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ABSTRACT: Aberrant activation of the Wnt pathway has
been implicated in the development and formation of many
cancers. TNKS inhibition has been shown to antagonize Wnt
signaling via Axin stabilization in APC mutant colon cancer
cell lines. We employed structure-based design to identify a
series of 2-aminopyridine oxazolidinones as potent and
selective TNKS inhibitors. These compounds exhibited good
enzyme and cell potency as well as selectivity over other PARP
isoforms. Co-crystal structures of these 2-aminopyridine
oxazolidinones complexed to TNKS reveal an induced-pocket
binding mode that does not involve interactions with the
nicotinamide binding pocket. Oral dosing of lead compounds 3 and 4 resulted in significant effects on several Wnt-pathway
biomarkers in a three day DLD-1 mouse tumor PD model.
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The canonical Wnt pathway regulates the stability of the
transcriptional coactivator β-catenin.1 The level of active

β-catenin is tightly controlled by a complex of proteins known
as the destruction complex, which consists of the scaffolding
protein Axin, kinases GSK3β and CK1α, and the tumor
suppressor protein APC.2 In the absence of Wnt stimulation,
cytosolic β-catenin is constitutively phosphorylated and
targeted for degradation by the ubiquitin/proteosome pathway.
Interaction of a Wnt ligand with cell surface receptors results in
breakdown of the β-catenin destruction complex, leading to the
accumulation of nuclear β-catenin and transcription of Wnt
target genes.3,4

Aberrant activation of the Wnt pathway has been implicated
in the development and formation of many cancers; for
example, APC mutations have been observed in >80% of
sporadic colorectal cancers (CRC).5,6 Blocking the aberrant
Wnt signaling has been shown to be effective in stopping
growth of cultured colon cancer cells.7,8 Considering the
increasing number of Wnt-driven cancers, intervention of the
Wnt signaling pathway with small molecules has the potential
to be an effective cancer treatment.9−11

Tankyrases belong to the poly-ADP-ribose polymerase
(PARP) family.12 The two isoforms, TNKS1 and TNKS2,
share overlapping function and a high degree of homology.
Seminal work by researchers at Novartis and University of
Texas, Southwestern demonstrated that pharmacological
inhibition of TNKS1/2 antagonizes canonical Wnt signaling
via Axin stabilization in certain APC mutant colon cancer cell

lines (SW480, DLD-1).13,14 In this research, two main
structural classes of small molecule TNKS inhibitors were
utilized: those that occupy the highly conserved nicotinamide
pocket of the catalytic PARP domain, as represented by
XAV939,15 and those that bind to the induced pocket of the
enzymes, as exemplified by IWR1/2.16,17 The induced pocket is
not present in apo TNKS proteins and only becomes accessible
upon the binding of the inhibitors.18 Residues forming the
induced pocket are less conserved among other PARP family
members. Therefore, this novel binding mode provides a
unique opportunity to achieve broader selectivity over other
PARP family members and NAD-utilizing enzymes.19,20 Herein,
we describe a structure-based approach to identify novel 2-
aminopyridine oxazolidinones as potent and selective TNKS
inhibitors that bind in the induced pocket.
The compounds presented in this study were examined for

their ability to inhibit the activity of TNKS1 using enzyme
assays with recombinant TNKS catalytic domains. Three
cellular assays in two different APC mutant CRC cell lines
were developed to aid evaluation of TNKS inhibitors. First, a
proximal cellular assay measured the accumulation of Axin2
protein in SW480 cells as a result of TNKS inhibition. Second,
a central cellular assay assessed the degradation of total β-
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catenin (TBC) in SW480 cells. Finally, a transcriptional Wnt-
reporter assay (STF), driven by multimerized TCF binding
sites in DLD-1 cells quantified the effect of TNKS inhibition on
downstream Wnt signaling events.
Recently we discovered that oxazolidinone 1 binds to

TNKS1 in the induced pocket in a manner similar to that
described for IWR1/2 (Figure 1A).21 The key ligand−protein
interactions include three hydrogen bonds: the carbonyl group
of the oxazolidinone interacts with Tyr1213; the carbonyl
group of the amide with Asp1198; the CH at the 6-position of
the quinoline is associated with the backbone carbonyl of
Gly1196. In addition, the quinoline group engages in a π-
stacking interaction with His1201 of the D-loop (Figure 1B).
While 1 showed good enzymatic activity, it exhibited moderate
rat plasma stability. Metabolite identification studies revealed
that the amide is prone to hydrolysis in both rat and mouse
plasma.
During the course of our lead-optimization work on 1, high-

throughput screening identified compound 2 as a potent and
novel TNKS inhibitor. A cocrystal structure of 2 complexed
with TNKS1 reveals that 2 occupies both the conserved
nicotinamide pocket and the induced pocket in a dual-binding
mode, similar to that recently described for other TNKS
inhibitors.22 The dihydroquinolinone moiety resides in the
nicotinamide pocket with the carbonyl group hydrogen
bonding to Ser1221 and the nitrogen engaging in a hydrogen
bond interaction with Gly1185. The aminoquinazoline group

occupies the induced pocket, with N1 hydrogen bonded to
Asp1198, and the amino group hydrogen bonded to Gly1196
(Figure 1C).
An overlay of the cocrystal structures of 1 and 2 bound to

TNKS1 inspired a hypothesis that replacing the labile
aminoquinazoline amide of 1 with a 2-aminopyridine might
increase stability in plasma while maintaining two critical H-
bond interactions with the protein (Figure 1A). We envisioned
that the aminopyridine moiety would serve as a simplified
mimic of the aminoquinazoline group in 2. Positioning an
aromatic pyrimidinyl group at the 3-positon would engage the
important π-stacking interaction with His1201, as observed
with the quinoline ring of 1. Gratifyingly, compound 3 showed
good TNKS inhibitory activity while demonstrating excellent
selectivity over PARP1/2 (Table 1). In cellular assays, 3
promoted accumulation of Axin (Axin EC50 = 0.709 μM) and
inhibited β-catenin accumulation (TBC IC50 = 0.233 μM) and
Wnt-reporter gene transcription (STF IC50 = 0.096 μM).
Furthermore, compound 3 was stable in human and rat liver
microsomes (HLM/RLM Clint = 33/48 μL/min/mg).
Consistent with previously disclosed observations,13 potency

was significantly improved by replacing the central phenyl ring
with a saturated cyclohexyl group. The stereochemistry of the
cyclohexyl ring significantly impacts the potency. For example,
the trans-isomer 4 demonstrated greatly improved enzymatic
and cellular potency over 3, while the cis-isomer 5 was less
potent. The substituent at the 3-position of the pyridine ring

Figure 1. (A) Structure and activity of compounds 1 and 2. (B) Cocrystal structure of TNKS1 complexed with 1. (C) Cocrystal structure of TNKS1
complexed with 2. (D) Overlay of cocrystal structures of 1 and 2.
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proved to be important for potency. While compound 7
showed only moderate enzymatic activity, introduction of a
small polar group (−CN) in compound 6 led to enhanced
potencies in the enzyme and cellular assays. Although highly
efficient, 6 had reduced potency relative to lead compound 4,
which contains the aromatic pyrimidine substituent incorpo-
rated in the initial design for π-stacking to His1201.
To understand the structural basis for the potency observed

with compounds 3 and 4, cocrystal structures of both
compound 3 and 4 complexed with TNKS1 were obtained.
The structures were resolved at 2.3 and 2.0 Å, respectively
(Figure 2). The two compounds bind to TNKS1 in a similar
fashion. The carbonyl group of the oxazolidinone is hydrogen
bonded to Tyr1213. As intended, the aminopyridine interacts
with Asp1198 and Gly1196 through two hydrogen bond
interactions. The pyrimidine ring is close to be being coplanar
with the aminopyridine ring and engages in a π-stacking
interaction with His1201 of the D-loop. The major difference
between the two structures is the position of the central ring of
the inhibitors. The central phenyl ring of 3 has a ∼45 degree

dihedral angle with respect to the pyridine ring; while the trans-
cyclohexyl group of 4 is perpendicular to the pyridine ring, a
conformation that enables the cyclohexyl group to fill the
hydrophobic pockets formed by neighboring residues (Ser1186,
Phe1188, and Ala1202). These hydrophobic interactions are
not present in the 3/TNKS1 structure, which may account for
the increased potency of 4 relative to 3.
Since the initial lead 2 was a potent kinase inhibitor and the

2-aminopyridine motif is known to interact with the hinge
region of many kinases,23 we screened 3 and 4 against a broad
panel of kinases (Ambit KINOMEscan).24 Both compounds
exhibited weak kinase inhibitory activity in this panel. Only 1
out of the 100 kinases had percent-of-control (POC) < 30 at 1
μM of 4.25 Compounds 3 and 4 were also screened for
genotoxicity potential. Intriguingly, while 3 tested positive in a
microAmes assay with and without S9 activation, 4 was negative
under the same assay conditions. Compound 4 is also highly
selective over 13 GPCRs (EC50, IC50 > 48.5 μM),26 hERG
(IC50 = 10.9 μM), and BSEP (IC50 = 11 μM).

Table 1. SAR of 2-Aminopyridine Oxazolidinones

aValues represent the mean of at least of two experiments. bND = not determined.

Figure 2. X-ray cocrystal structures: (A) 3 bound to TNKS1 and (B) 4 bound to TNKS1.
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In light of their excellent enzyme and cellular potencies and
good selectivity, compounds 3 and 4 were evaluated in rodent
pharmacokinetic (PK) studies. Selected PK data is summarized
in Table 2. Upon intravenous (iv) dosing to rats, 3 and 4
demonstrated moderate clearance and volumes of distribution
with elimination half-lives of 4.3 and 3.6 h, respectively. Both
compounds exhibited reasonable plasma exposure and
bioavailability when dosed orally in rats at 2.0 mg/kg. Oral
dosing in mice at 30 mg/kg also resulted in a good plasma
exposure.
Compounds 3 and 4 were evaluated in a pharmacodynamic

(PD) assay in DLD-1 human tumor xenograft mice. Oral b.i.d.
dosing of 3 at 200 mg/kg for three days resulted in significant
Axin accumulation and inhibition of STF reporter activity with
associated terminal plasma concentration of approximately 22.1
μM (Figure 3). In addition, 3 also inhibited Wnt-target gene
(Axin2 and TCF7) expression at the same dose (Supporting
Information). More potent lead 4 promoted Axin accumulation
and STF reporter activity inhibition at a lower dose (50 mg/kg,
oral b.i.d.) with associated terminal plasma concentration of
0.12 μM.
In order to ascertain general utility for extended

pharmacodynamic studies, compound 4 was dosed orally for
eight days to naıv̈e athymic nude mice. At 50 mg/kg b.i.d.
continuous dosing, compound 4 was well tolerated. This is
encouraging as this was the efficacious dose in the DLD-1
tumor PD study, and the mean unbound plasma concentration
levels were comparable between the two studies.27

Despite robust in vivo Axin accumulation and inhibition of
STF in a three day DLD-1 mouse tumor xenograft assay,
compounds 3 and 4 were not advanced to multiweek DLD-1
tumor xenograft efficacy studies because the observed cell-

killing activity of 4 in a standard three day DLD-1 cell
proliferation assay (10% FBS, nuclear counting with cellomics
Array scan) was only moderate (IC50 = 3 μM), and recent data
suggests that DLD-1 tumor growth is not sensitive to
pharmacological TNKS inhibition.28

Compound 4 is an optimized representative of this highly
potent and selective structural series with potency, selectivity,
and pharmacokinetic properties suitable to explore the
pharmacological potential of TNKS inhibition in the context
of future mouse tumor xenograft efficacy studies.
Compound 3 was prepared in a convergent fashion as

described in Scheme 1. Suzuki coupling between pyridinyl
boronic acid 8 and 2-bromopyrimidine afforded aryl bromide 9,
which was subsequently converted to boronic acid pinacol ester
10 in good yield. A copper catalyzed coupling of commercially
available 11 with 1,4-diiodobenzene provided aryl iodide 12.
Suzuki coupling of 10 with 12 followed by aminolysis of the 2-
fluoropyridine then furnished compound 3 in high yield.
Compounds 4−7 were prepared using the routes illustrated

in Scheme 2. Reductive amination between commercial amino
alcohol (S)-13 and 1,4-cyclohexanedione monoethylene acetal
provided compound 14. Triphosgene-mediated cyclization and
subsequent deprotection of the ketal using TFA afforded
ketone 15 in 81% yield over 3 steps. Notably the chiral integrity
remained intact during the process. Ketone 15 was converted
to triflate 16 under standard conditions. Suzuki coupling of 16
with 2-aminopyridine-3-boronic acid pinacol ester followed by
Pd/C catalyzed hydrogenation provided a mixture of cis- and
trans-isomers of 7 (∼1:1 ratio). The two isomers were
separated by HPLC. Bromination of 7 under standard
condition afforded intermediate 17. Stille coupling of 17 with
2-(tributylstannyl)pyrimidine provided compound 4. Pd-

Table 2. Pharmacokinetic Parameters of Compounds 3 and 4

compd

rat iv PKa rat po PKa mouse po PKb

dosec

(mg/kg)
CL

(L/h/kg)
Vss

(L/kg)
t1/2
(h)

dosed

(mg/kg)
Cmax
(μM)

t1/2
(h) AUC (μM·h)

F
(%)

dosee

(mg/kg)
Cmax
(μM)

t1/2
(h) AUC (μM·h)

3 0.5 0.52 2.32 4.3 2.0 0.37 4.6 2.71 29 30 7.88 3.7 63.3
4 0.5 0.75 2.85 3.6 2.0 0.45 2.9 1.98 33 30 6.09 3.5 36.3

aPharmacokinetic parameters following administration of compounds 3 or 4 in male Sprague−Dawley rats: 2 animals per study. bPharmacokinetic
parameters following administration of compound 3 or 4 in male Mouse_CD1: 3 animals per study. cDosed as a solution in DMSO. dDosed in 1%
Tween 80/2% HPMC/97% water/MSA pH 2.2. eDosed in 10.0% Pluronic F68/30.0% HPBCD/60.0% water/MSA pH 2.5.

Figure 3. Subcutaneous tumors were established in athymic nude mice using DLD-1 human colon cancer cell line. Animals were dosed for 3 days
and then tumors (for protein analysis) and plasma (for PK) were collected 14 h after the last dose. (A) The effect of compounds 3 and 4 on
accumulation of Axin2 protein in human tumor xenograft model. (B) The effect of compounds 3 and 4 on inhibition of downstream reporter gene
transcription.
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catalyzed cyanation of 17 using Zn(CN)2 furnished compound
6.
We have described the design, synthesis, and biological

evaluation of a novel series of aminopyridine oxazolidinones as
potent and selective TNKS inhibitors that bind in the induced
pocket. Compound 4 demonstrated excellent TNKS potency in

both enzyme and cell assays and exhibited high selectivity over
PARP1/2. Twice daily oral dosing of 4 at 50 mg/kg promoted
accumulation of Axin and inhibition of Wnt-dependent reporter
activity in a three day DLD-1 mouse tumor PD model. This
dosing schedule was also well tolerated in naıv̈e athymic nude
mice for eight continuous days. Compound 4 is expected to
serve as an excellent tool compound to thoroughly investigate
the effects of selective pharmacological inhibition of TNKS in
various APC mutant CRC lines and disease relevant tumor
models.
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APC, adenomatous polyposis coli; CK1α, casein kinase 1α;
GSK3β, glycogen synthase kinase 3β; STF, super TOP-flash

Scheme 1. Synthesis of Compound 3a

aReagents: (a) 2-bromopyrimidine, PdCl2(dppf), aq. Na2CO3,
dioxane, 100 °C, 76%; (b) PdCl2(dppf), KOAc, bis(pinacolato)-
diboron, 79%; (c) 1,4-diiodobenzene, CuI, K3PO4, MeNH-
(CH2)2NHMe, dioxane, μW, 140 °C, 61%; (d) PdCl2(dppf), aq.
Na2CO3, dioxane, 100 °C, 62%; (e) NH3, DMSO, 83%.

Scheme 2. Synthesis of Compounds 4-7a

aReagents: (a) 1,4-cyclohexanedione monoethylene acetal, NaBH(OAc)3, DCM, rt; (b) triphosgene; (c) TFA, 81% (3 steps); (d) PhNTf2,
LiHMDS, THF, 71%; (e) 2-aminopyridine-5-boronic acid pinacol ester, PdCl2(dppf), aq. Na2CO3, dioxane, 100 °C, 93%; (f) H2, Pd/C, 39%; (g)
NBS, DCM, 100%; (h) 2-(tributylstannyl)pyrimidine, Pd(Ph3P)4, LiCl, CuI, DMF, 47%; (i) Pd(Ph3P)4, Zn(CN)2, DMF, 60%.
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