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ABSTRACT

Nevoid basal cell carcinoma syndrome (NBCCS) is an autosomal dominant disorder characterized by bone and skin abnormalities
and a predisposition to various tumors. Keratocystic odontogenic tumors (KCOTs), which are common tumors of the jaw that cause
extensive damage to the jawbone, are usually accompanied with NBCCS. Germline PTCHT mutations in NBCCS tumorigenesis have
been frequently studied; however, little is known regarding the pathogenesis of bone abnormalities in this disease. This study
sought to investigate the mechanism underlying heterozygous PTCHT mutation-mediated abnormal bone metabolism in patients
with NBCCS. Stromal cells were isolated from the fibrous capsules of patients with NBCCS-associated or non-syndromic keratocystic
odontogenic tumors and non-syndromic tumor stromal cells without PTCH7 mutations served as controls. Germline PTCHT
heterozygous mutations were confirmed in all NBCCS samples and differential protein expression was identified using tandem mass
tag-labeled proteomics analysis. Our findings revealed that osteonectin/SPARC expression was significantly downregulated in
syndromic stromal cells compared with non-syndromic stromal cells. SPARC expression was even lower in stromal cells carrying
PTCH1 protein truncation mutations. PTCH1 siRNA transfection demonstrated that SPARC downregulation correlates with decreased
PTCH1 expression. Furthermore, exogenous SPARC promoted osteogenic differentiation of syndromic stromal cells with enhanced
development of calcium nodules. In addition, bone mineral density tests showed that patients with NBCCS exhibit weak bone mass
compared with sex- and age-matched controls. This study indicates that germline PTCHT heterozygous mutations play a major role
in bone metabolism in patients with NBCCS, in particular in those with PTCHT protein truncation mutations. SPARC may represent an
important downstream modulator of PTCH1 mediation of bone metabolism. Thus, bone mineral density monitoring is critical for
patients with NBCCS for prevention of osteoporosis. In addition, surgical procedures on syndromic-associated KCOTs should be
performed with consideration of the weaker bone mass in such patients. © 2016 American Society for Bone and Mineral Research.

KEY WORDS: PTCH1; BONE METABOLISM; NBCCS; SPARC; BONE MINERAL DENSITY

Introduction

evoid basal cell carcinoma syndrome (NBCCS; Gorlin
Nsyndrome) is an autosomal dominant genetic disorder'”
characterized by multiple dermal and skeletal abnormalities,
eg, bifid ribs and falx cerebri calcification, as well as a propensity
for various neoplasms such as palmar and plantar pits, multiple
nevoid basal cell carcinoma, keratocystic odontogenic tumors,
and ovarian fibromas.*® A wide range of skeletal anomalies are
observed including in the rib, vertebra, shoulder, and phalanx.”
Certain major clinical manifestations of NBCCS, such as basal cell

carcinomas, keratocystic odontogenic tumors, and falx calcifica-
tion, are not usually apparent until the teenage years. Therefore,
radiological findings of skeletal anomalies (bridging of the
sella, bifid rib, polydactyly, widened ends of clavicles) are
more significant for the early diagnosis of NBCCS, whereas
enhanced surveillance for tumors concomitant with NBCCS,
especially skin basal cell carcinoma, medulloblastoma and
rhabdomyosarcoma, is necessary in positively diagnosed
children as they mature.®

Family-based linkage analysis of basal cell carcinomas has
identified NBCCS as a dominant hereditary disease.” The
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human homologue of the Drosophila segment polarity gene,
PTCH1, has been shown to be associated with NBCCS and other
tumors.®” PTCH1, which has been mapped to chromosome
9g22-31, encodes a highly conserved 12-pass transmembrane
protein receptor that functions as a tumor suppressor
via negative regulation of the canonical Hh signaling pathway.
This pathway is known to function as an important regulator
of cell proliferation, fate, and patterning in neural tube
and embryonic development® by repressing the activity of
the G-protein-coupled receptor Smoothened (SMO). Abnormal
Hh signaling resulting from loss-of-function mutations in PTCH1
leads to NBCCS and related tumors, as well as to tumors
associated with gain-of-function mutations in SM0.5'%

PTCH1 is composed of N- and C-terminal domains, two large
extracellular and one large intracellular loops, and 12-pass
transmembrane domains, two to six of which form the putative
sterol-sensing domain (SSD) considered to participate in
vesicular trafficking of cholesterol and other lipids."""'? We
and other groups have reported that more than 85% of
patients with NBCCS harbor heterozygous germline PTCH1T
mutations, !>~ primarily consisting of PTCH1 protein trunca-
tions (73%) that are usually concentrated in the large
extracellular and intracellular loops and in the N-terminal
region. Germline missense mutations (17%) occur primarily in
the transmembrane domains and especially in the SSDs.”'® Loss
of heterozygosity of the PTCH1 gene (>17%) is a common event
in patients that are PTCHT point mutation-negative. In addition,
patients harboring PTCH1 deletions of less than 2.4 Mb in size do
not exhibit phenotypes atypical for NBCCS.""7'®

To clarify the mechanism underlying the association between
heterozygous PTCH1 mutations/deletions and their associated
NBCCS-related phenotypic manifestations, two independent
lines of Ptchi-deficient mice have been constructed: Ptch1™”
(exon 1/2) and Ptch1"%° 7+ mice."'"?% Both models were found
to be prone to tumor development, skeletal abnormalities, and
increased susceptibility to irradiation.”’*® Because Hh-PTCH1
signaling plays a major role in osteoblast differentiation during
endochondral bone formation and adult bone homeostasis,
in addition to its role in increasing the predisposition to
neoplasms, Ohba and colleagues examined bone metabolism in
Ptch1™ mice and found that these mice exhibit increased bone
mass compared with their wild-type littermates. Moreover,
Ptch1™" mice additionally showed enhanced osteoclastogenesis
and osteoblast differentiation.? In sharp contrast, PTCH1 gene
knockout in mature osteoblasts increased osteoclastogenesis,
leading to decreased bone mass and even osteopenia.®”
This contradiction may arise from several factors including
impairment in various cell types and developmental stages. In
addition, although in vitro studies have shown that activation of
Hh signaling inhibits osteoblast differentiation in human
mesenchymal stem cells, Hh-PTCH1 signaling is known to
differentially affect osteoblast differentiation in human versus
rodent mesenchymal cells.*® Furthermore, conditional knock-
down models are not fully representative of inherited PTCH1
haploinsufficiency in patients with NBCCS who generally exhibit
PTCH1 protein truncation and harbor missense mutations. In
contrast, Ptch1 knockout involves complete inactivation of the
Ptch1 gene in knockout mice but does not reflect the
pathological state of patients with NBCCS.

To counter these limitations, we isolated heterozygous PTCH1
mutation-syndromic stromal cells from the fibrous cyst walls of
keratocystic odontogenic tumors (KCOTs) associated with
NBCCS, and used stromal cells from sporadic KCOTs as controls.

As stem cell-like cells, stromal cells from KCOTs exhibit colony-
forming and multipotential differentiation ability as well as high
self-renewal, and have previously been shown to exhibit
decreased osteogenic differentiation and enhanced osteoclas-
togenesis compared with wild-type stromal cells.*” In the
present study, we performed and compared whole-protein
profiles of these stromal cells by tandem mass tag (TMT)-labeled
mass spectrometry in order to elucidate the mechanisms by
which PTCH1 haploinsufficiency contributes to skeletal anoma-
lies and bone metabolism in patients with NBCCS and to
examine the role of PTCH1 in osteoblast differentiation.

Materials and Methods

Patients

For this study, we enrolled 24 patients who were histologically
diagnosed with KCOTs from 2012 to 2014 at the Department of
Oral and Maxillofacial Surgery at the Peking University School
and Hospital of Stomatology (12 with syndromic and 12 with
non-syndromic KCOT). Blood specimens and fresh tissues were
collected from the patients and a diagnosis of NBCCS was
confirmed using published evaluation criteria. NBCCS-associ-
ated patients were confirmed using published evaluation
criteria®® defined by the presence of bifid ribs, multiple KCOTs,
and basal cell nevus. Clinical characteristics including age, sex,
recurrent history, X-ray appearance, and clinical manifestations
were obtained from detailed disease history records and careful
clinical observations of the patients. Typical clinical character-
istics are shown in Fig. 1. All patients provided informed consent,
and this study was approved by the Peking University Health
and Science Center Ethics Committee.

DNA isolation and PCR

Genomic DNA from stromal cells and peripheral blood samples
was extracted using the standard procedure for a QIAGEN DNA
Mini Kit (Qiagen, Hilden, Germany). PTCH1 and SMO gene
alterations were analyzed by PCR with intronic primers covering
22 coding exons (exons 2 to 23) of PTCH1 and all SMO exons. The
PCR reaction mixture (50 pL final volume) contained 25 pL of G2
Green Master Mix (Promega, Madison, WI, USA), 10 nM of each
primer, and 100 ng of template DNA. Primer sequences and
detailed PCR conditions were as previously described.®® All
amplified products were sequenced using an ABI Prism 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Detected mutations were confirmed by both forward and
reverse sequencing with at least two independent PCRs.

Cell culture

From 2012 to 2014, we cultured 12 samples of primary
syndromic stromal cells derived from primary KCOTs of patients
with NBCCS (S-SC) and 12 samples of primary stromal
cell-derived cells from non-syndromic KCOTs (NS-SC) that
were age- and sex-matched with the NBCCS group.
Primary cell culture was performed as previously described.?”)
Syndromic and non-syndromic stromal cells were maintained in
Alpha MEM (Gibco, Life Technologies, Gaithersburg, MD, USA),
supplemented with 15% fetal bovine serum (FBS) (Hyclone,
Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL penicil-
lin/streptomycin (Biosource, Beijing, China), 0.1 mM L-ascorbic
acid phosphate (Wako, Osaka, Japan), and 2mM glutamine
(Biosource). Stromal cells grown for five generations or fewer
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Fig. 1.CH7 mutations and clinical manifestations in 12 patients with NBCCS. Clinical manifestations in patients with NBCCS. (1) Falx cerebri
calcification; (Il) bone abnormality of the sella turcica region; (lll) polydactylism near the base of the right thumb; (IV) abnormality of the ribs: intumescent

(arrows) and bifid (dotted line) ribs; (V) multiple KCOTs of the mandible.

were used for subsequent experiments. Human osteoblast-like
MG63 cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibcoﬁ) con-
taining 10% FBS. All cells were cultured at 37°C in a humidified
atmosphere containing 5% CO, and 95% air.

siRNA and transfection analysis

MG63 cells were cultured in DMEM supplemented with 10% FBS
at 70% confluence in a 6-well plate. For siRNA transfection, 9 pL
of RNAIMAX reagent (Life Technologies, Carlsbad, CA, USA) and
30 pmol of siRNA were separately diluted in 150 pL of Opti-MEM
medium (Life Technologies). Then, both compounds were
mixed, incubated for 5 minutes at 25°C, and the resulting
complex was added to the cells. Human PTCHT siRNAs and a
scrambled non-targeting control siRNA were purchased from
Life Technologies (Invitrogen Silencer Select s11441 and s11442,
respectively). Knockdown efficiency was determined by real-
time quantitative reverse transcription (qRT)-PCR and Western
blot analysis 72 hours after transfection (below).

RNA extraction and gRT-PCR

Total RNA was isolated and purified using TRIzol reagent
(Life Technologies) and RT-PCR was performed using the RT

Master Mix (TaKaRa, Osaka, Japan) based on the manufacturer’s
instructions. qRT-PCR was performed using the SYBR Green
method (Applied Biosystems) in an ABI 7500 thermal cycler.
Targeted gene expression was measured using the 2744<t
method by normalizing to GAPDH expression levels. Primer
sequences were as previously described.?”

Protein preparation

The 24 syndromic and matched non-syndromic stromal cell lines
were each washed with phosphate-buffered saline, harvested,
and lysed in cell lysis buffer containing a protease inhibitor
cocktail (Roche, Roswell, GA, USA) and phosphatase inhibitor
(Roche) on ice for 30 minutes, then centrifuged at 14,000g for 20
minutes at 4°C. The supernatants were collected and the protein
concentrations measured using a Pierce BCA Protein Assay Kit
(Thermo Scientific).

Proteomics analysis

Equal amount of proteins from each of the 12 samples for each
group were mixed together, and the proteins (about 80 mg
respectively) were separated by 12% one-dimensional (1D)
SDS-PAGE and stained with Coomassie brilliant blue. The gel
bands were excised as 12 equal slices corresponding to each
group and digested using sequence grade-modified trypsin
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(Promega) in 50 mM Na2HPO4 at 37°C overnight. The digested
peptides were extracted twice with 1% trifluoroacetic acid in
50% acetonitrile aqueous solution for 30 minutes and then
centrifuged in a speedvac to reduce the volume. To quantify the
relative differential protein expression between the two groups
of cells, tryptic peptides were labeled with TMT reagents
(Pierce,2%) according to the manufacturer's instructions. The
reaction was incubated for 1 hour at room temperature. Then,
0.5 wL of 5% hydroxylamine (pH 9-10) was added to quench the
reaction and incubated for 15 minutes. TMT 127 and 128 were
labeled for the non-syndromic and syndromic stromal cells,
respectively. Labeled peptides were desalted using Stage tips.
For liquid chromatography/mass spectrometry (LC-MS)/MS
analysis, the TMT-labeled peptides were separated by a
65-minute gradient elution at a flow rate of 0.250 pL/min using
an EASY-nLCll TM integrated nano-HPLC system (Proxeon,
Odense, Denmark) interfaced with a Thermo QE mass spec-
trometer. The analytical column used was a homemade fused
silica capillary column (75 wm ID, 150 mm length; Upchurch,ﬂ
packed with C-18 resin (300 A, 5um; Varian,%%). The mobile
phase A consisted of 0.1% formic acid and mobile phase B
consisted of 100% acetonitrile and 0.1% formic acid. The QE
mass spectrometer was operated in the data-dependent
acquisition mode using X calibur 2.1.2 software with a single
full-scan mass spectrum in the orbitrap (400 to 1800 m/z, 60,000
resolution) followed by 10 data-dependent MS/MS scans at 27%
normalized collision energy. All MS/MS spectra were searched
against the human.fasta UniProt database using an in-house
Proteome Discoverer (Version PD1.4, Thermo-Fisher Scientific).
Peptides with charge scores >4.5 were used for protein
identification. The detailed search criteria used were as
described previously.®® Ratios of 128:127 for each protein
were calculated using the median of all peptide hits corre-
sponding to a given protein. The ratios of two or more tryptic
peptides from the same protein were used to calculate the
means and standard deviations.

Western blot analysis

Differential protein expression between the two cell groups was
confirmed by Western blotting and further verified using
independent samples. SiRNA-transfected cells were harvested
at 72 hours after transfection. Whole-cell proteins were
extracted as described above and subjected to 12% SDS-PAGE
followed by transfer onto a PVDF membrane (Millipore, Billerica,
MA, USA). Membranes were blocked with 5% skim milk for 1
hour at room temperature and incubated with primary
antibodies (B-actin: 1:1000 [Santa Cruz Biotechnology, Dallas,
TX, USA], SPARC: 1:1000 [Cell Signaling Technology, Danvers,
MA, USA], PTCH1: 1:1000 [Abcam, Cambridge, UK]) overnight
with shaking at 4°C. Membranes were then washed three times
with Tris buffered saline-Tween 20 for 5 minutes. Then,
secondary anti-mouse or anti-rabbit (Cell Signaling Technology)
antibodies were added and incubated at room temperature
for 1 hour. After washing, immunoreactive proteins were
detected using an enhanced chemiluminescence (ECL) reagent
(Applygen Technology, Beijing, China).

Immunohistochemistry

From 2010 to 2014, an additional 100 pathological specimens
from patients pathologically diagnosed with KCOTs at the
Department of Pathology, Peking University School of Stoma-
tology, were utilized in this study to validate differential protein

expression in tissues. These cases comprised 42 syndromic
KCOTs and 58 non-syndromic KCOTs without clinical syndromic
manifestations. We prepared 4-pm paraffin-embedded
tissue sections on charged glass slides for staining. Slides
were dewaxed using a gradient ethanol series and then
blocked for endogenous peroxidase activity in 3% hydrogen
peroxide/methanol buffer for 20 minutes. Antigen retrieval was
performed using a high-pressure method with sodium citrate
buffer (pH 6.0). After washing, goat serum was used as a blocking
agent for 20 minutes, and then slides were incubated with a
rabbit anti-human osteonectin antibody, used as supplied,
(Zhongshan Golden Bridge, Zhongshan, China) in a humidified
chamber overnight at 4°C. Primary antibody was detected using
a horseradish peroxidase-conjugated secondary antibody
(Zhongshan Golden Bridge) for 30 minutes at 25°C. After rinsing,
the immunoreaction was visualized by incubation with
3,3’-diaminobenzidine (Zhongshan Golden Bridge) for 1 minute.
Slides were counterstained with hematoxylin and observed
using an Olympus DP controller (Olympus, Tokyo, Japan).
The staining results were evaluated by two independent
investigators who were blinded to specimen information. The
labeling index was defined as the intensity of staining (strong,
moderate, weak, and negative, scored as 4, 3, 2, and 1,
respectively) and multiplied by the percentage of positive cells
(0, 25%, 50%, or 75%).

Osteogenic differentiation

Syndromic and non-syndromic stromal cells from the same
passages were seeded in 24-well and 6-well plates.
Osteogenesis induction medium supplemented with 15%
FBS, 10nM dexamethasone, 50 wg/mL I-ascorbic acid-2-
phosphate, and 10 mM B-glycerophosphate (Sigma-Aldrich,
St. Louis, MO, USA) was replaced when cells were at
70% confluence. The experimental group was treated with
0.5 pg/mL of recombinant human SPARC/osteonectin (Sigma)
diluted in 0.1% BSA buffer, and the parallel control group was
treated with buffer alone. The induction medium containing
human ectogenous SPARC/osteonectin was exchanged
3 times per week. Total protein was extracted after 1-week
induction for determination of alkaline phosphatase (AKP)
activity using an AKP activity kit (Nanjing Jiancheng
Bioengineering Institute, China) in accordance with the
manufacturer’s instructions. The expression of osteoblast-
specific genes was measured by qRT-PCR 2 weeks later. Three
weeks after induction, cells were fixed and stained with 1%
alizarin red S (Sigma) for observation of calcium nodus
formation.

Bone mineral density (BMD) analysis

From 2013 to 2015, 12 patients with NBCCS who had provided
informed consent participated in BMD analysis. BMD
was determined by dual-energy X-ray absorptiometry (DXA;
HOLOGIC Discovery A, Bedford, MA, USA) in the Bone Density
Examination Room of the Peking University Third Hospital. The
BMD (g/cm?) at the posteroanterior lumbar spine (L, to L,) and
femoral neck (FN) were measured. Z-scores and T-scores
were both calculated using the manufacturer’s reference data
by contrasting individual BMD parameters of the patients
against those of age- and sex-matched controls. Osteopenia
and osteoporosis were confirmed by T-scores of <—1 and
< —2.5 according to World Health Organization (WHO)
criteria.®"
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Statistical analysis

All assays were performed in triplicate and repeated at least
three times. We performed the ShapiroWilk test to test the
normality of all values. The Student’s t test and one-way ANOVA
(Tukey and S-N-K) were applied to calculate the statistical
significance of the results using SPSS 19.0 (SPSS, Chicago, IL,
USA). Western blot analyses were performed on multiple
samples several times, normalized to B-actin levels using
grayscale scanning, and quantified using Image J software
(National Institutes of Health). Results were further summarized
and graphed using Prism version 5.04 software (Graph Pad, La
Jolla, CA, USA). A p value <0.05 was considered statistically
significant (*p < 0.05; **p < 0.01; ***p < 0.001). The results of
each experiment were presented as means + SD.

Results

PTCHT mutational analysis in syndromic and non-syndromic
KCOTs

PTCH1 and SMO gene mutations were studied in 12 syndromic
and 12 non-syndromic stromal cells and associated peripheral
blood samples by direct sequencing. We detected 13 PTCH1
mutations in 12 syndromic stromal cell lines, all of which were
consistent with the mutations detected in the DNA from the
respective blood samples (Table 1). Of these, three represented
novel mutations. One in-frame indel (c.3403_3405del3) resulted
in the deletion of a leucine residue between codons 3402
and 3406. Two frameshifts (c.2172delC, ¢.1348_1351delCTCG)
introduced stop codons at amino acid residues 724 and 451,
respectively. The two mutations carried by patient NB2
(as shown in Table 1) were confirmed as being located on the
same allele. Overall, 66.7% of the mutations resulted in a stop
codon, which generated PTCH1 protein truncations at various
locations. The concordance between the findings in the stromal
cells and the blood samples indicated that the heterozygous
mutations likely occurred at the germline level. Additionally, we
identified 18 previously described PTCH1 gene polymorphic
sites in non-syndromic stromal cells, as well as 23 previously
described SMO polymorphisms in both groups (data not shown).

Differential protein expression between syndromic and
non-syndromic stromal cells

Equivalent protein amounts from mixtures of syndromic or
non-syndromic stromal cells were separated by SDS-PAGE and
the protein profiles were examined using proteomics analysis.
The TMT labeling method was applied to filter differentially
expressed proteins. More than 1800 proteins were identified in
both cell mixtures. Under the selection criteria of false-discovery
rate <1%, TMT ratio >2.0 or <0.6, and protein confidence >95%,
a total of 111 proteins (98 downregulated and 13 upregulated
proteins) exhibited significantly different expression between
syndromic and non-syndromic stromal cells based on UniProt
human.fasta database search (Fig. 2A). Gene ontology (GO) was
classified according to biological process, based on differentially
expressed proteins between the two groups (Fig. 2B). GO results
are shown according to the significance level of the different
biological processes, including mRNA metabolism, cellular
protein metabolism, regulation of apoptosis, vesicle-mediated
transport, and ossification, the latter category containing
multiple types of ossification. Notably, three biological
processes related to ossification (endochondral ossification,

intramembranous ossification, and ossification itself) were
identified. Details of differentially expressed proteins are listed
in Table 2.

SPARC protein expression is significantly lower in
syndromic than in non-syndromic stromal cells

In accordance with the results of GO analysis, we focused our
research on ossification-related proteins, especially secreted
protein acidic and cysteine-rich osteonectin/SPARC. According
to the TMT-labeling ratio, SPARC was 0.6-fold downregulated in
syndromic stromal cells compared with non-syndromic stromal
cells. The downregulated expression in syndromic stromal cells
was verified by Western blot. First, mixtures of S-SC cells were
confirmed to exhibit 55.2% lower SPARC expression than cells in
the NS-SC group (p =0.002, n=3) (Fig. 3A). To validate SPARC
expression in individual patients, we tested protein expression
in independent samples from sex- and age-matched syndromic
and non-syndromic stromal cells. The results showed the same
trend, with significantly lower SPARC expression in stromal cells
derived from patients with NBCCS who carried mutations
resulting in PTCH1 truncation. In addition, the results revealed
that SPARC expression in stromal cells from patients with
non-truncating mutations was weaker than, or did not
significantly differ from, expression in corresponding controls
(Fig. 3, p=0.004, n=12) (Fig. 3B). To study SPARC expression
patterns in KCOT tissues, we immunohistochemically stained
100 KCOT specimens including those from 42 patients with
NBCCS-associated KCOTs and 58 with sporadic KCOTs. SPARC
expression was observed in the cytoplasm of fibrous cystic-wall
cells and vascular endothelial cells; in particular, areas within the
peripheral region of the cystic wall where in close contact with
the bone destructive and absorptive surface showed enhanced
SPARC staining. Staining was obviously stronger and more
extensive in non-syndromic KCOT samples than in syndromic
KCOTs (Fig. 3C). The results were consistent with those from
Western blotting.

PTCH1 knockdown downregulates SPARC expression

To clarify the reason underlying SPARC downregulation in S-SCs,
we silenced PTCHT in MG63 cells using siRNA transfection. Two
siRNA constructs were used to knock down PTCH1, and silencing
efficiency was tested by qRT-PCR and Western blot. The results
showed that both siRNA constructs reduced PTCHT mRNA
levels by 78% and 84%, respectively, compared with that in cells
transfected with negative control (p =0.003, p=0.004, n=3)
(Fig. 4A). Similarly, PTCH1 protein expression was downregu-
lated by more than 50.4% compared with the control, in addition
to a significant concomitant reduction (by more than 53.9%) in
SPARC protein levels, indicating that SPARC and PTCH1
expression are correlated (Fig. 4B).

Exogenous SPARC promoted osteogenic differentiation
in syndromic and non-syndromic stromal cells separately

To identify whether SPARC promotes osteoinductive differenti-
ation, we expressed SPARC exogenously in syndromic and
non-syndromic stromal cells to stimulate osteogenetic differen-
tiation. We examined changes in AKP activity, mRNA levels, and
mineralized nodule formation at the first, second, and
third week, respectively, during induction. AKP activity tests
showed that the AKP activity of S-SC cells stimulated by
exogenous SPARC was nonsignificantly elevated by 1.13-fold
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Fig. 2. Differentially expressed proteins in S-SCs and NS-SCs. (A) SDS-PAGE analysis of S-SC and NS-SC cells. (Lane 1) protein markers; (lane 2) protein
from S-SC cells; (lane 3) protein from NS-SC cells; each protein lane was divided into 12 bands as shown. (B) Proteins exhibiting significant differential
expression between S-SCs and NS-SCs were classified by GO analysis, which is shown according to the significance level of the various biological

processes.

over that of the corresponding control (p=0.796, n=6),
whereas that of stimulated NS-SC cells was enhanced 1.62
times (p =0.042, n=26) at the first week of induction (Fig. 5A).
Furthermore, mMRNA expression analysis of osteogenesis-related
genes revealed that OPN expression was 4.5-fold higher in
SPARC-stimulated cells than in nonstimulated S-SC cells
(p=0.016, n=6) and that COLTA1, OCN, and RUNX2 showed
no significant differences in expression between the two groups.
In NS-SC cells, the mRNA levels corresponding to OCN, OPN, and
RUNX2 were respectively 2.21-,4.2-, and 2.33-fold upregulated in
the stimulated group (p=0.02, 0.007, 0.03, respectively; n =6)
(Fig. 5B). Correspondingly, alizarin red staining was found to be
more intense and calcium nodes were enhanced when both
type cells were induced by exogenous SPARC added to the
induction medium. Accordingly, calcium node formation in
NS-SC cells showed stronger osteogenic effects in response to
exogenous SPARC than in S-SC cells (Fig. 5C). Therefore, we
concluded that exogenous SPARC promotes osteoblast differ-
entiation in both syndromic stromal cells and non-syndromic
stromal cells, to different degrees, separately in vitro, and that
non-syndromic stromal cells exhibit greater sensitivity to SPARC
stimulation.

Low BMD was correlated with PTCHT mutations in
patients with NBCCS

To clarify whether PTCHT mutations affect the BMD of patients
with NBCCS, we recruited 12 male patients with NBCCS for BMD
scanning from 2013 to 2015 to exclude the influence of
estrogenic hormones on bone mass. The recruited patients were
aged 16 to 60 years, with an average age of 32.9 years. BMD
scanning was performed at the Peking University Third Hospital
by the same radiologist. According to WHO criteria for
osteopenia, a T-score between —2.5 and —1.0 is linked to
elevated risk of fracture and a diagnosis of osteopenia. Our
results showed that 4 of the 12 patients in different age groups
suffered from osteopenia, yielding an incidence rate of
approximately 33.3%. Furthermore, the T-scores of another 4
patients were close to —1.0 and their bone masses were low

compared with an age- and sex-matched reference population.
The T-scores of the other 4 patients fluctuated above and below
zero and their bone masses were at the mid-range of the control
population (shown in Fig. 6). Our results indicate that patients
with NBCCS are prone to low BMDs and may therefore suffer an
enhanced risk of fracture at various age ranges.

Discussion

NBCCS is an autosomal dominant disorder associated with an
increased disposition toward defects of the skeleton, skin, and
nerves. In addition, the development of various tumors
(predominantly multiple nevoid basal cell carcinomas and
KCOTs) in the second decade of life are common.?® Defects,
such as falx cerebri calcification, sella turcica region dysplasia,
bifid ribs, and polydactyly, which may be widely distributed over
the skeleton (the skull, vertebrae, ribs, and limb bones), are
crucial for early childhood diagnosis of NBCCS in families with an
increased incidence of the disease. Such early diagnosis is
essential for tumor surveillance throughout the lifetime of the
patient.

KCOTs (previously, odontogenic keratocysts) are the most
common benign jaw neoplasm, as redefined by WHO in 2005,
with a high growth potential and propensity for recurrence.®?
KCOTs usually occur as solitary lesion or as multiple lesions
associated with NBCCS. The KCOTs exhibit different clinical
manifestations; syndromic-associated KCOTs are usually numer-
ous and associated with larger levels of bone destruction and
higher recurrence rates, whereas solitary KCOTs generally occur
as single tumors and are associated with limited bone
destruction. Among the diverse clinical features observed in
patients with NBCCS, KCOTs are frequently the first manifesta-
tion to be detected and are diagnosed by oral and maxillofacial
surgeons. Our group has previously isolated stromal cells
from surgically excised KCOTs, which have been demonstrated
to exhibit bone marrow mesenchymal stem cell-like
characteristics.?”” Through direct DNA sequencing analysis,
we determined that stromal cells and blood samples from an
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Fig. 3. Verification of lower SPARC expression in S-SCs compared with NS-SCs by Western blot and immunohistochemistry. (A) S-SC and NS-SC cell
mixtures were separated by SDS-PAGE and analyzed by Western blot using a SPARC antibody and actin as a control. The grayscale values of the bands
were scanned using Image J software, and error bars are presented as means + SEM. **p < 0.01 (n = 3 technical replicates). (B) Independent samples of
S-SC and corresponding sex- and age-matched NS-SCs cells were further examined by Western blot (n = 12). The detailed PTCHT mutation locations are
listed in Fig. 1B. Error bars are presented as means & SEM. **p < 0.01. (C) SPARC staining can be observed in the fiber capsules of KCOTs and in stromal cell
cytoplasm. NS-KCOTs showed enhanced staining compared with S-KCOTs.
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Fig. 4. PTCH1 knockdown causes reduced SPARC expression.
(A) Knockdown efficiency of PTCH1 in MG63 cells was determined by
qPCR at 72 hours. Two siRNAs were both verified to be valid for PTCH1
silencing relative to a control and were tested in three independent
experiments. (B) The protein expression levels of PTCH1 and SPARC were
detected at 72 hours after siRNA transfection using actin as a control. Both
siRNAs showed effective silencing. SPARC expression was downregulated
after PTCH1 siRNA transfection compared with the control. The grayscale
values of bands were scanned using Image J; error bars are presented as
means + SEM. *p < 0.05; **p < 0.01 (n =3 technical replicates).

individual of 12 patients with NBCCS harbored the same
heterozygous PTCHT mutation, implying a germline mutation,
whereas none of the non-syndromic stromal cells used as controls
were found to harbor PTCH1 or SMO mutations. This indicated
that these stromal cells are suitable for the study of the role of
heterozygous PTCHT mutations in bone metabolism, allowing us
to obtain a valuable understanding of the mechanism underlying
the development of skeletal abnormalities in NBCCS.

Using LC-MS/MS analysis, we found that SPARC (osteonectin;
BM-40) was expressed at 0.6-times lower levels in S-SC cells than
in NS-SC cells. SPARC was first detected as a non-collagenous
component of bovine and human bone, which bound
selectively to both hydroxyapatite and collagen to participate
in bone mineral and collagen deposition.®*> The molecular
functions and biological characteristics of SPARC have since
been elucidated through in vivo and in vitro studies. In adults,
SPARC expression is restricted primarily to tissues undergoing
renewal and remodeling, such as the ovary and gut, as well as
cells of the bone and healing wounds, eg, osteoblasts and
fibroblasts.?43® During bone remodeling, SPARC binds to
collagen | as well as llI-V. Then, the SPARC-collagen complex is
deposited in the matrix, where it mediates collagen mineraliza-
tion.**3” In the present study, we confirmed lower SPARC
expression (~60%) in S-SC cells carrying heterozygous PTCH1
mutations relative to NS-SC cells used as wild-type controls. The
8 (of 12) samples that harbored protein truncation mutations
(NBT1, 2, 3, 4, 6, 7, 8, and 10) showed approximately 80% lower
SPARC expression. However, in the other 4 cases harboring non-
protein truncation mutations, SPARC expression levels were
intermediate between those of cells with PTCHT truncation
mutations and wild-type control cells. These findings were
consistent with results of tissue immunochemistry and Western
blot analyses. Therefore, the varied expression of SPARC
exhibited by individual S-SC cell lines may be attributed to
the different types of heterozygous PTCH1 mutations carried by
each line. PTCH1 protein truncation mutations (observed in 86%
of the NBCCS cases) often manifest as PTCH1 haploinsufficiency,
as neither the N- nor the C-terminal half of PTCH1 is functional
alone.®®39) PTCH1 missense mutations have also been reported
to result in variable levels of PTCH1 function, with some (Q802L
and P1111L) associated with significant retention of activity,
some (eg, L346R) causing only modest reduction in activity, and
others resulting in substantial loss of function (R280C, G495V,
and D499Y).“%4" Consequently, the missense mutations in the
remaining 4 cases (NB5, 9, 11, and 12) may have resulted in the
partial retention of function, as a result of which these cases
exhibited intermediate levels of PTCH1 activity compared with
the wild-type and haploinsufficient lines.

These results, together with those from proteomics analysis,
suggest that heterozygous PTCHT mutations in syndromic
stromal cells, in particular PTCH1 haploinsufficiency, are
implicated in SPARC downregulation. To ascertain the con-
sequences of PTCHT loss of function, we introduced siRNAs
against h-PTCH1 into MG63 cells and examined SPARC
expression after PTCH1 silencing in vitro. Our findings indicated
that SPARC was downregulated by PTCH1 silencing. We note
that Shigemura and colleagues have shown that SPARC may
represent a possible target gene of Hh signaling in the prostate,
as SPARC upregulation is blocked by cyclopamine in
normal prostate fibroblasts but not in cancer-associated
prostate fibroblasts.*? Therefore, we suggest that SPARC may
be regulated by the Hh signaling pathway in human marrow-like
stromal cells as well.
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Fig. 5. Exogenous SPARC promoted osteogenic differentiation in syndromic and non-syndromic stromal cells. (A) AKP activity was detected 1 week after
induction initiation; *p < 0.05 (n = 6). S-SCs showed no significant difference regardless of SPARC stimulation. NS-SCs showed enhanced AKP activity
compared with controls. (B) mRNA expression of osteogenesis-related genes were analyzed by real-time qPCR 2 weeks after induction; error bars are
presented as means & SEM. *p < 0.05; **p < 0.01; ***p <0.001 (n=6). (C) Alizarin red staining was performed at 3 weeks. Samples stimulated by
ectogenous expression of SPARC protein exhibited stronger and greater numbers of calcium nodules than the corresponding controls. S-SCs and NS-SCs

showed similar trends after ectogenous SPARC induction (n =6).

We additionally tested whether exogenous SPARC promotes
osteogenesis in S-SC and NS-SC cells. Exogenous SPARC added
to osteogenesis induction medium elicited enhanced differ-
entiation associated with increased calcium nodule formation
and AKP activity in NS-SC cells, whereas S-SC cells showed
mildly increased calcium nodule formation. However, the
differential protein expression profile indicated that other
ossification-associated proteins in addition to SPARC, such
as collagen alpha-1 and HSPG2, were downregulated in S-SC
cells. Because SPARC has been reported to specifically bind
collagen | and regulate its mineralization,® the decreased
osteogenesis of S-SC cells may result from the corresponding
downregulation of COL1A1 expression. The PTCH1 functional

deficitin S-SC cells may also account for their different response to
SPARC stimulation.

Osteonectin/SPARC, which is one of the most abundant
non-collagenous extracellular matrix proteins in bone, plays a
major role in regulating collagen fiber assembly and promoting
osteoblast differentiation.“? Several groups have reported
that SPARC-null and SPARC-haploinsufficient mice exhibit
low-turnover osteopenia that increases with age, showing
reduced numbers of osteoblasts and osteoclasts as a result of
negative bone balance; these findings support that SPARC
contributes to normal bone formation.“>#® Similarly, mesen-
chymal stem cells isolated from patients with osteoporosis
exhibit SPARC downregulation, which is also frequently found in

Journal of Bone and Mineral Research

HETEROZYGOUS PTCH1 IMPACTS BONE METABOLISM IN NBCCS VIA SPARC 13 M



oONOULT A WN =

OO UUUUUUUUUUDDEDNMDDNDNDNDNDNDWWWWWWWWWWNNNNNNNNNREDS = 5 = 5 2 3 2 a2
WN =20 WVWOENOURNRWN - OOVOEIOTINPRINNIOOVONINOUNPAWN -"O0OLVUONOUVRARWN—-OOVONOOUNWN=O

A Bone mineral density T/Z score
Person  Sex  Age Height Weight Lumber spine Femoral neck BMD BMI
(cm)  (kg) (L1-L4) (g/cm2)
NBI13 Male 16 187 72 0.1 0.909 20.59
NB14 Male 16 176 70 0 0.96 22.60
NBIS Male 16 175 70 2 0.1 1.017 22.86
NB16 Male 18 171 52 23 21 0715 17.78
NB17 Male 27 195 125 0.6 0.5 1116 32.87
NB18 Male 32 183 83 0.5 0.898 2478
NB19 Male 34 178 90 0.5 0.94 28.41
NB20 Male 39 165 68 1.4 -1.1 0.774 24.98
NB2l Male 39 181 90 0 0.3 1.081 2747
NB22 Male 46 167 75 1.8 0.5 1.027 26.89
NB23 Male 52 175 86 0.1 -1.9 0.686 28.08
NB24 Male 60 177 78 0.2 1.3 0.872 24.90
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Fig. 6. Bone mineral density of patients with NBCCS. (A) Detailed bone mineral density values for 12 patients with NBCCS are listed. (B) T-scores are

shown as a scatter diagram (n=12).

men with idiopathic osteoporosis.***” We, therefore, wondered
whether downregulation of SPARC in S-SC cells impacts bone
mass in patients with NBCCS. To investigate this hypothesis, we
recruited 12 patients diagnosed with NBCCS for BMD analysis, 4 of
which were additionally diagnosed with osteopenia according to
WHO standards. The others exhibited a comparatively low level of
BMD compared with age group standards. The BMD tests
suggested that, in addition to bone abnormalities, patients with
NBCCS may additionally exhibit lower BMD and be prone to bone
mass loss, thus showing an increased risk of fractures. Considering
the relatively lower level of SPARC expression associated with
PTCHT truncation mutations, patients with NBCCS who harbor
such germline mutations may be predisposed to osteopenia. The
present findings are expected to be of importance in preventing
bone loss in this group.

In summary, we performed proteomics analysis via TMT
labeling of stromal cells from syndromic and non-syndromic
KCOTs and identified a number of proteins exhibiting
significantly differential expression in heterozygous PTCH1
mutants relative to wild-type cells. Several of these identified
proteins are being studied by our group; of these, SPARC was
most directly related to ossification, as shown in previous
studies. The demonstration of SPARC downregulation in S-SC
cells provides novel insights into the relationship between bone

abnormalities and germline PTCH1 heterozygous mutations in
patients with NBCCS. Our analyses provide evidence that
patients with NBSS who harbor germline PTCHT truncation
mutations are likely at an increased risk for bone loss. Surgical
procedures targeted at syndromic-associated KCOTs may be
adjusted appropriately in consideration of the low bone mineral
density in the jawbones of such patients.
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