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ABSTRACT: Oxysterols (OHCs) are byproducts of cholester-
ol oxidation that are known to activate the Hedeghog (Hh)
signaling pathway. While OHCs that incorporate hydroxyl
groups throughout the scaffold are known, those that act as
agonists of Hh signaling primarily contain a single hydroxyl on
the alkyl side chain. We sought to further explore how side
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chain hydroxylation patterns affect oxysterol-mediated Hh activation, by performing a structure—activity relationship study on a
series of synthetic OHCs. The most active analogue, 23(R)-OHC (35), demonstrated potent activation of Hh signaling in two
Hh-dependent cell lines (ECs, values 0.54—0.65 uM). In addition, OHC 35 was approximately 3-fold selective for the Hh
pathway as compared to the liver X receptor, a nuclear receptor that is also activated by endogenous OHCs. Finally, 35 induced
osteogenic differentiation and osteoblast formation in cultured cells, indicating functional agonism of the Hh pathway.
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he Hedgehog (Hh) signaling pathway is a developmental

signaling pathway that plays multiple roles during em-
bryonic development, including directing neuronal cell growth
and tissue patterning.' While the application of small molecule
Hh pathway inhibitors as anticancer chemotherapeutics is more
clearly defined,® modulation of the pathway also holds potential
as a target for neurodegenerative disorders including Parkinson's
disease (PD), amyotrophic lateral sclerosis (ALS), and diabetic
neuropathy.' Recent studies have also explored the osteoin-
ductive effects associated with activation of the Hh signaling
pathway. Stimulation of Hh signaling with several oxysterols
(OHCs) resulted in significant osteoinductive effects in vitro
and modest induction of bone formation in vivo.*”” De novo
stimulation of bone formation is of significant clinical interest
for a variety of situations, including spinal fusion surgery, bone
fracture repair, and treatment of osteoporosis.® Taken together,
these studies indicate that activators of Hh signaling are valid
leads for further development as therapeutic agents for a variety
of neuro- and osteodegenerative disorders.

OHCs are byproducts of cholesterol oxidation that exert
numerous physiological effects through a variety of cellular
receptors.” Several natural and synthetic OHCs have demon-
strated the ability to activate Hh signaling in Hh-dependent
cellular models, suggesting their potential as chemical probes
for understanding endogenous mechanisms of Hh modulation
and therapeutic agents for Hh-associated neurode§enerative
disorders and orthopedic indications (Chart 1).*”*'" A major
complicating factor for utilizing OHCs as selective agonists of
the Hh signaling is their ability to modulate numerous signaling
pathways through a variety of cellular receptors. OHCs have
been implicated as key regulators of lipid trafficking,'"" cholesterol
homeostasis,"> and leukocyte chemotaxis."> Of particular interest
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with respect to OHC modulation of the Hh pathway is the liver
X receptor (LXR), a nuclear receptor that regulates genes in-
volved in cholesterol homeostasis."* LXR was recently identified as
a negative regulator of the Hh pathway and maintains affinity for
many of the endogenous OHCs that activate Hh signaling; >~
therefore, to avoid competing effects on Hh signaling, OHCs that
act as specific agonists must be inactive against the LXR pathway.
The enclosed manuscript details our initial efforts at identifying
OHC:s as selective Hh agonists and provides key structure—activity
relationship (SARs) information for the future development of this
class of compounds.

Preliminary SARs for naturally occurring and synthetic OHCs
have demonstrated that a hydroxyl moiety on the side chain is
essential for Hh activation (Chart 1). OHCs with a single hydroxyl
moiety on the tetracyclic core scaffold, including 74-OHC and 19-
OHC, have proven ineffective at activating functional Hh signaling
in vitro.** For this reason, our initial efforts to identify OHCs that
act as selective Hh agonists focused on a systematic exploration of
how varying the hydroxylation pattern on the side chain region
of the scaffold effects Hh agonism. Predominantly, the synthesis
of these OHCs followed established procedures with the minor
modifications noted below.'® >

The hydroxylated side chains for the 20(S),25-OHC ana-
logues were prepared as previously described'®'® from ethyl
3-bromopropionate (8a) or ethyl 4-bromobutyrate (8b) by methyl
Grignard addition to the ester and protection of the resulting
tertiary alcohol as the TBS ether (Scheme 1). Bromoalkanes 10a
and 10b were coupled directly to TBS-protected pregnenolone
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Chart 1. Natural (1—3) and Synthetic (4—7) OHC Hh
Agonists
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Scheme 1. Synthesis of 20,25-OHC Analogues 14 and 15“
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“Reagents and conditions: (a) MeMgBr, —20 °C, ether, 85—95%. (b)
TBSOTH, 2,6-lutidine, CH,Cl,, 48—78%. (c) TBSCI, imidazole, DMF,
quant. (d) Sml,, 4 A molecular sieves, HMPA, THF, 43—48%. (e)
TBAF, THF, RT or 70 °C, 42—55%.

12 in a stereoselective fashion via a samarium iodide-mediated
Barbier reaction. It should be noted that freshly prepared samarium
iodide was essential for the reaction to proceed. Global deprotection
provided OHC analogues 14 and 15 in modest yields. Of note,
deprotection of 13a proceeded at room temperature; however, heat
(70 °C) was required for full deprotection of the side chain TBS
ether of 13b.
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The synthesis of 22,25-OHC analogues also began with pro-
tected pregnenolone 12 (Scheme 2). Our synthetic route was
slightly modified from the previously described procedure.”®*!
Coupling of in situ-generated 2-lithio-5-methylfuran with 12
followed by gentle stirring in the presence of silica gel provided
the furan 16. Stereoselective catalytic hydrogenation of the side
chain alkene and acid-mediated opening of the furan ring
yielded the diketone 18. Reprotection of the secondary
hydroxyl as the acetate, followed by Grignard reaction of the
distal ketone with methyl magnesium bromide afforded tertiary
alcohol 20. Sodium borohydride reduction of the C-22 ketone
and protection of the resulting hydroxyl group as the acetate
afforded a mixture of diastereomers that could be separated via
standard silica chromatography. Of note, this purification step
also resulted in significant removal of the C-22 acetate to yield
22; however, enough of the purified diacetylated analogues, 23
and 24, were obtained. Interestingly, while global deprotec-
tion of 23 provided the final corresponding 22(S),25-OHC
analogue 25, deprotection of 24 resulted in a 1:1 mixture of
the 22(R),2S and 22(S),25 OHC diastereomers that were not
separable through standard chromatography conditions. On the
basis of the previous results reported for 22(R)-OHC and our pre-
liminary evaluation of dihydroxylated OHCs (vide infra, Table 1),
turther purification of 26 was not undertaken, and it was evaluated
as a 1:1 mixture.

The preparation of 23-OHC analogues began with con-
version of the commercially available hyodeoxycholic acid
to the corresgonding carboxylic acid 27 via known procedures
(Scheme 3).*7** Oxidative decarboxylation and exchange of
protecting groups gave the THP protected alkene, 29.>%%°
Hydroboration-oxidation provided the desired 30, albeit in low
yield. Oxidation of the side chain hydroxyl to the corresponding
aldehyde followed by a Grignard reaction with isobutyl mag-
nesium chloride afforded 32:33 as a mixture of diastereomers
that were easily separable via standard silica gel chromatog-
raphy. Removal of the 3-tetrahydropyran afforded the final
23-OHC analogues 34 and 35. The absolute configuration
of the hydroxyl moiety at C-23 was assigned for 34 and 35
based on TLC and NMR analysis as described previously.”®
Finally, removal of the protecting groups from the 3-hydroxyls
of 30 and 20 provided the OHC analogues 36 and 37
(Scheme 4).

Initial evaluation of the OHC analogues focused on deter-
mining Hh and LXR agonist properties through up-regulation
of known pathway target genes [glioma-associated oncogene
(GLI1) and ABCAL, respectively] in the Hh-dependent C3H10T1/
2 cell line. For these studies, DMSO was used as a baseline control
for both pathways (set at 1); values for OHC analogues (S uM)
are presented as a fold induction of mRNA expression over
DMSO control (Table 1). Compounds 1-3, 78-OHC, and 22(R)-
OHC are the endogenous and naturally occurrin§ OHCs that
have been previously studied for Hh*> and LXR'>'* activation
and were included in our studies for direct comparison with our
synthetic OHCs. In addition, the commonly used standard for
Hh activation is the combined administration of 20(S)- and
22(S)-OHC (1 and 2, 5 uM each), and this treatment was also
included for comparison. Evaluation of these compounds has
provided key SARs for side chain hydroxylated OHCs as
agonists of the Hh pathway. First, while compounds that
incorporate a C-25 hydroxyl (14, 15, 25, 26, and 37) exhibit a
wide range of Hh activation, none of them are selective agonists
of the Hh pathway. This is not surprising as previous studies
have demonstrated potent LXR binding for OHCs that
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Scheme 2. Synthesis of 22,25-OHC Analogues 25 and 26
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“Reagents and conditions: (a) 2-Methyllithio furan, THF, —78 °C. (b) Silica gel, CH,Cl,, 91% (two steps). (c) Pd/C 10%, H,, benzene, 95%. (d)
THF, H,0, 10% H,SO,, AcOH. (e) Ac,O, pyridine, 47% (two steps). (f) MeMgBr, THF, —78 °C, 39%. (g) NaBH,, MeOH, 0 °C, 87%. (h) Ac,0,

pyridine. (i) Silica gel, EtOAc/CH,CL. (j) KOH, MeOH, 80%.

Table 1. Initial In Vitro Evaluation of OHC Analogues

OHC GLI1® ABCA1° Hh selectivity”

DMSO 1.0 + 0.1 1.0 + 02

1 91.8 + 5.8 134 + 1.8 6.8
2 525 + 1.0 23+ 0.1 22.8
12 1032 + 3.4 174 + 2.1 5.9
3 699 + 29 9.8 + 1.1 7.1
14 18.1 + 0.8 103 + 0.7 18
15 107.8 + 0.9 263 + 1.4 4.1
25 9.9 + 02 29 + 0.1 3.4
26 1.0 + 0.03 09 + 0.1

34 324 + 0.1 36+ 1.1 9.0
35 87.1 + 0.8 49 +02 17.8
36 41+08 04 + 0.01 10.4
37 6.0 + 03 217 + 1.6

7-OHC 1.6 + 0.1 0.6 + 0.1 2.6
22(R)-OHC 47 + 04 24.1 +2.0

“Values are fold mRNA induction over DMSO control. *Hh selectivity
determined as GLI1/ABCAL.

incorporate hydroxyl moieties at C-24 and/or C-25."” Second,
of the 23-OHCs (34 and 35), only the 23(R)-epimer, 35,
activated Hh signaling at a level equipotent to the 1:2 mixture
and demonstrated greater than 10-fold selectivity for the Hh
pathway. In the initial screen, 22(S)-OHC, 2, demonstrated the
greatest selectivity for Hh signaling; however, the absolute up-
regulation of GLI1 was significantly reduced as compared to 35
(52.5- and 87.1-fold, respectively). In addition, as 22(S)-OHC
is an endogenous OHC with multiple known physiologic targets,
we sought to further explore the activity of the synthetic OHC
3S. Finally, compound 37 exhibited the ability to activate LXR
(22-fold induction and 3.6-fold selective for LXR). While these
values represent modest LXR activation and selectivity, they are
comparable to 22(R)-OHC, generally recognized as an LXR selec-
tive endogenous OHC. In addition, the overall up-regulation of
ABCALI demonstrated for 37 was significantly greater than a series
of OHC-based LXR agonists recently reported.”’
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Scheme 3. Synthesis of 23-OHC Analogues 34 and 35¢

COOH
a,b,c
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27
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“Reagents and conditions: (a) Pb(OAC),, Cu(OAc), pyridine,
benzene, reflux, 42%. (b) KOH, MeOH, 98%. (c) THP, pTSA,
CH,Cl,, 53%. (d) BH;-THF, THF, 3 N NaOH, 30% H,0,, 0 °C, 20%.
(e) PCC, CH,Cl,, NaOAc, quant. (f) Isobutyl magnesium chloride,
THF, 0 °C, 44%. (g) 2 N HCl, MeOH, THF, 96—98%.

On the basis of the promising initial results for 35, we sought
to further explore its ability to selectively activate Hh signaling
in a dose-dependent fashion in C3H10T1/2 and M2-10B4 cells,
a multipotent murine bone stromal cell line that responds to Hh
agonists with characteristic pathway up-regulation (Figure 1).
Compound 3§ activated Hh signaling in both cells lines in a dose-
dependent manner as measured by up-regulation of GLI1
(Figure 1A,B) and patched (PTCH) (Figure 1C) expression. Simi-
lar ECy, values were obtained in both cell lines for Hh activation
(0.54—0.65 M), demonstrating that pathway agonism was not cell
type-dependent (Table 2). By contrast, ECy, values for LXR activa-
tion and ABCA1 up-regulation were 3-fold higher (ECy, = 1.53
and 1.54, Figure 1D) in both cell lines, further demonstrating the
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Scheme 4. Synthesis of OHC Analogues 36 and 37“
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“Reagents and conditions: (a) 2 N HCl, MeOH, THF, 86%. (b)
KOH, MeOH, 53%.

Table 2. EC;, Values for Pathway Regulation by OHC 35

target gene C3H10T1/2 M2-10B4
GLI1 0.54 + 0.1¢ 0.57 + 0.1
PTCH 0.65 + 0.06 0.58 +£0.1
ABCAl 1.53 £ 0.2 1.54 £ 0.1

“All values are in uM.

selectivity for the Hh pathway. Of note, while the absolute up-
regulation of GLI1 in C3H10T1/2 cells was approximately S-fold
greater than in M2-10B4s, these absolute values correspond well
with values previously reported for complete Hh activation.*>

To verify that the up-regulation of GLI1 and PTCH was the
result of Hh pathway activation, we evaluated the ability of
cyclopamine (Cyc), an Hh-specific inhibitor, to attenuate this
response (Figure 2). Treatment of M2-10B4 cells with 35 (S M)
resulted in a robust up-regulation of the Hh pathway target
genes GLI1 and PTCH that correlated well with the results
demonstrated for the standard 1:2 OHC cocktail utilized for
pathway activation. Pretreatment with Cyc (5 uM) resulted in
complete attenuation of GLI1 and PTCH overexpression, verify-
ing that these results are due to Hh pathway activation. Of note,
pretreatment with 35 or 1:2 prior to Cyc addition demonstrated
similar results (data not shown).

Activation of the Hh pathway in M2-10B4 cells promotes
osteogenic differentiation and results in mature osteoblastic cells;
therefore, our next series of experiments sought to measure early
and late transcriptional markers of osteogenic differentiation to
verify that OHC 35 functionally activates Hh signaling.*” Treat-
ment of M2-10B4 cells with 35 (5 M) resulted in a modest
(5-fold) up-regulation of the early stage osteogenic marker
Osterix (Osx) at 24 h and a robust up-regulation (>30-fold) at
48 h (Figure 3). Enhanced expression of Osx was maintained up
to 96 h after initial addition of 35. The formation of mature
osteoblasts was assessed by evaluating time-dependent induction
of mRNA expression for alkaline phosphatase (ALP). Similar to
Osx, 35 induced modest up-regulation of ALP at 24 h with a
more robust overexpression seen at 48 and 96 h post-treatment.
Taken together, these data indicate that activation of the Hh
pathway by 35 results in osteogenic differentiation and osteoblast
formation in cultured M2-10B4 cells.

In summary, through the synthesis and evaluation of a series
of side chain OHC analogues, we identified key SARs for this
class of compounds relative to their ability to selectively activate
the Hh signaling pathway. The most active of these com-
pounds, 23(R)-hydroxycholesterol, 35, is a potent activator of
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Figure 1. Hh and LXR activation in C3H10T1/2 and M2-10B4 cells
by 35. The relative expression of GLI1 [C3H10T1/2 (A) and M2-
10B4 (B)], PTCH (C), and ABCA1 (D) were determined relative to
DMSO control. Open circles represent data in C3H10T1/2, while
closed circles represent data from M2-10B4 cells.

the Hh pathway (ECg, values = 0.54—0.65 uM) and demon-
strates approximately 3-fold selectivity relative to LXR. The
most active synthetic OHC reported, 7, induced Hh signaling
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Figure 2. Activation of the Hh signaling pathway. The relative
expression of GLI1 and PTCH was determined in M2-10B4 cells
following treatment with the standard Hh activating OHCs (1:2) or
35 and the Hh-specific inhibitor Cyc. Cells were pretreated with Cyc
(5 uM) for 2 h and then treated with OHC (S #M). mRNA expression
was determined following 24 h of incubation. Data are from a repre-
sentative experiment performed in triplicate.
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Figure 3. Induction of osteogenic differentiation markers. The relative
expression of osterix (A) and alkaline phosphatase (B) was determined
relative to DMSO control in M2-10B4 cells. Cells were treated with
either 1:2 (5 uM each) or 35 (S uM) for the indicated time period.
Data are from a representative experiment performed in triplicate.

with an ECg, value of approximately 390 nM; however, no selec-
tivity parameters for this OHC analogue have been disclosed.”®
OHC 35. In addition, as measured by the up-regulation of early
and late stage markers of osteogenic differentiation, 35 induced
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functional activation of Hh signaling. Finally, while not our initial
intent, we have identified a synthetic OHC, 37, that potently
and selectivity up-regulates LXR and can serve as a valuable
chemical tool to further probe LXR activated signaling.
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