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Abstract: A high-throughput screening campaign to discover small
molecule leads for the treatment of bone disorders concluded with
the discovery of a compound with a 2-aminopyrimidine template
that targeted the Wnt β-catenin cellular messaging system. Hit-to-
lead in vitro optimization for target activity and molecular proper-
ties led to the discovery of (1-(4-(naphthalen-2-yl)pyrimidin-2-
yl)piperidin-4-yl)methanamine (5, WAY-262611). Compound 5

has excellent pharmacokinetic properties and showed a dose de-
pendent increase in the trabecular bone formation rate in ovariec-
tomized rats following oral administration.

The canonical Wnta β-catenin cellular messaging system
controls several physiological events including bone home-
ostasis.1 Bone forming osteoblasts express the proteins LRP5
and Fzd on the surface membrane. These behave as corecep-
tors for the soluble peptide agonist Wnt-3a. Once stimulated
withWnt-3a, internal concentrations of free β-catenin rise and
enter the nucleus and recruit T-cell factor (TCF). Transcrip-
tional events follow and result in the production of additional
anabolic gene products. An additional soluble extracellular
protein, Dkk-1, antagonizes this process by simultaneously
binding to the cell surface receptors Kr2 and LRP5, effectively
inhibiting Wnt-3a binding to LRP5. In addition, the Kr2/
LRP5/Dkk-1 complex undergoes endocytosis to remove
LRP5 from the cellmembrane, thereby nullifying its function.2

Reports have described a familial gain-of-functionmutation
on the LRP5 receptor that results in bones of normal size and
shape but with significantly increased density.3 The mutation
occurs at a single position on the LRP5 receptor, G171V, and
results in a protein with substantially less affinity for Dkk-1
while affinity for Wnt-3a remains essentially unchanged.

Hence, clinically relevant data indicate the important role of
Dkk-1 in attenuating the Wnt β-catenin anabolic process and
suggest that pharmacologic inhibition of Dkk-1 may lead to
bones of greater strength for the treatment of osteoporosis and
other diseases of low bone mass or quality.4

To identify smallmolecules that inhibit the actionofDkk-1,
a high-throughput assay was conducted with the corporate
collection using an osteosarcoma cell line transfected with
Wnt-3a and Dkk-1. In addition, a TCF-luciferase response
element and a renilla standard were transfected for light
readouts of active compounds and control readout, respec-
tively.5 The 2-aminopyrimidine phenylsulfonamide 1 was
identified as a weak agonist in this assay (EC50 = 7.0 μM).
AnN-methyl analogue, 2, also potentiated theTCF-luciferase
response in this assay at roughly the same potency (Figure 1).
Resynthesized compounds 1 and 2 showed similar TCF-
luciferase activity in HTS and benchtop formats.
The 2-aminopyrimidine motif is common to numerous

kinase inhibitors.6 Inhibition of the glycogen synthase ki-
nase-3β (GSK-3β), an enzyme involved in β-catenin phos-
phorylation, would provide a false positive signal in the TCF-
luciferase assay.7 Therefore, compound evaluation in a GSK-
3β enzyme assay was studied side by side with target evalua-
tion.8Moderately potent enzyme inhibitionwas achievedwith
1 (IC50 = 0.20 μM). To understand the key ligand features
that are responsible for this activity, 1 was docked9 in the
active site of previously disclosed X-ray structure of GSK-
3β.10 As shown in Figure 2, the docked structure shows that
ligand recognition is achieved by critical hydrogen bond
interactionswithin the hinge region. Themodel also suggested

Figure 1. Structures, Dkk-1 mediated TCF-luciferase activity, and
GSK-3β inhibition of 1 and 2.

Figure 2. Docked structure of 1 in the active site ofGSK-3βYellow
dotted lines indicate H-bond interactions with residues in the hinge
region (see refs 9 and 10 for docking/structure details).
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that alkylation of the 2-amino group to remove the H-bond
donor would diminish enzyme activity. This was the case with
2 (see Figure 1). These experiments suggest that 2 potentiates
the TCF response through Dkk-1 inhibition and not through
amechanism related to kinase inhibition.Hence, a structure-
activity relationship (SAR) study centered on 2 was estab-
lished.
Compounds were synthesized according to the routes shown

in Scheme 1. 4-(Thiophenyl)pyrimidines 1 and 2were prepared
by the method of Bursavich.11 4-(Naphthyl)pyrimidines 3-6

were obtained from the corresponding 2-naphthylmethyl ke-
tone which was reacted with dimethylformamide dimethylace-
tal to provide the dimethylvinylogous amide.12 Reaction of this
productwithureaunderbasic conditionsgave thepyrimidinone
sodium salt which was converted to the 2-chloropyrimidine
with phosphorus oxychloride. Final products were obtained
when the chloride was displaced with secondary amines.

Attempts to improve primary assay potency and reduce
potential metabolic activity led to replacement of the methyl-
thiophene in 1 with a 2-naphthyl function (e.g., 3). This
structural change also led to enhanced GSK-3β inhibiton
and substantially reduced solubility. It was assumed that
replacement of the sulfanilamide functionality with a fully
reduced cyclic structure appended with distal H-bond donors
would retain TCF-luciferase activity, reduce GSK-3β activity
via full alkylation of the exocyclic nitrogen, improve solubility
by interfering with the π-stacking characteristics of the phenyl
group, andmaintain the cLogP between 3 and 4. The 4-amino-
piperidine group satisfied these requirements and, in fact, led
to an active molecule, 4, with high solubility and low GSK-3β
activity. Additional standard SAR studies showed the methy-
lamine 5 to have the most potent activity in the primary assay,
low kinase inhibition potential, and high solubility (Table 1).
In vitro pharmaceutical properties13 of 5 indicated it would

be an excellent candidate for in vivo pharmacokinetic evalua-
tion in ovariectomized (OVX) rats (PAMPA membrane

permeability, Pe = 5.9 � 10-6 cm/s; rat liver microsome
stability, t1/2> 30min at 1.0 μM).Hence, 5was administered
to OVX rats (single dose iv and po). Pharmacokinetic para-
meters and plasma drug concentration-time curves are
shown in Table 2 and Figure 3, respectively.
The PK profile indicated that 5 was a candidate for in vivo

pharmacological evaluation with once a day dosing. Hence,
OVX rats14 were treated orally with 5 (po, vehicle = 0.5%
methylcellulose/2% Tween-80, qd, 28 days) at four doses.
Trabecular bone formation rate (BFR) in the tibia was
established in all dose groups at the end of the in-life portion
of the study. A clear dose response and activity as low as
0.3 mg/kg/day were observed (Figure 4).
To confirm activity via the Wnt pathway, the calvariae of

wild type (wt) and Dkk-1 knockout (KO) mice were treated
with 5 once a day for 7 days (DMSO solution, sc injection).15

The KO animals were not expected to respond because of the
inherent inability to inhibit amissing target protein,whilewild

Scheme 1. Preparation of Compoundsa

aConditions: (a) 2-methylthiophene, n-BuLi, then DDQ (80%);

(b) sulfanilamide or N0-methylsulfanilimide, toluenesulfonic acid, 1,4-

dioxane, 95 �C (80-88%); (c) DMF-DMA, 85 �C (100%); (d) urea,

NaOEt, EtOH, ref (54%); (e) POCl3, ref (84%); (f) RR0NH, DMSO,

60 �C (69-70%).

Table 1. TCF-Luciferase, GSK-3β, and Solubility Data for Com-
pounds 1-6

aEfficacy for all six compounds ranged from 2.0 to 6.0 relative signal
increase compared to DMSO alone. bValues represent the average of at
least two experiments done in triplicate. cSDvaluess arewithin(25%of
the EC50/IC50.

d See ref 8 for assay details. eSee ref 13 for assay details.
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type animals with fully expressed Dkk-1 were expected to
show a pharmacological response. Calvariae from wt mice
treated with 5 showed statistically increased BFR, while
similarly treated KO animals were no different from control
(Figure 5). This indicates that 5 is acting via theWntβ-catenin
pathway and most likely through inhibition of Dkk-1.
In conclusion, 2-aminopyrimidines that potentiate theWnt

β-catenin cellular signaling pathwaywere discovered via high-
throughput screening. Lead optimization led to a compound
with enhanced in vitro activity. Compound 5 was shown to
possess excellent pharmaceutical and PK properties, and the
compound was able to enhance the bone formation rate in
OVX rats following oral adminstration.
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Table 2. Single Dose Pharmacokinetic Parameters for Compound 5 in
OVX Rats

compound 5

parameter po admin iv admin
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AUC0-¥ (ng 3h/mL) 3990 1029

F (%) 78

Clp ((mL/min)/kg) 32

Vss (L/kg) 22
aMC = methylcellulose. T80 = Tween-80.

Figure 3. Plasma concentration as a function of time following a
single dose of 5 in OVX rats.

Figure 5. BFR in the calvaria of wild type (WT) mice compared to
Dkk-1knockout (KO)mice after 7 day treatmentwith5: (/) p<0.05.

Figure 4. Increase in trabecular bone formation rate (BFR) in the
tibia of OVX rats following once a day oral administration of 5 for
28 days (vehicle = 0.5% methylcellulose/2% Tween-80). hPTH
(=human parathyroid hormone) (positive control) was adminis-
tered sc.
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