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ABSTRACT

The Hedgehog (Hh) pathway is a developmental pathwith therapeutic potential as a target
for a variety of cancers. In recent years, seveit@min D-based compounds have been
identified as potent inhibitors of Hh signaling.€de analogues contain aromatic phenol A-ring
mimics coupled to the CD-ring side chain of vitan8 through modifiecseceB regions. To
continue structure-activity relationship studiestbis class of Hh pathway inhibitors, multiple
series of vitamin D-based analogues that containaamne-basedseceB tether and/or
incorporate a hydroxyl moiety on C-25 were desigaed synthesized. These compounds were
evaluated in multiple cell lines for their anti-Hitivity, and we identify analogués, 21, 22 as
potent vitamin D-based Hh inhibitors gg&values of 110 - 340 nM). We also performed a serie
of mechanism of action studies in knockout cekeéirio further explore whether these analogues
inhibit the Hh pathway through a known Hh pathwaynponent or the vitamin D receptor.
While the specific cellular target that mediatessth effects remains elusive, our studies suggest

multiple cellular targets may mediate the anti-ldh\aty of this scaffold.



1. Introduction

Aberrant signaling of the Hedgehog (Hh) pathway Ieesn associated with a variety of disease
states from osteoporosis to several forms of caneeluding basal cell carcinoma (BCC) and
medulloblastoma (MB) [1-3]. The pathway is composefd two transmembrane receptor
proteins, Patched (Ptch) and Smoothend (Smo), Assvenultiple cytosolic proteins, including
Suppressor of Fused (SuFu) and the glioma assdamateogene (Gli) family of transcription
factors. Multiple small molecule inhibitors of Hiigsaling are under preclinical and clinical
development, and two Smo antagonists, VismodegibSonidegib, have been approved by the
FDA for metastatic BCC [3]. The development of aceg resistance and relapse to Vismodegib
and Sonidegib [4-5] has prompted the continuedcketor alternative Hh pathway inhibitory
scaffolds. Multiple approaches are currently bamgestigated that target both canonical (Smo

and Gli) and non-canonical signaling [6].
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Fig 1. Vitamin D-based inhibitors of Hedgehog signaling.

Among the scaffolds under investigation for theitidlh activity is the vitamin D-based

family of pathway inhibitors (Fig. 1). As naturalbccurring metabolites, the canonical vitamin



D signaling pathway is well studied and is tradiily associated with calcium homeostasis via
the ‘active’ hormone calcitriol3), which functions through binding to and activatiof the
vitamin D receptor (VDR) [7].

Following the initial reports of Hh inhibition byitamin D3 (VD3, 1) [8-10], we have
characterized several VD3-based small moleculessilactively inhibit Hh signaling [11-14].
Initial structure-activity relationship (SAR) stedi for this scaffold focused dhas our lead
compound because it showed minimal VDR agonism ewetpto2 and 3. The first series of
analogues incorporated an aromatic A-ring moietypted to the natural CD-ring df (4)
through an ester linkeb), which greatly increased selectivity and potenoynpared td [11].
When theseceB region was investigated further, an increaspdtency was observed with the
use of nitrogen containing (amine) tethe6s—( 8) [13]. Additionally, inversion of the C-8
stereocenter from the- to p-orientation did not show a significant effect aibitory activity
[13]. Herein, we report further SAR for this scaffavith a particular focus on expanding our
amine-linked analogues while also incorporating@25 hydroxyl moiety present in calcitriol.
In addition, we have utilized several knockout t¢iekes to provide initial evidence of cross-talk

between VDR and the Hh pathway.

2. Results and discussion

2.1. Analogue design rationale

One of the most notable observations from our pe/iSAR was that reducing teeceB linker
region from two atoms5(and 6) to a single atom7(and 8) altered the most potent A-ring
hydroxyl position frommeta (7) to para (8). A second notable observation was that little

difference in activity was demonstrated betweendth€B) or B-orientations 10) of the linker



region suggesting there may be no preference fpeaific orientation of the C-8 stereoisomer.
With these differences in mind, we envisioned a sewes of analogues to further evaluate (1)
whether other observations from our ester analodl&k were applicable to compounds

containing an amine in theeceB region (2 — 16) and (2) whether extension of the nitrogen-
containing linker back to two atoms by the additimha methylene group would affect the

inhibitory activity (18— 19).

Our initial evaluation of these nitrogen-based éinknalogues indicated that the free A-ring
hydroxyl group was required and provided the fotiotiafor a second series of analogues in
which a C-25 hydroxyl group was introduce2ll (— 22, 27 — 28). Previous reports from our
research and others [9-14] demonstrated that Baéind 3 are more potent inhibitors of Hh
signaling compared tb; therefore, we synthesized a series of analodwscould both increase
potency of the scaffold while also providing potahprobes to evaluate crosstalk between VDR
and Hh signaling [15]. Finally, a series of analeguhat masked the C-25 hydroxyl as the
methyl ether 25, 31, 34) were synthesized and evaluated to determine wheke increased
anti-Hh activity associated with our initial C-2¥droxylated compounds could be maintained

while reducing the VDR activation that results fraddition of the hydroxyl group.

2.2. Analogue synthesis

Synthesis of the amine linker analogues is centerethe one pot reductive amination of the
desired amine with Grundmann’s ketodd)(or the extended aldehyd@. Following previously
described protocols [11]11 is obtained in two steps from VD3 via global ozlyss and
oxidation of4 (Scheme 1). Reductive aminationldfwith sodium triacetoxyborohydride in the

presence of the requisite amine yielded correspgndminesl2 — 16. To extend the linker,



aldehydel7 was obtained in high yield following hydrolysis thie enol ether obtained through a
Wittig reaction betweenll and methoxymethyl triphenylphosonium chloride. Teame

reductive amination procedure was applied Tao provide extended amind8 — 19 (Scheme

1),

Scheme 1Synthesis of aminseceB analogues of vitamin DReagents and Conditions: (a) i.
Os, pyridine, DCM:MeOH (3:1), OC to RT; ii. NaBH,; 92% over two-steps (b) PDC, DCM; 96
% (c) NaBH(OACc), AcOH, R-amine, DCE; 20 — 65% (d) PRh(MeOMe), NatBuO, THF, 0C

to RT; 89% (e) 2N HCI, MeOH, 6TC; 75%.



Scheme 2Synthesis of C-25 functionalized single atom nigmogontainingseceB analogues.
Reagents and conditions: (a) Rg@alQy, pyridine, MeCN:HO, 60°C; 67% (b) NaBH(OAg),
AcOH, R-amine, DCE; 15 — 35 % (c) Mel, NaH, DMF,@; 17 — 25 %.

Introduction of the C-25 hydroxyl was performedngsruthenium (IlI) chloride and sodium
periodate for thein-situ generation of ruthenium tetroxide (Scheme 2) [1IBlie to steric
hindrance oflL1, specifically interactions between C-18 and Csflective hydroxylation at the
C-25 position provide@0 in good vyield (65%). Hydroxylated amin2& and22 were obtained
from 20 through the reductive amination procedure desdriigove. Conversion of the C-25
hydroxyl to the methyl ethe8) was performed using methyl iodide and sodium iaharOur
desired product was obtained in low yield due tocomnitanta-methylation at C-9234). Most
likely, a-methylation at C-9 occurs following the desireldegification due to the presence2d
and the ‘dimethylated’ byprodu@4 (the 25-OH, C-Qu-methyl compound was not observed).
Reductive amination &3 provided25 in modest yield.

Reductive amination of aldehy@® yielded27 and 28, C-25 hydroxylated analogues 8
and19, respectivelyScheme 3). Since the C-9 methylated byprod2@t\yas the major product
observed during the etherification 2@, addition of the methyl ether group to the aldehydhs

performed following its conversion to the methoxykether to affor?9 (Scheme 3). The yield

of 29 was significantly increased through this route pamad to our initial preparation @B.



Following hydrolysis of29 to its corresponding aldehyd8&0j, reductive amination with 3-

aminophenol yielded amirgi.
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Scheme 3C-25 functionalization of two atom amine-linked lrgues.Reagents and conditions:
(a) PPBRCI(MeOMe), NatBuO, THF; 89 % (b) 2N HCI, MeOH, 6C; 60 - 75% (c)
NaBH(OAc), AcOH, R-amine, DCE; 32 — 59 % (d) Mel, NaH, DMF.C; 62%.



Scheme 4C-25 functionalized ester analogu®gagents and conditions: (a)TES-CI, imidazole,
DMF; 94% (b) NaBH, MeOH:DCM; 88 - 92% (c) 3-OMOM-benzoic acid, DCOMAP,
DCM; 52 - 70% (d) CSA, MeOH; 60 - 75% (e) Mel, NabMF, 0°C; 35%.

Ketone 20 provided the starting material for the synthedi<Ce25 hydroxylated este33.
Protection of the C-25 hydroxyl group as the tiykthilyl ether (TES) followed by sodium
borohydride reduction gave alcol®2 (Scheme 4). Triethyl silane provided a useful pritg
group because following esterification with the M&uvbtected 3-hydroxybenzoic acid, both
protecting groups could be removed simultaneoudlly eamphor sulfonic acid (CSA) to afford

analogued3. In a similar fashion, est&4 was obtained in three steps from ket@8e

2.3. Biological evaluation

2.3.1. SAR and Preliminary Pharmacokinetic Analysis

The initial evaluation of VD3 analogues as Hh patiwnhibitors was performed in C3H10T1/2
cells, an Hh-dependent mouse embryonic fibroblsl&EK) cell line. In addition, we previously
reported significant upregulation of the VDR targehe Cyp24A1 following VDR activation in

these MEF cells, allowing for dual observationgofency and selectivity in this cellular model



[11-14]. Following our previously utilized procedst, the Hh target gene Glil was upregulated

in the MEFs via endogenous administration of oxgg$e(OHCs; 209)-OHC and 22%)-OHC at

5 UM each), which are well-characterized agonists bfdignaling. Inhibition of Hh signaling

(Gli1 downregulation) and activation of VDR (uprégfion of Cyp24A1) were quantified with

gPCR following co-administration of OHCs and VD3akgue (5 uM) Tables 1-3. Analogues

that inhibited Hh signaling at 5 uM were evaluafed their ability to regulate Hh and VDR

signaling in a concentration-dependent fashionath the MEFs and the Hh-dependent murine

BCC cell line, ASZ001.

Table 1.1n Vitro Activity of Vitamin D3 Amine Linked Analogues.

DMSO
OHCs
19

59
6Y
79
89
(o
10°
12
13
14
15

C3H10T1/2 ASZ001
% Hh Activity*®  Cyp24AFR°®  |Cso (UM)® ICs0 (UM)* Cyp24ATF©
1.0 1.0 - - 1.0
100 - - - -
35.7+0.3 8,300 + 40 41+03 11+0.1 2,2008°2
9.2+0.4 >30,000 04+0.1 0.5+0.1 11,000 + 400
30+1 >30,000 3.0+ 1.0 89.1+4158 >30,000
1.9+05 22+5 0.7+0.1 52+0.2 1.9+0.1
25+0.1 7.0£0.9 0.9+0.1 1.8+0.3 1.8+0.2
11.6 +0.1 17+4 1.0+0.1 1.7+0.1 1.8+0.1
0.7+0.2 45 + 20 0.4+0.1 0.7+0.1 2.7+0.7
31+3 3.0+£0.5 3.9+0.8 6.3+1.0 1.6+0.2
1.3+0.6 21+3 0.3+0.1 0.6 0.2 3.0+0.8
98 * 10 1.2+0.1
110 + 10 1.9+05 -
73+7 2.4+0.9 -
110 1 6.1+3.4
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16 46+0.1 24+1 3.1+01 0.3+0.1 1.1+0.7

18 13+8 13+5 3.8+0.7 1.2+0.1 7.8+83

19 19+1.6 89+1.38 0.6+0.1 0.6+0.1 5.8+9.9

2All analogues evaluated aty/ unless otherwise indicateBvalues represent % GlithRNA expression
relative to OHC control (set to 100%; SHOHC and 22%)-OHC at 5uM each) after 24 HValues represent
Cyp24A1mRNA expression compared to DMSO control (set &).fvalues represent mean + SEM for at

least two separate experiments performed in tepic’Compound evaluated at 248. ‘Compound
evaluated at 1iM. %Previously published results [Ref 18Yalue expressed in hanomolar (nM).

Similar to the SAR results with our previous edteked analogues [11], removal or masking
of the aromatic hydroxyl groud2 — 15) resulted in complete loss of anti-Hh activity bla1).
More intriguing results were observed when the dmkegion was extended two atoms.
Compared td@, aminel6 demonstrated a moderate loss in anti-Hh activity a slight increase
in selectivity. When the arrangement of the linkByms was reversed§ and19), the location
of the hydroxyl group became more of a contributiagtor as19 (4-phenol) showed greater
potency compared tb3 (3-phenol), a trend similar to the ester seriesefond noticeable result
was the comparable activities f8rand 19. Comparing the activities @&, 16, and 19 would
suggest that the aromatic A-ring aligns the amméhe linker for key intermolecular binding
interactions with the VD3 binding pocket.

Differing results were obtained by incorporatinther a hydroxyl or methyl ether on the side
chain at C-25 (Table 2). Compared to the non-hygledgd analogues and8, hydroxylation at
C-25 @1 and22, respectively)demonstrated comparable anti-Hh activity in the MBsut were
significantly more active in the ASZ001 BCC cellCd, value range = 0.11 - 0.22 pM).
Hydroxylation at C-25 for these analogues alsoltedun enhanced upregulation of Cyp24Al
(15,000 — 30,000 compared to 20- to 40-fold over 3V, suggesting the hydroxyl moiety
significantly improves binding to and activation ¥DR. Masking the C-25 hydroxyl as the
methyl ether 25) reduced both Hh inhibition and VDR activation quared to21 in both cell

lines.
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Surprisingly, the addition of the C-25 hydroxyl gm@7) to the extended linker analogue
(18) had little effect on Hh inhibition (1§ values ~1uM) and minimal Cyp24A1 upregulation
(10 — 30-fold) in either cell line. Similarly, mmial differences in potency or selectivity were
found following C-25 hydroxylation af9 (analogue28) except for a slight increase in Cyp24A1
upregulation in ASZ cells (6-fold vs. 140-fold). &vthough no major differences were observed
following C-25 hydroxylation, etherification at tH@-25 position 0f27 (analogue3l) yielded
interesting results. Analog8d demonstrated increases in anti-Hh potency asameilhcrease in

upregulation of Cyp24A1l in ASZ cells.

Table 2. Evaluation of C-25 functionalized analogue

C3H10T1/2 ASZ001

OA/OCmtya,b Cyp24AL* ICs0 (M)* ICs0 (UM)* Cyp24ATL' ECso (LM)®
GDC 0.9+0.1 1.6+0.1 82 "7 40 + 10 0.9+0.2 -
1 35.7+0.3 8,300+ 40 41+0.3 1.1+0.1 2,208 2 0.9+0.1
2 9.2+0.4  >30,000 0.4+0.1 0.5+0.1 11,000 + 400 0.6+0.1
3 30+1 >30,000 3.0+1"% 89.1+41.8 >30,000 0.1+0.1
21 5.9+0.9 >30,000 1.3+0.2 0.1+0.1 >30,000 0aLt
22 11+1 15,000 £ 2,000 0.9+0.1 0.2+0.1 >30,000 .6 90.1
25 3.3+0.7 89 +7 23+0.1 060.1 11,000 + 2,000 0.7+0.1
27 41+0.7 34+1 1.7+0.1 1.3+0.1 84+20 >10
28 5.6+2.2 6.1+0.4 0.4+0.1 05+0.1 140 +8 437
31 3.7+0.7 27 +4 1.1+0.1 0.7+0.1 2,400 + 800 6 90.1
33 29+05 27,000 + 800 1.6+0.1 0.4+0.1 >30,000 0.4+0.6
34 0.7+0.1 14+2 1.6+0.1 1.0+0.2 14+3 >10

2All analogues evaluated at® unless otherwise indicatetalues represent %GlithRNA expression relative to
OHC control (set to 100) after 24 Walues represent Cyp24A1 mRNA expression compard&MSO control (set
to 1.0).°Glil ICs, values represent mean + SEM for at least two sépagxperiments performed in triplicate.

12



®Cyp24A1 ECs, values represent mean = SEM for at least two sépaexperiments performed in triplicate.
‘Compound evaluated at 2. Compound evaluated at @M. "Value expressed in nanomolar (nM). GDC =
Vismodegib or GDC-0449

With significant upregulation of Cyp24Al observed both cell lines at a single
concentration for several of the 25-OH and 25-OMal@gues, E€ values were obtained in the
ASZ001 cells to further determine selectivity forh Hover VDR signaling (Table 2).
Interestingly, a strong correlation was observeavben Glil 1Gy, and Cyp24Al Eg; values for
multiple analogues2(, 25, 31, and33). In addition, even analogues that did not coteeks
closely in regards to the absolute Glild@nd Cyp24A1 EE; values 27 - 28, 34) followed the
overall trend that reduced Hh inhibition is closagsociated with reduced VDR activation.
Taken together, these results suggested to usat@dtrole for VDR activation in the regulation
of Hh signaling for VD-based compounds, results Wxre explored further as described below.

Finally, several of the analogues that demonstratgdnt Hh-inhibition in the immortalized
MEF and ASZ cell lines were evaluated for theiri-noliferative activity in a primary Hh-
dependent MB derived from a conditional Patchectknat (Math1-Cre:PtdH , hereafter called
Ptch-CKO) mouse (Table 3) [17-19]. Interestinghe Gk value for each of these compounds
was greater than 1 uM, which is significantly highlan the 1G, values for Glil down-
regulation in the C3H10T1/2 and ASZ cells. Of paufar note was the reduced activity of

calcitriol (3, Glso = 1.4 uM) in the Ptch-CKO cells compared to thenontalized cell lines.

Table 3.1n vitro activity in primary Ptch-CKO MB cells.

Analogue Glso (UM)?

1 58+28
3 1.4+0.4
5 >10

10 2.1+05
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19 21+0.7

21 53%35
22 22+10
27 1.6+0.5
33 >10

®All  analogues evaluated
following 48 hr incubation.

PAll values represent Mean *
SEM of at least two separate
experiments performed in
triplicate.

Select analogues were also evaluated in a serigsvitfo studies to determine preliminary
pharmacokinetic (PK) parameters for this scaffdldije 4). The first take-away from this study
was the overall poor solubility of the compoundbjchk were essentially insoluble at pH 4.0 and
7.4. This is not a surprising result given the allérydrophobic nature of the VD3 scaffold. The
most soluble compound at pH 4.0 was anala2Rigvith a single-atom amingecoB and C-25
hydroxylation, but it demonstrated a significant@ase in solubility at pH 7.4. AnalogGevith
the amide scoB region was the second most soluble compoundHa#® and maintained

solubility at pH 7.4.

Table 4.Pharmacokinetic studies of select analogues.

T Clearance Solubility (mg/mL)
1/2 ]

iz (HLM, min) ® E)Tol_tia Tn';‘/ mg pH 4.0 pH 7.4
3 >120 ND ND ND

5 >231 <3 1.6x 19 6.7 x 10°
6 >231 <3 2.7x16 6.8 x 10*
8 57 +0.1 12+0.2 6.2 x10 2.6x1¢
10 >231 <3 7.5x 10 2.6 x 10
19 >231 <3 1.3x 10 2.7 x10°
22 31+0.5 22+0.4 2.4 x 10 4.2 x10°
25 >231 <3 1.7x 18 1.4x 10
31 43+7 16 +3 6.0 x 1® 1.2 x 1¢*
33 47 +1 15+0.3 4.8x 10 3.1x10°
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34 49 +7 15+0.3 2.7x10 2.3x10°
®Metabolic stability in human liver microsomes (HLMJme until 50% of compound
disappeared®Metabolic stability in rat liver homogenate, timatili 50% of compound
disappeared [Ref 20].

Comparing the results of metabolic stability asdays3, 10, 19 and22 can provide general
conclusions in regards to the overall stabilityle amine series of analogues since each of these
compounds contain the 4-phenolic A-ring moiety. kiog at compounds$ and 10, the only
structural difference is the orientation of theceB region at C-8, wher@ maintains then-
orientation. While both compounds maintain simgatubility, thea-orientation is significantly
less stable in human liver microsomes (HLMs) ansl &digher clearance rate compared to the
[-orientation of10. Similarly, the extended amirseceB analoguel9 maintaing3-orientation at
C-8 and shows a very similar stability profile teetsingle atonseceB analogu€l0, while the
o-orientation of22 significantly reduces metabolic stability. Addiiof the C-25 hydroxyl t&
(analogue2?) decreased the half-life and increased the clearaate while increasing the
solubility at pH 4.0. Althougl25 has the 3-phenol A-ring, masking of the C-25 hygtaroup
as the methyl-ether increased the half-life sigatfitly and reduced clearance to values similar to
the non-functionalized C-25 analogues.

2.3.3. Knockout cell line studies

Multiple reports have suggested both direct andraéat Hh inhibitory mechanisms for
vitamin D-based compounds [9-10, 15, 21-22]. Baseadur repeated findings that inhibition of
Hh signaling correlates with upregulation of VDRliaty, we hypothesized that vitamin D-
based compounds may inhibit Hh signaling througbalibinding to an Hh pathway component,
but their anti-Hh activity might also be a downatre result of VDR activation. To further

investigate potential crosstalk between the twoaligg pathways, a series of studies in several

15



knockout MEFs and the primary Ptch-CKO cells toleate 1, 3, 8, and22 were performed.
Compounds3 and22 were chosen because they have similar @i} values across cell lines
despite significantly different abilities to uprégie Cyp24A1 mRNA.

Initially, we studied the ability of these composntt regulate Hh and VDR signaling at a
single concentration in VDR and SuF{ cells (Figure 2). If the vitamin-D based analogues
down-regulate Glil independently of VDR, then tis&puld maintain their potent Hh inhibition
in the VDR MEFs. By contrast, if these analogues regulatesighaling at the level of Smo,
which has been suggested through several inditedies [9-10, 15], their ability to down-
regulate Glil expression should be completely abelil in the SuUFUMEFs. Interestingly, the
ability of the steroidal compounds to inhibit Hhgrsaling was significantly reduced, but not
completely abolished, in the two knockout lines paned to the wild-type C3H10T1/2 MEFs.
By contrast, the known Smo antagonist Vismodegthimed full inhibition of Hh signaling in
the VDR" MEFs, but was completely inactive in the SUFMEFs. These results strongly
suggest that the vitamin-D based analogues arebleapé regulating the Hh pathway through
both canonical Hh signaling and VDR. Not surprigmghe ability of these analogues to up-
regulate Cyp24A1 was significantly reduced in thBR/" MEFs; however, we also noted

decreased up-regulation of Cyp24A1 in the SUMEFs.
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Fig. 2. Effects of VD3-based analogues on VDR and Hh siggain knockout MEFs.
Comparison of Glil down-regulation (A) and Cyp24éyi-regulation (B) across cell lines.

Based on the results of the single concentratiodies, we performed full dose-response
experiments in both VDR and Sufid” MEFs for1, 3, 8 and22. Significant decreases in anti-Hh
potency and Cyp24Al up-regulation were observed3fd8 and 22 (Table 5). Calcitriol 8)
showed the greatest decrease in potency with gnoliC-3 nM in C3H10T1/2 MEFs and ¢

values of ~ 6 — M in VDR™ and Sufd" cells, respectively. Additionally, Cyp24Agxpression
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induced by3 significantly decreased from the C3H10T1/2 MEFghe knockout MEFs. Both
synthetic analogues demonstrated similar trendsein/DR"™ and Sufidi” MEFs, i.e. a significant
reduction in Hh pathway inhibition in both cell & compared to the wild-type MEFs.
Interestingly, the ability of compoun2® to upregulate Cyp24A1 in the VDRcells provided

support for the Sufu/VDR cross-talk mechanism rdggroposed [15].

Table 5.1n vitro activity for select analogues in various MEFs.

Cmpd _ C3H10T1/2 abVDR"' _ bSuFu"
Cyp24AT" ICs0 (UM)© Cyp24AT" ICs0 (UM)© Cyp24AT" ICs0 (UM)©

1 8,300 + 40 41+0.3 55+0.1 45+1.0 29+10 >10

3 >30,000 0.0031 + 0.001 530+2060 6.3+1.0 590 + 70 85+3

8 45 + 20 0.40 +0.02 8.1+2 3.9+0.2 1.2+0.1 804

22 15,000 + 2,000  0.89 +0.03 140 + 30 4.9+0.01 & o+ 29+0.3

2All analogues evaluated at BV unless otherwise indicate@Values represent Cyp24AhRNA expression
compared to DMSO control (set to 1.6Eli1 ICso values represent mean + SEM for at least two sé@ar
experiments performed in triplicafEvaluated at f1M.

To determine if the potential for crosstalk betw®&&R and Hh signaling was specific to the
steroidal scaffold or a broader effect of VDR aation, we evaluated the ability of a neeeo
steroidal VDR agonist, LG190178%, Fig. 3), to modulate Hh and VDR signaling in saVve
cell lines (Table 6). In the initial disclosure 85, the compound was determined to have lower
calcemic effects thaB while being equipotent as a VDR agonist [23]. $amto 3, the non-
steroidal agonisB5 significantly up-regulated Cyp24A1 expressionhe €3H10T1/2 and ASZ
cell lines (Table 5). Unexpectedly, compouBi was significantly more potent as an Hh
pathway inhibitor (sub-nanomolar §€values) than compoungl in the MEF and ASZ cells.
Finally, a significant reduction in Hh inhibitiof both compounds was seen in the VD&lls
(low micromolar 1G, values).

As noted above3 was significantly less active in the Ptch-CKO selbmpared to either the

C3H10T1/2 or ASZ cells. Similar anti-proliferativesults were obtained for compoudilin the
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Ptch-CKO cells (Gh > 10 uM). The reduced anti-Hh activity in the paimy cell line correlated
well with our results in the VDR which led us to evaluate VDR expression leveltha Ptch-
CKO cells. Expression of VDR mRNA was significankbyver in the Ptch-CKO cells compared
to normal granule neuron precursors and normaltadirebellum directly isolated from the
mouse, as well as the Hh-dependent NIH3T3 MEF loa#l (Supplemental Figure 1). Taken
together, the data from the knockout cell linesrggty suggest that inhibition of Hh signaling
can be partially attributed to a downstream eféédfDR activation and that these results are not

specific to the steroidal scaffold.

OH

OH
LG190178 (35)

Fig. 3. Structure of Non-steroidal VDR agonist LG190178.

Table 6. Comparing the cellular activity of calcitiiol (3) and LG190178 (35).

C3H10T1/2 | ASZ00T | VDR™?
Cmpd a.b Gli1 1Cso ab Gli1 I1Cso EC ap  Glil ICs
Cyp24AT Cyp24AT Cyp24AT
i (nM)° i (nM)° (nM)’ i (HM)°
3 >30,000 3.1£1.0 >30,000 89.1+415 130+1 5200 6.3x1.0
35 >30,000 0.25+0.04| 13,000+2,000 0.23+0.11 #7372 | 250+100 1.9+0.2

®Compounds evaluated atM. "Values represent Cyp24A1 mRNA expression comparddMSO control (set
to 1.0).°ICso (Glil, nM) and’ECs, (Cyp24A1, nM) values represent mean + SEM foreatst two separate
experiments performed in triplicate.

3. Conclusion
Combining the results contained herein with ourvignes VD3 SAR studies [11-13], it is
clear that the free hydroxyl group of the A-ringréxjuired to maintain anti-Hh activity for the

amine-linked analogues; however, the preferredtiposiof the phenol shifted from the 3-
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position in the ester/amide seriésg, 9) to the 4-position for the amine-linked analog(igs,
10). In addition, extension of the single atom amiether by a single methylen&g 18-19)
demonstrated the same preference forptdre over themetaphenol. This shift may be due to
the slightly increased flexibility of theecoeB amine region, which may allow these compounds
to better orient the hydroxyl group within the kimgl site. The more rigid ester and amgbzo

B analogues are similar to the natural diene sysiethe vitamin D compounds. As expected,
the addition of a hydroxyl moiety at C-25 resultedsignificant upregulation of Cyp24Al
MRNA expression across both cell lines for the migjaf VD3 analogues, presumably as a
result of VDR activation. Taken together with thellglar data, our preliminary PK studies
provide additional insight into future analogue elepment. First, while a specific orientation of
the seceB region is not required for Hh inhibition, tigorientation is more stable. Second,
masking the C-25 hydroxyl group may provide a méttmbalance cellular potency/selectivity
and increased microsomal stability.

In addition to the SAR we determined for thesemitaD-based compounds, we noticed a
significant correlation between Hh inhibition an@®R activation for several analogues, leading
us to explore whether the anti-Hh properties ofsé¢heompounds are dependent on VDR
activation. When select analoguds &, 8, and22) were analyzed in VDR and Sufd” MEFs, a
significant decrease in anti-Hh was observed; haweinhibition of Hh signaling was not
completely abolished. The partial loss in both Kot lines suggests that these compounds may
downregulate Glil through multiple cellular targdtsaddition, as a nuclear receptor, activation
of VDR may be able to overcome Sufu knockout byugisng activation/transcription of Hh
target genes. A role for VDR in regulating the Hittpvay is further supported by our findings

that the non-secosteroidal VDR agor&t is a potent inhibitor of the Hh signaling pathway.

20



Additional studies to further characterize potdntiaoss-talk between these two cellular

pathways is currently underway.

4. Experimental Section

4.1. General information

VD3 used for chemical synthesis was purchased HB& Chem, Inc. Solvents (anhydrous,
ACS or HPLC grade) were purchased from Fisher $@eror Sigma Aldrich. Column
chromatography was performed using silica gel pased from Sorbtech (Sorbent
Technologies). NMR data was collected on a BrukelANCE 500 MHz spectrometer using
deuterated chloroform (CDgICambridge Isotope Laboratories, INC), and analpgrformed
using MestReNova 12.0.0. HRMS data was analyzetieaMass Spectrometry Facility at the
University of Connecticut. Infrared (IR) analysisasvperformed on a Bruker Alpha Platinum

ATR instrument using OPUS software (v 7.2).

4.2. Purity analysis

All compounds analyzed in biological assays weeatgr than 95% pure based on the following
HPLC method. Analogues were dissolved in HPLC gidé®©H (1 mg/mL) and injected (20 —
50 pL) into an Agilent Manual FL-Injection Valve (600at) on an Agilent 1100/1200 Series
HPLC equipped with a Kinetex fm C18 100A (150 X 4.6 mm) column and Agilent 1100
Series Photodiode Array Detector. The mobile plasesisted of 95% MeOH/5% B for all
analogues with a run time of 10 — 20 min and a ftate of 1.0 mL/min. Purity was assessed at

254 nm.
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4.3. Synthesis @mine seco-B analogues

4.3.1. General reductive amination procedure [1Betone1l (0.6 mmol) and the requisite
amine (1.2 mmol) were dissolved in 1,2-dichloroeth@3 mL). Sodium triacetoxyborohydride
(1.8 mmol) was added followed by acetic acid (8) and titanium (V) isopropoxide (1.2
mmol). The mixture was stirred at RT or reflux &4 - 48 h. The reaction was quenched with
saturated sodium bicarbonate (20 mL) and diluteati diethyl ether (60 mL). The aqueous layer
was washed with diethyl ether (3 x 60 mL) and thigapic layers combined, dried over
anhydrous MgSQ filtered, and concentrated. Crude residue wasifipdir by column
chromatography (Si§) 100% Hex to 25% EtOAc in Hex) affording recovesfythe starting

ketonell (20-60%), and the desired amine analogue (15 -)80%

4.3.2. (1R,3aR,4S,7aR)-7a-methyl-1-((R)-6-methyémep-yl)-N-phenyloctahydro-1H-inden-4-
amine (12). Reductive amination ofl with aniline provided amind2, 65%, 69 mg. HPLC:
95%, R = 7.408 minH NMR (500 MHz, CDCY) & 7.19 (t,J = 7.9 Hz, 2H), 6.68 (t) = 7.3 Hz,
1H), 6.62 (d,J = 7.7 Hz, 2H), 3.77 (s, 1H), 2.04 (m, 2H), 1.9-(951), 1.41 (m, 3H), 1.31 (m,
3H), 1.17 (m, 5H), 1.07 (m, 1H), 1.00 (m, 3H), 0@7J = 6.7 Hz, 3H), 0.92 (m, 6H}*C NMR
(126 MHz, CDC}) ¢ 148.5, 129.2, 129.2, 116.4, 112.5, 56.9, 51.71,45.7, 42.2, 40.3, 39.5,
35.9, 35.4, 30.6, 28.0, 27.1, 23.8, 23.2, 22.85,2P3.5, 17.9, 13.6. IR (neathax 2926, 1600,
1502, 1466, 1428, 1313, 1249, 863. DART-HRM®z calcd. for G4HzgNO: 342.3161 [MH].

Found 342.3132.

4.3.3. (1R,3aR,4S,7aR)-N-(3-methoxyphenyl)-7a-gtf(R)-6-methylheptan-2-yl)octahydro-

1H-inden-4-aminel3). Reductive amination df1 with m-anisidine provided amin&3; 45%, 23
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mg. HPLC: 99%, R= 4.062 min.*H NMR (500 MHz, CDC{) & 7.09 (m, 1H), 6.24 (m, 2H),
6.16 (m, 1H), 3.81 (s, 3H), 3.75 (s, 1H), 2.03 @H), 1.9-1.5 (8H),1.40 (m, 3H), 1.31 (m, 2H),
1.17 (m, 4H), 1.06 (m, 1H), 0.99 (m, 3H),0.96 (rH)30.92 (m, 6H).**C NMR (126 MHz,
CDCls) 5 160.9, 149.9, 129.9, 129.8, 105.9, 101.5, 98.4,565.1, 51.7, 51.1, 45.6, 42.2, 40.2,
39.5, 39.4, 36.4, 35.9, 35.4, 35.2, 30.6, 28.0Q)RR®7.7, 27.1, 24.5, 24.4, 23.8, 23.2, 22.8,22.5
20.2. IR(neatymax 2927, 1611, 1493, 1463, 1208, 1159, 1208, 11880, 829, 750, 686.

DART-HRMS: mvz calcd. for GsH41NO: 372.3266; [MH]. Found 372.3233.

4.3.4. (1R,3aR,4S,7aR)-N-(4-methoxyphenyl)-7a-gtfR)-6-methylheptan-2-yl)octahydro-
1H-inden-4-amineld). Reductive amination df1 with p-anisidine provided amink4; 42%, 32
mg. HPLC: 99%, R= 4.891 min*H NMR (500 MHz, CDCY) & 6.81 (d,J = 8.9 Hz, 2H), 6.59
(d, J= 8.8 Hz, 2H), 3.79 (s, 3H), 3.68 (s, 1H), 2.04 @H), 1.92 (m, 1H), 1.9-1.5 (7H), 1.39 (m,
3H), 1.31 (m, 2H), 1.17 (m, 5H), 1.06 (m, 1H), 1.80 3H), 0.96 (m, 3H), 0.92 (m, 6HyC
NMR (126 MHz, CDCY) 6 151.5, 143.0, 115.0, 113.8, 56.9, 55.9, 52.2,,542%, 40.3, 39.5,
35.9, 354, 30.1, 28.0, 27.1, 23.8, 23.2, 22.86,2P8.5, 17.9, 13.7. IR(neatinax 2928, 2864,
1508, 1464, 1262, 1172, 1041, 814. DART-HRM#%® calcd. for GsH4iNO: 372.3266; [MH].

Found 372.3249.

4.3.5. N-((1R,3aR,4S,7aR)-7a-methyl-1-((R)-6-mké#pthn-2-yl)octahydro-1H-inden-4-
yl)benzo[d][1,3]dioxol-5-amine 15). Reductive amination ofil with (3,4-methylenedioxy)-
aniline provided amind5; 20%, 24 mg. HPLC: 95%, R 5.672 min."H NMR (500 MHz,

CDCly) & 6.68 (d,J= 8.3 Hz, 1H), 6.26 (s, 1H), 6.05 (m, 1H), 5.87 (rh)23.65 (s, 1H), 2.03

(m, 2H), 1.90 (m, 1H), 1.8-1.5 (8H), 1.38 (m, 4H)29 (m, 2H), 1.19 (m, 5H), 1.06 (m, 1H),
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0.98 (s, 3H), 0.95 (dl = 6.5 Hz, 3H), 0.92 (m, 6H}C NMR (126 MHz, CDGJ) 5 148.3, 144.5,
108.6, 100.4, 95.6, 56.9, 52.2, 51.8, 42.2, 40%,$B5.9, 35.4, 30.6, 28.0, 27.1, 23.8, 23.2,,22.8
22.5, 18.5, 17.8, 13.6. IR(neathax 3378, 2920, 2860, 1714, 1635, 1600, 1504, 14837,

1094, 875. DART-HRMSmz calcd. for GsHagNO,: 386.3059 [MH]. Found 386.3048.

4.3.6. 4-((((1R,3aR,4S,7aR)-7a-methyl-1-((R)-6-gib#ptan-2-yl)octahydro-1H-inden-4-
yl)amino)methyl)phenollf). Reductive amination ofl with 4-hydroxybenzylamine provided
amine16; 32%, 10 mg. HPLC: 97%,:R 3.399 min*H NMR (500 MHz, CDC}) § 7.05 (d,J =

Hz, 2H), 6.78 (dJ = Hz, 2H), 5.17 (s, 1H), 3.40 (s, 1H), 3.02 (m,))1R54 (m, 2H), 2.37 (m,
1H), 2.1-1.9 (3H), 1.75 (m, 2H), 1.67 (m, 5H), 168, 2H), 1.48 (m, 2H), 1.35 (m, 3H), 1.15
(m, 3H), 1.06 (s, 3H), 0.90 (m, 9HFC NMR (126 MHz, CDGJ) § 153.9, 131.6, 130.1, 115.2,
59.8, 55.0, 48.8, 39.4, 36.9, 36.7, 35.3, 34.27,228.3, 28.0, 26.2, 24.3, 22.8, 22.5, 22.4, 22.1,
19.1. IR(neatymax 2953, 2922, 2854, 1732, 1685, 1553, 1515, 13859, 1090, 1011, 799.

DART-HRMS: mVz calcd. for GsH4oNO: 372.3266 [MH]. Found 372.3248.

4.3.7. (1R,3aS,4R,7aR)-7a-methyl-1-((R)-6-methydtmep-yl)octahydro-1H-indene-4-
carbaldehydeX7). A mixture of methoxymethyl triphenylphosphoniumaiide (2.1 g, 6 mmol)
in THF (30 mL) was cooled to 0° C. With vigorousrring, sodiumt-butoxide (640 mg, 5.7
mmol) was added. The heterogeneous mixture imnedgdiahanged color to yellow and on to
deeper yellow and finally deep red at 0 °C. Aftém3in, a solution o1 (400 mg, 1.5 mmol) in
THF (10 mL) was added to the above mixture. TLOdatkd consumption df1 after 20 min.
Water (80 mL) was added and the mixture was wastidd ethyl acetate (3 x 80 mL). The

organic layers were combined, dried over anhydidgSO,, filtered, and concentrated. The
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crude material was purified using column chromaipby (SiQ, 100% Hex to 2% EtOAc in
Hex) to yield the vinyl ether; 89%, 390 mg as acleil. 'H NMR (500 MHz, CDC}) & 5.84 (m,
1H), 3.43 (s, 3H), 1.97 (m, 3H), 1.77 (m, 4H), 1(62 3H), 1.42 (m, 3H), 1.33 (m, 3H), 1.25
(m, 1H), 1.19 (m, 5H), 1.01 (m, 1H), 0.92 (&= 6.5 Hz, 3H),0.87 (d] = 6.6 Hz, 3H), 0.86 (d]

= 6.6 Hz, 3H), 0.68 (s, 3H}’C NMR (126 MHz, CDCJ) 5138.9, 118.2, 59.3, 56.0, 52.1, 44.4,
40.4, 39.5, 36.2, 28.0, 27.9, 25.1, 23.8, 22.85,222.4, 21.9, 18.8, 11.6. DART-HRMS: m/z
calcd. for GoHz70: 293.2844; [MH] Found: 293.2849.

The vinyl ether was refluxed in methanol (10 mLy&N HCI (5 mL) for 12 h. The reaction
was neutralized by the addition of 2 M NaOH, and #gueous fraction washed with ethyl
acetate (3 x 50 mL). The organic layers were costhimried over anhydrous MggQiltered,
and concentrated. The crude material was purif@dgucolumn chromatography (SiQL00%
Hex to 2% EtOAc in Hex) to yield7 (75%, 280 mg) as a clear diH NMR (500 MHz, CDC})

5 9.55 (m, 1H), 2.30 (m, 1H), 1.99 (m, 1H), 1.86 (thl), 1.78 (m, 1H), 1.66 (m, 2H), 1.53 (m,
2H), 1.30 (m, 8H), 1.12 (m, 5H), 1.02 (m, 1H), 0@BJ = 46.5 Hz,3H), 0.87(d] = 2.1 Hz,
3H), 0.86 (d,J = 2.0 Hz, 3H), 0.71 (s, 3H}*C NMR (126 MHz, CDG)) 3 205.1, 55.4, 50.6,
49.4, 42.7, 39.4, 39.4, 36.1, 35.6, 28.0, 27.87,234.2, 23.7, 22.8, 22.5, 20.7, 18.7, 11.6.

DART-HRMS: m/z calcd. for GHzs0: 279.2688; [MH] Found: 279.2684.

4.3.8. 3-((((1R,3aS,4R,7aR)-7a-methyl-1-((R)-6-gik#ptan-2-yl)octahydro-1H-inden-4-
yl)methyl)amino)phenoll@). Reductive amination df7 with 3-aminophenol providet8; 46%,
8.3 mg. HPLC: 99%, R= 3.119 min.*H NMR (500 MHz, CDCJ) & 7.05 (t,J = 8.0 Hz, 1H),
6.22 (m, 2H). 6.13 (s, 1H), 4.50 (bs, 1H), 3.17 @tH), 2.79 (m, 1H), 2.03 (m, 1H), 1.92 (m,

2H), 1.72 (m, 2H), 1.60 (m, 3H), 1.42 (m, 3H), 1(82, 1H), 1.19 (m 5H), (m, 2H), 0.99 @=
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6.5 Hz, 3H), 0.94 (dd] = 6.6, 2.1 Hz, 6H), 0.74 (s, 3HC NMR (126 MHz, CDGJ) 5 156.8,
150.2, 130.1, 105.9, 104.1, 99.6, 56.2, 53.7, 488, 40.0, 39.6, 39.5, 36.5, 36.4, 36.2, 35.7,
31.2, 28.1, 28.0, 27.9, 24.6, 24.5, 23.8, 22.86,221.9, 18.7, 11.9. IR(neatinax 2948, 2923,
2864, 1614, 1508, 1467, 1438, 1333, 1186, 1157, BART-HRMS: m/z calcd. for GsHaNO:

372.3266 [MHJ. Found 372.3270.

4.3.9. 4-((((1R,3aS,4R,7aR)-7a-methyl-1-((R)-6-gib#ptan-2-yl)octahydro-1H-inden-4-
yl)methyl)amino)phenoll@). Reductive amination df7 with 4-aminophenol providetd; 38%,
6.2 mg. HPLC: 96%, R= 3.384 minH NMR (500 MHz, CDCJ) 5 6.72 (m, 2H), 6.59 (m, 2H),
4.33 (m, 2H), 3.20 (m, 1H), 2.71 (m, 1H), 1.90(rk)41.72 (m, 2H), 1.57 (m, 3H), 1.41 (m,
5H), 1.30 (m, 2H), 1.18 (m 6H), 1.06 (m, 1H), 008, 3H), 0.93 (m, 6H), 0.73 (s, 3HY’C
NMR (126 MHz, CDC}) 6 116.2, 114.1, 56.2, 53.7, 52.1, 50.1, 45.5, 44301, 39.5, 36.4, 34.8,
31.2, 28.0, 27.6, 25.7, 24.4, 23.8, 22.8, 22.59,220.5, 19.5, 18.7, 11.8. IR(neathax 2950,
2923, 2865, 1512, 1468, 1232, 1215, 818. DART-HRMR&:calcd. for GsH4,NO: 372.3266

[MH]". Found 372.3268.

4.4. Synthesis of C-25 functionalized single atdmgen containing seco-B analogues.

4.4.1. (1R,3aR,7aR)-1-((R)-6-hydroxy-6-methylhej2am)-7a-methylhexahydro-1H-inden-
4(2H)-one 20). RuCk (100 mg, 0.48 mmol) and Nald@1.5 g, 7.0 mmol) were suspended in
H,0 (20 mL) with pyridine (4QL, 0.49 mmol). A solution o011 (600 mg, 2.3 mmol) in MeCN
(20 mL) was added to the reaction mixture andestiat 60 °C for 48 h. The mixture was diluted

with saturated sodium thiosulfate (20 mL) and fegk through celite. The filtrate was washed
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with EtOAc (3 x 50 mL), dried with anhydrous sodisuifate, and concentrated to afford ketone
20, which was purified with column chromatography ¥2EtOAc in Hex), 420 mg, 67%H
(500MHz, CDC}) § 2.48 (m, 1H), 2.35-2.23 (2H), 2.15 (m, 1H), 2.06, (LH), 1.93 (m, 2H),
1.77 (m, 1H), 1.65-1.55 (2H), 1.51-1.35 (7H), 1(80 1H), 1.26 (s, 6H), 1.13 (m, 1H), 1.01 {d,

= 6.0 Hz, 3H), 0.68 (s, 3H}*C NMR (126 MHz, CDGJ) § 212.0, 71.0, 62.0, 56.6, 49.9, 44.3,

41.0, 39.0, 36.2, 35.5, 29.4, 29.2, 27.5, 24.07,210.1, 18.7, 12.5.

4.4.2. 3-(((1R,3aR,4S,7aR)-1-((R)-6-hydroxy-6-m#ptan-2-yl)-7a-methyloctahydro-1H-
inden-4-yl)amino)phenol2(). Reductive amination of 3-aminophenol with ket&eprovided
amine21; 34%, 12 mg. HPLC: 95%,;R 2.624 min!H NMR (500 MHz, CDC}) § 7.01 (t,J =

8.0 Hz, 1H), 6.19 (m, 2H), 6.12 (m, 1H), 3.04 (rh)12.20 (m, 1H), 1.98 (m, 2H), 1.77 (m, 2H),
1.50 (m, 10H), 1.31 (m, 1H), 1.28 (s, 6H), 1.13 @H), 1.01 (dJ = 6.5 Hz, 3H), 0.98 (s, 1H),
0.96 (s, 3H)*C NMR (126 MHz, CDGJ) § 156.9, 149.8, 130.1, 106.0, 103.5, 99.3, 71.%5,56.
53.4, 45.6, 45.3, 44.3, 36.7, 35.2, 35.2, 33.14,220.3, 29.2, 29.1, 27.7, 24.3, 24.2, 21.3, 20.2,
19.4. IR(neatymax 3492, 3252, 2916, 1510, 1404, 1245, 1210, 11885, 962, 816. DART-

HRMS: m/z calcd. for G4HzgNO»: 374.3059 [MH]. Found 374.3068.

4.4.3. 4-(((1R,3aR,4S,7aR)-1-((R)-6-hydroxy-6-mb#ptan-2-yl)-7a-methyloctahydro-1H-
inden-4-yl)amino)phenol2@). Reductive amination of 4-aminophenol with ket@@eprovided
amine22; 29%, 19 mg. HPLC: 99%, R 2.340 min.'H NMR (500 MHz, CDC}) § 6.71 (m,
2H), 6.53 (M, 2H), 2.96 (m, 1H), 2.17 (m, 1H), 1(®7, 2H), 1.80 (m, 2H), 1.68 (m, 1H), 1.58
(m, 1H), 1.47 (m, 6H), 1.27 (s, 6H), 1.11 (m, 1#))0 (d,J = 6.6 Hz, 3H), 0.95 (s, 3H}*C

NMR (126 MHz, CDC4) 6 147.4, 116.2, 114.8, 109.9, 71.2, 56.4, 54.9, 48573, 44.3, 36.7,
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35.3, 35.2, 33.2, 29.7, 29.4, 29.2, 27.7, 24.52,221.4, 20.2, 19.4. IR(neatnax 3520, 3250,
2915, 1514, 1373,1241, 1189, 1162, 1105, 910, BART-HRMS: n/z calcd. for G4sHzgNO,:

374.3059 [MH]. Found 374.3058.

4.4.4. (1R,3aR,7aR)-1-((R)-6-methoxy-6-methylheptgh-7a-methylhexahydro-1H-inden-
4(2H)-one 23) and (1R,3aR,5R,7aR)-1-((R)-6-methoxy-6-methydmeptyl)-5,7a-
dimethylhexahydro-1H-inden-4(2H)-on24). Ketonell (100 mg, 0.38 mmol) was dissolved in
3 mL anhydrous DMF, capped with a rubber septumcaded to 0° C. Mel (250L, 3.9 mmol)
was added followed by NaH (70 mg, 1.1 mmol). Thectien was stirred at 0° C for 2 hrs before
warming to RT for 16 hrs, at which time the reactwas quenched withJ@ and extracted with
EtOAc (3 x 10 mL). The organic layers were concaenl and purified via column
chromatography (Si§) 4% EtOAc in hexanes). The reaction yielded ba#nting materialll
(50 mg, 50 %) along with keton28 (27 mg, 25%) an@4 (20 mg, 17%).

Ketone 23 'H NMR (500 MHz, CDCY) 6 3.21 (s, 3H), 2.49 (m, 1H), 2.30 (m, 2H), 2.14 (m,
1H), 2.03 (m, 1H), 1.95 (m, 2H), 1.73 (m, 2H), +£.8.2 (12H), 1.18 (s, 6H), 1.12 (m, 1H), 1.00
(d, J = 6.2 Hz, 3H), 0.67 (s, 3H}*C NMR (126 MHz, CDGJ) & 212.1, 74.6, 62.0, 56.6, 49.9,
49.1, 40.9, 40.2, 39.0, 36.3, 35.5, 27.5, 25.10,2%4.0, 20.2, 19.1, 18.7, 12.5.

Ketone 24 *H NMR (500 MHz, CDC)) §3.21 (s, 3H), 2.72 (m, 1H), 2.46 (m, 1H), 2.11 (m,
1H), 1.96 (m, 2H), 1.73 (m, 4H), 1.43 (m, 8H), 1(2RJ = 7.4 Hz, 3H), 1.18 (m, 6H),1.08 (m,
1H), 1.00 (d,J = 6.3 Hz, 3H), 0.68 (s, 3H}*C NMR (126 MHz, CDGJ) § 216.0, 74.6, 57.3,

56.6, 49.6, 49.1, 43.7, 40.2, 36.2, 35.5, 35.13,310.7, 27.6, 25.0, 20.1, 19.0, 18.7, 18.5, 13.1.
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4.4.5. 3-(((1R,3aR,4S,7aR)-1-((R)-6-methoxy-6-ntetpyan-2-yl)-7a-methyloctahydro-1H-
inden-4-yl)amino)phenol26). Reductive amination of 3-aminophenol with ket&g8eprovided
amine25; 15%, 14 mg. HPLC: 95%, ;R 2.801 min.*H NMR (500 MHz, CDCJ) § 7.02 (m,
1H), 6.16 (m, 3H), 3.73 (s, 1H), 3.23 (m, 3H), 2(82 2H), 1.9-1.3 (20H), 1.25 (m, 3H), 1.19 (s,
6H), 1.09 (m, 5H), 0.97 (m, 6H), 0.89 (m, 2HJC NMR (126 MHz, CDGJ) § 156.8, 150.1,
130.0, 105.3, 103.3, 99.0, 74.7, 56.7, 51.6, 54911, 42.2, 40.3, 40.2, 36.2, 35.3, 30.6, 29.7,
27.1, 25.0, 23.2, 20.2, 18.5, 17.8, 13.6. IR(nemix 2993, 2923, 2852, 1725, 1611, 1559, 1509,
1455, 1363, 1261, 1188, 1085, 814. DART-HRM# calcd. for GsH4,NO,: 388.3216 [MH].

Found. 388.3243.

4.4.6. (1R,3aS,4R,7aR)-1-((R)-6-hydroxy-6-methytme-yl)-7a-methyloctahydro-1H-indene-
4-carbaldehyde 26). Aldehyde 26 was synthesized following the same procedure destr
above forl7 starting with keton@0; 70% over two steps, 390 mg. Although a mixture-oind
B-aldehydes were formed (2:1 mixture based on tlehgide proton peak), a single isomer was
obtained for each reductive amination procedtifeNMR (500 MHz, CDCJ) & 9.60 (m, 0.5H),
9.53 (m, 1H), 3.47 (m, 0.5H), 3.42 (m, 1H), 1.97, @hl), 1.83 (m, 4H), 1.75 (m, 2H), 1.62 (m,
6H), 1.48 (m, 12H), 1.34 (m, 2H), 1.27 (m, 10H)PA.(m, 6H), 0.96 (s, 3H)"*C NMR
(126 MHz, CDC}) ¢ 205.3, 71.0, 55.4, 52.1, 50.7, 49.5, 47.6, 45473,443.4, 39.4, 36.6, 35.6,

35.0, 29.7, 29.3, 29.2, 27.5, 25.9, 25.7, 24.8,241.2, 20.7, 19.7, 19.2, 18.7, 11.6.
4.4.7. 3-((((1R,3aS,4R,7aR)-1-((R)-6-hydroxy-6-yiatptan-2-yl)-7a-methyloctahydro-1H-

inden-4-yl)methyl)amino)phena?q). Reductive amination of 3-aminophenol with aldehgée

provided amine27: 48%, 15 mg. HPLC: 99%, R 2.375 min.*H NMR (500 MHz, CDC}) §
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7.04 (t,J = 8.0 Hz, 1H), 6.22 (m, 2H), 6.12 (s, 1H), 4.21,(bs), 3.20 (m, 1H), 2.77 (m, 1H),
2.02 (m, 1H), 1.89 (m, 2H), 1.70 (m, 2H), 1.57 @h), 1.39 (m, 3H), 1.31 (m, 1H), 1.18 (m,
8H), 0.98 (dJ = 6.5 Hz, 3H), 0.91 (m, 6H), 0.74 (s, 3HIC NMR (126 MHz, CDGJ) 6 156.7,
150.3, 130.1, 105.9, 103.9, 99.3, 56., 53.7, 4&%9], 40.0, 39.5, 36.5, 36.2, 35.7, 31.2, 28.0,
27.9, 24.6, 23.8, 22.8, 22.5, 21.9, 18.7, 11.9né¢RAfvmax 2629, 1617, 1510, 1466, 1157, 755,

686. DART-HRMS:mz calcd. for GsH4NO,: 372.3266 [M-O+H]. Found 372.3380.

4.4.8. 4-((((1R,3aS,4R,7aR)-1-((R)-6-hydroxy-6-ylbtptan-2-yl)-7a-methyloctahydro-1H-
inden-4-yl)methyl)amino)phena?g). Reductive amination of 4-aminophenol with aldehgée
provided amine28; 59%, 16 mg. HPLC: 95%, R 2.425 min.*H NMR (500 MHz, CDCJ) §
6.73 (m, 2H), 6.60 (m, 2H), 4.12 (bs, 1H), 3.189 {H), 2.78 (m, 1H), 1.98 (m, 1H), 1.90 (m,
2H), 1.71 (m, 2H), 1.57 (m, 3H), 1.38 (m, 4H), 1(B8 7H), 1.05 (m, 1H), 0.97 (d,= 6.5 Hz,
3H), 0.91 (m, 6H), 0.73 (s, 3H}°C NMR (126 MHz, CDG) & 116.2, 114.4, 56.2, 53.7, 43.1,
40.0, 39.5, 36.4, 36.2, 35.7, 31.2, 28.0, 27.96,243.8, 22.8, 22.5, 21.9, 18.7, 11.8.
IR(neat)vmax 2703, 1635, 1508, 1415, 1155, 804. DART-HRW&:calcd. for GsH4oNO::

388.3215 [MH]. Found 388.3214.

4.4.9. (1R,3aR,7aR,E)-1-((R)-6-methoxy-6-methy#ireptyl)-4-(methoxymethylene)-7a-
methyloctahydro-1H-inden€g). A mixture of methoxymethyl triphenylphosphoniumlaride
(2.1 g, 3 mmol) in THF (30 mL) was cooled to 0°With vigorous stirring, sodiunt+butoxide
(300 mg, 2.8 mmol) was added. After 30 min, a sofubf 20 (210 mg, 0.8 mmol) in THF (10
mL) was added to the above mixture. After 1 hr, Tib@icated consumption. Water (30 mL)

was added and the mixture was washed with EtOAg @ mL). The organic layers were
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combined, dried over anhydrous Mg§&@ltered, and concentrated. The crude 25-OH etiobr
was re-suspended in DMF (8 mL) and cooled to OMEl (0.5 mL, 8.0 mmol) was added
followed by NaH (100 mg, 1.6 mmol). The mixturesastirred for 4 hr while warming to RT.
The reaction was quenched by slow addition of wé28rmL) and the aqueous layer washed
with EtOAc (3 x 20 mL). The organics were combindded and concentrated. Enol etta&r
was purified via column chromatography (§i@% EtOAc in hexanes); 145 mg, 62%4 NMR
(500 MHz, CDC4) & 5.58 (s, 1H), 3.59 (s, 3H), 3.22 (s, 3H), 2.78 {H), 2.02 (m, 1H), 1.89
(m, 3H), 1.43 (m, 13H), 1.30 (m, 9H), 1.18 (s, 680 (m, 2H), 0.98 (m, 3H), 0.93 (m, 2H),
0.61 (s, 3H)*C NMR (126 MHz, CDGJ) 5 139.0, 118.3, 74.7, 59.4, 55.9, 52.1, 49.1, 4404},

40.3, 36.5, 36.2, 29.7, 27.9, 25.1, 25.0, 22.9),220.3, 18.8, 11.7.

4.4.10. (1R,3aS,4R,7aR)-1-((R)-6-methoxy-6-methidne2-yl)-7a-methyloctahydro-1H-
indene-4-carbaldehydeQ). Enol ether29 (100 mg, 0.3 mmol) was dissolved in MeOH (10 mL)
and HCI (2N, 5 mL). The mixture was stirred at Raf 6 hr until TLC indicated complete
consumption of29, at which time the reaction was quenched by sldditeon of 2M NaOH
before washing with EtOAc (3 x 15 mL). The orgam&yers were combined, dried and
concentrated. Aldehyd@0 was purified via column chromatography (§i@% EtOAc in Hex)

in good yield (75%, 72 mgfH NMR (500 MHz, CDC}) & 9.60 (s, 1H), 3.42 (m, 2H), 3.22 (s,
3H), 2.35 (m, 1H), 2.1 — 1.8 (4H), 1.71 (m, 3HBIL(m, 3H), 1.43 (m, 8H), 1.18 (s, 6H), 1.09
(m, 6H), 0.99 (m, 4H), 0.93 (m, 4H), 0.89 (m, 4B)76 (s, 3H)*C NMR (126 MHz, CDGJ) &
205.1, 108.8, 74.6, 55.4, 50.7, 49.5, 49.1, 4034,36.5, 35.7, 31.9, 29.7, 29.3, 27.9, 25.7,,25.0
24.2, 22.7, 20.7, 20.2, 18.7, 14.1, 11.6. DART-HRNh& calcd. for GsH3zsO»: 291.2688

[MH]*. Found 291.2696.
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44.11. 3-((((1R,3aS,4R,7aR)-1-((R)-6-methoxy-tiptieeptan-2-yl)-7a-methyloctahydro-1H-
inden-4-yl)methyl)amino)phendB)). Reductive amination of 3-aminophenol with aldehgde
provided amine81; 32%, 18 mg. HPLC: 95%, R 2.798 min.*H NMR (500 MHz, CDC}) §
7.04 (m, 1H), 6.21 (m, 2H), 6.15 (m, 1H), 3.2338i), 3.17 (M, 1H), 2.79 (m, 1H), 2.02 (m,
1H), 1.89 (m, 2H), 1.71 (m, 2H), 1.58 (m, 3H), 1(@2, 7H), 1.24 (m, 2H), 1.19 (s, 6H), 1.1 - 1.0
(4h), 0.99 (m, 3H), 0.92 (m, 3H), 0.73 (s, 3KC NMR (126 MHz, CDC)) § 156.9, 130.1,
105.9, 104.1, 99.5, 74.8, 56.1, 53.6, 49.0, 43013,439.9, 36.5, 36.4, 35.7, 31.2, 29.7, 27.9,,25.0
24.6, 21.9, 20.2, 18.7, 11.9. IR(neat)ax 3490, 2947, 2875, 1780, 1620, 1572, 1512, 1495,
1453, 1365, 1205, 1170, 895. DART-HRM#®?z calcd. for GeH4sNO,: 402.3372 [MH]. Found

402.3366.

4.5. Synthesis of C-25 functionalized ester anadegu

45.1. (1R,3aR,4S,7aR)-7a-methyl-1-((R)-6-methytrthylsilyl)oxy)heptan-2-yl)octahydro-
1H-inden-4-ol 82). Ketone20 (50 mg, 0.18 mmol) was dissolved in DMF (5 mL) aadled to

0 °C. Triethylsilyl chloride (48 mg, 0.44 mmol) wadded followed by imidazole (37 mg, 0.54
mmol). The reaction mixture was stirred for 16 &tRT. The reaction was quenched by slow
addition of water (15 mL) before washing with EtO/& x 10 mL). The organic layers were
combined, dried and concentrated. The 25-OTES ketovas purified via column
chromatography (Si§) 5% EtOAc in Hex; 94%, 66 mg). Sodium borohydrid® mg, 0.38
mmol) was added to a solution of 25-OTES ketonenf@? 0.15 mmol) in DCM:MeOH (2:1, 6

mL) at 0 °C. The mixture was allowed to warm to Rfile stirring for 4 hr. The reaction
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mixture was quenched by slow addition of water 1fil) and washed with EtOAc (3 x 15 mL).
The organics were combined, dried and concentradémbhol 32 was purified via column
chromatography (Si€ 5% EtOAc in Hex; 90%, 60 mgiH NMR (500 MHz, CDCJ) & 4.12 (m,
1H), 2.04 (m, 1H), 1.84 (m, 3H), 1.7 — 1.3 (13HRA.(s, 6H), 1.11 (m, 3H), 0.99 (m, 11H), 0.94
(m, 3H), 0.60 (m, 6H)**C NMR (126 MHz, CDGJ) § 73.5, 69.5, 56.7, 52.6, 45.5, 41.8, 40.4,
36.3, 35.3, 33.6, 30.0, 29.8, 27.2, 22.5, 20.8,187.4, 13.5, 7.1, 6.8.

4.5.2. (1R,4S,7aR)-1-((R)-6-hydroxy-6-methylhe@a)y-7a-methyloctahydro-1H-inden-4-yl 3-
hydroxybenzoate3B). Alcohol 32 (20 mg, 0.07 mmol) was dissolved in DCM (10 mL). 3
OMOM-benzoic acid (42 mg, 0.23 mmol) was addedofeéd by DMAP (27 mg, 0.21 mmol)
and DCC (37 mg, 0.18 mmol). The reaction mixture wi@red at RT for 16 hr. The mixture was
purified directly via column chromatography (Si3% EtOAc in Hex; 68%, 21 mg)x)
Camphor sulfonic acid (CSA, 30 mg, 0.13 mmol) weddeal to a solution of MOM-protected
ester (20 mg, 0.04 mol) in MeOH (5 mL) and stiregdRT overnight for 16 hr. Est&3 was
purified via column chromatography (SiA5% EtOAc in Hex; 75%, 13 mg). HPLC: 97%,R
2.229 min.*H NMR (500 MHz, CDC}) § 7.62 (m, 2H), 7.34 (t) = 7.9 Hz,1H), 7.11 (m, 1H),
5.42 (s, 1H), 2.05 (m, 2H), 1.84 (m, 3H), 1.6 — @@H), 1.28 (s, 6H), 1.23 (M, 2H), 1.16 (m,
1H), 1.04 (s, 3H), 0.96 (d,= 6.5 Hz, 3H).*C NMR (126 MHz, CDGJ) § 166.7, 156.2, 132.1,
129.6, 121.6, 120.2, 116.3, 72.7, 71.6, 56.4, H4452, 41.9, 39.9, 36.1, 35.4, 30.5, 29.3, 29.2,
27.0, 22.6, 20.8, 18.5, 18.0, 13.6. IR(neatpx 2939, 1717, 1687, 1588, 1452, 1291, 1215,
1156, 1102, 1072, 946, 917, 883, 804, 752. DART-HRNM/z calcd. for H3304: 420.3114

[MNH4]*. Found 420.3104.
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4.5.3. (1R,3aR,4S,7aR)-1-((R)-6-methoxy-6-methidhep-yl)-7a-methyloctahydro-1H-inden-4-
yl 3-hydroxybenzoate34). Sodium borohydride (13 mg, 0.32 mmol) was added $olution of
ketone23 (25 mg, 0.08 mmol) in MeOH (5 mL). After 2 hr, theaction was quenched with
water and washed with EtOAc (3 x 15 mL). The organere combined and concentrated. 25-
OMe Grundmann’s alcohol (25-OMe GA) was purified eblumn chromatography (8% EtOAc
in Hex; 92%, 23 mg)'H NMR (500 MHz, CDCY) & 4.11 (m, 1H), 3.21 (s, 3H), 2.05 (m, 1H),
1.87 (m, 3H), 1.59 (m, 1H), 1.40 (m, 12H), 1.21 (bh), 1.17 (s, 6H), 1.07 (m, 2H), 0.97 (s,
3H), 0.94 (dJ = 6.5 Hz, 3H)*C NMR (126 MHz, CDG)) 5 74.7, 69.4, 56.6, 52.6, 49.0, 41.8,
40.4, 40.3, 36.3, 35.2, 33.6, 27.1, 25.04, 25.0%,20.2, 18.5, 17.4, 13.5.

25-OMe GA (20 mg, 0.07 mmol) was dissolved in DCM (nL). 3-OMOM-benzoic acid
(42 mg, 0.23 mmol) was added followed by DMAP (2d,1®.21 mmol) and DCC (37 mg, 0.18
mmol). The reaction mixture was stirred at RT owghthfor 16 hr. The reaction mixture was
purified directly via column chromatography ($i®% EtOAc in Hex; 68%, 21 mg)H NMR
(500 MHz, CDC}) 6 7.78 (m, 1H), 7.75 (m, 1H), 7.40 &= 7.9 Hz, 1H), 7.26 (m, 1H), 5.44 (m,
1H), 5.25 (s, 2H), 3.53 (s, 3H), 3.22 (s, 3H), 2(@01H), 2.02 (m, 1H), 1.87 (m, 2H), 1.57 (m,
5H), 1.42 (m, 6H), 1.30 (m, 4H), 1.18 (s, 6H), 1(893H), 0.99 (dJ = 6.5 Hz, 3H).:*C NMR
(126 MHz, CDC}) 6 166.1, 157.2, 132.3, 129.4, 123.1, 120.8, 11451,94.6, 72.4, 56.4, 56.0,
51.6, 49.1, 41.9, 40.3, 39.9, 36.3, 35.4, 30.51,225.0, 22.6, 20.2, 18.6, 18.0, 13.5.

() Camphor sulfonic acid (CSA, 30 mg, 0.13 mmol) veasled to a solution of MOM-
protected ester (20 mg, 0.04 mol) in MeOH (5 mLJl atirred at RT overnight for 16 hr. The
mixture was concentrated and purified via columroofatography (Si@) 8% EtOAc in Hex) to
yield 34 (65%, 14 mg). HPLC: 95%, R 2.918 min.*H NMR (500 MHz, CDC}) § 7.66 (m,

1H), 7.61 (s, 1H), 7.35 (8 = 7.9 Hz, 1H), 7.10 (m, 1H), 6.48 (s, 1H), 5.421(), 3.25 (s, 3H),
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2.08 (m, 2H), 1.84 (m, 2H), 1.56 (m, 5H), 1.42 GH), 1.30 (m, 3H), 1.21 (s, 6H), 1.05 (s, 3H),
0.97 (d,J = 6.5 Hz, 3H).*C NMR (126 MHz, CDG)) & 166.6, 156.1, 132.2, 129.6, 121.7,
120.1, 116.2, 75.1, 72.7, 56.4, 51.5, 49.0, 41094,439.9, 36.2, 35.4, 30.5, 27.0, 25.0, 24.8,,22.7
20.3, 18.6, 18.0, 13.6. IR(neathax 2982, 2940, 1715, 1686, 1588, 1450, 1290, 12157,
1098, 1066, 946, 918, 881, 805, 753. DART-HRMSz mélcd. for GeHaOs: 434.3270

[MNHJ]". Found 434.3276.

4.6. Biological evaluation

4.6.1. General information and cellular studies

Protocols for general cell culture and gPCR (Hihpaty and VDR) are as described previously
[11-14]. Protocols for the initiation and propagati of primary Math1l-Cre;P¥
medulloblastoma tumors, tumor cell isolation andvitro culture of Ptch-CKO MB cells, as
wells as the proliferation and qPCR studies peréatiim these cells were as previously described
[17-19]. 200-Hydroxycholesterol and 22(S)-hydroxycholesteroHE>) were purchased from
Sigma-Aldrich. GDC (Vismodegib, GDC-0449) was u#i as a clinical standard and purchased
from Caymen Chemical. VD3 for biological studiesswaurchased from Sigma-Aldrich and
calcitriol was purchased from Caymen Chemical. Deés analyzed using GraphPad Prism 5,
and reported values represent mean = SEM for at tea separate experiments performed in

triplicate.
4.6.2. Preliminary pharmacokinetic assays

The solubility and stability of VD3 and analoguesrerdetermined through standard protocols as

a contract research service by Pharmaron, Inc.it€iselubility of each compound was assessed
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in PBS at pH 4.0 and 7.4. Metabolic stability (1 piMiman liver microsomes) was determined
at various time points to provide &mvitro half-life (Ty;) that was converted into the vitro
intrinsic clearance (Ck). For each assay, compound concentrations wasndats via LC-

MS/MS on a Waters XEVO® TQ-D equipped with an Adcguw/PLC.
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HO 5

Hh - |Cso =52+0.2 MM
VDR - ECgo = 1.9+ 0.1 uM

HO

33
Hh - ICsp = 0.4 = 0.1 uM
VDR - EC5y = 0.4 0.1 uM

HO

34
Hh - ICso = 1.0 £ 0.2 uM
VDR - ECsy = > 10 uM

41



Highlights

1. A new series of vitamin D3 analogues with modifications to C-25 were designed and
synthesized.

2. Analogues containing a C-25 hydroxyl are inhibitors of Hedgehog (Hh) signaling and
activators of the vitamin D receptor.

3. Analogues 16, 21, and 22 demonstrated low nanomolar inhibition of pathway signaing in Hh-
dependent basal cell carcinoma.

4. Activation of the vitamin D receptor correlates to enhance down-regulation of Glil
expression.



