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Abstract: Medulloblastoma is one of the most prevalent brain tumors in children. Aberrant hedgehog
(Hh) pathway signaling is thought to be involved in the initiation and development of medulloblastoma.
Vismodegib, the first FDA-approved cancer therapy based on inhibition of aberrant hedgehog signaling,
targets smoothened (Smo), a G-protein coupled receptor (GPCR) central to the Hh pathway. Although
vismodegib exhibits promising therapeutic efficacy in tumor treatment, concerns have been raised
fromits non-linear pharmacokinetic (PK) profiles at high doses partly due to low aqueous solubility.
Many patients experience adverse events such as muscle spasms and weight loss. In addition, drug
resistance often arises among tumor cells during treatment with vismodegib. There is clearly an urgent
need to explore novel Smo antagonists with improved potency and efficacy. Through a scaffold
hopping strategy, we have identified a series of novel tetrahydropyrido[4,3-d]pyrimidine derivatives,

which exhibited effective inhibition of Hh signaling. Among them, compound 24 is three times more
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potent than vismodegib in the NIH3T3-GRE-Luc reporter gene assay. Compound 24 has lower melting

point and much greater solubility compared with vismodegib, resulting in linear PK profiles when

dosed orally at 10, 30, and 100 mg/kg in rats. Furthermore, compound 24 showed excellent PK profiles

with a 72% oral bioavailability in beagle dogs. Compound 24 demonstrated overall favorable in vitro

safety profiles with respect to CYP isoform and hERG inhibition. Finally, compound 24 led to

significant regression of subcutaneous tumor generated by primary Ptchl-deficient medulloblastoma

cells in SCID mouse. In conclusion, tetrahydropyrido[4,3-d]pyrimidine derivatives represent a novel

set of Smo inhibitors that could potentially be utilized to treat medulloblastoma and other Hh pathway

related malignancies.

Keywords: medulloblastoma, hedgehog signaling pathway, Smoothened, antagonist, GPCR, scaffold

hopping, cancer therapy
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INTRODUCTION

Medulloblastoma is one of the most prevalent brain tumors in children. Aberrant hedgehog (Hh)
pathway signaling is thought to be involved in the initiation and development of medulloblastoma."?
The hedgehog (Hh) signaling pathway is a pivotal developmental pathway which is responsible for cell
growth, patterning, and migration during embryogenesis. Its function is, however, limited to tissue
maintenance and stem cell regulation in adults. Ordinarily, the secreted proteins Sonic hedgehog,
Indian hedgehog and Desert hedgehog bind to their cellular membrane receptor Patched (Ptch),
relieving the suppression of Ptch to Smoothened (Smo), a G protein coupled receptor. Activated Smo
then triggers a series of intracellular events which involve the glioma-associated oncogene transcription
factors’ (Glil, Gli2, and Gli3) dissociation from suppressor of fused (SUFU) and translocation to the
nucleus to transcribe Hedgehog target genes.>* Over activation of Hh signaling has been implicated in
multiple human malignancies. Ligand-independent activation of the Hh signaling pathway caused by
mutational inactivation of the inhibitory pathway components e.g. Ptch (lost-of-function of Ptch) or
activation of Smo (gain-of-function of Smo) leads to medulloblastoma and basal cell carcinoma.’®
Ligand-dependent activation of Hh signaling is observed in colorectal, pancreatic, lung, prostate and
blood cancers.”” Therefore, mitigation of hyperactivation of Hh signaling represents an attractive
therapeutic strategy for cancer treatments.'®"

The first Hh signaling pathway inhibitor reported in the literature was cyclopamine (Figure 1), a
naturally occurring alkaloid later identified as a Smo inhibitor.'* IPI-926 (Figure 1) was then developed
based on the framework of cyclopamine. IPI-926 exhibited not only better chemical stability and

potency, but also much improved metabolic stability, pharmacokinetic profiles and other superior

pharmaceutical properties than those of cyclopamine.'”" Infinity Pharmaceuticals initiated clinical
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trials with IPI-926. Unfortunately, all clinical development efforts were suspended following
disappointing results of a phase II study of IP1-926 in patients with metastatic chondrosarcoma.*’ More
encouragingly, NVP-LDE225, a synthetic small molecule Smo inhibitor, demonstrated promising
results in clinical development for advanced basal cell carcinoma.”’** The mixed results underscored
the complex nature of Hh signaling and prompted debate over whether blockage of ligand dependent
Hh pathway activation could be effective in cancer therapy.'*'"> Despite the uncertainty, many Smo
inhibitors have been developed in recent years (Figure 1).2~" In January 2012, vismodegib (GDC-0449,
Figure 1) was approved by FDA for patients with locally advanced or metastatic basal cell carcinoma
which was not suitable for operation.”® This approval highlights the first-in-class small molecule Smo
antagonist for the treatment of human cancer and validated decades of basic research in hedgehog
signaling pathway. However, vismodegib suffered from suboptimal physicochemical properties such as
low aqueous solubility, resulting in non-linear pharmacokinetic profiles at high doses. Adverse events
such as muscle spasms and weight loss occurred in many patients. In addition, vismodegib suffered
from resistance in patients.”'41 Accumulating evidence suggests that Smo antagonists with diverse
structures, even though binding to the same site as vismodegib, may be capable of blocking the mutant
Smo.?***? This effect may be due to the extended interactions between Smo and the antagonists away
from the mutant site. Therefore, Smo inhibitors with diverse chemical structures and improved potency
and efficacy may be able to address the needs of patients who do not benefit from vismodegib. In July
2015, a second Smo inhibitor, sonidegib (NVP-LDE225, Figure 1), was approved by FDA for the
treatment of locally advanced basal cell carcinoma.”? This new approval highlights the continued
efforts and interests in research and development of hedgehog pathway inhibitors. Here we report our

work on a series of Smo antagonists based on a novel tetrahydropyrido[4,3-d]pyrimidine template.
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Figure 1. Structures of advanced smoothened antagonists reported in the literature
RESULTS AND DISCUSSION
Compound Design Rationale. In our effort to pursue novel Smo inhibitors, we explored numerous

templates with the guidance of the recently solved Smo crystal structures™*’

and a pharmacological
model** Vismodegib (GDC-0449)” was obtained by optimization campaign originated from
high-throughput screening hits. With the exception of the terminal methyl group, the skeleton of
vismodegib was constructed uniformly with sp*-hybridized carbons, resulting in a very high melting
point (264 °C) and poor solubility (9.5 pg/mL). In the process of optimizing vismodegib, the
ortho-chloro group was added to the right side ring to introduce tilt and reduce planarity of the aryl
amide, despite adding additional molecular weight and clogP, to improve its solubility.”’ In clinical
development, vismodegib was hampered by its non-linear pharmacokinetic profiles at high doses, most

likely due to its high crystal packing energy and poor aqueous solubility. We have encountered a

similar problem in an adenosine antagonist program before.***’ Molecular topology and planarity have
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significant impact on physicochemical properties such as solubility is well documented in the
literature.**" In an attempt to improve the physicochemical properties of our designed compounds, we
proposed to introduce sp’-hybridized saturation ring as a place-holder, as featured in SEN794°% and
PF-5274857%, as a way to reduce planarity. We also proposed forming a ring on the tail part in
SEN794 and PF-5274857 to decrease rotatable bonds, as a way of enhancing metabolic stability and
absorption.” We applied this strategy to obtain a number of novel scaffolds exemplified by
tetrahydroimidazo[ 1,2-a]pyrazine,** tetrahydrothiazolo[ 5,4-c]pyridine,’” and
tetrahydropyrido[4,3-d]pyrimidine, as shown in Figure 2. We initially worked on
tetrahydroimidazo[ 1,2-a]pyrazine scaffold based on its low clogP (2.4) and polar surface area (73). The
pKa (7.5) is also attractive because it may further improve the solubility of its derivatives, without
overtly changing their ionization stage. Unfortunately, the best compounds we could optimize from the
tetrahydroimidazo[ 1,2-a]pyrazine scaffold were at least 5 times less potent compared with vismodegib
in our screening assay.”® Better results were achieved from optimization of the
tetrahydrothiazolo[ 5,4-c]pyridine scaffold. We were able to obtain compounds as potent as vismodegib.
In addition, the leading compounds also showed good pharmacokinetic profiles and improved solubility.
Encouraged, we decided to also work on the tetrahydropyrido[4,3-d]pyrimidine scaffold, because the
pyrimidine is a closer bioisostere to thiazole in size and the template has a much lower intrinsic clogP
(2.9, Figure 2). The crystal complex of vismodegib interacts with Smo receptor was released (PDB ID:
SL71) recently by Byrne et al.”® Based on this work, we examined the interaction patterns between
compounds 12 and 16 (Table 1) generated from Template IIT (Figure 2) and Smo receptor by using SP
(standard precision) and XP (extra precision) scoring functions in Glide.’® The detailed docking

procedure has been reported in our previous study.’’ According to Glide docking results, the predicted

ACS Paragon Plus Environment

Page 6 of 37



Page 7 of 37

©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

binding affinities of compound 12 was worse than, while compound 16 was better than that of
vismodegib against Smo receptor evaluated by the docking scores. For example, the docking scores of
compounds 12, 16, and vismodegib were -5.951, -9.491, and -7.828 by using SP scoring mode of Glide,
respectively. Similar results were observed in Glide XP scoring function studies. The computational
predictions indicated that promising Smo receptor antagonists may be obtained based on Template III.
In addition, we also found that the binding poses of compounds 12 and 16 predicted by Glide docking
were quite similar to that of the vismodegib. It demonstrated that the key interactions derived from the
vismodegib-Smo crystal complex were almost reserved by our scaffold optimizations. The docking
poses of compounds 12 and 16 from Glide SP docking were depicted in Figure 3 using DS2.5.°* Here

we report the results from the exploration of the tetrahydropyrido[4,3-d]pyrimidine template.

Cl N

| \N A N/\Nq \\/o
o o ¢ Z j]/\/\

R N PF-5274857
L N H
Vismodegib (GDC—0449) /E)j@\ p N~
QYW
SEN794
N XN
o /\F\)—NHZ /@;Ck h@}—mz /éNJCkN
Template | Template Il Template Il

clogP 24 39 29
PSA 73 68 81
pKa 75 58 41

Figure 2. Design rationale of new templates
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Figure 3. The docking poses of compounds 12 (A) and 16 (B) derived from Glide SP docking in Smo
receptor.

Chemistry. The synthesis of compounds 12-16, 20, 21, 26, 27, and 32-34 was undertaken as outlined
in Scheme 1. The commercial available 2,5-dichloropyridine 1 was treated with LDA and then
triisopropyl borate to afford boronic acid 2.” The key intermediate 3 was obtained by Suzuki coupling
of 2 with 2-bromo-3,5-dimethyl-pyridine in the presence of Pd(dppf)Cl, and K;P04*3H,0. A two-step
sequence involving piperidone 4 treated with DMF-DMA in reflux followed by ring closure with
S-methylisothiourea sulfate and sodium acetate gave tetrahydropyrido[4,3-d]pyrimidine 5. Oxidization
of intermediate 5 with m-CPBA provided sulfone 6. The intermediate 6 was substituted with
corresponding amines toafford intermediates 7a-k. Removal of the Boc of 7a-k with HCI afforded
amines 8a-k, which were reacted with 3 in the presence of CsF to give compounds 12-16, 20, 21, 26,
27, 32, and 33. Sulfonylation of 13 with methyl sulfonyl chloride gave compound 34.

Scheme 1.Synthesis of Analogues12-16, 20, 21, 26, 27,and 32-34
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12 4 5 6
13
14 N
15 B°°\N$N f HmN g NN SN
16 N R N/)\R N N/)\R
17
18 Ta-k 8a-k 12-16, 20, 21, 26, 27, 32-34
19 7a R =amino 12 R = amino
20 7b R = methylamino — 13 R = methylamino

7c¢ R = ethylamino 14 R = ethylamino
21 7d R = isopropylamino 15 R = isopropylamino
22 7e R = cyclopropylamino 16 R = cyclopropylamino

7f R = pyrrolidino 20 R = pyrrolidino
23 79 R = morpholino h 21 R = morpholino
24 7h R = 3,5-dimethylpiperazin-1-yl 26 R = 3,5-dimethylpiperazin-1-yl
25 7i R = (hydroxyethyl)methylamino 27 R = (hydroxyethyl)methylamino

7j R = 1H-pyrazol-1-yl 32 R = 1H-pyrazol-1-yl
26 7k R = anilino 33 R = anilino
27 > 34 R = N-methylmethanesulfonamido
28
29 "Reagents and conditions: (a) LDA, THF, -78 °C, 1 h, then triisopropyl borate, THF, rt, 2 h; (b)
30
g; 2-bromo-3,5-dimethyl-pyridine, Pd(dppf)Cl,, KsPOs3H,0, dioxane/H,0, 110 °C, 12 h; (¢) i)
33
34 DMF-DMA, 100 °C, 12 h; ii) S-methylisothiourea sulfate, EtONa, EtOH, 80 °C, 12 h; (d) m-CPBA,
35
g? CH,Cl,, 0 °C to rt, 12 h; (e) corresponding amines, t~-BuOH, 90 °C,16 h for 7a-i; NaH, pyrazole, THF,
38
39 0 °C, 1 h for 7j; aniline, 100 °C, 48 h for 7k; (f) HCI/EtOAc, rt, 5 h; (j) 3, CsF, DMSO, 120 °C, 36 h;
40
41 o
42 (h) MsCl, TEA, CH,Cl,, 0 °C, 3 h.
43
44 Compounds 17-19, 22-25 and 28-31 were prepared as shown in Scheme 2. Removal of the Boc of
45
jg intermediate 5 with HCI afforded amine 9, which was reacted with 3 in the presence of CsF to give
48
49 intermediate 10. Intermediate 10 was oxidized with oxone, then displaced with corresponding amines
50
g; or alcohols to yield compounds 17-19, 22-25, and 28-31.
53
54 Scheme 2. Synthesis of Analogues17-19, 22-25, and 28-31"
55
56
57
58
59
60 9
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17-19, 22-25, 28-31 25

28
29
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31

C

e
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R = (cyclopropylmethyl)amino
R = tert-butylamino

R = cyclopentanamino

R = 3-hydroxyazetidin-1-yl
R = 3-hydroxypyrrolidin-1-yl
R = 4-hydroxypiperidin-1-yl
R = 4-methoxypiperidin-1-yl
R = ethoxy

R = isopropanoxy

R = cyclopropylmethoxy

R = cyclopentyloxy

*Reagents and conditions: (a) HCI/EtOAc, tt, 5 h; (b) 3, CsF, DMSO, 120 °C, 36 h; (c) oxone, THF, rt,

12 h; (d) corresponding amines, t-BuOH, 80 °C, 12-72 h for 17-19, 22-25; EtONa, EtOH, 0 °C, 1 h for

28; NaH, i-PrOH, 0 °C, 2 h for 29; corresponding alcohols, NaH, THF, 0 °C, 3 h for 30 and 31.

The biheteroaryl halides 37a-i, 48a, and 48b were obtained through either Negishi coupling or Suzuki

coupling (Schemes 3 and 4). The 2-chloride of intermediates 37a-i, 48a, and 48b were substituted with

amine 8e to give the compounds 38-46, 49, and 50.

Scheme 3. Synthesis

36a
36b
36¢
36d
36e
36f
36h
36i

‘\N a CI‘\N N369 Z N
— =

of Analogues 38-46°

S
[ /%ZnBr al

1> b AT

35 37a-i

Ar-X = 2-bromo-5-methylpyridine

Ar-X = 2-bromo-3-methylpyridine

Ar-X = 2-bromopyridine

Ar-X = 2-bromo-5-(triflucromethyl)pyridine
Ar-X = 2-bromopyrimidine

Ar-X = 2-chloropyrazine

Ar-X = 3-bromopyridine

Ar-X = 2-bromoquinoline

\
N
d Ar I@N
\
Ay

—_—

38-46

38 Ar = 5-methylpyridine-2-yl

39 Ar = 3-methylpyridine-2-yl

40 Ar = pyridine-2-yl

41 Ar = 5-(trifluoromethyl)pyridine-2-yl
42 Ar = pyrimidine-2-yl

43 Ar = pyrazine-2-yl

44 Ar = thiazole-2-yl

45 Ar = pyridine-3-yl

46 Ar = quinoline-2-yl

*Reagents and conditions: (a) n-BuLi, THF, -60 °C, 2 h, then iodine, THF, -60 °C, 2 h; (b) Pd(PPh;),,

THF, reflux, 12 h; (c) K3PO4*3H,0, Pd(dppf)Cl,, dioxane/H,0, 110 °C, 12 h for 37a and 37b; Na,COs,

Pd(dppf)Cl,, DME/H,0, 100 °C, 16 h for 37¢ and 37h; K;PO,4+3H,0, Pd(dppf)Cl,, THF/H,O, 60 °C,

16 h for 37d; 2 N K,CO;, Pd(PPh;),, EtOH/toluene, 115 °C, 16 h for 37e and 37i; Na,COs, Pd(PPhs),,
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dioxane/H,0, 130 °C, 16 h for 37f; (d) 8e, CsF, DMSO, 120 °C, 36 h.

Scheme 4. Synthesis of Analogues 49 and 50*

=
/‘N N
NS
~N a AN cl b ‘\ N ‘\N /A
Y = O 2 I A
Br cl R H

47 48a R=CHj; 49 R
48b R=H 50 R

*Reagents and conditions: (a) bis(pinacolato)diboron, AcOK, Pd(dppf)Cl,, dioxane, 110 °C, 6 h, then
2-bromo-3,5-dimethylpyridine or 2-bromo-3-methylpyridine, K;PO4¢3H,0, dioxane/H,0, 110 °C, 8 h;
(b) 8e, LiCl, K,CO;, DMSO, 140 °C, 36 h.

Compound 55 was prepared according to Scheme 5. Treatment of 2-bromo-3,5-dimethyl-pyridine 51
with n-BuLi and then N,N-dimethylpropionamide to provide ketone 52. Reaction of 52 with
DMF-DMA and followed by cyclization with S-methylisothiourea sulfate provided thioether 53.
Oxidation of the thioether group of 53 with oxone afforded sulfone 54, which was substituted with 8e
to give final compound 55.

Scheme 5. Synthesis of Compound 55

Br i ~ \N ~ \N (0]
X X NS /,
\ 2 b NN e NN 4
~N _N ‘ _N ‘ _N o
51 52 53 54
AN
\
™ \N)\N N
~_N /)\ /A
N7 N
H
55

*Reagents and conditions: (a) n-BuLi, THF, -78 °C, 10 min, then N,N-dimethylpropionamide, THF,
-78 °C, 1 h; (b) (i) DMF-DMA, 80 °C, 12 h; (ii) S-methylisothiourea sulfate, EtONa, EtOH, reflux, 12
h; (c) oxone, THF, 0 °C to rt, 16 h; (d) 8e, DIPEA, -BuOH, reflux, 24 h.

Compounds 63 and 64 were prepared as outlined in Scheme 6. Aniline 58 was prepared from the
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commercial available 56 in two steps via diazotization followed by reduction. Aniline 58 was converted
to borate ester 59 and then coupled with 2-bromo-3,5-dimethyl-pyridine or 2-bromopyridine to give
intermediates 60a and 60b, respectively. lodine was introduced by diazotization-iodination to give 61a
and 61b. Buchwald coupling of amine 9 with 61a or 61b were carried outin the presence of Pd(dba),
and XPhos to afford 62a and 62b, respectively. The thioether group of 62a and 62b was oxidized using
sodium perborate, and then displaced with cyclopropylamine to give compounds 63 and 64,
respectively.

Scheme 6. Synthesis of Analogues 63 and 64°

;D oL, %}1

59
RCI
- | NN
~-N N /)\S/
§0a R=CH, §1a R =CH, 62a R=CH,
60b R=H 61b R = 62b R =
. N
I LA
o4 RoR

"Reagents and conditions: (a) NaNO,, HCI, H,O, 0 °C, 0.5 h, then KI, H,0, 0 °C to rt, 0.5 h; (b) Fe,
NH,CI, EtOH/H,0, 75 °C, 3 h; (c) bis(pinacolato)diboron, Pd(dppf)Cl,, AcOK, DMF, 120 °C, 2.5 h; (d)
51 or 2-bromopyridine, K3PO,43H,0, Pd(PPhs),, dioxane/H,0, 110 °C, 12 h; (e¢) NaNO,, HCI, H,0,
0 °C, 1 h, then KI, H,O, 0 °C to rt, 1 h; (f) 9, Pd(dba),, XPhos, Cs,COs3, dioxane, 110 °C, 12 h; (g) (i)
NaBO3+4H,0, MeCN, rt, 16 h; (ii) cyclopropylamine, -BuOH, 90 °C, 48 h.

Evaluation of Pharmacological Activity and Structure Activity Relationship. We have developed
two assays to characterize the synthesized compounds. The detailed experimental procedures were

reported before.”**>* Briefly, the primary screening assay was a cell based NIH3T3-GRE-Luc reporter

12
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gene assay with 10 nM SAG as the Hh pathway agonist.”**** This assay is suitable to identify Smo
antagonists and Gli inhibitors but is not applicable to identify compounds interacting with targets
upstream of Smo, such as hedgehog protein inhibitors®, or hedgehog acyltransferase inhibitors®. In
order to confirm that the synthetic compounds were interacting with Smo, we developed a competitive
displacement assay based on fluorescence signal. In this assay, the synthesized compounds were
evaluated for their ability to displace BODIPY-cyclopamine in the U20S cells over-expressing human
Smo, 16:65:66

The structure-activity-relationship is summarized in Tables 1 and 2.

Table 1. SAR of the right-hand side structural elements

C A
|

SHA S

N N/R1

N-G-L
N-G-L  SMO-BCB o SMO-BCB
Compd R, ICs (MM)  ICso(nM)  Compd R, ( M5)° ICs0 (NM)
n +
+ SEM® +SEM" , +SEMP
SEM®
12 —NH, >1000 24 :—NC>*OH 75424 24425
o/ | /
13 \H 330+ 97 55— O 110£24  71+10
14 \u 2711 26 ~N NH  14:27
OH
15 28+ 11 27 N a 46£23
—NH —N
' \
16 . J> 15+10 41+12 28 e 150+ 52
_NH 1

17 IN/H :] 58 +£27 41£9.0 29 | > 70 +28
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19+53

76 £42

3611

6617

240 + 40

56+£29

30

31

32

33

34

Vismodegib

63+21

54 +23

98 £50

56+53

100 + 44

21+12 92+13

* Inhibition of luminescence signaling in NIH3T3-GRE-Luc reporter gene assay (N-G-L) with 10 nM

SAG as the Hh pathway agonist. Data are expressed as geometric mean values of at least two runs +

the standard error measurement (SEM).

® Inhibition of BODIPY-cyclopamine fluorescence signaling in the competitive displacement

experiment using U20S cells over-express human SMO. Data are expressed from a single I1Cs,

determination.

¢ Vismodegib was run as standard in each assay. Data are expressed as geometric mean values of six

runs * the standard error measurement (SEM).

Table2. SAR of the left-hand side structural elements

LI
LA
H

N-G-L ICs
Compd R X Y Z
(M) + SEM®
38 . /N CH N Cl 350+ 43
N=
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1

2

3

g 39 BV/2A CH N cl 67+ 16
6 N~

! 40 = CH N al 400+ 70
8 N=

d BV

10 41 X )—CF3 CH N Cl 550 = 140
11 N

12 N

13 42 —( } CH N cl >1000
14 N=

15

16 ) N

17 43 , ) CH N cl 330+ 99
18 N=

19

20 . S

21 44 —\ jl CH N Cl 190 £ 52
22 N

23 | / \

24 45 TN CH N Cl 650 £ 340
25 N

26 /2

27 46 ' N= CH N Cl 96 £ 16
28

29

30

31 49 /2N CH N H 74£19
32 N=

33

34 50 ' /N CH N H 54+6
35 CONL

36 N

37

38 55 /2 N N CH; 450+ 150
39 ' N=

40

41

42 63 /2N CH CH Cl 11+85
43 " N=

44 /\

45 64 . CH CH Cl 110+ 16
46 N=

47 b

48 Vismodegib 21+12
49

50 * Inhibition of luminescence signaling in NTH3T3-GRE-Luc reporter gene assay (N-G-L) with 10 nM
51

52

53 SAG as the Hh pathway agonist. Data are expressed as geometric mean values of at least two runs +
54

gg the standard error measurement (SEM).

57

58 ® Vismodegib was run as standard in each assay. Data are expressed as geometric mean values of six
59

60 15
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runs * the standard error measurement (SEM).

The simplest compound of this series of analogues was inactive (compound 12, >1000 nM). Addition

of a methyl group on the right-hand side terminal nitrogen effectively brought down activity to 330 nM.

The trend continued as ethyl, isopropyl, -butyl quickly brought activity down to low nano-molar range
(compounds 14, 15, 18; 27, 28, and 19 nM, respectively). Compound 18 was as potent as vismodegib
(21 nM) in the same assay. Cyclization of the alkyl groups was well tolerated, as demonstrated by
compounds 16, 17, and 19 (15, 58, and 76 nM, respectively). Compound 16 was slightly more active
compared with vismodegib. Secondary amines, either with cyclic structures (compounds 20-25) or
acyclic structure (compound 27), were well tolerated. Among them, compound 24 was three times
more potent than vismodegib. We also incorporated ether linkage (compounds 28-31) and aromatic
elements (compounds 32 and 33) to the terminal nitrogen, without significantly improving potency.
Finally, sulfonamide 34 (100 nM) was synthesized, but it was five times less potent compared with
vismodegib. The overall SAR trend largely followed the tetrahydrothiazolo[5,4-c]pyridine series.>®

Having established the SAR on the right-hand side region of this scaffold, we turned our focus on the
optimization of the left-hand side bi-aryl region of this template. To do so, cyclopropyl amine was
arbitrarily fixed on the right-hand side (Table 2). Removal of the ortho-methyl group on the left-hand
terminal 2-pyridine ring led to significant potency loss (compound 38, 350 nM). This was in contrast to
the moderate potency loss when the para-methyl group was removed (compound 39, 67 nM). Potency
was almost unchanged when both methyl groups were removed (compound 40, 400 nM). This
observation indicated that the bi-aryl group might need to be tilted to ensure a better fit or interaction
with the smoothened receptor. This is in consistence with the crystal structure and molecular modeling.
Replacement of the para-methyl with a trifluoromethyl slightly reduced potency. Introduction of an

16
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additional nitrogen to the terminal pyridine ring led to very different results: while 2,5-pyrazine was

tolerated, 2,6-pyrimidine led to totally inactive compound (compounds 43, 42; 330, >1000 nM,

respectively). As a bioisostere of 2-pyridine, 2-thiazole was active (compound 44, 190 nM). We were

unable to improve potency either by moving the nitrogen around the ring (compound 45, 650 nM), or

by adding an extra ring (compound 46, 96 nM) to the scaffold. Overall, the initial 4,6-dimethyl

2—pyridine remained the best structural element after the SAR study. We then focused our optimization

on the internal ring of the left-hand side bi-aryl element. Removal of the chlorine led to moderate

reduction of potency (compound 49, 74 nM). Replacement of the chloro pyridine with methyl

pyrimidine led to over twenty folds potency loss (compound 55, 450 nM), while introduction of chloro

phenyl ring improved the potency slightly (compound 63, 11 nM). This improvement was maintained

when the terminal aryl ring was replaced by 2-pyridine, as compound 64 was four times more potent

compared with compound 40 (110 nM vs. 400 nM). Although compound 63 was twice as potent as

vismodegib, given the unfavorably high clogP (clogP of 63, 4.8 vs. clogP of 16, 4.1), the chloro phenyl

element was de-prioritized. In summary, through a scaffold hopping strategy, we obtained a novel

tetrahydropyrido[4,3-d]pyrimidine template which provided compounds with hedgehog inhibition

activity more potent than vismodegib (e.g. compounds 24 and 63) evaluated by the reporter gene assay.

We were able to identify the preferred structural pieces on the right-hand side and on the left-hand side

after the initial SAR study. Compounds 16 and 24 were identified as early leads. Although compound

16 was as potent as vismodegib in our primary screening assay, it exhibited a number of potential

problems that warranted to be monitored closely: it showed moderate CYP inhibition atl0 puM

concentration (Table 4). Furthermore, the cyclopropyl amine structural element had been linked to

67,68

reactive metabolites in numerous cases which might lead to toxicity. Conversely, compound 24

17
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showed no significant inhibition to multiple CYP isoforms, suggesting a more favorable drug-drug
interaction profile.

The reporter gene assay can effectively identify active compounds downstream of smoothened and is
suitable for high through screening. However, as compounds with common cell toxicity can also inhibit
the reporter gene and therefore cause false positive results, we used a Wnt pathway reporter gene assay
as a counter screening assay to minimize the possibility for false positive results.®”® Nonspecific cell
toxicity was confirmed not to be the source of hedgehog inhibition activity (data not shown). Finally,
we used a fluorescence-based competitive displacement assay to confirm that the new compounds were
indeed Smo antagonists. Compounds 16 and 24 effectively displaced BODIPY-cyclopamine in the
U20S cells over-expressing human Smo (41 and 24 nM, respectively. vismodegib was less active in
this assay at 92 nM, Table 1), validating Smo as their molecular target.

Evaluation of Physicochemical Properties. By designing the novel scaffold, we aimed to maintain
the excellent potency inherent from the known templates while fostering improved physicochemical
properties (e.g. solubility). As a way to achieve this goal, we introduced sp’-hybridized carbons, thus
reducing planarity and disrupting crystal packing, in hope to lower the melting point and improve
solubility. The solubility and melting point of compounds 16 and 24 from the
tetrohydrothiazolopyridine scaffold along with vismodegib were determined in the same assay
conditions and the results were summarized in Table 3 (the data reported in the literature was also
included for comparison). We selected these two compounds to compare with vismodegib because
these two compounds were equally or more potent compared with vismodegib (Table 1). In addition,
these compounds had similar clogP to vismodegib (Table 3). Under the current experimental conditions,
vismodegib demonstrated a solubility of 4.1 pg/mL at pH 6.5, while compounds 16 and 24

18

ACS Paragon Plus Environment

Page 18 of 37



Page 19 of 37

©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

demonstrated a much improved solubility of 2770 pg/mL and 90 pg/mL, respectively, at pH 6.5.
Furthermore, the melting point of compounds 16 and 24 was determined to be 60 °C lower than that of
vismodegib (Table 3), suggesting that the added sp’-hybridized carbons indeed lowered the crystal

lattice energy.

Table 3. Solubility and melting point of leading compounds

Solubilit /mL)°
Compd clogP? Melting point (°C)" Y (hg/mL)
pH=1.0 pH=6.5
16 4.1 154 >70000 2770
24 3.1 187 >6000 90
Vismodegib 3.6 250 3150 +£90 4.1+0.5
4.0 264° >3000" 9.5

* Calculated by Molinspiration. *All compounds were tested as crystalline HCI salts. °All compounds
were tested as crystalline HCI salts. Data are measured three times + the standard error measurement
(SEM). d Reported in the literature.*

Evaluation of in Vitro Safety. Compounds 16 and 24 were evaluated in a CYP screening assay in
order to assess their drug-drug interaction potentials and liver safety. Compound 16 exhibited moderate
inhibition of CYP3A4, 1A2, 2C9, and 2C19 at 10 uM. In contrast, compound 24 showed minimal
inhibition of all CYP isoforms tested at the same concentration, suggesting low drug-drug interaction
liability. This may partly due to the relatively lower clogP value of compound 24. Compound 24 was
further profiled by a standard patch clamp (express) experiment for its inhibition of the human
ether-a-go-go related gene (hERG) potassium channel. Compound 24 exhibited very low inhibition

(ICso = 38 uM) of hERG, indicating minimal cardiotoxicity liability associated with blockade of this

19
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key potassium channel. Compound 24 was found to be highly permeable (33x 10" cm/s, Caco-2), and

not likely to be a substrate for efflux (Table 4).

Table 4. In vitro safety data of 16 and 24

CYP Inhibition (%) ° Caco-2

hERG

Compd clogP® Pyp(A-B) efflux ratio
3A4  2D6 1A2 2C9 2C19 (M) .

(10 covs) (B-A)/(A-B)

16 4.1 60 27 76 69 70

24 3.1 8.0 21 49 30 33 38 33 0.53

Vismodegib 4.0 2.7 24 81 51 44

* Calculated by Molinspiration. ® All compounds were tested at 10 uM concentration.

Evaluation of Pharmacokinetic Properties and in Vivo Safety. Encouraged by the overall
satisfactory potency and in vitro safety data,we decided to assess the in vivo pharmacokinetic profile of
compound 24. When dosed orally in male Sprague-Dawley (SD) rats, compound 24 exhibited a T,,x of
0.5 h and a C,,, of 2180 ng/mL. Compound 24 displayed a moderate clearance (18.6 mL/min/kg), a
good steady state volume of 1.7 L/kg, and a half-life of 2.3 h. The oral exposure of compound 24
yielded an AUC of 5541 ng-h/mL, leading to an estimated oral bioavailability of 62% (Table 5).
Further, compound 24 demonstrated a proportional PK profile when the oral doses were increased to 30

and 100 mg/kg (Table 5). The enhanced oral exposure of compound 24 at 30 and 100 mg/kg validated

the initial goal to improve physicochemical property as a way to improve drug exposure at higher doses.

Compound 24 can cross the blood brain barrier with an exposure of 831 ng/g at one hour after oral

dosing of 10 mg/kg, resulting in a brain/plasma ratio of 0.4. Given the tumor inhibition efficacy models

are mostly carried out in mouse, the PK of compound 24 was also determined in ICR mouse. After oral

dosing (10 mg/kg), compound 24 exhibited a T, of 0.25 h and a Cp,x of 4132 ng/mL. Compound 24

20

ACS Paragon Plus Environment

Page 20 of 37



Page 21 of 37

©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

displayed a moderate clearance (20 mL/min/kg), a good steady state volume of 1.0 L/kg, and a half-life

of 1.0 h. The oral exposure of compound 24 was at an AUC of 4183 ng-h/mL, resulting in an estimated

bioavailability of 49% (Table 5). Based on the encouraging rodent PK data, compound 24 was further

tested in Beagle dogs. When dosed orally at 5 mg/kg, compound 24 exhibited a T, of 1 h and a Cpx

of 1300 ng/mL. Compound 24 displayed a moderate clearance (8.1 mL/min/kg), a good steady state

volume of 1.8 L/kg, and a half-life of 5.4 h. The oral exposure of compound 24 was excellent with an

AUC of 7656 ng-h/mL, resulting in an estimated bioavailability of 72% in beagle dogs (Table 5).

Pharmacokinetic evaluation in rodents and dogs indicated that compound 24 had the potential to

mitigate the solubility-limited PK seen in vismodegib.

Table 5. Pharmacokinetic data of 24

. DOSG AUC0-24h CL Vd,ss Cmax Tmax t1/2
Compd species route . F%
(mg/kg) (ng-h/mL)  (mL/minkg) (L/kg) (ng/mL) (h) (h)
24 Mouse  i.v. 2 1701 20 1.0 1.2
p-o. 10 4183 4132 0.25 1.0 49
Rat iv. 2 1780 18.6 1.7
p.o. 10 5541 2180 0.5 2.3 62
30 41900 8150 1 2.4
100 251000 18400 1 2.6
Dog iv. 1 2062 8.1 1.8 2.2
p-o. 5 7656 1300 1 5.4 72

Based on the aforementioned data, compound 24 was evaluated in a dose escalating toxicity study

in mouse (Figure 4). The compound was well tolerated at all doses (100, 250, and 500 mg/kg,
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daily oral gavage) and all animal exhibited normal behavior and consumed normal amount of food

in the 14-day observation period. Slight increase of liver weight was observed at 250 and 500 mg/kg,

and no adverse effects were observed in other organs. The exposure of 24 after 2 h at 100 mg/kg was

22200 ng/mL and 32300 ng/mL on day 1 and day 14, respectively, indicating no significant CYP

ACS Chemical Neuroscience

induction or compound accumulation had occurred.

A - Mean Body Weight (Male)
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Figure 4. The mean body weight of male (n = 5) and female (n = 5) ICR mouse after receiving 100,

Days of treatment

250, and 500 mg/kg compound 24by daily oral gavage in the 14-day observation period.

Evaluation of In Vivo Efficacy. We next tested the capacity of compound 24 in inhibiting tumor
growth by utilizing a subcutaneous xenograft model of Prchl™” mouse medulloblastoma.”"” Tumor
cells were freshly isolated from medulloblastoma formed in Ptchl " mice, in which one allele of

Ptchl gene is mutant. 15-20% of Ptchl™ mice develop medulloblastoma in their cerebella at
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around 30 weeks of age. The procedure of isolating tumor cells was previously described.” In
brief, tumor tissue was enzymatically digested in a papain solution for 30 minutes to obtain a
single-cell suspension, which was then centrifuged through a 35% and 65% Percoll gradient. Cells
from the 35% to 65% interface were harvested and suspended in Dulbecco's PBS plus 0.5% BSA.
The above procedure yields a cell suspension enriched with tumor cells (>95%). SCID mice with
established tumors (tumors volume = 200 mm®) were randomly divided into three groups and treated
with vehicle, 50 mg/kg of compound 24 or vismodegib daily by oral gavage. As shown in Figure 5A,
although tumor grew steadily as treated with vehicle, both compound 24 and vismodegib significantly
suppressed tumor growth, with 94% and 97% growth inhibition, respectively. Meanwhile, no obvious
change was observed in the behavior and body weight of mice during compound 24 treatment (Figure
5B), suggesting that compound 24 exhibited dramatic anti-tumor effects without visible signs of gross
toxicity.

To determine whether tumor growth inhibition by compound 24 was due to repressed Hh pathway
activity, we harvested tumor tissue after drug treatment and evaluated Hh pathway activation based on
Glil mRNA expression examined by q-PCR. Compared with vehicle treatment, 24 and vismodegib
resulted in 94% and 86% inhibition of Glil mRNA expression, respectively, indicating that 24 has

comparable inhibitory effects on Hh pathway activation with vismodegib (Figure 5C).

23
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Figure 5. Comparison of preclinical efficacy of compound 24 and vismodegib (p.o., 50 mg/kg) on
PtchI”" medulloblastoma allograft in SCID mice
To further confirm the anti-tumor effects of compound 24, we tested compound 24 in

medulloblastoma of Math1-cre:SmoM2 mice’*"

, a mouse model harboring constitutively active
Smo (SmoM?2) allele, which was conditionally activated by Cre recombinase in granule cell
precursors. The Mathl-cre:SmoM2 mice have a heavy tumor burden in cerebellum, the mouse
was very sick and hunched up within one month. Treatment with compound 24 for 2 weeks
significantly reduced the tumor volume in cerebellum, and apparently improved the physical

conditions of the mouse (Figure 6). The results above indicate that compound 24 has significant

anti-tumor effects without signs of toxicity.
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Figure 6. Treatment of Mathlcre/SmoM?2 medulloblastoma mouse with 100 mg/kg of compound
19 24 by oral administration for 2 weeks (start treatment when the mice are 2 weeks old, upper panel)

and control (lower panel).

26 CONCLUSIONS

29 Through a scaffold hopping strategy, we have identified a series of novel
tetrahydropyrido[4,3-d]pyrimidine derivatives, which exhibited effective inhibition of Hh signaling.
34 Among them, compound 24 is three times more potent than vismodegib in the NIH3T3-GRE-Luc
reporter gene assay. Compound 24 has lower melting point and much greater solubility compared with
39 vismodegib, resulting in linear PK profiles when dosed orally at 10, 30, and 100 mg/kg in rats. In
addition, compound 24 showed excellent PK profiles with a 72% oral bioavailability in beagle dogs.
44 Compound 24 demonstrated overall favorable in vitro safety profiles with respect to CYP isoform and
hERG inhibition. Finally, compound 24 led to significant regression of subcutaneous tumor generated
49 by primary Ptchl-deficient medulloblastoma cells in SCID mouse. In conclusion,
tetrahydropyrido[4,3-d]pyrimidine derivatives represent a novel set of Smo inhibitors that could
54 potentially be utilized to treat medulloblastoma and other Hh pathway related malignancies.

EXPERIMENTAL METHODS

60 25
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Chemistry. Full experimental details, characterization of intermediates and final compounds can be
found in the Supporting Information.

In vitro biological assays. NIH3T3-GRE-Luc reporter gene assay and BODIPY-Cyclopamine binding
assay were performed aspreviously described.” The detailed experimental procedures can be found in
the Supporting Information.

Solubility. Solubility at pH = 6.5 and PH = 1 were measured as previouslydescribed.’® The detailed
experimental procedures can be found in the Supporting Information.

Permeability. Caco-2 permeability test was performed according to the methodology described in the
literature.”®

CYP inhibitory potency. CYP inhibitory potency was evaluated as previously reported.’® The detailed
experimental procedures can be found in the Supporting Information.

hERG assays.”” Compound 24 was evaluated for block of the hERG K channel using CHO cells stably
expressing the hERG gene and the QPatch platform (Sophion, Ballerup, Denmark). K tail currents were
measured at —50 mV following a 500 ms depolarization to +20 mV from a holding voltage of =80 mV.
The external solution contained 4 mM K', 1 mM Mg*"and 2 mM Ca®". Compound effects were
quantified 4 min after application to the cells. Pulses were elicited every 20 s.

In vivo mouse PK in-life phase. Male ICR mice received either a single intravenous (bolus) injection
or single oral administration (by gavage) of compound 24 (HCI salt). Doses of 2 mg/kg (i.v.) and 10
mg/kg (p.o.) were given as solutions in saline. Blood samples were collected by heart puncture from n
= 3 animals per route of administration after 0.08 (i.v. only), 0.25, 0.5, 1, 2, 4, 6 (p.o. only), 8 h, and 24
h and were further processed to obtain plasma.

In vivo rat PK in-life phase. Male Sprague-Dawley rats (body weight, 220-250 g) received either a
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single intravenous (bolus) injection or a single oral administration (by gavage) of the compound (HCI1
salts). Doses of 2 mg/kg (per compound, i.v.), 10 mg/kg for compound 16 (p.o.) and 10/30/100 mg/kg
for compound 24 (p.o.) were given as solutions in saline. Consecutive blood samples were collected via
retro-orbital bleeding from n = 3 animals per route of administration after 0.08 (i.v. only), 0.25 (p.o.
only), 0.5, 1, 2, 4, 8 h, and 24 h and were further processed to obtain plasma.

In vivo dog PK in-life phase. Female Beagle dogs received either a single intravenous (bolus)
injection or an oral administration (by gavage) of compound 24 (HCI salt). Doses of 1 and 5 mg/kg
were given intravenously and per orally as a solution in saline. Consecutive blood samples were taken
by puncture of the vena cephalica from n = 3 animals per route of administration after 0.08 (i.v. only),
0.25,0.5, 1, 2, 4, 8, and 24 h and were further processed to obtain plasma.

Bioanalysis. The concentrations of compound in plasma were analyzed by a LC-MS/MS system as
previously reported.”

14-Day repeat-dose mouse toxicity study. ICR mice were randomly assigned to 4 groups by using a
simple randomization procedure based on body weight and sex. 5 male and 5 female animals were
assigned to each group. Animals in group 1 to 4 were administered (p.o.) with compound 24 (HCI salt)
at 0, 100, 250, and 500 mg/kg/day as solutions in saline (10 mL/kg/day) for consecutive 14 days, once
daily. Cage side observation was given to all animals twice daily. A detailed physical examination was
conducted for all animals once daily during the dosing periods. Body weights were measured and
recorded once prior to group assignment, and once on Day 1, Day 4, Day 7, Dayl0, and Day13 during
dosing period. Food consumption was measured on Day 1, Day 4, Day 7, Dayl0, and Day13. On the
necropsy days of the dosing period, the survival animals were transferred to pathology department for
necropsy, they were euthanized by carbon dioxide inhalation and the organs (brain, adrenal gland, heart,

27
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kidney, liver, spleen, testis, and thymus) were weighed.

Subcutaneous tumor allograft. Experiments were performed in female CB17 SCID mice between 8
and 12 weeks of age. CB17 SCID mice were bred in the Fox Chase Cancer Center Laboratory Animal
Facility (LAF). All animals were maintained in the LAF at Fox Chase Cancer Center and all
experiments were performed in accordance with procedures approved by the Fox Chase Cancer Center
Animal Care and Use Committee. Tumor cells from Pzchl”” mouse medulloblastoma were resuspended
in reduced growth factor matrigel (BD 35623 1) with ice-cold PBS in 80:20 ratio, 2 x 10° cells in 50 pL
matrigel were injected into the right flank area of the animals. The mice were randomly divided into 3
groups consisting of 6 mice each when the tumor volume reach around 200 mm’, the mice were
administrated with vehicle control (MCT solution: 0.5% Methyl Cellulose with 0.2% Tween 80 in
distilled water), 50 mg/kg Vismodegib (dissolved in MCT solution) and 50 mg/kg compound 24
(dissolved in distilled water) daily by oral gavage for two weeks. The tumor volume were calculated
using the formula V = (W? x L)/2, where V is tumor volume, W is tumor width, L is tumor length.
q-PCR for Glil mRNA expression. Tumor tissues were homogenized and total RNA was isolated
using Trizol reagent (Sigma) following the manufacturer's instructions. cDNA was synthesized using
oligo(dT) and Superscript II reverse transcriptase (Invitrogen). Quantitative PCR reactions were
performed in triplicate using iQ SYBR Green Supermix (Bio-Rad) and the Bio-Rad iQ5 Multicolor
Real-Time PCR Detection System. Glil expression was normalized to Actin. Primer sequences are

available upon request.
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AUC, area under the plasma time-concentration curve; CL, clearance; CYP, cytochrome P450;
m-CPBA, m-chloroperoxybenzoic acid; DIPEA, N,N-diisopropylethylamine; DMF,
N,N-dimethylformamide; DMF-DMA, N,N-dimethylformamide dimethyl acetal; DMSO, dimethyl
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sulfoxide; GPCR, G protein-coupled receptor; hERG, the human ether-a-go-go related gene; Hh,

hedgehog; HPLC, high performance liquid chromatography; i.v., intraveneous administration; LAF,

Laboratory Animal Facility; LDA, lithium diisopropylamide; MCT solution, 0.5% Methyl Cellulose

with 0.2% Tween 80 in distilled water; N-G-L, NIH3T3-GRE-Luc reporter gene assay; PBS, phosphate

buffer saline; PK, pharmacokinetics; p.o., per oral administration; Ptch, Patched; q-PCR, quantitative

real-time polymerase chain reaction; SAR, structure—activity relationship; SCID, severe combined

immunodeficiency; SD mouse, Sprague-Dawley mouse; SEM, standard error measurement; Smo,

Smoothened; SMO-BCB, BODIPY-Cyclopamine binding assay; SP, standard precision, SUFU,

suppressor of fused; THF, tetrahydrofuran; XP, extra precision.
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