structures.
We next turned our attention to the linker phenyl group.

Initial SAR during the hit-to-lead phase indicated that even
small substituents around the phenyl, such as F or CH3, were
deleterious to TNKS1 enzyme potency. However, we
postulated that solubility could be improved by introducing
saturated linkers that would maintain a similar geometry.20 A
number of phenyl isosteres were employed, with piperazine and
piperidine distinguishing themselves (Table 4). Four matched

pairs were made, with either a piperidine or piperazine linker
and either the cis-2,6-dimethyl piperazine or the (S)-1,2-
dimethyl piperazine solvent group. All four compounds showed
a significant improvement in solubility, lower logD, reduced
human plasma protein binding, and reduced PARP1 enzyme
potency relative to phenyl. The piperidine linked compounds
18 and 20 had better selectivity against PARP1, lower Caco2
efflux ratios, and lower rat clearance than the piperazine linked
counterparts. Conversely, it was the terminal solvent group that
drove the logD, plasma protein binding, and intrinsic clearances
for these saturated linked compounds. Compounds 20 and 21
bearing the (S)-1,2-dimethyl piperazine feature an N-Me group,
which increased logD and protein binding and reduced
microsomal and hepatocyte stability. Overall, compound 18
had the best properties and rat PK of this set, but the
improvement came at the expense of cell potency. Alternatively,
compound 21 maintained cell potency comparable to phenyl-
linked 16 with improved solubility, but the in vivo PK showed
higher CL and shorter terminal half-life.
Finally, we investigated the optimization of the nicotinamide

mimetic core (Table 5). We were intrigued by the possibility of

morphing the quinazolinone core into a 5,6-heterocyclic ring
system, but we were cognizant of the significant cell potency
obtained by inclusion of the CH2OH group. We designed
compound 22, featuring a pyrrolotriazinone core, which
allowed stable attachment of the CH2OH group to the 7-
position of a 5,6-fused ring system. The 7-CH2OH heterocycle
22 was less potent in our cell assay than 16, but it had excellent
PARP1 selectivity and maintained the good DMPK properties
of the quinazolinone analogue 16. However, Caco2 perme-
ability and efflux were worse for compound 22 compared to 16.
We also made the corresponding 7-CH3 pyrrolotriazinone
compound 23 as a control. Encouragingly, the 7-CH3

Figure 2. Crystal structure of compound 15 bound to TNKS1 (PDB
ID: 4W6E).

Table 4. Replacement of the Phenyl Linker with a Piperazine
or Piperidine Improves Solubility

Cmpd 18 19 20 21

A CH N CH N
R2 CH3 CH3 H H
R3 H H CH3 CH3

Wnt cell IC50 (μM) 0.038 0.037 0.012 0.004
TNKS1 enz IC50 (μM) 0.004 0.004 0.003 0.004
PARP1 enz IC50 (μM) 11 3 11 3
LogD pH 7.4 1.4 1.6 2.4 2.3
Aq. Sol. pH 7.4 (μM) 651 151 205 530
Hu PPB (% free) 8 8 2 3
Hu Mics CLint

a 11 12 25 32
Rat Heps CLint

b 5 21 12 23
Caco2 AB (10−6 cm/s) 0.8 0.3 3.5 0.7
Caco2 efflux ratio 17 41 10 44
Rat IV CL (mL/min·kg) 22 35 17 28
Rat IV Vdss (L/kg) 6.5 3.2 2.1 1.9
Rat IV t1/2 (h) 4.4 1.7 1.8 1.0

aUnit: μL/min·mg. bUnit: μL/min·106.

Table 5. 5,6-Heterocyclic Cores Improve PARP1 Selectivity
and Caco2 Efflux

Cmpd 22 23 24 25

Wnt cell IC50 (μM) 0.012 <0.003 0.024 0.005
TNKS1 enz IC50 (μM) 0.004 0.008 0.005 0.006
PARP1 enz IC50 (μM) >30 5 >30 >30
LogD pH 7.4 2.1 3.6 2.1 2.5
Aq. Sol. pH 7.4 (μM) 38 8 32 30
Hu PPB (% free) 1.6 <1 12 7.2
Hu Mics CLint

a 14 4 6 13
Rat Heps CLint

b 5 4 4 8
Caco2 AB (10−6 cm/s) 0.1 4.3 5.5
Caco2 efflux ratio 194 3.8 2.7
Rat IV CL (mL/min·kg) 5 4 4 11
Rat IV Vdss (L/kg) 1.6 2.5 3.0 4.4
Rat IV t1/2 (h) 5.0 8.2 11 5.7

aUnit: μL/min·mg. bUnit: μL/min·106.
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compound was <3 nM in our cell assay with good selectivity
against PARP1 and similar rat PK to 16, but it had high logD
and correspondingly low solubility. Next, we synthesized 24
and 25, which were predicted to be less lipophilic (ClogP 2.5
and 3.3, respectively) relative to 23 (ClogP 3.5). The
pyrazolopyrimidinone 24 was 10-fold less potent in our Wnt
cell reporter assay compared to 23 but had improved efflux
versus 16. In contrast, the pyrrolopyrimidinone 25 maintained
single digit nanomolar potency in the cell while lowering logD
to 2.5. Compound 25 had much improved PARP1 selectivity
compared to core analogue 16 while maintaining good rat in
vivo PK properties. Moreover, compound 25 had similarly
improved Caco2 permeability and efflux ratio versus 16.
Detailed PARP family enzyme data and pharmacokinetic data

for compounds 9 and 25 are presented in Table 6. The enzyme

assays in this table utilize a different assay technology than the
enzyme assays presented Tables 1−5 (see Supporting
Information for assay details). Oral lead 9 showed potent
dual TNKS1/2 enzyme inhibition with moderate selectivity
against PARP1 and 2 and good selectivity over PARP6.21 While
the bioavailability of 59% for 9 in rat was good, the PK was
characterized by very low volume of distribution and short half-
life. Rat protein binding was quite high at only 0.2% unbound.
Mouse PK for 9 showed good bioavailability of 69% with a
higher volume and longer half-life along with reduced protein
binding. Because of the poor solubility and lack of a strongly
basic nitrogen, methoxyethylamine 9 was difficult to formulate
for IV dosing, only achieving 0.4 mg/mL in an IV solution
useful only for preclinical studies.
Compound 25 was also profiled against a panel of PARP

family enzymes and showed excellent potency as a dual TNKS1
and TNKS2 inhibitor with good selectivity against PARPs 1, 2,
and 6 (Table 6). In sharp contrast to 9, 25 formulated well in a
clinically relevant IV solution at 20 mg/mL using SBECD as an
excipient at pH 4. Dosed at 25 mg/kg IV to nude mice, 25 had
a CL of 24 mL/min·kg and a half-life of 4 h. The bioavailability
of 25 in mouse and rat was only moderate at 12% and 18%,
respectively.
In order to confirm that the mechanism of action of this

series of tankyrase inhibitors is blocking the Wnt pathway
through Axin, DLD-1 cells were treated with compounds 9 and
25 at 0.3 and 0.8 μM, compound 15 at 0.3 μM, and XAV939 at
1 μM and analyzed for TNKS1, TNKS2, and Axin2 via Western

blot (see Supporting Information Figure S1). At early time
points (3 and 8 h), 9, 15, and 25 showed similar TNKS1/2
inhibition and Axin2 stabilization as XAV939. At longer times
(24, 48, and 72 h), 9, 15, and 25 showed qualitatively stronger
and longer lasting stabilization of Axin2, TNKS1, and TNKS2
at lower concentrations compared to XAV939.
Compound 9 was synthesized on multigram scale and was

made available to external collaborators as an orally bioavailable
small molecule inhibitor of TNKS1/2 and the Wnt pathway
carrying some activity against PARP1 and 2. This compound (9
= AZ1) has demonstrated efficacy in KRAS wild type patient-
derived xenograft models of CRC in combination with
irinotecan.22 Optimized compound 25 has been used as an
IV probe compound to explore the in vivo effects of TNKS1/2
inhibition on normal tissue and tumor xenografts. The results
of these experiments will be reported in due course.
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