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« Sc5d”" mice exhibit mandibular
hypoplasia resulting from defects in
osteoblast differentiation.

« Cholesterol metabolism plays a

crucial role in bone development

through the formation of primary
cilium, a cell surface structure that
senses extracellular cues.

The activation of hedgehog and WNT/

B-catenin signaling pathways, which

induce expression of osteogenic

genes Collal and Sppl, is
compromised in the mandible of

Sc5d”" mice.

Treatments with an inducer for

hedgehog or WNT/B-catenin signaling

or simvastatin, a drug that restores
abnormal cholesterol productions,
partially rescue the defects in
osteoblast differentiation seen in

Sc5d7" cells.

ARTICLE INFO

Article history:

Received 6 September 2023
Revised 30 November 2023
Accepted 9 December 2023
Available online 10 December 2023

Keywords:

Craniofacial bone formation
Cholesterol metabolism
Sc5d

Mandible hypoplasia
Primary cilia

GRAPHICAL ABSTRACT

Wild-type osteoblast Sc5d mutant osteoblast

]

B-¢atenin O O 6L

ABSTRACT

Introduction: Mutations in genes related to cholesterol metabolism, or maternal diet and health status,
affect craniofacial bone formation. However, the precise role of intracellular cholesterol metabolism in
craniofacial bone development remains unclear.

Objective: The aim of this study is to determine how cholesterol metabolism aberrations affect craniofa-
cial bone development.

Methods: Mice with a deficiency in Sc5d, which encodes an enzyme involved in cholesterol synthesis,
were analyzed with histology, micro computed tomography (microCT), and cellular and molecular bio-
logical methods.

Results: Sc5d null mice exhibited mandible hypoplasia resulting from defects in osteoblast differentia-
tion. The activation of the hedgehog and WNT/B-catenin signaling pathways, which induce expression
of osteogenic genes Collal and Spp1, was compromised in the mandible of Sc5d null mice due to a failure
in the formation of the primary cilium, a cell surface structure that senses extracellular cues. Treatments
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with an inducer of hedgehog or WNT/B-catenin signaling or with simvastatin, a drug that restores abnor-
mal cholesterol production, partially rescued the defects in osteoblast differentiation seen in Sc5d mutant

cells.

Conclusion: Our results indicate that loss of Sc5d results in mandibular hypoplasia through defective pri-

mary cilia-mediated hedgehog and WNT/B-catenin signaling pathways.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cholesterol, which is abundant in cellular membranes, is
responsible for their properties and plays a role in membrane traf-
ficking. More than 20 enzymatic reactions are involved in choles-
terol biosynthesis and degradation through negative and positive
feedback mechanisms [1]. Mutations in the human lathosterol 5-
desaturase (SC5D) gene, which catalyzes the conversion of lathos-
terol to 7-dehydrocholesterol in the second to last step of endoge-
nous cholesterol synthesis, cause lathosterolosis, a disease
characterized by craniofacial abnormalities, microcephaly, catar-
acts, and skeletal defects [1]. Although the metabolites and
enzymes in cholesterol metabolic pathways play a crucial role in
osteogenesis [2], it remains unclear how cholesterol metabolism
aberrations contribute to craniofacial bone formation. Interest-
ingly, Sc5d7- mice die at birth with various malformations, includ-
ing cleft palate, micrognathia, and abnormal limb formation [3].

The bone extracellular matrix contains collagens, which provide
a specific niche for the resident cells to function, and their produc-
tion is regulated through a series of multiple regulatory pathways
[4]. The primary cilium, a cholesterol-enriched antenna-like struc-
ture that senses extracellular cues on cell surfaces, recruits and
retains receptors and membrane proteins [5] and serves as a sig-
naling center for various signaling pathways, including hedgehog
(HH) and WNT/B-catenin signaling. Defects in primary cilia lead
to a group of disorders associated with ciliary abnormalities (a.k.
a. ciliopathies) characterized by craniofacial anomalies such as
micrognathia, craniosynostosis, hypertelorism, and cleft palate, as
well as immature lungs and enlarged bladders [6,7]. The primary
cilium comprises the axoneme, motor dynein and kinesin, cargos,
and the ciliary membrane, which is a cholesterol-enriched mem-
brane distinct from the plasma membrane. Phenotypic similarities
between ciliopathies and Sc5d deficiency in mice suggest that
cholesterol metabolism plays a crucial role in bone development
through the primary cilium. In this study, we show that cholesterol
metabolism aberrations inhibit osteogenesis due to a failure in HH
and WNT/B-catenin signaling associated with the primary cilia in
Sc5d null mice.

Materials and methods
Animals

The Sc5d”- mice were a gift from Dr. Forbes D. Porter (The
Eunice Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health, Bethesda,
Maryland, USA). Gli1-LacZ (JAX, 008211) and Topgal (JAX, 004623)
reporter mice were purchased from The Jackson laboratory. Geno-
typing was performed by PCR, as previously described [3]. Sc5d*"
females were placed with adult Sc5d”- males with proven fertility
overnight and examined the following morning for vaginal plugs as
E0.5. We analyzed embryos at E12.5, E13.5, E14.5, and E18.5 stages
independently. n = 6 per group from different litters in each
experiment. All mice were bred under pathogen-free conditions,
with free access to water and food and a 12 h light/12 h dark cycle.
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Carbon dioxide (CO,) inhalation was used as the method for
euthanasia. All mice were maintained in the animal facility of
UTHealth.

Ethics statement

All animal experiments were reviewed and approved by the
Animal Welfare Committee (AWC) and the Institutional Animal
Care and Use Committee of UTHealth (AWC 22-0087).

microCT scanning and three-dimensional (3D) reconstruction

Fixed E18.5 mouse embryos were placed in a 12-mm diameter
sample holder and stabilized with polypropylene straws during the
scan (n = 6 per group). microCT scan was performed at a 12 pum res-
olution using a SCANCO microCT-40 system (SCANCO Medical USA
Inc., USA; 55 kVp and 145-pA). 70 % ethanol was used as scan med-
ium. 3D reconstruction and analysis of the microCT images were
performed using the Dragonfly software [Version 2021.1 for Win-
dows, Object Research Systems (ORS) Inc., Montreal, Canada] with
DICOM files. The landmarks used in length and height measure-
ments of the mandible were: 1. most anterior point of the mand-
ible; 2. molar alveolus of dentary; 3. inferior point of the
mandibular body; and 4. posterior point of the condylar process.
Mandible length was determined from the distance between land-
marks 1 and 4; mandible height was determined from the distance
between landmarks 2 and 3.

Skeletal staining

The 3D architecture of the skeleton was examined by modified
whole-mount Alcian blue-Alizarin Red S staining of E18.5 mouse
embryos, as previously described [8].

Histology

Mouse embryos (E12.5 to E18.5) were fixed in 4 %
paraformaldehyde, decalcified with 10 % ethylenediaminete-
traacetic acid disodium dihydrate, embedded in paraffin and sec-
tioned at 4 pm thickness. Hematoxylin and Eosin staining and
immunohistochemistry were performed as previously described
[8]. The list of antibodies used in this study is included in
Table S1. Apoptotic cells were detected using terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) staining
(Click-iT Plus TUNEL Assay with Alexa 594; C10618, molecular
probes), performed according to the manufacturer’s protocol. A
total of six fields, which were randomly selected from three inde-
pendent experiments, was used for the quantification of BrdU, Ki-
67, and TUNEL-positive cells. Beta-galactose staining was per-
formed in E13.5 Sc5d”";Gli1-LacZ, Sc5d**;Gli1-LacZ, Sc5d”;Topgal,
and Sc5d*”*;Topgal mice, as previously described [8]. Fluorescence
images were captured with a confocal microscope (Ti-C2, Nikon),
and color images with a light microscope (BX43, Olympus).
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Immunoblotting

The mandibles were microdissected from WT and Sc5d”" mice
at E14.5 and E18.5, and proteins were extracted with RIPA buffer
(Thermo Fisher Scientific) containing a protease inhibitor cocktail
(04693159001, Roche) and centrifuged at 800 x g for 3 min at
4 °C. The protein concentration of the supernatants was measured
with the BCA protein kit (Thermo Fisher Scientific). Protein sam-
ples (20 pg) were applied to Mini-PROTEAN TGX Gels (Bio-Rad
Laboratories) and transferred to a polyvinylidene difluoride mem-
brane. All immunoblotting experiments were performed three
times to validate the results. The list of antibodies used in this
study is included in Table S1.

Quantitative RT-PCR

Total RNAs isolated from the mandible, which was micro-
dissected from WT and Sc5d”- mice at E12.5, E13.5 and E14.5, or
from primary osteoblasts cultured in osteogenic differentiation
medium for 7 days, were extracted with the QIAshredder and
RNeasy mini extraction kit (QIAGEN), as previously described [9].
Housekeeping gene Gapdh was used as an internal control. The
AA-CT method was applied for the analyses. The list of the RT-
PCR primers used in this study is included in Table S2.

In situ hybridization

Embryos were fixed with 4 % paraformaldehyde, embedded in
paraffin, and sectioned at 4 pum thickness. In situ hybridization
analyses were performed using probes for Gli1 (ACD, 311001-C3),
Ptch1l (ACD, 402811), Lefl (ACD, 441861), and Axin2 (ACD,
400331) using the RNAscope 2.5 Assay platform (ACD). The color
images were captured with a light microscope (BX43, Olympus).

Comparative analysis of transcription factor binding sites

The UCSC genome browser (https://genome.ucsc.edu/) was
used to obtain the genomic sequences of the murine genes (Build
38), including the 10 kb sequence upstream of the respective tran-
scription start site. The sequence was then mapped to human
(Build 38) and rat (Build 6.0) genomes with the BLAST tool, as pre-
viously described [8]. The multiple alignments were obtained
using the Clustal Omega tool with default parameters and settings.
LEF1-binding motifs (minimal core sites: 5-CAAAG-3’ and 5'-
CTTTG-3’; optimal sites: 5-CTTTGWW-3' and 5-WWCAAAG-3',
W = AJT) and the GLI-binding motif (5-CACCACCCA-3’) were
searched in the aligned DNA sequences, as previously described
[8-11].

ChIP assay

At Day 3 of osteogenic differentiation, osteoblast extracts were
incubated with either LEF1/active B-catenin (8814, Cell Signaling
Technology), GLI1 (ab49314, Abcam), or normal rabbit IgG (2729,
Cell Signaling Technology) as a negative control. The ChIP assay
was performed as previously described [8]. The putative LEF1/p-
catenin or GLI binding sites in the immune complexes were
detected by PCR using specific primers. Antibody and primer infor-
mation is provided in Table S1 and S2. The positions of the PCR
fragments correspond to NCBI mouse genome Build 38 (mm 10).

Cell culture
Primary osteoblasts were obtained from calvaria from new-

borns and maintained in minimum essential medium o (MEM-o;
Sigma Aldrich) supplemented with 10 % fetal bovine serum (FBS),
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penicillin/streptomycin (A5955, Sigma Aldrich), and L-glutamine
(35050061, Gibco) at 37 °C in a humidified atmosphere with 5 %
CO,, as previously described [8]. For osteogenic differentiation,
osteoblasts were cultured in 12-well plates or 3-cm dishes, and
osteogenic differentiation was induced with osteogenic induction
medium, i.e. MEM-a supplemented with 100 pg/mL L-ascorbic
acid (A4544, Sigma Aldrich), 5 mM beta-glycerophosphate dis-
odium salt hydrate (G9422, Sigma Aldrich), 10 % cholesterol-free
FBS, penicillin/streptomycin, and L-glutamine for 14 and 28 days.
To evaluate osteogenic differentiation, alkaline phosphatase, Ali-
zarin Red, and von Kossa staining was performed at 14 and 28 days,
as previously described [8]. To evaluate WNT and HH signaling
activity, osteoblasts were cultured without serum for 24 h and
then treated with either 20 mM lithium chloride (LiCl), 5 nM
Smoothened agonist (SAG, 566660, Sigma Aldrich), or 20 mM NaCl
(a negative control) in serum-free medium for 24 h. WNT3A treat-
ment was performed as previously described (8). Regarding the
rescue experiments, osteoblasts were starved of serum for 24 h
and then treated with 30 mM simvastatin (567022, Calbiochem-
Sigma Aldrich), followed by immunofluorescence staining, quanti-
tative RT-PCR, immunoblotting, and osteogenic differentiation
assays with Alizarin Red staining. To induce ciliogenesis, osteo-
blasts were starved of serum for 24 h, followed by immunofluores-
cence staining or collection of total RNA and protein. For the cell
proliferation assay, osteoblasts were plated onto 96-well plates
at a density of 5,000 cells per well and then counted by CCK8
(Dojindo Molecular Technologies) at 24, 48, and 72 h.

Statistical analysis

All results were obtained from at least three independent
experiments (n = 6 per group in each experiment). All experimen-
tal data were analyzed with the Prism software (GraphPad Soft-
ware, California, USA). The statistical significance of the
differences between two groups (control and treated groups) was
evaluated using a two-tailed Student ttest adjusted by Tukey’s
test. The statistical significance for multiple pairs of groups was
evaluated using a one-way analysis of variance (ANOVA) with
Tukey’s test. An adjusted p < 0.05 was considered to be statistically
significant. Data are represented as mean + standard deviation in
the graphs.

Results
Micrognathia in Sc5d null mice

Sc5d knockout (KO) mice exhibited craniofacial deformities,
including cleft palate, open eyelids, short head, and micrognathia
(extremely short bone in the anterior half of mandible) (Fig. 1A).
In addition, Sc5d KO mice exhibited limb abnormalities (either syn-
dactyly or polysyndactyly) in both forelimbs and hindlimbs, as well
as defects in endochondral ossification in the radius/ulna and tib-
ia/fibula (Fig. S1). To investigate bone formation in Sc5d KO mice,
we performed skeletal staining and found that craniofacial bones,
especially the mandible, in E18.5 Sc5d KO mice were smaller than
the ones in wild-type (WT) control mice, with less mineralized
frontal and parietal bones and no calcification in the intraparietal
bone (Fig. 1B). The size and shape of the mandible were further
evaluated with reconstructed 3D micro-computed tomography
(microCT) analyses in Sc5d KO and WT control mice. We found that
the mandible in Sc5d KO mice was shorter in length [distance
between the most anterior point of the mandible (#1) and the pos-
terior point of the condylar process (#4)], accompanied by the vol-
ume and surface area of the mandible, although the height
[distance between the molar alveolus of dentary (#2) and the infe-
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Scbd KO

Fig. 1. Osteogenesis defects in Sc5d null mice. (A) Side view of the craniofacial region of E18.5 Sc5d null (right) and wild-type (WT) control (left) mice. (B) Skeletal staining
with Alcian blue (cartilage) and Alizarin red S (bone) in E18.5 Sc5d null (right) and WT control (left) mice. Side view (top panels) and top view of the calvaria (bottom panels).
(C) MicroCT images of the skull in E18.5 Sc5d null (right) and WT control (left) embryos. Side view (top panels), top view of the calvaria (middle panels), and mandible (bottom
panels); Scale Bar: 1 mm 1. Most anterior point of the mandible; 2. molar alveolus of dentary; 3. inferior point of the mandibular body; 4. posterior point of the condylar
process. (D) Measurement of height (2 - 3) and length (1 - 4) of the mandible in (C). WT (blue bars) and Sc5d null (orange bars). ***p < 0.001. (E) Hematoxylin and Eosin
staining in Sc5d null (right) and WT control (left) mice at E13.5 and E18.5. The boxed areas are enlarged. Scale bars, 100 um in top panels and 20 pm in bottom panels. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rior point of the mandibular body (#3)] was not significantly
altered in Sc5d KO mice compared with WT (Fig. 1C, D). Histologi-
cal analyses showed that although osteoblast condensation at the
osteogenic front occurred normally in the mandible of Sc5d KO
mice, intramembranous ossification around the Meckel’s cartilage
was compromised in Sc5d KO mice, resulting in a reduced calcified
bone area in E18.5 Sc5d KO mice compared to WT control mice
(Fig. 1E).

Unaltered cell survival in Sc5d KO mice

There are several possible causes for the micrognathia pheno-
type in Sc5d KO mice: reduced cell proliferation, increased cell
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death, dysregulated osteoblastogenesis, or a combination of these.
To determine the cellular mechanism underlying the bone defects
in Sc5d KO mice, we performed BrdU incorporation assays in Sc5d
KO and WT control mice at E12.5, E13.5, and E14.5 and found that
there was no defect in cell proliferation at the active site of
intramembranous ossification of the mandible in Sc5d KO mice
(Fig. 2A, B). We further confirmed that there were no cell prolifer-
ation defects in our immunohistochemical analysis for Ki67 in Sc5d
KO osteoblasts labeled with RUNX2, an early osteoblast marker
(Fig. S2A, B). Furthermore, cell proliferation defects in Sc5d KO
osteoblasts were confirmed by cell proliferation assays using pri-
mary osteoblasts isolated from the calvaria of Sc5d KO and WT con-
trol mice (Fig. S3A). In addition, there was no change in cell death
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Fig. 2. Suppression of osteoblast differentiation and collagen expression in Sc5d null mice. (A) BrdU incorporation assays at the intramembranous ossification region of the
mandible in Sc5d null (bottom) and WT control (top) mice at E12.5, E13.5, and E14.5. Methylene blue was used for counterstaining. Scale bars, 50 um. (B) Quantification of
BrdU-positive cells per total number of cells (%) in B. WT (blue bars) and Sc5d null (orange bars). NS: not significant. (C) TUNEL staining (red) at the intramembranous
ossification region of the mandible in Sc5d null (bottom) and WT control (top) mice at E12.5, E13.5, and E14.5. Scale bars, 50 um. (D) Immunoblotting of COL1, SPP1, and
GAPDH (internal control) in the mandible of Sc5d null (KO) and WT control mice at E14.5 and E18.5. (E) Immunohistochemical staining for RUNX2, COL1, and SPP1 at the
intramembranous ossification region of the mandible in Sc5d null and WT control mice at E13.5 and E14.5. Methylene blue was used for counterstaining. Scale bars, 100 pm.
(F) Relative mRNA expression of the indicated osteoblast differentiation markers in the mandible of Sc5d null (orange bars) and WT control mice (blue bars) at E13.5 and
E14.5. ***p < 0.001. n = 6 per group. (For interpretation of the references to color injt§iis figure legend, the reader is referred to the web version of this article.)
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in the mandible of Sc5d KO mice, compared to that of WT control
mice, at E12.5, E13.5, and E14.5 (Fig. 2C). Taken together, we con-
clude that the defects in osteogenesis in Sc5d KO mice were not
caused by defects in osteoblast survival and proliferation.

Defects in osteoblast differentiation in Sc5d KO mice

Next, to identify the cellular mechanism underlying the dysreg-
ulated bone formation in Sc5d KO mice, we investigated osteoblast
differentiation and extracellular matrix deposition in the develop-
ing mandible of Sc5d KO and WT control mice. We found that depo-
sition of bone matrix, type I collagen (COL1), and secreted
phosphoprotein 1 (SPP1; a.k.a. Osteopontin) from mature osteo-
blasts was apparently decreased in Sc5d KO mice compared to
WT control mice (Fig. 2D, E), indicating that osteoblast differentia-
tion and extracellular matrix were compromised in the mutant
mice. We confirmed that expression of Collal and Spp1 was signif-
icantly decreased in the mandible of Sc5d KO mice compared to
that of WT control mice at E13.5 and E14.5, at both the mRNA
and protein expression levels (Fig. 2D, F). We further confirmed
that Sc5d KO osteoblasts showed defects in osteogenic differentia-
tion in cultured primary osteoblasts (Fig. S3B, C). Expression of
RUNX2, a marker of initiation of osteoblast differentiation, was
not altered in the mandible of Sc5d KO mice at E12.5, E13.5, and
E14.5 (Fig. 2E, F; Fig. 52C, D).

Compromised primary cilia-mediated hedgehog and WNT/p-catenin
signaling in Sc5d null osteoblasts

Our recent study shows that cholesterol metabolism plays a
crucial role in the formation of primary cilia [8]. To investigate
whether and how ciliogenesis was altered in Sc5d KO osteoblasts,
we conducted immunocytochemical analyses for the primary cilia
and found that their length in Sc5d KO osteoblasts was shorter than
in WT control osteoblasts, and that the number of ciliated Sc5d KO
osteoblasts was lower than that seen in WT control osteoblasts in
cell culture and in the mandibles of E13.5 and E14.5 embryos
(Fig. 3A, B; Fig. S4A-C). The primary cilia can regulate HH and
WNT/B-catenin signaling [12-14]; therefore, we hypothesized that
HH and WNT/B-catenin signaling was compromised due to a fail-
ure in primary cilium formation in Sc5d KO osteoblasts. First, to
evaluate HH signaling activity, we employed Glil-LacZ reporter
mice and found that HH signaling activity was suppressed in osteo-
blasts in Sc5d”;Gli1-LacZ KO mice compared to Sc5d”*;Glil-LacZ
WT control mice at E13.5 (Fig. 3C). Furthermore, we performed
in situ hybridization and quantitative RT-PCR for genes regulated
by HH signaling (Gli1, Gli3, and Ptch1) and found that HH signaling
was downregulated in the developing mandible of Sc5d KO mice
(Fig. 3D, E).

Journal of Advanced Research 65 (2024) 153-165

Next, we analyzed WNT/B-catenin signaling activity with Topgal
reporter mice and found that signaling was suppressed in osteo-
blasts in Sc5d”;Topgal mice, compared to Sc5d”*;Topgal control
mice, at E13.5 (Fig. 3F). Furthermore, we confirmed that WNT/B-
catenin signaling was downregulated in the developing mandible
of Sc5d KO mice with in situ hybridization and quantitative RT-
PCR for genes regulated by WNT/B-catenin signaling (Axin2 and
Lefl) (Fig. 3G, H).

To confirm that expression of Collal and Spp1 was directly reg-
ulated through WNT/B-catenin and HH signaling, we treated osteo-
blasts isolated from Sc5d KO and WT control mice with Lithium
Chloride (LiCl) or WNT3A for inducing WNT/B-catenin signaling,
and with Smoothened agonist (SAG) for inducing HH signaling,
and found that expression of Collal and Spp1 was induced in WT
control osteoblasts, but not in Sc5d KO osteoblasts (Fig. 4A-C). In
addition, we confirmed that the activation of either HH and
WNT/B-catenin signaling pathway partially induced osteogenic
differentiation in Sc5d KO osteoblasts (Fig. 4D). Our previous study
showed that the Collal promoter contains the GLI-binding motif
(5'-CACCACCCA-3": —68 bp to —60 bp) and LEF1-binding motifs
(minimal core sites: 5'-CTTTG-3"; —29 bp to —25 bp) [8]. We con-
firmed that both HH and WNT/B-catenin signaling pathways could
directly regulate Collal expression (Fig. 4E, F). Similarly, we ana-
lyzed the promoter region of Spp1 and found that there were three
GLI-binding motifs and three LEF1-binding motifs (Fig. S5). LEF1,
but not GLI, bound to the Sppl promoter region in chromatin
immunoprecipitation (ChIP) assays (Fig. 4G, H), indicating that
Spp1 expression is regulated through WNT/B-catenin signaling.
Taken together, our results show that HH and WNT/B-catenin sig-
naling can differentially regulate expression of COL1 and SPP1,
leading to intramembranous ossification defects.

To further confirm the functional significance of proper choles-
terol metabolism in the regulation of primary cilium-related HH
and WNT/B-catenin signaling in osteoblast differentiation, we con-
ducted rescue experiments with simvastatin, a drug that can nor-
malize cholesterol metabolism. We found that gene and protein
expression of Collal and Spp1 was almost completely restored in
osteoblasts treated with simvastatin (Fig. 5A, B). Furthermore, we
confirmed that defects in osteogenic differentiation in Sc5d KO
osteoblasts were partially rescued with simvastatin through pri-
mary cilia-mediated HH and WNT/B-catenin signaling pathways
(Fig. 5C-F).

Discussion

Various molecules are modified with cholesterol, but the role of
cholesterol modification remains largely unknown [15-19]. The
accumulation of immature cholesterol intermediates caused by
mutations in genes crucial for cholesterol synthesis may have a dif-
ferent compensational capability in function. Lathosterolosis is a

<

Fig. 3. Failure in ciliogenesis leading to the suppression of hedgehog signaling in Sc5d null osteoblasts. (A) Immunocytochemical analysis for acetylated tubulin (primary
cilium: green) and y-tubulin (basal body: red) in cultured osteoblasts isolated from E18.5 Sc5d null (right) and WT control (left) mice. DAPI was used for counterstaining
(blue). Scale bar, 5 um. (B) Quantification of the number of ciliated cells (left) and the length of the primary cilia (right) in cultured osteoblasts isolated from E18.5 Sc5d null
and WT control mice using 6 randomly selected fields from A. ***p < 0.001. (C) B-galactosidase staining (blue) at the intramembranous ossification region of the mandible in
Sc5d”;Gli1-LacZ (right, mutant) and Sc5d7*;Gli1-LacZ (left, control) mice at E14.5. Nuclear Fast Red was used for counterstaining (red). MC, Meckel’s cartilage. Scale bars,
50 pm. (D) In situ hybridization for Gli1 and Ptch1 in coronal sections of the mandible of E14.5 wt (left) and Sc5d KO (right) mice. Hematoxylin was used for counterstaining
(blue). Scale bars, 100 um. (E) Relative mRNA expression for readout genes for the hedgehog signaling in the mandible of Sc5d null (orange bars) and WT control (blue bars)
mice at E13.5 (left) and E14.5 (right). ***p < 0.001; *p < 0.05. (F) B-galactosidase staining (blue) at the intramembranous ossification region of the mandible in Sc5d”-;Topgal
(right, mutant) and Sc5d”*;Topgal (left, control) mice at E14.5. Nuclear Fast Red was used for counterstaining (red). MC, Meckel’s cartilage. Scale bars, 50 um. (G) In situ
hybridization for Axin2 and Lef1 in coronal sections of the mandible from E14.5 wild-type (WT, left) and Sc5d KO (right) mice. Hematoxylin was used for counterstaining (red).
Scale bars, 100 pm. (H) Relative mRNA expression for readout genes for the WNT/B-catenin signaling in the mandible of Sc5d null (orange bars) and WT control (blue bars)
mice at E13.5 (left) and E14.5 (right). ***p < 0.001; *p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 5. Normalized osteogenic differentiation in Sc5d osteoblasts with simvastatin treatment. (A) Quantitative RT-PCR for the indicated genes in cultured Sc5d null (orange
and red bars) and WT control (blue and green bars) osteoblasts treated with simvastatin or vehicle. ns, not significant; **p < 0.01; ***p < 0.001. (B) Immunoblotting of COL1,
SPP1, and GAPDH (an internal control) in cultured primary osteoblasts treated with simvastatin or vehicle. (C) Alizarin Red staining at 14 and 28 days of osteogenic
differentiation in cultured primary osteoblasts treated with simvastatin or vehicle. (D) Quantitative RT-PCR for Axin2 and Lef1 for WNT/B-catenin signaling and Gli1 and Ptch1
for HH signaling in cultured Sc5d null (orange and red bars) and WT control (blue and green bars) osteoblasts treated with simvastatin or vehicle. (E) Immunocytochemical
analysis for acetylated tubulin (primary cilium, green) and y-tubulin (basal body, red) in cultured Sc5d KO (right) and WT control (left) osteoblasts treated with simvastatin or
vehicle. DAPI was used for counterstaining (blue). Scale bar, 5 pm. (F) Quantification of the number of ciliated cells (left) and length of the primary cilia (right) in cultured Sc5d
KO (orange) and WT control osteoblasts. ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

<

Fig. 4. Regulation of expression of Collal and Spp1 by HH and WNT/B-catenin signaling. (A) Quantitative RT-PCR for the indicated genes in cultured Sc5d null (orange and red
bars) and WT control (blue and green bars) osteoblasts treated with LiCl or vehicle. ***p < 0.001. (B) Quantitative RT-PCR for the indicated genes in cultured Sc5d null (orange
and red bars) and WT control (blue and green bars) osteoblasts treated with WNT3A or vehicle. **p < 0.01; ***p < 0.001. (C) Quantitative RT-PCR for the indicated genes in
cultured Sc5d null (orange and red bars) and WT control (blue and green bars) osteoblasts treated with SAG or vehicle. **p < 0.01; ***p < 0.001. (D) Alizarin Red staining at
14 days of osteogenic differentiation in cultured primary osteoblasts treated with vehicle, LiCl, WNT3A, or SAG. (E) Schematic diagram (top) of binding sites (BSs) for LEF1/
active B-catenin (green) and GLI (orange) in the promoter region (5 kb upstream from transcription start site) of Col1al. Conserved BSs among 3 species were selected for
experimental validation. Chromatin immunoprecipitation (ChIP) assay using anti-GLI antibody on Col1a1 in cultured osteoblasts from Sc5d null (orange bars) and WT control
(blue bars) mice. ns, not significant; ***p < 0.001. (F) ChIP assay using anti-LEF1 antibody on Colla1 in cultured osteoblasts from Sc5d null (orange bars) and WT control (blue
bars) mice. ns, not significant; ***p < 0.001. (G) Schematic diagram (top) of binding sites (BSs) for LEF1/active B-catenin (green) and GLI (orange) in the promoter region (5 kb
upstream from transcription start site) of Spp1. Conserved BSs among 3 species were selected for experimental validation. ChIP assay using anti-GLI antibody on Spp1 in
cultured osteoblasts from Sc5d null (orange bars) and WT control (blue bars) mice. ns, not significant. (H) ChIP assay using anti-LEF1 antibody on Spp1 in cultured osteoblasts
from Sc5d null (orange bars) and WT control (blue bars) mice. ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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very rare autosomal recessive congenital disorder caused by muta-
tions in SC5D [1,20]. To date, since only six patients have been
reported, mutations in SC5D would lead to defects in early embryo-
genesis and miscarriages. Patients with lathosterolosis present a
variety of clinical symptoms, including global developmental
delay, cataracts, microcephaly and brain defects, as well as poly-
dactyly and syndactyly, and craniofacial dysmorphology including
micrognathia and a high arched palate [21-23]. In this study, we
found that both HH and WNT/B-catenin signaling pathways are
compromised in Sc5d KO mice. Our results show that the number
of ciliated cells, as well as cilium length, is decreased in Sc5d KO
osteoblasts, which is responsible for decreased HH and WNT/B-
catenin signaling.

In the absence of HH ligands, Patched 1 (PTCH1) inhibits the
translocation of Smoothened (SMO1) from the ciliary poach to
the ciliary membrane. On the other hand, in the presence of HH
ligands, PTCH1 undergoes endocytosis and ubiquitination, which
induces translocation of SMO1 onto the primary cilia [24,25].
Importantly, the interaction of cholesterol located on the ciliary
membrane with SMO1 is crucial for transduction of HH signaling
via inactivation of PTCH1 [26-30]. A recent study shows that
cholesterol in the plasma membrane acts as a second messenger
between PTCH1 and SMOT1 [30].

Interestingly, DHCR7, which is a cholesterol biosynthesis
enzyme, localizes near the base of the primary cilium and activates
HH signaling, whereas stimulation of the HH signaling suppresses
activity of DHCR7 and removes it from the primary cilium [31]. HH
stimulation activates the cholesterol 7 alpha-hydroxylase
(CYP7A1), which accumulates near the ciliary base and produces
oxysterols that promote HH signaling [31]. Therefore, HH signaling
might be affected through both deficient ciliogenesis and abnormal
composition of the ciliary membrane. However, cholesterol
amounts, as well as localization of cholesterol synthesis enzymes
around the ciliary membrane, may directly affect the functions of
primary cilia. Pharmacological cholesterol depletion in zebrafish
embryos results in shorter and less frequent primary cilia, leading
to ciliopathy-like phenotypes, such as left-right asymmetry and
heart developmental defects [32]. In addition, depletion of
TMEM135 (transmembrane protein 135) in Huh7 cells, a human
hepatoma-derived cell line, causes lysosomal cholesterol accumu-
lation, which results in shorter primary cilia by impaired traffick-
ing of Rab8 to the centrioles [33]. Patients with Zellweger
syndrome (ZS), an autosomal recessive peroxisome-deficient disor-
der, exhibit ciliopathy-like features. Fibroblasts from ZS patients
and PEX1/14 double knockout cells contain less cholesterol in the
ciliary membrane, resulting in downregulated HH signaling via
delocalization of SMO1 on the primary cilium, although the length
and number of the primary cilium remain intact [34]. These results
suggest that not only cholesterol amounts in primary cilia but also
intracellular cholesterol distribution plays a crucial role in cilio-
genesis and HH signaling.

In contrast to HH signaling, the role of cholesterol metabolism
in WNT signaling remains largely unknown. A previous study
showed that binding of cholesterol-bound Dishevelled 2 (DvI2) to
Frizzled 7 (Fzd7) and subsequent activation of canonical Wnt/p-
catenin signaling is greater than that of non-cholesterol-bound
DvI2 in Xenopus embryos [35]. Binding of cholesterol to Fzd5, a
Wnt receptor, at the extracellular linker region enhances palmitoy-
lation, which is crucial for maturation and trafficking of Fzd5 to the
plasma membrane [36]. Exogenous cholesterol supplementation in
Wnt-addicted pancreatic ductal adenocarcinoma cells enhances
canonical WNT/B-catenin signaling via Fzd5, resulting in tumor
growth [36]. Zebrafish with homozygous mutations in the 3-
hydroxy-3-methylglutaryl-CoA synthase 1 gene (Hmgcs1) at the
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Vu57 allele, which encodes the first enzyme in the cholesterol syn-
thesis pathway, exhibit severe craniofacial anomalies, including
complete absence of Meckel’s, ceratohyal, and ceratobranchial car-
tilages due to suppression of Wnt/B-catenin signaling [37,38].
Interestingly, activation of Wnt signaling can restore the craniofa-
cial defects in Hmgcs1 mutant zebrafish [37,38]. These results sug-
gest that activation of WNT signaling is at least partially dependent
on cholesterol metabolism.

Our previous study showed that mice with a deficiency in
Dhcr7, another enzyme crucial for cholesterol synthesis that acts
right after the SC5D enzymatic reaction, exhibit accelerated calvar-
ial bone formation due to upregulated WNT/B-catenin signaling
[8]. Interestingly, WNT/B-catenin signaling was altered in a differ-
ent manner between Sc5d KO and Dhcr7 KO osteoblasts, while HH
signaling was suppressed in both Sc5d KO and Dhcr7 KO osteo-
blasts due to defective ciliogenesis. There are several possibilities
for the underlying cell and tissue-specific regulatory mechanisms:
1) difference in the toxicity of each cholesterol intermediate, and 2)
difference in molecules (accessory proteins etc.) and complexes
involved in the pathway. In this study, we found that there was
no change in cell proliferation and survival so that accumulation
of cholesterol intermediates might not be toxic together with the
effects on HH and WNT/B-catenin signaling. Previous studies sug-
gest that acylation, esterification, and conjugation of cholesterol
and phospholipid on WNT3A, a canonical WNT ligand, play a cru-
cial role in its stabilization and activation [39-41]. A recent study
shows that 7-dehydrocholesterol (7-DHC) can partially compen-
sate for the functions of mature cholesterol in Clathrin-mediated
endocytosis [42]. Interestingly, stabilization of endocytic vesicles
is affected by cholesterol’s synthetic status; vesicles containing
7-DHC are the most stable, followed by mature cholesterol,
desmosterol, and lanosterol [43]. Therefore, aberrations in choles-
terol synthesis may affect signaling activity through endocytosis.

Regarding the bone phenotype, previous studies show that HH
signaling plays crucial roles in limb and digit development [44-
46]. For example, Gli3 conditional KO (Shh-Cre;Gl3X7/* and
Prx1-Cre;Gli3X/XtJ) as well as Gli3 null mice exhibit preaxial poly-
dactyly [47,48]. A hypomorphic mutation or spontaneous deletion
of Ptch1 in Ptch1%@ and Ptch1™®¥™s mice, respectively, results in
preaxial polydactyly [49,50]. Shh null mice lack all digits, tibiae,
and fibulae [51], whereas mice with ectopic expression of Shh in
epithelial cell lineages (K14-Shh) exhibit polysyndactyly, absence
of calvarial bones, a hypoplastic mandible, and cleft palate due to
expansion and increase of SHH signaling [52], suggesting that gra-
dient SHH signaling plays a crucial role in the determination of
digit number and identification. Moreover, mice without choles-
terol modification on SHH (Sox2-Cre;Shh™V*) exhibit preaxial poly-
dactyly due to widespread SHH signaling, suggesting that proper
cholesterol modification on SHH is essential for the determination
of digit number and identity [53]. Mice with mutations in Ihh, an
endochondral ossification morphogen (Ihhf%>E9K mice), exhibit
brachydactyly, but not polydactyly [54]. Similar to mice with loss
of HH signaling, mice with dysregulated WNT signaling display
limb and digit phenotypes. For example, Dkk1 null mice exhibit
polydactyly or syndactyly [55]; Lrp4 deficient mice exhibit oligo-
dactyly or syndactyly [56]. The limb and digit phenotypes in Sc5d
KO mice are different in severity and location from those in mice
with loss of either HH or WNT signaling. Taken together, the phe-
notypic features in Sc5d KO mice are likely caused by a combina-
tion of dysregulated WNT and SHH signaling pathways due to
defects in ciliogenesis. Indeed, loss of ciliary proteins results in
defects in limb and digit development, as seen in Sc5d KO mice.
For instance, mice deficient for ciliary proteins (e.g. Prx1-Cre;
1ft88 [57], Prx1-Cre;Kif3"- [57], and Ift80 null mice [58]) display
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preaxial polydactyly, dysregulated endochondral ossification, and
shorter long bones. Thx3 null mice exhibit agenesis of the ulna,
fibula, and most of digits [59], and Prx1-Cre;Tbx3 conditional KO
mice exhibit preaxial polydactyly and postaxial oligodactyly in
the forelimbs [59].

There are some differences in endochondral and intramembra-
nous ossification in Sc5d KO mice. Endochondral ossification forms
the majority of trunk bones, whereas intramembranous ossifica-
tion forms the majority of craniofacial bones. In the limbs and dig-
its, cartilage formation is dysregulated, resulting in bent shorter
bones, as well as polysyndactyly, in the middle phalanges or syn-
dactyly. Interestingly, there is no obvious bone defect in the trunk,
limbs, and digits in mice deficient for Dhcr7, which have loss of
mature cholesterol as well as accumulation of cholesterol interme-
diates, 7-dehydrodesmosterol and 7-dehydrocholesterol. Taken
together, the digit malformation and endochondral ossification
defect in Sc5d KO mice are likely caused by abnormally accumu-
lated cholesterol intermediates, lathosterol and dehydrolathos-
terol, but not by lack of mature cholesterol.

Conclusion

In this study, we demonstrated the role of cholesterol metabo-
lism in the regulation of osteogenesis and ciliogenesis using Sc5d
KO mice. Sc5d KO osteoblasts displayed fewer and shorter primary
cilia compared to controls. The disruption of ciliogenesis led to the
suppression of HH and WNT/B-catenin signaling, resulting in
downregulation of the expression of Collal and Spp1. The princi-
ples learned from this study may lead to the development of inno-
vative therapeutic approaches for bone diseases related to
cholesterol metabolic aberrations.
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