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ABSTRACT

Osteogenic factors are often used in orthopedics to promote bone growth, improve fracture healing, and induce spine fusion.
Osteogenic oxysterols are naturally occurring molecules that were shown to induce osteogenic differentiation in vitro and promote
spine fusion in vivo. The purpose of this study was to identify an osteogenic oxysterol more suitable for clinical development than
those previously reported, and evaluate its ability to promote osteogenesis in vitro and spine fusion in rats in vivo. Among more than
100 oxysterol analogues synthesized, Oxy133 induced significant expression of osteogenic markers Runx2, osterix (OSX), alkaline
phosphatase (ALP), bone sialoprotein (BSP), and osteocalcin (OCN) in C3H10T1/2 mouse embryonic fibroblasts and in M2-10B4
mouse marrow stromal cells. Oxy133-induced activation of an 8X-Gli luciferase reporter, its direct binding to Smoothened, and the
inhibition of Oxy133-induced osteogenic effects by the Hedgehog (Hh) pathway inhibitor, cyclopamine, demonstrated the role of
Hh pathway in mediating osteogenic responses to Oxy133. Oxy133 did not stimulate osteogenesis via BMP or Wnt signaling. Oxy133
induced the expression of OSX, BSP, and OCN, and stimulated robust mineralization in primary human mesenchymal stem cells. In
vivo, bilateral spine fusion occurred through endochondral ossification and was observed in animals treated with Oxy133 at
the fusion site on X-ray after 4 weeks and confirmed with manual assessment, micro-CT (w.CT), and histology after 8 weeks, with
equal efficiency to recombinant human bone morphogenetic protein-2 (rhBMP-2). Unlike rhBMP-2, Oxy133 did not induce
adipogenesis in the fusion mass and resulted in denser bone evidenced by greater bone volume/tissue volume (BV/TV) ratio and
smaller trabecular separation. Findings here suggest that Oxy133 has significant potential as an osteogenic molecule with greater
ease of synthesis and improved time to fusion compared to previously studied oxysterols. Small molecule osteogenic oxysterols
may serve as the next generation of bone anabolic agents for therapeutic development. © 2014 American Society for Bone
and Mineral Research.
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Introduction

espite the endless number of medical scenarios requiring

bone formation, such as fracture healing, spine fusion, and
osteoporosis, there is currently no safe and cost-effective
osteogenic factor to promote bone formation."™ Spine fusion
is often performed by orthopedic surgeons and neurosurgeons
alike to address degenerative disc disease and arthritis affecting
the lumbar and cervical spine. Historically, autogenous bone
graft, commonly taken from the iliac crest of the patient, has
been used to augment fusion between vertebral levels. However,
the associated donor site morbidity, increased operating time,
and increased blood loss associated with harvesting autogenous
bone graft®") has provided incentive to find a safe and effective
alternative.

Recombinant human bone morphogenetic protein-2 (rhBMP-
2) is commonly used to promote spine fusion in humans. Its use
was approved in 2002 by the U.S. Food and Drug Administration
(FDA) for single-level anterior lumbar interbody fusion.®) The use
of rhBMP-2 has increased significantly since this time and
indications for its use have expanded to include posterior lumbar
spinal fusion as well as cervical spine fusion. Despite the efficacy
of rhBMP-2, recent reports have called into question its safety
when employed during spine fusion surgery. Reported compli-
cations have included seroma formation, soft tissue swelling,
vertebral osteolysis, ectopic bone formation, retrograde ejacula-
tion, and carcinogenicity.®'? Moreover, airway edema has been
observed with its use in the cervical spine, prompting the FDA to
issue a Public Health Notification warning for its use in cervical
spine operations. To date, no suitable alternative has been
identified that would have similar efficacy in inducing fusion
without the adverse effects of rhBMP-2.(1?

We previously reported that specific naturally occurring
oxysterols have robust osteogenic properties.'® Oxysterols
form a large family of oxygenated derivatives of cholesterol that
are present in the circulation and in human and animal tissues.
These compounds may be formed either by auto-oxidation, as a
secondary byproduct of lipid peroxidation, or by the action of
specific monooxygenases, most of which are members of the
cytochrome P450 family of enzymes. In addition, oxysterols may
be derived from dietary intake. The most potent osteogenic
naturally occurring oxysterol, 20(S)-hydroxycholesterol (205),'¥
is both osteogenic and anti-adipogenic when applied to
multipotent mesenchymal stem cells (MSCs) capable of
differentiating into osteoblasts and adipocytes. Structural
modifications of 20S were previously performed to synthesize
more potent analogues of 20S including Oxy34 and Oxy49,
which were shown to induce the osteogenic and inhibit the
adipogenic differentiation of multipotent bone marrow stromal
cells through activation of Hedgehog (Hh) signaling."> Addi-
tionally, Oxy34 and Oxy49 stimulate spine fusion in vivo in a rat
model of posterolateral spine fusion."” Despite the great
promise that these molecules have shown thus far, both in
terms of efficacy and significantly lower production cost as
compared with rhBMP-2, improving the potency, ease of
synthesis, and cost of these factors would make them a more
feasible clinical option for physicians treating long bone
fractures, spine disorders, and perhaps even osteoporosis.
Moreover, the mechanism of bone formation and properties
of bone formed by oxysterols are not well established.

The purpose of this study was to: (1) design an osteogenic
oxysterol analogue that would have improved properties to
Oxy34 and Oxy49 for further therapeutic development, first in

terms of ease of synthesis for scaling up that would also result in
lower cost, and second in terms of potency if possible; (2) to
evaluate its potential use in clinical scenarios requiring the
promotion of bone formation; and (3) to further elucidate
the mechanism of action of osteogenic oxysterols and the
microstructural properties of bone induced by oxysterols. To this
end, structure activity relationship studies were used to identify a
novel oxysterol analogue, Oxy133, with greater potency and ease
of synthesis than those previously identified. We subsequently
aimed to characterize the osteogenic potential of Oxy133 in vitro
when applied to human MSCs, identify the molecular mechanism
by which Oxy133 activates Hh signaling, and evaluate the
potential of Oxy133 to promote spine fusion in a rat model
in vivo.

Materials and Methods

Cell culture and reagents

Mouse multipotent bone marrow stromal cell line, M2-10B4 (M2),
and embryonic fibroblast cell line C3H10T1/2 (C3H) were
purchased from American Type Culture Collection (Rockville,
MD, USA) and cultured as reported.*' Treatment to induce
osteogenic differentiation was performed in RPMI for M2 cells or
DMEM for C3H cells containing 5% fetal bovine serum (FBS),
50 wg/mL ascorbate, and 3mM B-glycerophosphate (BGP)
(differentiation media). Adipogenic differentiation of C3H cells
was induced by treatment of cells with DMEM containing 10%
FBS and 10 wM PPARy activator, Troglitazone (Tro). Chondro-
genic differentiation of C3H cells was achieved using a
modification of a previously reported pellet culture."® Briefly,
1 million cells were pelleted by centrifugation and cultured in
DMEM containing 10% FBS and 50 p.g/mL ascorbate. In all in vitro
experiments, control condition consists of differentiation media
without the test agents. Cyclopamine was purchased from EMD
Biosciences, Inc. (La Jolla, CA, USA), Tro and Smoothened agonist
SAG from Cayman Chemical (Ann Arbor, MI, USA), and rhBMP-2
rmShh, rmTGFB3, noggin, and Dkk-1 from R&D Systems
(Minneapolis, MN, USA). Primary human MSCs were purchased
from Lonza (Walkersville, MD, USA) and cultured and passaged in
growth medium from StemCell Technologies (Vancouver, BC,
Canada) according to the manufacturer’s instructions. Osteo-
genic differentiation of human MSCs was induced by treating
the cells in DMEM low glucose containing antibiotics and 10%
heat-inactivated FBS, 1078 M dexamethasone, 10 mM BGP, and
0.2 mM ascorbate.

Alkaline phosphatase activity, oil red O, and Von Kossa
staining

Alkaline phosphatase (ALP) activity assay on whole cell
extracts,">' and von Kossa staining of cell monolayers for
mineralization!’” were performed as described.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted with the RNA isolation Trizol reagent
from Ambion, Inc. (Austin, TX, USA) according to the manu-
facturer’s instructions. RNA (1 ug) was reverse-transcribed using
reverse transcriptase from Bio-Rad (Hercules, CA, USA) to make
single-stranded cDNA. Quantitative RT-PCR (qRT-PCR) reactions
were performed using iQ SYBR Green Supermix and an iCycler
RT-PCR Detection System (Bio-Rad). Primer sequences for all
mouse genes Gli-1, Patched1 (Ptch1), bone-liver-kidney isozyme
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of ALP, bone sialoprotein (BSP), Runx2, osterix (OSX), osteocalcin
(OCN), collagen 10, aggrecan, PPARy, aP2, and GAPDH were used
as described™ and are reported in Supporting Table 1. Human
primer sequences for GAPDH, BSP, OSX, and OCN are also
reported in Supporting Table 1. Relative expression levels were
calculated using the 222C; method as described."”

Transient transfection and Gli-dependent reporter assay

Cells at 70% confluence in 24-well plates were transiently
transfected with Gli-dependent firefly luciferase and Renilla
luciferase vectors as described."'®'® FUGENE 6 transfection
reagent (Roche Applied Science, Indianapolis, IN, USA) was used
at a ratio of 3:1 with nuclease-free water and total DNA per well
did not exceed 500 ng. Luciferase activity was assessed using the
Dual Luciferase Reporter Assay System (Promega Corporation,
Madison, WI, USA) according to manufacturer’s instructions after
cells were treated for 48 hours.

Synthesis and molecular characterization of Oxy133

Materials were obtained from commercial suppliers and were
used without further purification. Air or moisture sensitive
reactions were conducted under argon atmosphere using oven-
dried glassware and standard syringe/septa techniques. The
reactions were monitored on silica gel thin-layer chromatogra-
phy (TLC) plates under UV light (254 nm) followed by visualiza-
tion with Hanessian's staining solution. Column chromatography
was performed on silica gel 60. '"H NMR spectra were measured in
CDCl;. Data obtained are reported as follows in ppm from an
internal standard (TMS, 0.0 ppm): chemical shift (multiplicity,
integration, coupling constant in Hz). Stepwise detailed
description of the synthesis protocol and characterization of
the intermediates and final products, as well as criteria for
selection of Oxy133 versus Oxy34 and Oxy49 are provided in the
Supporting Information.

Smoothened binding assay

Interaction of oxysterol with Smoothened (Smo) was examined as
reported.?® Smo™~:YFP-Smo cells?" were lysed in hypotonic
SEAT buffer (250 mM sucrose, 1 mM EDTA, 10 mM acetic acid,
10 mM triethanolamine, 10 mg/mL leupeptin-pepstatin-chymos-
tatin [LPC] protease inhibitor mix and the SigmaFast EDTA-Free
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA)).
After removal of nuclei by centrifugation (500g, 5 minutes),
membranes were pelleted by centrifugation at 95,000g for 30
minutes. Membranes were extracted in an n-dodecyl-b-D-
maltopyranoside (DDM) extraction buffer (50 mM Tris pH 7.4,
500mM NaCl, 10% vol/vol glycerol, 0.1% wt/vol DDM and the
SigmaFast EDTA-Free protease cocktail) for 4 hours at 4°C,
followed by removal of insoluble material by centrifugation
(100,000g, 30 minutes). This membrane extract was incubated
with 50 M free 20(S) or Oxy133 or Oxy16 (an oxysterol analogue
that does not activate Hh signaling; Parhami and colleagues,
unpublished observations) for 1 hour at 4°C prior to the addition
of magnetic beads coupled to nat-20(S)-yne or control magnetic
beads.?? Binding reactions were incubated overnight at 4°C. In all
experiments, the amount of solvent was carefully equalized in
each sample. After extensive washing, proteins captured on the
beads were eluted with reducing SDS sample buffer. The
presence of YFP-Smo in these eluates was determined by
quantitative immunoblotting with an anti-GFP antibody (Novus,
NB600-308, 1:5000) and infrared imaging (Li-Cor Odyssey system).

Animals

Fifty-four 8-week-old male Lewis rats were purchased from
Charles River Laboratories (Wilmington, MA, USA) and were
maintained and housed at the UCLA vivarium in accordance with
regulations set forth by the UCLA Office of Protection of Research
Subjects. The study was performed under a protocol approved
by the UCLA Animal Research Committee (ARC). Thirty-eight
animals were used to assess spine fusion and were euthanized
using a standard CO, chamber 8 weeks after the spinal fusion
procedure, and their spines were excised and stored in 40% ethyl
alcohol. An additional 16 rats were used in a time course study to
evaluate the induction of bone formation via endochondral
ossification. Two rats in each group (Oxy133 and rhBMP-2) were
euthanized at 1, 2, 4, and 8 weeks, their vertebrae excised and
subjected to histological analysis.

Surgical procedures

Animals were premedicated with sustained release buprenor-
phine thirty minutes prior to surgery and anesthetized with 2%
isoflurane administered in oxygen (L/min). Posterolateral
intertransverse process spinal fusion at L,-Ls was performed
as in prior studies.?>?® A 4-cm longitudinal midline incision was
made through the skin and subcutaneous tissue over L,—Ls down
to the lumbodorsal fascia. A 2-cm longitudinal paramedial
incision was then made in the paraspinal muscles bilaterally to
expose the transverse processes of L4-Ls, which were decorti-
cated with a high-speed burr. The surgical site was then irrigated
with sterile saline, and 5mm x5mm x 13mm pieces of
absorbable collagen sponge (ACS) (Helistat, Integra Life Sciences)
containing dimethyl sulfoxide (DMSO) control (since Oxy133 was
dissolved in DMSO), rhBMP-2, or Oxy133 were placed bilaterally,
with each implant spanning the transverse processes. The ACS
was used to deliver the compounds by soaking the ACS with the
aliquots of DMSO, rhBMP-2, or Oxy133 before applying the
sponge to the intertransverse process space. The ACS is made of
collagen derived from bovine Achilles tendon. The method of
application used in this study is identical to what is used in spine
surgery in humans, in which rhBMP-2 is mixed with sterile water
and soaked with the absorbable collagen sponge prior to
implantation. The implants were then covered with the overlying
paraspinal muscles and the lumbodorsal fascia and skin were
closed with 4-0 Prolene sutures (Ethicon, Inc., Somerville, NJ,
USA).

Radiographic analysis

Posteroanterior radiographs of the lumbar spine were taken on
each animal at 4, 6, and 8 weeks after surgery using a Faxitron
LX60 cabinet radiography system and evaluated blindly by two
independent observers employing the following standardized
scale: 0=no fusion; 1=unilateral fusion; and 2=complete
bilateral fusion. The scores from the observers were added
together and only a score of 4 was considered as complete
fusion.

Manual assessment of fusion

Eight weeks after surgery, animals were euthanized and the
spines were surgically removed and evaluated by two blinded
independent observers for motion between levels. Nonunion
was recorded if motion was observed between the facets or
transverse processes on either side. Complete fusion was
recorded if no motion was observed bilaterally. Spines were
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scored as either fused or not fused. Unanimous agreement was
required to consider complete fusion.

pnCT

Each excised spine was analyzed by high-resolution p.CT, using a
SkyScan 1172 scanner (SkyScan, Belgium) with a voxel isotropic
resolution of 20 wm and an X-ray energy of 55 kVp and 181 mA to
further assess the fusion rate and observe the fusion mass as
reported.’™ A total of 360 projections were acquired over an
angular range of 180 degrees with steps of 0.5 and an exposure
time of 220 ms/slice. Five frames were averaged at each rotation
step to get better signal to noise ratio. A 0.5-mm aluminum filter
was used to narrow down the X-ray beam frequency in order to
minimize beam hardening artifact. Virtual image slices were
reconstructed using the cone-beam reconstruction software
version 2.6 based on the Feldkamp algorithm (SkyScan). These
settings produced serial cross-sectional 1024-pixel x 1024-pixel
images. Sample reorientation and 2D visualization were
performed using DataViewer (SkyScan). 3D visualization was
performed using Dolphin Imaging version 11 (Dolphin Imaging &
Management Solutions, Chatsworth, CA, USA). Fusion was
defined as the bilateral presence of bridging bone between
the L, and Ls transverse processes. The reconstructed images
were judged to be fused or not fused by two experienced
independent observers. To quantify the density of bone formed
within each fusion mass, the tissue volume of the mass (TV),
trabecular bone volume within the mass (BV), BV/TV ratio,
trabecular thickness, and trabecular separation were calculated.
This was performed using DataViewer software with measure-
ments across 501 axial slices (20 wm per slice, 10.02 mm length)
within each fusion mass, centered at the level of the
intervertebral body of L4-Ls.

Histology

After undergoing p.CT, two representative specimens from each
surgical group were processed undecalcified by dehydration,
clearing in xylene, and embedded in methyl methacrylate as
reported.">?* Serial coronal sections were cut with a thickness
of 5um and stained with toluidine blue pH 6.4. Photomicro-
graphs of sections were obtained as previously reported using a
ScanScope XT System (Aperio Technologies, Inc., Vista, CA, USA)
at a magnification of x 10 in Fig. 7A and x20 in Fig. 7B.° Rat
spines used to assess endochondral ossification were decalcified
and embedded in paraffin. Serial coronal sections were cut with a
thickness of 5 um and stained with Safranin O to identify areas
undergoing chondrogenesis.

Statistical analysis

Statistical analyses were performed using the StatView 5
program. All p values were calculated using ANOVA and Fisher’s
projected least significant difference (PLSD) significance test. A
value of p < 0.05 was considered significant.

Results

Oxy133 induces osteogenic differentiation of bone
marrow stromal cells, embryonic fibroblasts, and human
MSCs

To achieve the goal of developing a molecule capable of
inducing osteogenic differentiation of osteoprogenitor cells, we
modified the molecular structure of the most potent osteogenic

naturally occurring oxysterol, 20S, based on our understanding
of the structure activity relationships observed in over 100
previously synthesized analogues. We previously reported that
robust osteogenic differentiation was achieved with two
structural analogues of 205, Oxy34 and Oxy49.'® These
molecules were formed by adding an « hydroxyl (OH) group
on carbon 6 (C6) in both Oxy34 and Oxy49, and a double bond
between C25 and C27 in Oxy49 (Fig. 1)." In studies reported
here, we attempted to further improve on these two molecules
by developing a more easily synthesized and more potent
analogue that would be suitable for scale up into large amounts
for future preclinical and clinical studies in large animals and
humans, respectively. Through structure activity relationship
studies a novel analogue, Oxy133, was synthesized according to
the protocol described in the Supporting Information and tested
for osteoinductive activity. Oxy133 differs from Oxy34 and Oxy49
by the deletion of C27 and increasing the length of the side chain
by one carbon (Fig. 1). Importantly, Oxy133 can be more readily
prepared on large scale due to inexpensive commercially
available starting materials that result in a significantly less
costly product compared to Oxy34 and Oxy49. Moreover, the
alkyne addition used in the preparation of Oxy133 is superior to
the Grignard chemistry used in the synthesis of Oxy34 and Oxy49
in terms of yield, purity of products (diastereoselectivity), and
scalability. Further details about the synthesis of Oxy133 and its
distinct characteristics that make it more favorable as a potential
drug candidate are described in the Supporting Information.
Oxy133 was selected from several structural analogues of 20S
because of its potency in inducing ALP activity as measured by
ALP enzymatic activity assay in C3H and M2 cells as reported for

Oxy133

Oxy49

Fig. 1. Molecular structures of osteogenic oxysterols. The molecular
structures of 20(S)-hydroxycholesterol (20S), Oxy34, Oxy49, and Oxy133
are shown. Oxy34 is different from 20S in that it has an extra OH group on
C6 and the double bond between C5 and C6 is eliminated. Oxy49 has a
similar structure to Oxy34 and includes a double bond between C25 and
C27. Oxy133 differs from Oxy34 and 49 by the deletion of C27 and
increasing the length of the side chain by one carbon.
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other oxysterol analogues.”"® A dose-dependent increase in
ALP activity was observed with Oxy133 at low micromolar (M)
concentrations (Fig. 2A, B). The EC50 for Oxy133 was found to
be approximately 0.5 wM in C3H (Fig. 2A) and 0.44 pM in M2
cells (Fig. 2B). The EC50 of Oxy34 and Oxy49 in C3H cells was
found to be similar to what was previously reported in M2 cells,
0.8 and 0.9 wM, respectively, and significantly higher than the
EC50 of Oxy133 (Fig. 2A). Moreover, Oxy133 at high doses
induced a greater level of ALP activity than similar doses of
Oxy34 and Oxy49 in C3H cells (Fig. 2A). It is also noteworthy
that rhBMP2 at 200 ng/mL (a relatively high dose) induced ALP
activity in cells to a similar degree to that induced by 5uM
Oxy133 and twofold more than what was induced by 0.5 .M
Oxy133 (Supporting Fig. 1). Further effects of Oxy133 in
inducing osteogenic differentiation of cells were confirmed
through analysis of the expression of osteogenic differentia-
tion marker genes Runx2, OSX, ALP, BSP, and OCN. Treatment
with 2.5 M Oxy133 induced Runx2 expression twofold and
3.2-fold after 4 and 7 days of treatment, respectively, which
returned to baseline levels at 14 days (Fig. 3A). OSX expression
was significantly induced threefold after 2 days and remained
elevated throughout the experiment, reaching a maximum
induction of 4.5-fold (Fig. 3A). Treatment of cells with Oxy133
induced the expression of ALP 18-fold after 2 days, which
maximized to 120-fold after 4 days and then dropped to 22-
fold after 7 and 14 days, respectively (Fig. 3A). BSP expression
was maximally induced ninefold on day 4 and remained
induced for the duration of the experiment despite lowering
with the longer exposure of cells to Oxy133 (Fig. 3A). Oxy133
treatment also induced the expression of osteoblast-specific
gene, OCN, 2.8-fold after 4 days and reached a maximum of 4.2-
fold after 14 days posttreatment (Fig. 3A). Oxy133 induced
robust matrix mineralization in cultures of C3H cells as
determined by von Kossa staining (Fig. 3B) and quantitative
extracellular matrix *°Ca incorporation assay after 21 days of
treatment (Fig. 3C). Comparison of Oxy133-induced osteogenic
effects in parallel with those of Oxy34 and Oxy49 at EC50 of
Oxy133 (for induction of ALP activity) showed significantly
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greater potency of Oxy133 in inducing ALP, OSX, and BSP
mMRNA expression after 4 days, OCN expression after 14 days,
and “**Ca incorporation after 21 days (Supporting Fig. 1).
Furthermore, 200 ng/mL rhBMP-2 induced greater expression
of ALP, OSX, and OCN but much lower expression of BSP than
Oxy133 (Supporting Fig. 1). In addition, **Ca incorporation was
induced significantly more by Oxy133 than that induced by
0.5 wM Oxy34, 0.5 .M Oxy49, or 200 ng/mL rhBMP-2 (Support-
ing Fig. 1). These data demonstrate the efficacy and potency of
Oxy133 as an osteoinductive oxysterol.

The osteogenic effects of Oxy133 were also examined in
primary human MSCs by assessing the expression of osteogenic
genes 1 week, 2 weeks, and 4 weeks posttreatment. ALP
expression was high in untreated cells at all time points and there
was no change with Oxy133 treatment (data not shown). After
1 week, a significant twofold increase in BSP expression was
observed that was further increased to fourfold after 2 and
4 weeks (Fig. 3D). Oxy133 also resulted in a significant induction
of OSX (threefold) and OCN (twofold) after 4 weeks (Fig. 3D).
Additionally, Oxy133 stimulated robust extracellular matrix
mineralization in cultures of primary human MSCs as demon-
strated by von Kossa staining after 5 weeks of treatment (Fig. 3E).

Oxy133 inhibits adipogenic differentiation of embryonic
fibroblasts

In previous reports we had demonstrated the inhibitory effects of
osteogenic oxysterols on adipogenic differentiation of muilti-
potent mesenchymal cells, including C3H and M2 cells, and we
had reported that this inhibitory effect was mediated through
inhibition of PPARy expression.’” We now report the anti-
adipogenic effects of Oxy133 when applied to C3H cells treated
with the PPARy activator, troglitazone (Tro), to induce adipo-
genesis (Supporting Fig. 5). Oxy133 caused a significant
inhibition of Tro-induced adipogenic differentiation marker
genes PPARy and aP2, as well as the formation of adipocytes
as demonstrated by gRT-PCR and by Oil red O staining,
respectively (Supporting Fig. 5).
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Fig. 2. Dose-dependent activation of alkaline phosphatase activity by oxysterols. (A) C3HT101/2 cells or (B) M2-10B4 cells at confluence were treated with
control vehicle or 0.125-10 uwM of Oxy133. (A) For direct comparison to Oxy133, C3H cells were also treated with Oxy34 and Oxy49. After 4 days, ALP activity
was measured in whole cell extracts. Data from a representative of three separate experiments are reported as the mean of triplicate determinations + SD
and normalized to protein concentration (p < 0.0001 for cells treated with 0.25 uM or higher dose of all oxysterols versus control vehicle-treated cells).

ALP = alkaline phosphatase.

B 1876 MONTGOMERY ET AL.

Journal of Bone and Mineral Research



>

= 160 1 ALP 14 1 pep 7
3 140 = g6
i §in i1
° 8 100 OControl| & § 10 O Control 25 e
g‘g = m0xy133 2".; 8 wowisa| E% 4
Eg 60 23 6 gé 3
e = “_‘§ 2
g% 40 53 4 i3
¥ 20 ﬁé 2 g& .
o 0 o
r-] 13 14 »w = » 13 » = E. g. g'
> £ £ B B B
% F 3 2 2 3 ¢ & & 3
<+ ~ <+ + 0~ 0« <+ ~ A
i -
= 67 ocwN
LY £%°] rome HGa
s . somiso| %+
&3 58
g% s B
3§ 2 Eg 2
z 4 i
$5 1 25 1
gE e
= =
s P EF F s £ EF E
<+ < o ° <+ o o ]
<+ ~ < <+ ] <
- -
B C
400000
Control Oxy133
——— - = 350000
[
kel 300000
=
© =
S © 250000
2=
S E 200000
c Q
E L 150000
O
g 100000
50000
0
D 0 1 5 10
57 0 CONTROL Oxy 133 (M)
m OXY 133 5uM
55 ¢ E
-
] Control Oxy133 (0.5 uM)
%0 31 - -
%0
(<]
28 5
23
80
—
0 &
g
0

osx BSP OCN Oxy133 (1 uM) Oxy133 (5 uM)

Fig. 3. Oxy133 induces osteogenic differentiation. (A) C3HT101/2 cells at confluence were treated with control vehicle or 2.5 uM Oxy133 in osteogenic
media. Expression of osteogenic genes Runx2, ALP, BSP, OSX, and OCN was measured by quantitative real-time PCR after 48 hours (48 h), and 4, 7, and
14 days of treatment. Results from a representative experiment are reported as the mean of triplicate determinations + SD (p < 0.005 for control versus
Oxy133 atall time points for ALP, BSP, and OSX and at 4, 7, and 14 days for Runx2 and OCN). (B) C3H10T1/2 cells were treated with control vehicle or 2.5 uM
Oxy133 for 3 weeks. To examine extracellular mineralization von Kossa staining was performed and mineralized matrix appears as dark black staining
under light microscopy (x 10). (C) In parallel cultures to those described in B, mineralization was quantified using a Ca incorporation assay (p < 0.005 for
control versus all concentrations of Oxy133). (D) Primary human MSCs were treated in osteogenic medium with control vehicle or 5 uM Oxy133 for
4 weeks. Expression of osteogenic genes OSX, BSP, and OCN was measured by quantitative real-time PCR. Results from a representative experiment are
reported as the mean of triplicate determination =+ SD (p < 0.05 for all genes in control versus Oxy133-treated cells). (E) Primary human MSCs were treated
in osteogenic medium with control vehicle or 0.5 uM, T wM, and 5 uM Oxy133 for 5 weeks. To examine extracellular mineralization von Kossa staining was
performed and mineralized matrix appears as dark black staining under light microscopy (x10).
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Oxy133 induces osteogenic differentiation through
activation of Hh pathway signaling and not through
BMP or Wnt signaling

Prior research has demonstrated that 20S and its structural
analogues Oxy34 and Oxy49 induce osteogenic differentiation
via activation of Hh pathway signaling through binding to and
allosteric activation of Smoothened (Smo).">?%%% However, the
molecular mechanism for osteogenic oxysterol-mediated activa-
tion of Hh pathway signaling was not elucidated previously.
Given its greater osteogenic activity, Oxy133 was a better tool for
identifying the molecular mechanism by which Hh pathway
activation and osteogenesis are achieved by the semisynthetic
oxysterols. In order to confirm that Oxy133 also induces
osteogenic differentiation through the Hh pathway, the effect
of the selective Hh pathway inhibitor, cyclopamine, on Oxy133-
induced ALP activity and expression of osteogenic differentiation
markers ALP, BSP, and OSX was examined. Cyclopamine
completely inhibited Oxy133-induced ALP activity and expres-
sion of osteogenic markers ALP, BSP, and OSX, in C3H cells
(Fig. 4A), as well as in M2 cells (data not shown), suggesting that
Oxy133 also acts via the Hh signaling pathway. To further confirm
the activation of Hh signaling by Oxy133, activation of a Gli-
dependent luciferase reporter transfected into C3H cells was
examined as reported.”>'® Oxy133 induced a dose-dependent
increase in activity of the Gli-dependent reporter, reaching a
fivefold induction at 100 nM and a 17-fold induction at 1 uM
Oxy133 (Fig. 4B).

Furthermore, we examined the response of cells to Oxy133 in
the presence of other Hh pathway activators, namely sonic
hedgehog (Shh), which activates the pathway by binding to Ptch
and alleviating its inhibitory effect on Smo, and SAG, which
directly binds to Smo. Treatment of cells for 3 days with a
submaximal dose of Oxy133 (0.1 M) together with submaximal
doses of Shh (100 ng/mL) or SAG (10 wM) resulted in synergistic
activation of Hh signaling measured by the induction of
Ptch1, Gli1, and HIP (Supporting Fig. 7). Moreover, ALP mRNA
expression and enzymatic activity were also synergistically
induced by Oxy133 when added in the presence of Shh or SAG
(Supporting Fig. 7).

In addition to examining the Hh pathway, we also assessed the
potential role of the BMP/Smad pathway as well as Wnt signaling
in mediating osteogenic responses to Oxy133. As expected,
treatment of C3H cells with rhBMP-2 induced Smad activation as
demonstrated by the increased levels of phosphorylated Smad
(pSmad) after 15 and 30 minutes on Western blots (Supporting
Fig. 2). Treatment of cells with Oxy133 did not increase pSmad
levels in cells when treated for 15 or 30 minutes nor after longer
treatments for 24 and 48 hours (Supporting Fig. 1). Furthermore,
Oxy133 treatment did not induce the expression of BMP-2
or BMP-4 after 8, 24, or 48 hours as assessed by qRT-PCR (data
not shown). In addition, treatment with BMP inhibitor, noggin
(200 ng/mL), blocked rhBMP2-induced ALP activity in cells by
>90% but only blocked Oxy133-induced ALP activity by <30%
(Supporting Fig. 3). This effect of noggin is similar to what we
previously reported for 20S and is likely due to inhibition of the
synergy between baseline BMP/Smad activity present in cells
with Oxy133-induced Hh signaling and osteogenesis.'>2”
Altogether, these data suggest that the BMP2/Smad pathway
is not involved in Oxy133-induced osteogenesis.

We also examined the possible role of Wnt signaling in
Oxy133-induced responses by treating C3H cells with the Wnt
pathway inhibitor, Dkk-1. Dkk-1 (1 wg/mL) did not inhibit

Oxy133-induced ALP activity (data not shown). Furthermore,
we did not find any induction of the expression of Wnt signaling
target genes Axin2, Nkd2, and Cyclin D1 in C3H cells treated for
48 hours with Oxy133, whereas lithium chloride, which is known
to activate Wnt signaling, did induce the expression of Axin2
and Nkd2 but not Cyclin D1 (Supporting Fig. 4). However, as
previously shown for 20S, Oxy133 did induce the expression of
Wnt target gene, Wif-1, which was completely blocked by the
Hh pathway inhibitor, cyclopamine (Supporting Fig. 4), and
therefore a Hh pathway mediated response.

Oxy133 activates the Hh signaling pathway by binding to
the Smo receptor

We previously reported that 20S selectively activates Hh
signaling by binding to the Smo receptor.?® To determine
whether Oxy133 activates Hh signaling by the same mechanism,
we tested the ability of Oxy133 to compete for YFP-tagged Smo
(YFP-Smo) binding with a 20S analogue coupled to magnetic
beads. As reported, this analogue, nat-20S-yne, contains an
alkyne moiety on the iso-octyl chain, allowing for click chemistry-
mediated coupling to magnetic beads (205-beads).?® Using
these beads for sterol-binding assays, the amount of YFP-Smo
remaining on the beads relative to a no-competitor sample is
measured by Western blotting. Compounds that bind Smo at the
same site as 20S compete with the 20S-beads and reduce the
amount of protein in the eluate. We have tested many other
sterols both in Smo binding assays and Hh signaling assays and
in all cases binding to Smo correlated with a change in Hh
pathway activity.?” Both Oxy133 and 205, the positive control,
reduced the amount of YFP-Smo captured on 20S-coupled beads
(Fig. 40). In an important control, a structurally related analogue,
Oxy16, which cannot activate Hh signaling or osteogenesis
(Parhami and colleagues, unpublished observations) failed to
prevent the interaction between YFP-Smo and 20S-beads
(Fig. 40). This reduction in the amount of YFP-Smo captured
by 20S-beads in the presence of free Oxy133 suggests that
Oxy133 binds to the same site on Smo as 20S. It is important to
emphasize that our assay is semiquantitative and cannot be used
to derive K4 for the interaction, principally because we do not
know the concentration of YFP-Smo in the extract and the
amount of 20S productively immobilized on beads.

Oxy 133 stimulates bone formation and spinal fusion

in vivo

Eight-week-old Lewis rats were divided into five treatment
groups that differed only by the reagent contained within the
collagen sponge at the surgery site: Group I-control vehicle
(DMSO) only (n=7), Group II-5 g rhBMP-2 (n=8), Group lII-
20 mg Oxy133 (n =7), Group IV-2 mg Oxy133 (n = 8), and Group
V-0.2mg Oxy133 (n=8). Bone formation and spinal fusion
were assessed at various time points postoperatively through
radiographic analysis, and at sacrifice using manual assessment,
,CT, and histology. Fusion rates at euthanasia are summarized
in Fig. 5.

Radiographic analysis

The first sets of radiographs were performed 4 weeks after the
operation. At this time point, bilateral fusion was observed in all
8 animals in the rhBMP-2 group, 6 of 7 animals in the Oxy133-
20 mg group, 3 of 8 animals in the Oxy133-2 mg group, and no
fusion in the control and the Oxy133-0.2 mg groups. Unilateral

B 1878 MONTGOMERY ET AL.

Journal of Bone and Mineral Research



>

»
3 120
%3 1001 az ::’g
:'- .. ° 2
,!, i. 20 ALPActivity Es i3 1 ALP
i« i
é $ 40 To e
32 2 % o
a~ [ 20
] 14
i oo - ‘
[} =2 o o
5 SI‘ 15' [ % g ) )
» +
§ & 3 8§ F &
§ §
o
‘ BSP i
- 1S
5 3 N T osX
e B
¥ 3
o - 2 1 4 1
[ ! ] 1]
Le o3 31
13 335 2] N
2s 4 K
: ol N
2 9 [ 3 [ 3 01
5 o 9 o 3 e 3 3
5 g " - 9 (4]
a S k g
: I
bead eluates (100%)
o :
B C 5\ O © 20S Oxyi33 Oxyi6 competitor
¥ [ ] control beads
25 - 0O pGL3b K ®@ ® @ @ nat-20S-yne beads
ES:' M pGL3b-8XGli 5
B = 20 e e ‘
0 0
! 100 —
z g 15 aGFP
E‘g § S 120
3] =3
% 10 @
2L 2 1001 —
o —O‘ S
Za S god
k- 5 - 2
[} - 4
™ \% 60
o
ol i i F‘ﬁ = 401
Control 0.01 pM 0.025 pM 0.1 uM 0.25 pM 1uM S-,
oxy133 o 20 H
w p—
> 0 T T T Q’) ‘é
& q,QO" R,
¢ & S oF
> & o
N
$

Fig. 4. The role of Hedgehog pathway in Oxy133-induced osteogenic differentiation. (A) C3H10T1/2 cells at confluence were treated in osteogenic
medium with control vehicle or Oxy133 in the presence or absence of 4 wuM cyclopamine (Cyc). After 4 days ALP activity, and after 7 days the expression of
osteogenic genes ALP, BSP, and OSX was measured by quantitative real-time PCR (p <0.001 for control versus Oxy133, and for Oxy133 versus
Oxy133 + Cyc for ALP activity and for the expression of all genes shown). (B) C3H10T1/2 cells were transfected with control plasmid (pGL3b) or a plasmid
containing 8X-Gli luciferase reporter and treated with control vehicle or Oxy133, and luciferase activity was determined after 48 hours. Results from a
representative experiment are reported as the mean of triplicate determinations + SD (p < 0.001 for control versus Oxy133 at 100 nM, 250 nM, and 1 .M
Oxy133). (C) The amount of YFP-Smo captured by 20S beads or control beads was compared in samples containing either no competitor or 50 uM of a free
competitor sterol (20S, Oxy133, or Oxy16). The YFP-Smo captured by the beads was measured by Western blot (top) and plotted (bottom) relative to the
amount captured in the binding reaction with no competitor.

fusion was observed in the remaining Oxy133-20 mg-treated animals had fused bilaterally in the Oxy133-20 mg group. At
animal and in 3 animals treated with Oxy133-2mg. This is in 8 weeks, fusion was again noted in all animals in the rhBMP-2
contrast to prior studies with Oxy34 and 49 in which no fusion and Oxy133-20 mg groups and in 4 of 8 of the Oxy133-2mg
was observed at the 4-week time point."™ By 6 weeks, all group (Fig. 5). No fusion mass was observed in the DMSO or
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Group | (Control)

Group Il (BMP2)

Group lll (Oxy133-20mg) Group IV (Oxy133-2mg)
X-ray (%) Micro-CT (%) Manual Palpation (%)
Control 0 0 1]
BMP2 100 100 100
Oxy133 20 mg 100 100 86
Oxy133 2mg 50 50 50
Oxy133 0.2 mg 0 0 0

Fig. 5. Plain radiographs of fusion masses and fusion rates in animals treated with rhBMP-2 and Oxy133. Top panel: Faxitron images of 2 representative
animals from the indicated groups at 8 weeks postoperatively are shown. Arrowheads signify lack of bone formation; arrows signify bone formation. Group
| (Control); intertransverse process space with no bone formation. Group Il (BMP2); bridging bone mass and bilateral fusion at Ls—Ls. Group Ill (Oxy133-
20 mq); bridging bone mass and bilateral fusion at Ly—Ls. Group IV (Oxy133-2 mg); bridging bone mass and bilateral fusion at L,—Ls in animals that showed
induction of fusion by Oxy133. Bottom panel: fusion rates in animals treated with control, rh-BMP2, or Oxy133 as assessed by X-rays, n.CT, and manual

palpation.

Oxy133-0.2mg (data not shown) groups in the final 8-week
radiographs (Fig. 5).

Manual assessment and gross evaluation of bone formation

After euthanasia, the spines were explanted from each animal
and subjected to manual assessment as described.">?°3" Gross
evaluation and manual assessment results were similar to
radiographic findings at 8 weeks. No unilateral or bilateral fusion
was observed in the DMSO or Oxy133-0.2 mg groups. Some bone
formation was noted in 2 animals in the Oxy133-0.2 mg group.
Bilateral fusion was observed in all animals in the rhBMP-2 group
and 6 of 7 animals in the Oxy133-20 mg group. The remaining
animal in the Oxy 133-20mg group had motion unilaterally
despite significant bilateral fusion mass. Half (4/8) of the animals
in the Oxy133-2mg group had bilateral fusion confirmed on

manual palpation whereas 2 additional animals had unilateral
fusion and 2 animals had no evidence of fusion.

uCT and histological assessment

Assessment of bridging trabecular bone with pnCT analysis
confirmed results observed with radiographs, gross observation,
and manual palpation (Fig. 6). Although some bone formation
was seen in 2 animals in the Oxy133-0.2 mg group, no bilateral
fusions were observed in this group or the DMSO group. Bilateral
bridging trabecular bone was seen in all animals in the rhBMP-2
group and the Oxy133-20 mg group. Bilateral fusion was also
observed in 4 of 8 animals in the Oxy133-2mg group with
unilateral fusion in 2 additional animals. Fusion extending
beyond the intended level (L4—Ls) was observed in 6 animals in
the rhBMP-2 group and in none of the Oxy133 animals. The

B 1880 MONTGOMERY ET AL.

Journal of Bone and Mineral Research



Group Il (BMP2)

Group | (Control)

Group Il {Oxy133-20 mg)

A=

Group IV (Oxy133-2 mg)

Group V (Oxy133-0.2 mg)

Fusion Mass Fusion Mass Fusion Mass Bone | Fusion Mass Fusion Mass

Total Tissue Bone Yolume Yolume to Tissue Trabecular Trabecular

Volume (mm?) | (mm?) Volume (%) Thickness (um) Separation {um)
BMP2 5 g 106.909° 20.126 19.633" 131.131 446.126"
Oxy133 2mg 78.586 21217 27104 134.008 321693
Oxy133 20mg 79.934 19.592 24 565 124737 310912

Fig. 6. ..CT images and quantification of bone microstructure of fusion masses formed by rhBMP-2 and Oxy133. Top panel: w.CTs of 2 representative
animals from the indicated groups are shown. Arrowheads signify lack of bone formation; arrows signify bone formation. Group | (Control); intertransverse
process space with no bone formation. Group Il (BMP2); bone mass bridging the intertransverse process space and bilateral fusion at L,~Ls. Group I

(Oxy133-20 mg); bone mass bridging the intertransverse process space

and bilateral fusion at Ls-Ls. Group IV (Oxy133-2 mg); bone mass bridging the

intertransverse process space and bilateral fusion at L,-Ls in animals that showed induction of fusion by Oxy133. Group V (Oxy133-0.2 mg); arrow on the far

right indicates a small amount of bone formation from the Ls transverse p|
imaging.

results of the microstructural analysis from the nCT images are
shown in the bottom panel of Fig. 6. The total volume of
the rhBMP-2 fusion masses was significantly greater than both
the Oxy133-2 mg and 20-mg samples. However, the mean BV/TV
ratio of the Oxy133-2mg and 20-mg fusion masses was
significantly greater than the rhBMP-2 group, indicating denser
bone within the masses. Trabecular thickness did not signifi-
cantly differ between rhBMP-2 and either Oxy133-2mg or
Oxy133-20 mg. Trabecular separation was significantly larger
in the rhBMP-2 fusion masses compared to Oxy133-2mg
and Oxy133-20 mg, also indicating less density of bone in the
rhBMP-2 fusion masses.

Histologic analysis was then performed in 2 representative
animals in the DMSO group, rhBMP-2 group, Oxy133-20 mg
group, and Oxy133-2mg group. Histological assessment dem-
onstrated the formation of trabecular bone within the fusion
mass and continuous cortical bone connecting the transverse
processes of the fully fused lumbar vertebrae in rats treated with
rhBMP-2, or with the 2-mg or 20-mg dose of Oxy133 (Fig. 7A).
Bone formation was not present in specimens from control rats.
The size of the fusion mass was increased in rats treated with
rhBMP-2 compared to 20 mg or 2 mg of Oxy133. However, visual
inspection of the histological specimens indicated that rhBMP-2
also induced robust formation of adipocytes within the fusion

rocess. Bottom panel: Quantitative assessment of bone microstructure from p.CT

mass, which was significantly less in groups treated with Oxy 133
(Fig. 7B). In addition, visual inspection suggested that trabecular
bone formation was more robust in the Oxy133-20mg group
compared with the rhBMP-2 group.

Oxy133 stimulates osteogenesis via endochondral
ossification

An additional 16 rats underwent spine fusion as described earlier
in the Materials and Methods section. Eight animals were treated
with 20 mg of Oxy133 and 8 were treated with 5 ug of rhBMP-2,
bilaterally. Two animals in each group were euthanized at each
time point: 1, 2, 4, and 8 weeks. In both the Oxy133 and rhBMP-2
groups, chondrogenesis was observed in the intertransverse
process space at 1 week and appeared to be most robust at
2 weeks. At the 4-week and 8-week time points, the cartilage was
almost entirely replaced by bone in the intertransverse process
space in both groups (Fig. 7C). Consistent with these in vivo
findings, in vitro studies using a previously reported pellet culture
of C3H cells that undergo chondrogenic differentiation after
2 weeks when treated with 10 ng/mL TGFB3 (data not shown),
showed that treatment of such cell pellets with 10 wuM Oxy133
induces chondrogenic differentiation as determined by significant
mRNA induction of chondrogenic differentiation marker genes
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Group Il (BMP2)

B Group Il (BMP2)

A Group | (Control)

]

Group Il (Oxy133-20mg)

Group IV (Oxy133-2mg)

2 Weeks

Fig. 7. Histological analysis of the effect of Oxy133 on spinal fusion. (A) Coronal histological sections of 2 separate representative animals from each group
are shown (x10). Group | (Control) has no significant bone formation at the intertransverse process space (arrowheads). Group Il (BMP2) demonstrates
bridging bone at L,-Ls (arrows) with clear evidence of trabecular and cortical bone forming the fusion mass. Group Il (Oxy133-20 mg) and Group IV
(Oxy133-2mg) specimens demonstrate significant bone formation at the intertransverse process space (arrows) with trabecular and cortical bone
formation comparable to that induced by BMP2. (B) Coronal histological sections from 2 animals each in Group Il (BMP2) and Group Ill (Oxy133-20 mg)
demonstrate significant adipocyte formation in the fusion mass of BMP2-treated animals and substantially fewer adipocytes in the fusion mass from
oxysterol-treated animals (arrows, magnification x20). (C) Coronal Safranin O-stained sections of animals treated with Oxy133 and rhBMP-2 at 1, 2, and
4 weeks. Areas stained red indicate sites of chondrogenesis. At each time point, the image on the left is low magnification (x 7). The region outlined in the
low magnification image is shown to the right at high magnification (x200), demonstrating cartilage in the intertransverse process space at 1 and 2 weeks,

which has been replaced by bone at 4 weeks.

aggrecan and collagen 10 after 14 days of treatment fivefold and
fourfold, respectively (Supporting Fig. 6). Lower concentrations of
Oxy133 did not induce the expression of these genes.

Discussion

Augmentation of bone growth and repair is of great clinical
importance in fracture healing, spine fusion, osteoporosis, and a
number of other musculoskeletal disorders. The use of biologics
is particularly helpful in certain clinical scenarios in which native

bone growth is inadequate. This includes open fractures and
fractures at high risk of non-union, and in select patients
undergoing spine fusion. Despite being initially approved for use
in anterior lumbar interbody fusion, rhBMP-2 is now used off-
label in posterior lumbar fusions as well as anterior and posterior
cervical spine surgery.®?=% rthBMP-2 has been shown clinically
to improve fusion rates when used in spine surgery; however,
there is a significant financial cost associated with its use
and there have been several reports regarding the safety
concerns of rhBMP-2.%2 Most worrisome has been the soft tissue
edema and inflammation associated with rhBMP-2 use in the
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cervical spine,®> which can lead to airway compromise and

dysphagia.®® The quality and biomechanics of bone formed by
rhBMP-2 is also of significant concern.®” Thus, developing a safe
and effective alternative to current treatments would be of
significant clinical value in treating orthopedic diseases requiring
bone formation.

We previously reported that specific naturally occurring
oxysterols as well as their semisynthetic analogues have modest
to potent osteogenic effects when used in vitro on osteopro-
genitor cells and in vivo to induce spine fusion in rats."> The
present study identified Oxy133 as the most potent osteogenic
and anti-adipogenic oxysterol with a synthesis route that is
significantly more simple, efficient, and less costly than the
synthetic route of other oxysterols, including Oxy34 and Oxy49,
making it a realistic option for large scale, cost-effective
production as a potential drug candidate. Additionally, markers
of osteogenic differentiation were induced in human MSCs using
Oxy133, suggesting that the osteogenic effects of Oxy133
demonstrated in vitro and in animal models in vivo are likely to
be observed when applied clinically in humans. In our hands,
different batches of primary human MSCs, all of which were
purchased from Lonza, had different levels of responsiveness to
osteogenic factors including rhBMP-2 and Oxy133 that is likely
due to the heterogeneity in their degree of differentiation and
multipotentiality. In this report and in our previous reports of the
osteogenic effects of oxysterols, we have used cultures of
undifferentiated mesenchymal cells that show robust responses
to osteogenic oxysterols. However, it is noteworthy that in
unpublished studies, we have found that robust osteogenic
responses are also induced by Oxy133 in MC3T3-E1 calvarial
preosteoblasts when treatment with Oxy133 is initiated after the
cells have undergone osteogenic differentiation for 2 weeks in
the presence of ascorbate and B-glycerophosphate. Therefore,
the targets of Oxy133 in vivo are likely to be both undifferentiat-
ed as well as partially differentiated osteoblasts; this point will
need to be directly verified in future studies.

As reported for other osteogenic oxysterols,*'82% Oxy133
induced osteogenesis through activation of the Hh signaling
pathway by direct binding to the Smo receptor as evidenced by
its ability to compete with 20S oxysterol for binding to Smo. In
previous studies we had reported that 20S does not compete
with cyclopamine, a selective antagonist of the Hh pathway that
directly binds to Smo, and hence concluded that 20S and
perhaps other osteogenic oxysterols do not activate Hh signaling
through binding to Smo."® However, given our present findings
and those reported recently by other investigators,?>?® it is
likely that Oxy133 binds to Smo at a site distinct from the
cyclopamine binding site and that allosteric activation of Hh
signaling is indeed mediated through direct binding to Smo.
Noteworthy are findings presented here that demonstrate
synergistic activation of Hh signaling and osteogenic differenti-
ation when cells are treated with Oxy133 together with either
Shh or SAG. Shh activates the Hh pathway through binding to
Ptch and alleviating its inhibitory effects on Smo. SAG directly
binds to and activates Smo through a site different than the site
to which oxysterols binds.®

Importantly, Oxy133 did not induce the expression of BMP2,
BMP4, or pSmad levels that would have hinted at a potential role
of BMP signaling in Oxy133-induced osteogenesis. Similarly, Wnt
signaling target gene expression was not induced by Oxy133,
and Dkk-1 did not inhibit Oxy133-induced osteogenesis in C3H
cells. In a previous study we reported that Dkk-1 inhibited 20S-
induced osteogenesis in contrast to our findings here with

Oxy133.%% Although the reason for this difference between the
naturally occurring oxysterol, 20S, and the oxysterol analogue,
Oxy133, is not clear at this time, other differences have also been
noted including activation of liver X receptor pathway by 20S but
not by Oxy133 (Parhami and colleagues, unpublished observa-
tions). Taken together with the in vivo results demonstrating
adipogenesis induced by rhBMP-2 but not by Oxy133 in the
fusion mass, these findings suggest that Oxy133 promotes bone
formation through a mechanism independent of BMP and Wnt
signaling and thus may be less prone to the side effects and bone
microstructure problems observed with rhBMP-2. In preliminary
studies we have found that cyclopamine partially blocks the
osteogenic responses to BMP2, consistent with previous reports
by us and others showing synergistic induction of osteogenesis
by Hh and Smad/BMP signaling (Supporting Fig. 8). Since we
have not found any evidence of direct or indirect activation of Hh
signaling by BMP2 in vitro evidenced by the absence of Shh or
Indian hedgehog (Ihh) expression, Gli1 reporter activation, or Hh
target gene expression (data not shown), and the presence of
baseline Hh signaling when cells are cultured in the presence of
FBS, inhibition of BMP2-induced osteogenic responses by
cyclopamine is likely due to inhibition of synergy between
BMP2 and baseline Hh signaling. Even though it appears that
both BMP2 and Oxy133 induce spine fusion through endochon-
dral ossification, their respective differential effects on cell
signaling pathways most likely explains the adipogenic and
inflammatory responses to BMP2 and not to Oxy133.

Although fusion rates with Oxy133 in this study were similar to
those observed previously with Oxy34 and Oxy49, the time to
fusion was quicker with Oxy133 as evidenced by bilateral fusion
in over 80% of animals at 4 weeks in the Oxy133-20 mg group.
Bone formation was present at this time point with Oxy34 and
Oxy49; however, no bilateral fusion had occurred. Interestingly,
in our study, fusion rate and success were similar when rhBMP-2
or Oxy133-20mg was used. Moreover, consistent with prior
studies of oxysterols and rhBMP-2, we observed a significant
number of adipocytes histologically in the fusion mass of animals
treated with rhBMP-2 compared to those treated with
Oxy133.">37) Although the significance of adipogenesis induced
by rhBMP-2 in the fusion mass is not clear, given the common
osteoprogenitors that give rise to both osteoblasts and
adipocytes, we speculate that adipogenesis occurs at the
expense of bone formation, compromising the quality of the
bone that is formed by rhBMP-2. Importantly, quantitative wCT
analysis demonstrated a greater bone volume to tissue volume
ratio in the Oxy133 fusion masses and less trabecular separation
when compared to rhBMP-2. These findings support our
qualitative analysis of the bone histology in which an abundance
of adipose tissue was observed in the fusion masses formed by
rhBMP-2. In addition, we found no evidence of heterotopic
ossification in the Oxy133-treated spines, with the fusion masses
confined to the L4-Ls intertransverse process space. In contrast,
fusion beyond the intended level often occurred in rhBMP-2-
treated animals. Moreover, although Oxy133 induced bone
formation via endochondral osteogenesis, in separate unpub-
lished studies we have found that Oxy133 also stimulates
bone formation during repair of cranial defects in rabbits, and
hence stimulates repair even in bones that form through
intramembranous osteogenesis.

In summary, Oxy133 stimulates bone formation by direct
binding to Smo and subsequent activation of Hh signaling,
resulting in osteogenesis via endochondral ossification and bone
formation with similar fusion rates and improved microstructural
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properties when compared to rhBMP-2. As such, we propose that
Oxy133 is a suitable candidate for further preclinical and clinical
development as an osteoinductive therapy for stimulation of
localized bone formation in spine fusion, fracture repair, and a
number of additional clinical applications.
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