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Abstract

Gnathodiaphyseal dysplasia (GDD; OMIM#166260) is a rare skeletal disorder which is mainly characterized by cemento-
osseous lesions in mandibles, bone fragility, bowing and diaphyseal sclerosis of tubular bones. GDD is caused by point
mutations in Anoctamin-5 (ANOS); however, the disease mechanisms remain unclear. Here we generated Ano5-knockout
(KO) mice using a CRISPR/Cas 9 approach to study loss of function aspects of GDD mutations. Homozygous Ano5 knockout
mice (Ano5~'7) replicate some typical traits of human GDD including massive jawbones, bowing tibia, sclerosis and corti-
cal thickening of femoral and tibial diaphyses. Serum alkaline phosphatase (ALP) levels were elevated in Ano5~'~ mice as
in GDD patients. Calvaria-derived Ano5~'~ osteoblast cultures show increased osteoblastogenesis, which is consistent with
our previous in vitro observations. Bone matrix is hypermineralized, and the expression of bone formation-related factors is
enhanced in Ano5~'~ mice, suggesting that the osteogenic anomaly arises from a genetic disruption of Ano5. We believe this
new mouse model will shed more light on the development of skeletal abnormalities in GDD on a cellular and molecular level.
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Introduction

Gnathodiaphyseal dysplasia (GDD; OMIM:16620) is a gen-
eralized bone disorder involving cemento-osseous resorptive
lesions of the mandible accompanied by a complex skeletal
phenotype of bone fragility, cortical thickening and sclero-
sis of tubular bone diaphyses. Mandibular lesions can lead
to recurrent osteomyelitis of the jaw, and the majority of
patients suffer from frequent bone fractures as a result of
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minor accidents or strain. The term “gnathodiaphyseal scle-
rosis” was first proposed by Akasaka [1] in a large Japanese
kindred of 21 patients. Riminucci et al. [2] redefined the ter-
minology to “gnathodiaphyseal dysplasia (GDD)” because
osteosclerosis is not found in all patients while some traits of
GDD overlap with other syndromes involving fibro-osseous
jaw lesions and skeletal dysfunction, most notably fibrous
dysplasia (FD) and McCune-Albright syndrome (MAS) [3].
However, the lack of typical radiological changes in bone
such as a cotton wool-like pattern in FD and lack of skin
pigmentation or endocrinopathies in MAS caused by muta-
tions in GNASI differentiates GDD from FD/MAS.

GDD is inherited as an autosomal dominant trait or
occurs sporadically and maps to chromosome 11q14.3-15.1
[4]. Eight missense mutations in the anoctamin 5 (ANOS5;
GDDI; TMEMIG6E) gene have been identified in families
with GDD and in patients with de novo mutations from
various races and ethnicities [5—11]. ANOS5 encodes for a
913 amino acid protein and belongs to a family of trans-
membrane proteins, which in humans includes 10 members.
C356R and C356G mutations in ANOS decreased cell adhe-
sion and changed the cell morphology to a more rounded
cell shape, which is possibly due to the regulatory role of
ANOS in intracellular calcium homeostasis [6]. Although
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some members of this family such as ANO1 and ANO2 act
as calcium-activated chloride channels (CaCCs) [12-14],
a recent study demonstrated that ANOS had phospholipid
scrambling activity and non-selective ion transport capabil-
ity [15] and that a T513I mutation [7] in the ANOS protein
caused a gain of function enabling phospholipid scram-
bling at low cytosolic Ca>* levels. Murine ANOS is highly
expressed in cardiac muscle, skeletal muscle, growth-plate
chondrocytes and osteoblasts [16]. Anoctamin 6 (ANO6),
another member of the ANO protein family, is involved in
hydroxyapatite deposition [17] as well as in control of bone
mineralization by activating the calcium transporter NCX1
[18] and as regulator of C2C12 myoblast proliferation [19].
Recessive mutations in the ANOS gene cause two types of
muscular dystrophies, limb girdle muscular dystrophy type
2L (LGMD2L) and Miyoshi myopathy type 3 (MMD?3)
[20-22]. While ANOS-related muscular dystrophies have
been relatively well researched, the function of ANOS and
the molecular pathophysiology of ANOS mutations leading
to GDD are insufficiently explored.

In our previous study, where we knocked down Ano5
mRNA in MC3T3-E1 osteoblast precursors we saw elevated
expression of osteoblast-related genes such as Collal, osteo-
calcin, osterix and Runx2 as well as increased mineralization
during osteoblast differentiation [5]. Several Ano5 knockout
(KO) mouse or rabbit models provide some evidence for
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reduced capacity to repair sarcolemma, altered lipid metabo-
lism and affecting sperm motility but failed to discuss skele-
tal phenotypes at all [23-26]. Here we introduce a new Ano5
knockout mouse model, which replicates clinical features
of patients with GDD and exhibits stimulatory effects on
osteoblastogenesis.

Materials and Methods
Animals

C57BL/6N mice and Kunming (KM) mice were purchased
from Beijing Vital River Laboratory Animal, Co., Ltd. All
mice were housed in a specific pathogen-free (SPF) facil-
ity. The animal protocol was approved by the Animal Care
Committee of Beijing Stomatological Hospital, Capital
Medical University, and animal studies were approved by
the Institutional Animal Care and Use Committee of the Bei-
jing Stomatological Hospital. Two sgRNAs were designed
to target the two sides of exons 11-12 (Fig. la). For each
targeting site, candidate guide RNAs were designed by the
CRISPR design tool (http://crispr.mit.edu). Guide RNAs
were screened for on-target activity using the Univer-
sal CRISPR Activity Assay (UCATM).. C57BL/6 female
mice and KM mouse strains were used as embryo donors
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Fig.1 Generation and genotyping of Ano5~~ mice. (A) Sche-
matic overview of strategy to generate Ano5 KO allele. The guide
RNA sequence is underlined, capitalized, and labeled in red. The
protospacer-adjacent motif (PAM) sequence is labeled in green. The
arrowheads indicate locations of primers 1 and 2 used for PCR. (B)
PCR genotyping assay for Ano5**, Ano5*"~, and Ano5~'"mice. Wild

@ Springer

o

Q'
0\0

type allele: 759 bp, mutant allele: 660 bp. (C) Approximately 80%
and >99% relative reduction of Ano5 transcript, at the 5’ and 3’ end,
respectively, was confirmed by gqRT-PCR in in different mouse tis-
sues extracted from the Ano5~'~ mouse. Five mice of each group were
used; °P <0.01 indicates statistical significance by one-way ANOVA
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and pseudopregnant foster mothers, respectively. Genomic
DNA was extracted from mouse tails using an alkaline lysis
method. PCR genotyping generates a 759-bp product for
wild type and a 660-bp product for mutant Ano5 (Fig. 1b).
Mice were backcrossed with C57BL/6N mice and bred for
at least four generations to demonstrate hereditary stability.

Skeletal Imaging Analysis

Mandibles, femurs and tibias of 12-week-old Ano5** male
mice (n=8) and their Ano5~"~ littermates (n=9) were used
for X-ray and Micro Computed Tomography (pCT) analy-
sis. This age is equivalent to adulthood in humans, when
most of the GDD patients display symptoms. Radiographs
of individual bones were taken using a MX20 Radiography
System (Faxitron X-ray) with exposure of 0.125 s. pCT was
performed with 14 pm resolution in the Central Laboratory
of the Capital Medical University (CCMU) (Inveon CT,
Siemens, Germany). Mandibular images were obtained by
capturing vertical sections at the central fossa of mandibular
first molars. For CT scanning, cancellous mandibular bone
surrounding the first molar was chosen as the area of interest
in Ano5** and Ano5~'~ groups. Trabecular measurements of
tubular bones were taken at the distal growth plate in 70 con-
secutive 14 pm slices over a distance of 980 pm. Thirty cross
sections in the mid-diaphysis were used to compute cortical
bone parameters. Hounsfield unit (HU) and calibrated CT
data were applied to calculate bone mineral density (BMD)
according to phantom reference data. Bone volume was
calculated by an interactive medical image control system
(Mimics19.0, Materialise, Belgium) combined with BMD
to acquire bone mineral content (BMC).

Mouse Serum Analysis

Serum was prepared from retro-orbital blood sampling
of 12-week-old male mice after 1-h incubation at 4 °C
and 5 min centrifugation at 3000 rpm. Serum TRACP
5b (Tartrate-Resistant Acid Phosphatase-5b ELISA Kit,
MyBioSource, USA) was detected in Ano5**, Ano5*~ and
Ano5~'~ mice. Alkaline phosphatase (ALP) activity was
determined according to manufacturer’s specification (Nan-
jing Jiancheng, China). The number of samples used for
serum analysis was a minimum of 7 per group (n>7).

Bone Tissue Morphology

Mandibles, tibias and femurs of 12-week-old male mice
were fixed for 48 h in 4% PFA and then decalcified in
10% EDTA solution and processed for paraffin embed-
ding. Series of 5-um-thick longitudinal and horizontal
sections were cut from paraffin sections of the Ano5HH,
Ano5~'~ groups (n>5) stained with hematoxylin-eosin

(H&E). For immunohistochemical (IHC) staining, anti-
gens in paraffin-embedded mandible samples were
retrieved by 0.01 M citric acid buffer (pH 6.0). Endog-
enous peroxide activity was quenched with 3% hydrogen
peroxide. Slides were incubated in blocking solution with
10% goat serum for 15 min prior to overnight incubation
at 4 °C with primary antibodies against CD31 (Abcam,
ab28364,1:200, UK), TNF-a (Abcam, ab6671, 1:500,
UK) and IL-6 (Abcam, ab7737, 1:500, UK), respectively.
Slides were incubated with a biotin-labeled secondary goat
anti-rabbit IgG antibody (ZSGB-BIO, SP-9001, China)
for 30 min at 37 °C, visualized with diaminobenzidine
and counterstained with hematoxylin. Slides were imaged
with an Olympus BX61 microscope (Olympus, Japan), and
immuno-positive areas were analyzed by Image-Pro Plus
6.0 (Media cybernetics, USA).

Mouse Calvarial Osteoblast Cultures (mCOBs)

Calvariae from postnatal 24-h-old littermates were iso-
lated and digested with 0.3% collagenase (Type I; Sigma-
Aldrich, USA) mixed with equal volume 0.05% trypsin
(Invitrogen-Gibco, USA). Calvariae were digested for four
cycles at 15 min/cycle at 37 °C. Cells of the first cycle
were discarded, and the remaining cells were collected and
cultured in DMEM (Gibco, USA). Medium was switched
to osteoblast differentiating medium (a-MEM; Invitrogen-
Gibco, USA) containing 10% fetal bovine serum (FBS;
Gibco, USA), 1% dual-antibiotics (Gibco, USA), 4 ng/
ml dexamethasone, 50 mg/ml ascorbic acid and 4 mM
B-glycerophosphate (Sigma-Aldrich, USA) for osteoblast
differentiation. Cells were derived from no less than five
mice in each group. Medium was changed three times a
week.

Matrix and Mineralization Assays

Alizarin red staining and alkaline phosphatase activity
detection were performed to observe the formation of matrix
and mineralization. Osteoblasts (passage 2) were seeded at
a density of 2 x 10° cells per well in 6-well plates. Alizarin
red staining was performed at 7, 14 and 21 days of culture,
and mineralized nodules were dissolved by cetylpyridinium
chloride for 30 min. Calcium binding to alizarin red was
detected by colorimetric detection as indicator for calcifica-
tion. Absorbance reads were determined at 562 nm. Pro-
tein for ALP analysis was extracted and quantified by BCA
to assess early osteogenic differentiation at 0, 3, 5 and 7
days. ALP activity was detected by an Alkaline Phosphatase
Assay Kit (Nanjing Jiancheng, China) according to manu-
facturer’s instructions. OD values were measured at 520 nm.
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RNA Analysis

We used quantitative real-time PCR (qQRT-PCR) to detect
expression of Ano5 and osteogenic factors in bone tissue
and mCOBs, respectively. PCR primers are listed in Supple-
mentary Table 1. Total RNA derived from tissues or primary
cultured cells was extracted with TRIzol (Invitrogen, USA)
followed by reverse transcription (SuperRT cDNA Synthesis
Kit; CWbio, China). qRT-PCR was carried out using Ultra
SYBR Mixture with low ROX (CWhbio, China) in a Bio-Rad
thermocycler (BioRad, Hercules, USA). Relative quantifica-
tion of gene expression was measured by the AACt method
and the housekeeping gene Gapdh served as control.

Statistical Analysis

Statistical analysis was performed by paired t test or one-
way ANOVA using Prism7 software (GraphPad Software,
LaJolla, USA).

Results
Generation and Appearance of Ano5~'~ Mice

We targeted exons 11 and 12 to produce a truncated tran-
script with a 833 bp deletion. To investigate the expression
of Ano$5 transcripts, we performed qRT-PCR with primers
spanning exons 4-5, 10—12 and 16-17. In Ano5~'" mice,
expression of Ano5 in skull and musculus biceps brachii
dropped to almost zero (background level) when the primers
span exons 10-12, suggesting complete knockout of AnoS.
gRT-PCR with primers span exons 4-5 or exons 16-17
shows ~80% reduction of pre-deletion Ano5 transcripts in
all tissues tested and > 99% reduction of post-deletion Ano5
transcript in calvariae and > 71% reduction of post-deletion
Ano5 transcript in muscle (Fig. 1c). Behavior and overall
appearance of Ano5~'~ mice was comparable to normal
littermates, and Ano5~'~ male mice showed low fertility
compared with heterozygotes and wild type mice (data not
shown).

GDD-Like Skeletal Phenotype of Ano5~'~ Mice

GDD is clinically diagnosed by histological analysis of bone
lesions in the jaws combined with radiography [3, 8]. We
performed radiography on mandibles, femurs and tibias
of 12-week-old male littermates in more than 10 animals
per group. Similar to GDD patients, Ano5~'~ mice showed
increased radiopacity of mandibles and cortical bone of
femurs and tibiae. Mandibles of 12-week-old Ano5~~ mice
were larger with increased bone density (Fig. 2a). Femo-
ral length or width was not significantly different. To better
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illustrate the skeletal phenotype, we studied the bones by
pCT. Ano5~~ mice had increased BMC and BMD in mandi-
bles and in diaphyses of cortical bones (Table 1). Mandibles
of Ano5~'~ mice displayed hyperostosis (Fig. 2b), which is
consistent with our X-ray results, whereas the bone volume
fraction (BVF) in tibiae and femurs was reduced. Two nota-
ble characteristics of GDD patients are bowing of tibia, and
bone fragility combined with cortical thickening of diaphy-
ses. Ano5~'~ mice exhibited abnormal shape of tibiae with
increased diameter of diaphyseal cortices for both tibiae and
femurs resulting in narrow medullary canals (Fig. 2c, d). The
mandibles and diaphyses of femurs and tibiae were undertra-
beculated in Ano5~'~ mice with significantly reduced thick-
ness and trabecular numbers compared to Ano5** mice.
The trabeculation of Ano5~'~ mice was more significantly
dispersed in mandibles and femoral diaphyses but normal
in tibia (Table 2). In addition, heterozygous Ano5™'~ mice
were phenotypically similar to Ano5~'~ mice and exhibited
measurable GDD-like skeletal phenotypes as they aged.

Biochemical Analysis of Ano5~'~ Mice

Serum alkaline phosphatase levels are variable but generally
elevated in GDD patients [2, 8, 11]. Therefore, we tested the
ALP activity of 12-week-old Ano5~~ mice and found that
ALP in sera of Ano5™'~ and Ano5"'~ mice was increased
by approximately 23% (Fig. 3a). To investigate the activity
of osteoclasts, we measured the levels of TRACP 5b. Pre-
viously only one GDD patient was reported with elevated
TRACP near the upper normal limits [27]. In the mouse
model, we found comparable TRACP values in Ano5~"-,
Ano5*~ and Ano5*"* mice (Fig. 3b).

Morphological Analysis of Bone Tissues in Ano5~/~
Mice

Histological sections stained with H&E confirmed that
Ano5~'~ mice had thicker cortical bones in cross sections of
mandibles (Fig. 4a). Being consistent with the results from
uCT, Ano5~~ mouse tibia exhibited cortical thickening and
bowing. Tibial bowing is quite variable in Ano5~~ mice,
as can be seen in Figs. 2a and 4b. Moreover, trabeculation
is decreased drastically outside the metaphyseal region of
femurs or tibiae of Ano5™~ mice (Fig. 4b). Ano5~'~ mice
have approximately threefold more blood vessels in the peri-
odontal ligament of first molars than Ano5** mice based on
CD31 expression (Fig. 4c), and this may indicate beginning
periodontal ligament hyperemia. Meanwhile, expression of
TNF-o and IL-6 in blood vessels of the periodontal liga-
ment of Ano5~'~ mice was increased dramatically (P <0.01
for TNF-a and IL-6), which suggest that Ano5~'~ mice may
suffer from periodontal inflammation (Fig. 4d).
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Fig.2 GDD-like phenotype in 12-week-old Ano5~'~ mice. (A) Repre-
sentative radiographs of mandibles, tibias and femurs from 12-week-
old Ano5**, Ano5'~, and Ano5~'~ male mice. (B) pCT images of
vertical plane through mandibles and 3D reconstruction of mandibles
from Ano5*"* and Ano5~~ mice. White line points to sagittal plane
through central fossa of first mandibular molar. White arrows points

Table 1 BMC and BMD analysis of Ano5*"* and Ano5~'~ male mice

Ano5"* Ano5™”

C

to the hyperostosis of mandibles. (C) Internal view of femurs in lon-
gitudinal section and 3D reconstructions of trabeculae in diaphysis
from Ano5** and Ano5~'~ mice. (D) Internal view in longitudinal
section and cross-section of cortical bone of tibia. 3D reconstructions
of trabeculae in metaphysis of Ano5*"* and Ano5~'~ mice

Ano5** (n=8)

Ano5™~ (n=9)

Mandible Tibia Femur Mandible Tibia Femur
BMC (g) 0.040+0.005 0.062+0.001 0.090+0.003 0.051 £0.004%** 0.071 £0.003%** 0.098 +0.002%3*
BMD (g/cc) 2.834+0.031 2.805+0.038 2.800+0.012 2.967+0.071%* 2.911+0.035* 2.901 +0.030%*

Measurements of mice at 12 wk of age were taken by uCT. Data are mean + SD for groups of 8-9 mice. *P <0.05, **P <0.01

Bone Matrix and Mineral Formation

In consideration of the high expression of ANOS protein
in osteoblasts and evidence from our previous study sug-
gesting a potential role of ANOS in osteoblastogenesis
[4], we determined the mineralization potential of cultured
mCOBs by alizarin red staining. Osteoblast cultures from
Ano5~'~ mice developed more mineral nodule deposition
over a 21-day culture period in osteogenic medium (Fig. 5a,
b). Quantitative analysis also showed that the Ca’* concen-
tration was elevated in the Ano5™'~ group after nodule dis-
solution (Fig. 5¢). Ano5*'™ mice showed intermediate levels
of mineralization compared to Ano5™* and Ano5~'~ mice.
The highest ALP activity in osteoblasts occurred at culture
day 5 and decreased by day 7 in both groups (Fig. 5d). How-
ever, Ano5~'~ mice showed significantly higher ALP activity
than AnoS5** mice at all time points (P <0.01). Increased

mineralization and ALP activity in Ano5~'~ osteoblast cul-
tures are consistent with our previous in vitro finding, where
the overexpression of a GDD mutation resulted in increased
mineralization [5].

Osteogenesis-Related Factors Increase in Ano5~/~
Mice

To investigate whether deficit of Ano5 affects expression of
osteoblast differentiation markers, we performed qRT-PCR
of mRNA isolated from 0-, 3-, 7-, 14- and 21-day mCOB
cultures of Ano5*'*, Ano5*'~ and Ano5~'~ mice in osteogenic
medium. We found that expression of collagen I (Collal)
and Bglap (osteocalcin, Ocn) in mCOBs gradually increased
in Ano5**, Ano5*'~ and Ano5~'~ mice over time (Fig. 6a, b).
Spp1 (osteopontin, Opn), Runx2, Sp7 (osterix) and Tnfrsfl1b
(osteoprotegerin, Opg) showed higher expression at day 7
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Table 2 uCT analysis of Ano5+/+ and Ano5-/- male mice

AnoS+/+ (n=8) Ano5-/- (n=9)

Mandibles
Dentin density 1136.33+32.31 1364.48 +38.50*
BV/TV (%) 70.44+1.80 65.62+1.53%
Bone surface/bone vol (1/ 22.02+0.58 25.02+0.11%*
mm)
Trabecular thickness (pm) 83.04+£2.26 77.37+£1.74%
Trabecular number 8.50+0.11 7.68+0.16%
Trabecular spacing (pm) 36.78 +3.81 42.94 4+ 3.64%*
Trabecular pattern factor 0.62+0.14 2.68+0.39*
Femurs
BV/TV (%) 35.57+1.60 10.41 £2.03**
Bone surface/bone vol (1/ 38.75+1.70 50.15 £ 1.05%*
mm)
Trabecular thickness (pm) 52.15+1.56 39.90+0.85%*
Trabecular number 4.68+0.49 2.60+0.44%*
Trabecular spacing (um) 146.73+7.43  355.79+£67.72%*
Trabecular pattern factor 9.70+1.15 18.81+1.18%*
Cortical wall thickness (um) 236.67+16.99  320.00+21.60%*
Tibias
BV/TV (%) 39.23+0.6 27.99 £2.0%*
Bone surface/bone vol (1/ 33.45+1.69 40.23+1.04*
mm)
Trabecular thickness (pm) 60.26+3.14 46.80+4.65*
Trabecular number 6.62+0.29 5.58+0.43*
Trabecular spacing (pm) 101.92+11.67  116.07+6.32
Trabecular pattern factor 3.08+0.54 8.86+1.79%
Cortical wall thickness (pm) 206.67+17.0 303.33+17.0%*

Data of 12-week-old male mice were measured by pCT
Data are mean +SD

BV bone volume, TV total volume

*P<0.05, **P<0.01

with a peak at day 14 in mCOBs from Ano5~'~ mice com-
pared to Ano5™"* mice (Fig. 6¢—f). Interestingly, the ratio of
Opg and Tnfsfl1 (NF-kB ligand, Rankl) in Ano5~'~ mouse
osteoblasts significantly increased at days 7 and 14 compared

Fig.3 Serum alkaline phos-
phatase (ALP) analysis and
matrix and mineral formation
in mouse calvarial osteoblast
(mCOB) cultures. (A) Elevated
serum ALP was detected in

to Ano5™* osteoblast cultures but was comparable at day 21

(Fig. 6h). This may be due to the high expression of Rankl at
day 21 (Fig. 6g). It was recently reported that another mem-
ber of the anoctamin family, ANOG, is involved in the control
of bone mineralization [17, 18]. We found the expression of
Ano6 elevated in Ano5*'~ and Ano5~'~ mCOB:s at the time
of osteoblast extraction and was lower starting at day 3 when
compared Ano5*'* cultures (Fig. 61).

Discussion

The ANOS gene is abundantly expressed in skeletal and car-
diac muscle as well as in chondrocytes and osteoblasts [16].
This suggests that ANOS protein plays an essential role in
muscle and bone development. Disruption of ANOS is asso-
ciated with autosomal dominant GDD and two autosomal
recessive muscular dystrophies, limb girdle muscular dys-
trophy type2 (LGMD2L) and Miyoshi muscular dystrophy 3
(MMD3) [28-32]. Biochemical properties and physiological
function of ANOS are incompletely understood, and skeletal
phenotypes in existing mouse models have not been inves-
tigated. We generated an Ano5 knockout mouse model to
study the effect of reduced expression of ANOS on bone
development. We investigated Ano5™+ and Ano5~'~ mice as
well as Ano5'~ mice at 12 weeks, which exhibit an interme-
diate phenotype. It will be interesting to follow the progres-
sion of their GDD-like phenotype to an older age. GDD in
humans is an autosomal dominant disorder. However, it is
not uncommon that the phenotypes of a dominant disorder
are best replicated in homozygous mutant mouse models
[33-36]. This discrepancy may be due to species-specific
phenotypic thresholds and lifespan [33, 34]. Ano5~'~ mice
exhibit distinct features of GDD including elevated ALP lev-
els in serum, mandibles with increased radiopacity, bowing
and thicker cortical bone in long bones, which is also found
in some clinical GDD reports [1, 2, 5, 8]. However, some
mandibular phenotypes such as osteomyelitis, cemento-ossi-
fying fibroma and cementum-like materials were not found
in Ano5~'~ mice at the age of 3 months. Some pathological

12-week-old Ano5*"~ and
Ano5™'~ mice but no signifi-
cant changes of TRACP5b (B)
compared to Ano5*'~ male mice
(n>7).’P<0.01

Serum levels of ALP (King unit)

AnoS5**
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A Ano5* Ano5™"

Ano5”

Fig.4 Histology of Ano5*"* and Ano5~~ male mice. (A) Mandible
in vertical plane of from 12-week-old mice (H&E). (B) H&E staining
of tibias and femurs of 12-week-old mice: tibias, scale bar = 1 mm;
femurs, scale bar = 200 pm. (C) Representative image show-
ing increased angiogenesis at first molars of Ano5™'~ mice stained
by CD31 and quantified area of blood vessels shown in bar graph

features may require longer time to develop or may develop
only after challenging the mouse. It is also possible that
some additional factors that trigger manifestation of certain

C  Anos”

e 9o
@ @

CD31-positive area
in first molars(%)
o
'Y

Ano5™"*

N
=]
(on

TNF-a-positive area
in first molars(%)
°© @ 5 @

Ano5™* Ano5™"
201

151

101

IL-6-positive area
in first molars(%)
o i
’ )

Ano5™* Ano5"

below. D, dentin; B, alveolar bone; PDL, periodontal ligament. Scale
bar = 100 um. *P<0.01. (D) Representative photomicrographs and
quantitative immunopositive areas analysis of TNF-a and IL-6 stain-
ing in periodontal ligament of the first molars in Ano5*"* and Ano5~'"~
mice. D, dentin; B, alveolar bone; PDL, periodontal ligament. TNF-«,
scale bar = 100 pm; IL-6, scale bar = 50 pm. *p<0.01

aspects of the disorder are different in mice and humans,
such as the immune system, metabolism or other biological
characteristics [37, 38]. Interestingly, we found increased
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Fig.5 Mineralization of mouse calvarial osteoblast cultures. (A)
General observation and (B) microscopic observation of Ano5*"* and
Ano5~'~ mCOBs stained for alizarin red S at culture days 7, 14 and

blood vessel formation in the periodontal ligament (PDL)
of Ano5~'~ mice, which suggests a hyperemic state in the
early stage of inflammation and therefore we considered
the possibility that the mice are in the process of develop-
ing inflammatory signs of periodontitis. This speculation
was confirmed by evidence of enhanced TNF-«a and IL-6
expression in periodontal ligaments of Ano5~'~ mice. Coin-
cidentally, some adult patients with GDD suffer from painful
swelling and purulent discharge from gingiva, loosening or
displaced teeth and insufficient healing after tooth extrac-
tion [7, 20]. We also have to consider that knockout mice
exhibit only those phenotypes that are due to loss of ANO5
function.

Besides increased cytokine expression in the jawbones,
Ano5~'~ mice display thickening of cortical diaphyses and
trabecular abnormalities in tubular bones based on our pCT
and histomorphometry findings. Decreased trabecular thick-
ness and trabecular number suggest reduced bone remod-
eling activity that result in sparser trabecular bone with poor
connectivity. These changes suggest that Ano5™'~ mice may
be more vulnerable to bone injury. Reduced cancellous bone
plays a predominant role for susceptibility to osteoporotic

@ Springer

21. (C) Histogram representing corresponding calcium binding lev-
els. (D) ALP detected in Ano5** and Ano5~~ mCOBs at days 3, 5
and 7. *P<0.05, °P<0.01

fractures for GDD patients. Increased BMD and BMC in
mandibles, femurs and tibiae of Ano5~'~ mice are consistent
with sclerosis and increased diameters of cortical bone found
by histology. A recent study in a 13-year-old GDD patient
showed that BMD in the radius increased by 20% within a
year [8]. Overall bone strength is determined by structural
and material components. Therefore, it is possible that cor-
tical thickening in diaphyses is an attempt to compensate
for poor bone quality induced by abnormal distribution of
trabecular bone in Ano5~'~ mice. However, over-ossification
may inversely increase bone fragility.

Total serum ALP is widely used to assess bone metabo-
lism. Three GDD patients have been reported with elevated
levels of serum ALP [2, 8, 11]. While we found increased
ALP in serum and in cultured calvarial osteoblasts from
Ano5~'~ mice, the serum TRACP5b level was comparable
between Ano5™* and Ano5~'~ mice. Therefore, we speculate
that Ano5 deficiency may contribute to changes in osteo-
blastogenesis. Mineralization markers were increased in
Ano5~'~ mice during osteoblastic differentiation. Osteocal-
cin and Collal, which are associated with increased mineral
deposition, are highly expressed at day 21 of Ano5~~ mCOB
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cultures [31]. This may be a result of increased expression of
Runx2 and SP7, which are required for osteoblast differentia-
tion by involving transforming growth factor-p (TGF-f) and
bone morphogenetic protein (BMP) signaling [39]. Inter-
estingly, mutations in the TGF-f1 gene are associated with
Camurati-Engelmann disease (CED), which is an autosomal
dominant sclerosing bone dysplasia affecting the diaphysis
of long bones. CED exhibits similar long bone manifesta-
tions as GDD [40]. Opg/Rankl ratio is a vital determinant
of bone mass and skeletal integrity. In this study, we show
that Ano5~~ mCOBs have an elevated Opg/Rankl ratio at an
early differentiation stage. At later stages, the significant dif-
ference in Opg/Rankl ratio between wt and mutant mCOBs
disappears. This finding could be due to an inhibitory effect
on differentiation but not on osteogenic regulation at late
stages. Similarly, we found highly expressed Opn, which acts
as a mineralization inhibitor regulating hydroxyapatite crys-
tal growth [41] in Ano5~~ mCOBs. In order to investigate
compensatory roles of other anoctamins, we investigated the

mRNA expression of Opg in mCOB

21 (day)

Ano6
404

mRNA expression of Ano6 in mCOB

1

(day)

0

3 (day)

Ano3~'~ calvarial osteoblast cultures normalized to expression levels
of Ano5*'* cells. Data from three independent experiments. *P < 0.05,
°P<0.01

expression of anoctamin 6 (Ano6), the closest paralog of
Ano5. Ano6 has been reported to up-regulate bone miner-
alization by activating a calcium transporter NCX1 [17, 28]
or acting downstream of Runx2 and osterix. In this study,
we found reduced Ano6 expression in differentiating osteo-
blasts for both wild type and Ano5~'~ mCOBs indicating a
possible interaction with the Ano5 gene product in calcium
channel function and in matrix mineralization. Loss of Ano6
leads to skeletal deformities and mineralization defects and
results in regions of uncalcified osteoid in newborn mice
with delayed mineralization [17]. Interestingly, Ano6 expres-
sion decreased remarkably in Ano5~~ mCOB, accompanied
by decreased osteoblast differentiation, and we suspect that
this down-regulation of Ano6 transcripts may compensate
for the hypermineralization caused by ablation of Ano5 in
mice. Therefore, we hypothesize that Ano5 defects lead to
GDD due to reduced osteoblast differentiation and deposi-
tion of abnormal bone together with increased bone remod-
eling activity.
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Recently, four other laboratories have reported on
Ano5 knockout mice/rabbit models. In two models with
disruption of exon 1 or exon 2 of the Ano5 gene [24, 25]
investigators concluded that the defect of Ano5, being a
phospholipid scramblase, may alter lipid metabolism and
inflammation signaling or affect sperm motility. The other
two knockout animals were generated by deletion of exon
8 and 9 or ablating exon 12 and/or 13. These models dis-
play defective muscle membrane fusion and repair, which
may be associated with two muscular disorders, LGMD?2
and MMD3 [23, 26]. Our mice were generated with a dele-
tion of exon 11 and exon 12, which causes a frameshift in
a region where at least four GDD-related mutations are
located. Therefore, we believe this region is important for
the pathology of the disease. Although we find no tran-
scripts corresponding to exons downstream of exon 12 in
calvariae, we do find evidence of some expressed tran-
scripts corresponding to the 5' region of the mRNA by
gPCR. However, there is some mRNA expression down-
stream of exon 12 detectable in muscle. We do not know
whether any protein is translated from these transcripts,
but this observation raised the possibility that partial
transcripts may be produced in knockout animals, which
may directly or indirectly have pathogenic consequences
via instable or quickly degraded proteins. In addition, we
found that our 16-week-old Ano5~'~ mice began to show
abnormal histology in skeletal muscle (Fig. Sla) and
showed decreased expression of myopathy-related factors
(Fig. S1b). Ano5~~ mice also had increased serum cre-
atine kinase (CK) levels (Fig. S1c), similar to patients with
limb girdle muscular dystrophy type 2L (LGMD2L) [20].

In summary, we successfully created a mouse model
for the skeletal phenotype of GDD, which recapitulates
principal features of the disorder, which is the beginning
of further studies to elucidate the GDD pathogenesis on
a cellular and molecular level. Our results suggest that
the GDD phenotype closely relates to osteoblastogenesis
and bone deposition. Further studies in a knockin mouse
model carrying an Ano5 mutation for GDD will be used to
study potential roles of Ano5 mutations in GDD and will
supplement studies in this knockout model.
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