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Abstract

Mutations in DLX3Zin humans lead to defects in craniofacial and appendicular bones, yet the /n
vivo activity related to DIx3 function during normal skeletal development have not been fully
elucidated. Here we used a conditional knockout approach to analyze the effects of neural crest
deletion of DIx3 on craniofacial bones development. At birth, mutant mice exhibit a normal
overall positioning of the skull bones, but a change in the shape of the calvaria was observed.
Molecular analysis of the genes affected in the frontal bones and mandibles from these mice
identified several bone markers known to affect bone development, with a strong prediction for
increased bone formation and mineralization /in vivo. Interestingly, while a subset of these genes
were similarly affected in frontal bones and mandibles (Sost, Mepe, Bglap, Alp, Ibsp, Agt),
several genes, including Lectl and Calca, were specifically affected in frontal bones. Consistent
with these molecular alterations, cells isolated from the frontal bone of mutant mice exhibited
increased differentiation and mineralization capacities ex vivo, supporting cell autonomous defects
in neural crest cells. However, adult mutant animals exhibited decreased bone mineral density in
both mandibles and calvaria, as well as a significant increase in bone porosity. Together, these
observations suggest that mature osteoblasts in the adult respond to signals that regulate adult
bone mass and remodeling. This study provides new downstream targets for DIX3 in craniofacial
bone, and gives additional evidence of the complex regulation of bone formation and homeostasis
in the adult skeleton.

Keywords
DIx3; Neural crest; Craniofacial; development bone

INTRODUCTION

DIx homeobox genes are known to play crucial roles in craniofacial development. In
mammals, there are six D/x genes organized into three pairs of inverted and convergently
transcribed genes: DIx1/2, DIx3/4 and DIx5/6 (McGuinness et al., 1996; Nakamura et al.,
1996; Sumiyama et al., 2002). All members of the DIx family are expressed in the neural
crest (NC) and branchial arches. At E9.5, the expression patterns of DIx1/2, DIx5/6 and
DIx3/4 overlap in the distal part of the arches but expand to different degrees towards the
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proximal side of the arches (Depew et al., 2005; Minoux and Rijli, 2010). The effects of
DIx1, DIx2, DIx5 and DIx6 deletions on craniofacial development have been studied, with
double knockout mice (DIx1/2 and DIx5/6) exhibiting more pronounced defects than single
knockout mice (Qiu et al., 1997; Thomas et al., 1997). The craniofacial defects observed in
these mouse models are various, affecting skull and jaw morphology, as well as inner ear
and tooth development. Among all DIx knockout studies, DIx5™~/DIx6~~ mice exhibit the
most severe craniofacial defects. However, there has been no report showing the effects of
DIx3 or DIx4 ablation on craniofacial bone development.

Mutations in DLX3in humans lead to Tricho-Dento-Osseous syndrome (TDO), an
ectodermal dysplasia characterized by defects in hair, teeth and bone (Price et al., 1998;
Nieminen et al., 2011). Craniofacial and appendicular bones in TDO patients exhibit
increased bone mineral density, and patients often have prognathic mandible and aberrant
skull shape (Lichtenstein et al., 1972; Nieminen et al., 2011; Nguyen et al., 2012). Early
embryonic lethality (E9.5) caused by placental defects precluded the analysis of the
craniofacial phenotype in DIx3™~ mice. In a recent study, we used Wnt1-cre mice and
floxed DIx3 mice (DIx3F/F) to delete DIx3 in the NC. With this approach, we showed that
DIx3 expression in the dental mesenchyme was essential for normal odontoblast
differentiation and dentin formation during tooth development (Duverger et al., 2012).

In the present study, we have characterized alterations in the craniofacial skeleton of these
conditional knockout mice during embryogenic bone formation and in the adult skeleton,
and identified pathways affected by the absence of DIx3 in NC-derived craniofacial bones.

MATERIALS AND METHODS
Mice breeding and genotyping

DIx3L3¢ZWT mice and DIx3F/F mice were generated and genotyped as previously described
(Hwang et al., 2008). Wnt1-cre mice (Jax3829) were used to delete DIx3 in the NC and the
activity of the cre recombinase in Wntl-cre mice was traced by mating with R26RL-2¢Z
(Jax3474) mice (The Jackson Laboratories, Bar Harbor, ME). All animal work was
approved by the NIAMS Animal Care and Use Committee.

Whole mount LacZ staining

Whole mount LacZ staining of Wnt1-cre:R26R-2¢Z embryos was performed according to
(Danielian et al., 1998). Staining procedure for DIx3-2¢Z/WT embryos was described
previously (Hwang et al., 2008). Images were acquired using an Olympus SZX9 dissecting
microscope (Olympus, Center Valley, PA).

Skeletal staining

Embryos were collected and kept in ice cold 1X PBS for one hour. They were dipped in hot
water (60—-70°C) for one minute to facilitate the removal of the skin. Skinned embryos were
fixed in absolute ethanol at room temperature for one day with gentle shaking, and
subsequently incubated for two days at room temperature in acetone with gentle shaking to
dissolve fat tissues. Skeletal staining was performed in 75% ethanol, 5% acetic acid, 0.02%
Alcian Blue 8GX (Sigma-Aldrich, Saint-Louis, MO, A3157), 0.01% Alizarin Red S (Sigma-
Aldrich, Saint-Louis, MO, A5533), with Thymol (Sigma-Aldrich, Saint-Louis, MO, T0501)
to prevent fungi contamination. After two days of staining at 37°C with gentle shaking,
specimens were washed once with water and cleared in 1% KOH for several days. Clearing
was performed at room temperature without shaking and 1% KOH solution was changed
every day, until all soft tissues appeared transparent. Cleared specimens were incubated in
20% glycerol for one day and transferred to 50% glycerol for long term storage at room
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temperature. Images were acquired using an Olympus SZX9 dissecting microscope
(Olympus, Center Valley, PA).

Microarray analysis

Mandibles and calvaria from newborn (P0) heads were dissected in RNA later. Muscle
tissues surrounding the mandibles were removed. Frontal and parietal bones were separated
using a scalpel and sutures were removed. Dissected tissues were immediately immerged in
Trizol® reagent (Invitrogen, Carlsbad, CA) and homogenized using a tissue homogenizer
with disposable plastic probes (OMNI international, Kennsaw, GA). Total RNA was
extracted following the manufacturer’s protocol (Invitrogen, Carlsbad, CA). Microarray
analysis was performed on three control and three mutant animals by the NIH NIDDK
Genomics Core Facility (Yadav et al., 2011). Samples were hybridized with affymetrix
Mouse 430.2 arrays (Affymetrix Inc., Santa-Clara, CA) and processed using Affymetrix 450
Fluidic stations. Chips were scanned using Affymetrix GeneChip scanner 3000 running
Affymetrix (GeneChip Operating Software) GCOS 1.4 version software. Wild type samples
were averaged and used as a baseline to mutant samples. The significantly affected genes (p
< 0.05 and fold change > 1.5) were selected based on ANOVA analysis by Partek Pro
software (Partek, St. Charles, MO, USA). Ingenuity Pathway Analysis (Ingenuity Systems,
Redwood City, CA) was used to identify affected functions.

Quantitative real-time PCR

Primary cell

One microgram of total RNA was reverse transcribed into cDNA using the ImProm-11™
Reverse Transcription System (Promega, Madison, WI). Quantitative real-time PCR
analysis (qPCR) was performed on a MyiQ™ Single Color Real-Time PCR Detection
System, using iQ™ Sybr® Green Supermix (Bio-Rad, Hercules, CA). Quantifications were
performed on four control and four mutant animals. Primers used: Rs15 (Forward)
CTTCCGCAAGTTCACCTACC and (Reverse) GGCTTGTAGGTGATGGAGAA; DIx3
(Forward) ATTACAGCGCTCCTCAGCAT and (Reverse) CTTCCGGCTCCTCTTTCAC;
Sost (Forward) TCCTCCTGAGAACAACCAGACC and (Reverse)
TCTGTCAGGAAGCGGGTGTAGT; Mepe (Forward) ATGCAGGGAGAGCTGGTTAC
and (Reverse) TGGTTCCCTTTGGACTCTTC; Bglap (Forward)
CTTGGTGCACACCTAGCAGA and (Reverse) ACCTTATTGCCCTCCTGCTT; Collal
(Forward) AAGATGTGCCACTCTGACTG and (Reverse)
ATAGGTGATGTTCTGGGAGG; Alp (Forward) CCAGCAGGTTTCTCTCTTGG and
(Reverse) CTGGGAGTCTCATCCTGAGC; DIx5 (Forward)
CTGGCCGCTTTACAGAGAAG and (Reverse) CTGGTGACTGTGGCGAGTTA; Lectl
(Forward) TCCTTGAACTCTGTGGCGACCT and (Reverse)
GGAGCACTGTTTCTCACGACTTC; Calca Forward)
GCACTGGTGCAGGACTATATGC and (Reverse) CTCAGATTCCCACACCGCTTAG;
Ibsp (Forward) CTTACCGAGCTTATGAGGATGAATA and (Reverse)
AAATGGTAGCCAGATGATAAGAC.

cultures

Osteoblastic cells were enzymatically isolated from frontal bones dissected from calvaria of
control and mutant neonates (from P2 to P3) and maintained as described previously (Owen
et al., 1990). Briefly, frontal and parietal bones of calvaria were aseptically dissected,
sutures were removed and frontal bone fragments were digested at 37°C in 0.25% trypsin
(Invitrogen, Carlsbad, CA) and 0.1% collagenase P (Roche Diagnostics, Indianapolis, IN).
Cells were centrifuged for 5 minutes at 1000g, plated at a density of 1x 104 cells/cm? in 12-
well-plates and maintained in a-MEM (Invitrogen, Carlsbad, CA) with 10% fetal bovine
serum (Atlanta biologicals, Lawrenceville, GA), 100 Ul/ml penicillin, and 0.25mg/ml
streptomycin (Sigma-Aldrich, Saint-Louis, MO) at 37°C in a fully humidified atmosphere in
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air with 5% CO,. After 5 days of culture, attached cells from each well were collected by
trypsinization (0.25% trypsin (Invitrogen, Carlsbad, CA)), cells from the same genotype
were pooled and seeded at a density of 1x104 cell/cm?. To induce differentiation and
mineralization (80% confluency), regular growth medium (a-MEM supplemented with 10%
FBS) was replaced with osteogenic medium (a-MEM supplemented with 10% FBS, 280uM
ascorbic acid and 10 mM p-glycerophosphate disodium (Sigma-Aldrich, Saint-Louis, MO)).

Cell differentiation and mineralization assay

Alkaline phosphatase (ALP) and Von Kossa stainings were performed after 0, 7, 14, 21 and
28 days of culture in osteogenic medium. At each time point, culture media was removed
and the cells were washed twice with phosphate-buffered saline (PBS). The cells were fixed
on ice for 15 minutes in 10% neutral-buffered formalin (Sigma-Aldrich, Saint-Louis, MO).
Subsequently, the cells were washed with deionized water and kept in 0.2M Tris pH 9.2 for
15 minutes. The cells were stored in PBS at 4°C and protected from light until all the time-
points were collected. For ALP staining, cells were stained for 20 minutes with a diazonium
salt solution composed of 0.1% Fast red AS TR Salt and 0.05% Naphthol AS-MX-POy4
solution (Sigma-Aldrich, Saint-Louis, MO). Afterward, the cells were rinsed with deionized
water. Cells positive for ALP were stained red. For mineralization assay (Von Kossa), cells
were stained with 5% silver nitrate (Sigma-Aldrich, Saint-Louis, MO) solution in bright
light until mineralized areas (calcium phophate deposits) turned brown/black. After
extensive washes, plates stained for ALP or Von Kossa were imaged using a flat-bed
scanner. Using ImageJ, the Von Kossa stained mineralized areas were quantified as a
percentage of total well surface at 14, 21 and 28 days.

High resolution X-ray, micro-CT analysis and 3-D reconstructions

Mandibles and calvaria were fixed in 4% PFA in 1X PBS overnight at 4°C. High-resolution
X-rays were performed using a Faxitron MX-20 and Kodak XTL2 films (5x, 90 seconds, 40
kV). Micro-CT analysis was performed using a Skyscan 1172 desktop X-ray microfocus CT
scanner (Skyscan, Aartselaar, Belgium). The scanning procedure was completed at 40 kV, at
12 m per pixel and with a 0.5° rotation step. Bone phantoms of 0.25 and 0.75 g/cm? were
used for bone mineral density calibration. Reconstruction of raw images into axial cross-
sections was performed using NRecon V1.4.0 software (Skyscan). For analysis of the data,
measurements and 3D reconstruction, CT-an and CT-vol software were used (Skyscan).

Statistical analysis

RESULTS

All quantitative experiments were performed on at least three control and three mutant
animals (Mean+SEM). Statistical analyses were performed on Prism 5 statistical software
(GraphPad Software Inc., San Diego, CA), using T-test with a significance level of 0.05. *:
p<0.05; **: p<0.01; ***: p<0.001.

DIx3 is efficiently deleted from neural crest-derived craniofacial bones in Wnt1-
cre:DIx3FLacZ mice

Previous studies have shown that DIx3 is expressed in post migratory NC cells in the
branchial arches as early as E9.5 (Robinson and Mahon, 1994). Wntl1-cre mice were mated
with DIx3L2ZWT mijce to generate Wntl-cre:DIx3L2¢Z/WT mice that were then mated with
homozygous DIx3F/F mice. We recently showed that this strategy led to efficient NC-
specific deletion of DIx3 in Wnt1-cre:DIx3F/L2Z mice (cKO) that were compared to their
control DIX3F/WT |ittermates (WT) (Duverger et al., 2012). These conditional knockout
animals are viable and live a normal lifespan when fed soft food.
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By analyzing LacZ staining in DIx3-2Z/WT mice, we determined that DIx3 was expressed in
most developing bones in the craniofacial region at E16.5 (Figure 1, A and C). Strong DIx3
expression was found in the mandible (Figure 1A, a), mostly derived from the NC (Chai et
al., 2000), as corroborated by LacZ activity detected in Wntlcre:R26R-2°Z mice (lineage of
cre-expressing cells) at E16.5 (Figure 1A, b). The level of DIx3 mRNA in the whole
mandible of cKO mice was significantly lower (7-fold) than in WT mice at PO (Figure 1B).

In DIx3-8¢Z/WT mice, DIx3 expression was also detected in frontal and parietal bones in the
developing craniofacial region at E16.5 (Figure 1C, a). At this stage, a large area
surrounding the sagittal sutures was devoid of LacZ staining, whereas the coronal sutures
separating frontal and parietal bones exhibited a narrow line of LacZ-negative tissue (Figure
1C, a, white arrowhead). At P3, the LacZ staining in DIx3-2Z/WT mice progressed centrally
towards the sagittal sutures and covered the whole surface of all calvaria bones (Figure 1C,
c). Previous studies have shown that while frontal bones are NC-derived, parietal bones are
derived from the mesoderm (Jiang et al., 2002; Yoshida et al., 2008). This implies that cre is
not expressed in the parietal bones of Wnt1-cre mice. Analyzing Wnt1-cre:R26RL2°Z mice
at E16.5 and P3, we concurred that frontal bones exhibited a very strong LacZ staining when
compared to parietal bones (Figure 1C, b and d). The light blue staining observed in the
parietal bone area has been previously shown to come from the underlying meninges and not
from the bone (Jiang et al., 2002; Yoshida et al., 2008). The level of DIx3 mRNA was
reduced 100-fold in the frontal bones of Wnt1-cre:DIx3/-2°Z mice at PO, confirming that
most of the cells expressing DIx3 in the frontal bones are NC-derived (Figure 1D). Parietal
bones, in which cre is not expressed, exhibited a milder decrease in DIx3 mMRNA levels
(Figure 1E). This reduction is likely due to the fact that parietal bones in Wnt1-
cre:DIx3F/L¢Z mice only have one active copy of DIx3 (DIx3F is active; DIx3M-2¢Z js
inactive), while two copies are active in the parietal bones of DIX37WT mice.

These data indicate that DIx3 is expressed in most craniofacial bones and can be efficiently
deleted from NC-derived craniofacial bones using Wntl1-cre mice. The milder decrease in
the mandibles compared to the frontal bones (7- vs 100-fold) is due to the fact that DIx3 is
also expressed in the epithelial compartment of the teeth where cre is not expressed (Zhao et
al., 2000; Duverger et al., 2012). The robust DIx3 expression in the frontal bone and
mandible suggests that DIx3 is a significant factor driving the intramembranous process of
ossification from NC progenitor cells.

Deletion of DIx3 in the neural crest alters the shape of the calvaria

To analyze the effects of DIx3 deletion on the development and patterning of the
craniofacial skeleton, we performed a skeletal staining (Alizarin red and Alcian blue) of WT
and cKO embryos at E18.5. The development of the skull appeared normal in cKO mice and
no major patterning defects were observed (Figure 2). However, the calvaria appeared more
rounded in the cKO than in the WT, with a visible shortening of the frontal bones along the
sagittal axis (Figure 2A). At that stage the shape and structure of the mandibles also
appeared normal in cKO animals (Figure 2B). All the bones of the basal part of the skull
were present and no significant change in their shape was observed (data not shown).
Additionally, the histology of the developing bone was not visibly altered in the frontal bone
and the mandible of newborn animals (Figure 2C).

These observations demonstrate that the absence of DIx3 in the NC does not lead to major
patterning defects (missing or transformed bone) in skull development but does alter the
shape of the developing calvaria, possibly due to a disproportion between frontal and
parietal bone development. This suggests that DIx3 regulates the rate of frontal bone
formation to maintain the normal pace of coordinate formation of parietal and frontal bones.

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.
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Changes in gene expression in frontal bones in Wntl-cre:DIx3FLacZ mice predict an
increase in bone formation and mineralization

To address mechanisms related to DIx3 regulation of the frontal bone, genes affected by the
absence of DIx3 function in NC-derived craniofacial bones were identified by cDNA
microarray analysis. We performed the study on frontal bones from cKO and WT animals at
the PO stage, in order to focus on early molecular effects of DIx3 deletion on bone
development. Using a threshold of >1.5 for the fold change, and <0.05 for the p value, 250
genes were found to be significantly affected (107 down-regulated; 143 up-regulated) in the
frontal bones from cKO animals (Figure 3A and Supplemental Table S1). Ingenuity
Pathway Analysis performed on this list of affected genes revealed significant alteration of
functions related to bone development, with a predominant prediction for increased bone
formation and mineralization. Table I presents the list of affected genes previously shown to
have an effect on bone formation and/or mineralization /n vivo. Based on the change in the
level of expression of these genes in cKO mice and their function in bone development /in
vivo, we were able to predict the potential effects of these variations on bone formation and/
or mineralization in our conditional knockout model. Consistent with the global prediction
from Ingenuity Pathway Analysis, the majority of the genes listed in Table | are affected in a
way that predicts an increase in bone formation and mineralization in cKO mice.

Among the eighteen genes listed in Table I, one encodes a golgi protein (Galnt3), three
encode nuclear proteins (Trpsl, Mef2c and FosB), three encode membrane proteins or
receptors (DIk1, Pthrl and Cd200), while the eleven remaining genes all encode secreted
proteins. The three most strongly downregulated genes are Lectl, Calca and Sost. Lectl
(Leucocyte cell derived chemotaxin 1), also known as ChM-1 (Chondromodulin-1), was
revealed as a major bone mineralization factor in chondromodulin null mice that exhibit
increased bone mineral density (Nakamichi et al., 2003). Tissue-specific alternative splicing
of the Calca gene gives rise to two proteins, calcitonin and a-calcitonin gene-related
peptide, that are distinctively involved in bone resorption and vascular regulation,
respectively (Huebner et al., 2008). Sost (Sclerostin) is secreted by osteocytes and have been
shown to have an inhibitory effect on bone formation and mineralization /n vivo (Li et al.,
2008). Among the most strongly upregulated genes encoding secreted proteins were Agt,
Ibsp and Ihh. The Agt gene encodes angiotensinogen that accelerates osteoporosis when
injected in mice (Shimizu et al., 2008). Ibsp, more commonly known as Bsp (Bone
sialoprotein), is a member of the SIBLING (small, integrin-binding ligand N-linked
glycoprotein) family and is a promoter of bone formation and mineralization (Malaval et al.,
2008). Ihh (Indian Hedgehog) signaling has also been shown to promote osteoblast
maturation and bone formation /7 vivo (St-Jacques et al., 1999; Lenton et al., 2011).

Altogether, these data suggest that the absence of DIx3 in frontal bone osteoblasts leads to
molecular changes that would predict an increase in bone formation and mineralization in
Whtl-cre:DIx3F/LacZ mice.

A small subset of genes are similarly affected in the mandibles and frontal bones of Wnt1-
cre:DIx3F/LacZ mice

To determine if a similar gene signature was also found in other NC-derived bones,
microarray analysis was performed on mandibles. We found 185 genes to be significantly
affected (140 down-regulated; 45 up-regulated) in the mandibles of cKO animals at PO. By
overlapping the data from frontal bones and mandibles, 20 genes were found to be affected
in both tissues (Figure 3A). Importantly, all these genes were affected in a similar way (up-
or down-regulated) in both tissues, as shown in Figure 3B. Table Il shows the list of these
genes with their fold change in mandibles and frontal bones. Among them, four genes were
also listed in Table I (Sost, Mepe, Ihh and Agt), three of which were affected in a way that
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predicts increased bone formation and/or mineralization. Like Sost, Mepe (Matrix
Extracellular Phosphoglycoprotein, also known as OF45) is secreted by osteoblasts and play
an inhibitory role on bone formation and mineralization in mouse (Gowen et al., 2003).
Bglap was significantly downregulated in both frontal bones and mandibles, even though it
did not pass the threshold of 1.5-fold change for the frontal bones (not listed in Table I).
Bglap encodes osteocalcin, the most abundant non-collagenous protein in bone extracellular
matrix. Osteocalcin plays a crucial role in the regulation of bone formation, with Bglap™~
mice exhibiting increased bone formation (Ducy et al., 1996). Interestingly, Lectl and
Calca, the two bone markers that were most strongly downregulated in frontal bones were
not affected in mandibles.

These results show that, although a subset of genes were similarly affected by the absence of
DIx3 in the mandible and the calvaria, these two tissues exhibit a specific molecular
signature in Wnt1-cre:DIx3F/LacZ mice.

The osteoblast markers affected in the frontal bones and/or mandibles of Wnt1-
cre:DIx3F/LacZ mice are not affected in parietal bones

To validate the microarray data and demonstrate that the molecular changes observed in
cKO mice are specific to NC-derived bones, we performed gPCR analysis for a subset of
relevant genes and used parietal bones as a control tissue (not NC-derived). gPCR analysis
confirmed that Sost and Mepe were downregulated in frontal bones and mandibles, while
these two genes were not affected in parietal bones (Figure 3C). Similarly, Bglap expression
was significantly reduced in frontal bones and mandibles, while no significant change was
measured in parietal bones (Figure 3C).

gPCR analysis confirmed a significant downregulation of Lectl and Calca expression in
frontal bones while these two markers were unaffected in mandibles and parietal bones
(Figure 3D). Interestingly, the basal expression level of Lectl was significantly higher in
parietal bones than in frontal bones (Figure 3D). The specific increase in Alpl expression in
frontal bones was also confirmed by gPCR analysis (Figure 3D). Microarray analysis
revealed a significant increase in Ibsp expression in frontal bones (Table I) but not in
mandibles. qPCR analysis confirmed Ibsp up-regulation in frontal bones, but also showed a
slight but significant increase in mandibles, while parietal bones showed no change in the
expression of this marker (Figure 3D). We confirmed the specificity of these molecular
effects by analyzing the expression of two common osteogenic-related genes that, according
to the microarray analyses, showed no variation in expression: Collagen 1al (Collal) and
DIx5. The expression of these markers was unaffected in all the tissues analyzed (data not
shown).

These data demonstrate that the molecular effects of the absence of DIx3 in the NC are
specific to NC-derived bones.

Calvaria osteoblasts isolated from frontal bones from Wntl-cre:DIx3FLacZ mice exhibit
increased differentiation and mineralization capacity in culture

The gene signature obtained for Wnt1-cre:DIx37L2Z mandibles and calvaria predicted an
increase in bone formation in these mice. To check the validity of these predictions, we
performed ex vivo cultures of primary osteoblasts isolated from dissected frontal bones from
WT and cKO neonates. The cells were grown to subconfluence in proliferating medium
before being induced to differentiate and mineralize using osteogenic medium. Cultures
were analyzed 0, 7, 14, 21 and 28 days after induction. While no morphological differences
could be observed at days 0 and 7 (Figure 4A), the mineralization nodules that were visible
from day 14 onwards showed a different appearance in the cultures from WT and cKO mice.

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.
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Indeed, we observed higher density and opacity of the nodules in cultures from cKO mice
under a bright field microscope (Figure 4A). From day 14 onwards, Alkaline phosphatase
(ALP) staining was stronger in cKO cultures when compared to WT (Figure 4B, upper
panel), which is consistent with the increase in Alpl expression detected by microarray and
gPCR analysis of frontal bones at PO (Table | and Figure 3D). In order to measure the extent
of mineralization in these cultures, we performed VVon Kossa staining to detect calcium
phosphate deposits. We showed that cKO cultures formed more minerals than WT cultures,
with a significantly broader staining at days 21 and 28 (Figure 4, B and C).

Taken together, these observations demonstrate that, in the absence of DIx3, calvaria
osteoblasts exhibit a higher cell autonomous mineralization capacity ex vivo. These results
are consistent with the gene signature of Wnt1-cre:DIx3F/L°Z frontal bones at PO.

Adult Wntl-cre:DIx3FLacZ mice exhibit morphological defects and decreased bone mineral
density in mandibles and calvaria

In light of the molecular and ex vivo data presented above, we analyzed the structure of
adult craniofacial bones in Wnt1-cre:DIx3F/-Z mice using high resolution X-ray and
micro-CT analysis.

Mandibles at 8 weeks exhibited morphological and structural defects. High-resolution X-ray
analysis showed a shortening of the distance between the incisor apical loop and the gingival
margin (Figure 5, A and B). Micro-CT cross sections taken at different positions along the
proximal-distal axis of the mandible (Figure 5A, insets 1-4) showed high porosity of the
mandibular bone in cKO mice compared to controls. This was further supported by a
significant increase in the ratio between bone surface and bone volume in mandibles from
cKO mice (Figure 5C), and by 3D reconstruction images of the alveolar region (Figure 5D).
Of interest, the average bone mineral density of the mandible was lower in cKO mice than in
WT mice (Table III).

High-resolution X-ray and micro-CT analysis of the calvaria at 8 weeks confirmed a more
rounded shape for the calvaria in cKO mice (Figure 6A). Micro-CT sections showed a
significant reduction in the thickness of both frontal (76.4+2.6 um for cKO versus 94.9+3.1
pm for WT; Neko=4; Nwt=6; p=0.008) and parietal bones (81.4+4.5 um for cKO versus
97.8+3.7 um for WT; Neko=4; Nwt=6; p=0.03) in cKO mice, with a stronger decrease for
frontal bones (Figure 6A, insets, and 6B). Bone mineral density measurements showed a
significant decrease in mutant animals for both frontal bones and parietal bones (Table I11),
with a stronger decrease in frontal bones.

These data indicate that, in contrast to our molecular and ex vivo observations, adult Wnt1-
cre:DIx3F/LaZ mice exhibit decreased bone mineralization. Also, despite their mesodermal
origin, parietal bones exhibited decreased bone thickness and mineral density. This could
potentially be due to a moderate reduction in DIx3 expression levels in this bone (Figure
1E). However, the molecular data showing that the markers significantly affected in frontal
bones and/or mandible are unaffected in parietal bones, suggest that DIx3 haploinsufficiency
has no significant effect on the expression of these genes. Therefore, the effects observed on
parietal bones are likely due to a late systemic effect.

DISCUSSION

In the present study, we have analyzed the effects of NC-specific deletion of DIx3 on

craniofacial bone development. While Wntlcre:DIx3F/L-2Z mice exhibited changes in the
shape of the calvaria, they did not exhibit major patterning defects at birth. This might be
due to functional redundancy with other DIx genes expressed in the NC. As is the case in
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DIx177/DIx27~ and DIx5~-/DIx6/~ double knockout animals (Qiu et al., 1997; Thomas et
al., 1997), the inactivation of DIx3 and DIx4, could potentially lead to a stronger craniofacial
phenotype. Indeed, since DIx3 and DIx4 follow the same expression pattern in the brachial
arches (Depew et al., 2005), they could potentially play redundant functions during
craniofacial development.

Microarray and gPCR analysis performed on frontal bones and mandibles from newborn
animals identified molecular markers affected by the absence of DIx3 in NC-derived bones.
These markers are potential targets of DIx3 in NC-derived osteoblasts. Among the genes
that are known to modulate bone formation and mineralization /n7 vivo, we identified Sost,
Mepe, Bglap, Ibsp, Ihh and Agt as being similarly affected in frontal bones and mandibles.
Interetingly, all the other makers affected in both tissues were also showing the same trend
in frontal bones and mandibles. Even though these genes have not yet been implicated in
bone development, the alteration of their expression could potentially have an influence on
osteogenesis. Overall, the number of genes affected both in frontal bones and mandibles was
relatively low (20 genes), and a substantial number of genes known to be involved in the
regulation of bone formation and mineralization were affected exclusively in the mandible
or the frontal bone. This demonstrates that, even though osteoblasts in frontal bones and
mandibles are from the same lineage (NC), their later differentiation involves both
overlaping and tissue-specific mechanisms. A fine tuning of DIx3 function through the
involvement of different transactivation partners and/or chromatin remodeling factors must
be involved in the differential determination of its targets in distinct bone compartments.
Such tuning has been shown for the direct regulation of Bglap and Runx2 expression by
DIx3, DIx5, Msx2, Hoxal0 and other players during /n vitro osteoblast differentiation
(Hassan et al., 2004; Hassan et al., 2009). The differential response of specific craniofacial
tissue sites to a same transcription factor was also shown /in vivo for Msx2 (Molla et al.,
2010). Further investigations will be required to determine more global/genomics
mechanisms (e.g., epigenetics, micro-RNA control) that are involved in the regulation by
DIx3 of the new target genes identified in the Wnt1-cre:DIx3F/-3¢Z mouse model.

Bone development and homeostasis involves both local and systemic signals that regulate
the balance between bone formation and degradation. In the present study, we show that the
molecular signature of neonatal frontal bones and mandibles devoid of DIx3 would predict
an increase in bone formation and mineralized in these two tissues. This prediction is further
supported by ex vivo differentiation assays showing that osteobasts isolated from frontal
bones of Wnt1-cre:DIx3FL2Z mice have higher differentiation/mineralization capacities
when compared to frontal osteoblasts isolated from WT littermates. In contrast, what we
observed /n vivo by micro-CT analysis on adult mice was decreased bone mineral density.
This indicates that, even though the absence of DIx3 in the NC leads to the down-regulation
of several inhibitors of bone formation and up-regulation of several activators of bone
formation in calvaria and mandibles, later mechanisms that potentially involve peripheral
signals may counteract this process and lead to a decrease in bone mineral density in
adulthood. This hypothesis is supported by the fact that parietal bones, in which none of the
bone markers analyzed were significantly affected, also exhibit a decrease in bone mineral
density in the adult. It should also be noted that all the bones that are not NC-derived
(parietal, appendicular, axial, etc) and still express DIx3 may affect the overall balance of
skeletal formation in Wntl-cre:DIx3F/L2Z mice. Further investigations will be required to
identify the signals altering adult bone homeostasis in this model.

Patients with TDO syndrome have increased bone mineral density in both craniofacial and
appendicular bones (Lichtenstein et al., 1972). A transgenic mouse model in which mutant
DIx3 was expressed under the Collal promoter (Choi et al., 2009), exhibited increased
formation and mineral density of trabecular bone in the femur through decreased osteoclasts

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duverger et al.

Page 10

number and activity due to increased IFN-vy levels in the plasma of transgenic mice
expressing the TDO mutant. However, the mechanism by which the expression of the
mutant DIx3 isoform in osteoblasts leads to this effect on osteoclasts has not been
elucidated. Even though the complete deletion of DIx3 in bone cannot be directly compared
to a situation where an autosomal dominant mutation is overexpressed, it is intriguing that
most of the molecular alterations observed in NC-derived craniofacial bones lacking DIx3
are predicting an increase in bone formation and mineralization. Therefore, we suggest that
the osteoblast markers identified in this study will potentially be of interest for investigations
on TDO syndrome.

This is the first /n vivo study showing the structural and molecular effects of DIx3 deletion
on craniofacial bone development. In addition to providing new potential targets for DIx3 in
intramembranous bone formation, these data demonstrate that, during the development of
different bone structures (e.g., mandibles and frontal bones) derived from the same lineage
(e.g., neural crest), one transcription factor may be involve in the regulation of distinct sets
of genes. The contrasting results obtained between young and adult bone formation and
mineralization in this model also adds new evidence to the established complexity of bone
homeostasis regulation by DIx3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DIx3 expression during craniofacial development and targeted deletion using Wntl-cre

mice

A) LacZ staining in the mandibles (bottom view of the head) of DIx3-3¢Z/WT mice (a) and
Whntl-cre:R26R-2¢Z mice (b) at E16.5. Mandibles are marked by white ellipses. B) gPCR

analysis of DIx3 mRNA levels in mandibles at PO. T-test, n=4. C) LacZ staining in the

calvaria (top view of the head) of DIx3-3¢Z/WT mice (a and c) and Wnt1-cre:R26R-2°Z mice
(b and d), at E16.5 (a and b) and P3 (c and d). The black dotted lines and the white arrows
are indicating the sagittal and coronal sutures, respectively. F: frontal bone; P: parietal bone.
D) gPCR analysis of DIx3 mRNA levels in frontal bones at PO. T-test, n=4. E) Same as D

for parietal bones.
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Figure 2. Structure of the developing skull of wht1-cre:DIx3F/LaCZ mice

Skeletal staining (Alizarin red and Alcian blue) of the calvaria (A) and mandibles (B) from
WT and cKO animals at E18.5. The vertical lines in A are indicating the limits of the frontal
and parietal bones, and highlighting the relative shortening of the frontal bones in cKO
animals. C) Histology of the developing craniofacial bone. H&E staining of coronal head
sections showing the histology of the frontal bone from WT and cKO animals at PO and P5
(upper panels), and the histology of the bone surrounding the Meckel’s cartilage (MC) in the
area of the mandible adjacent to the first molar at P5 (lower panels).
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Figure 3. Bone markers affected in frontal bones and/or mandiblesin Wnt1-cre:DIx37/-3¢Z mice
A) Diagram showing the overlap between the genes significantly affected by NC-deletion of
DIx3 in mandibles and in frontal bones at PO. Including DIx3, 21 genes were found to be
affected in both tissues. B) Graph plotting the 20 genes affected in both mandibles and
frontal bones, according to their fold change in both tissues. All these genes, listed in table I,
exhibit the same trend in both tissues. C) qPCR analysis of the mRNA levels of Sost, Mepe
and Bglap in mandibles, frontal bones and parietal bones from WT and cKO mice at PO. T-
test, n=4. D) Same as C for Lectl, Calca, Alp and Ibsp.
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Figure 4. Ex vivo differentiation of osteoblastsisolated from neonatal frontal bones

A) Calvaria cell cultures isolated from frontal bones from WT and cKO animals. Images
were acquired 0, 7, 14, 21 and 28 days after induction of osteoblast differentiation using
osteogenic medium. Images at days 14, 21 and 28 were taken in areas showing the highest
nodule density. B) Alkaline phosphatase (ALP, upper panel) and Von Kossa (upper panel)
stainings of calvaria cell cultures described in A. C) Quantification of the relative surface of
Von Kossa staining (percentage of total well surface) for WT and cKO cell cultures at 14, 21
and 28 days after induction of differentiation.

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Duverger et al.

1.04

O 0.84
0.64

M)

D1X3F/WT

0.44

—

AL-GM)/(CP-

~ 0.0

Wntlcre:
D1X3 F/LacZ

D1X3 F/WT

D1X3F/WT

Whntlcre:
D1X3 F/LacZ

Wnhntlcre:
D1X3 F/LacZ

Figure 5. Structural defectsin mandiblesin adult Wnt1-cre:DIx3F/L-2Z mice
A) High-resolution X-ray of mandibles from WT (a) and cKO (b) mice at 8 weeks. CP:
condyloid process; AL: apical loop; GM: gingival margin. Insets show micro-CT section
images at different levels (1-4) along the proximal-distal axis of the mandible. B) Measure
of the distance between the apical loop and the gingival margin (AL-GM) relative to the
total length (CP-GM) of the mandible. C) Measure of the ratio between bone surface (BS)
and bone volume (BV), reflecting the increased porosity in mandibular bone in cKO mice.
D) Micro-CT 3D-reconstruction of mandibles from WT (a) and cKO (b) mice at 8 weeks.

Insets show a close-up view of the alveolar region.

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.

Page 18

sesksk

WT cKO




1dudsnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Duverger et al.

3
=
)
2
a
o
—
b=
=
B 1204
kK
100y =
80' —_ I

Thickness (um)
s 3

\®]
=

ol !
Frontal Parietal

D1X3 F/WT

-

Wntlcre:
D1X3 F/LacZ

Figure 6. Structural defectsin calvariain adult Wnt1-cre: DIx37/L-aZ mice
A) High-resolution X-ray of calvaria at 8 weeks. Insets show micro-CT cross sections of the
frontal and parietal bones. The white arrowheads highlight the increased curvature of the
frontal bone in cKO animals. C) Thickness measurement of the same bones. T-test, n=3. F:

frontal bone; P: parietal bone.

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.

Page 19



Page 20

auab ¢ aselajsuenjAuiwresoloefehhiaoe
(600z ‘I -N apndadAjod:auiwesoloeled -g-eydfe

pasealdad pasesldsg 10 BMB1YD]) -1A390e-N-dan ays Bupioe| 81N« SOTO'0 SS'T 9€/ST0 AN [AB]1=9]
uoIewLIO}

2U0( pasesIoap 0} spes| oI Ul
(zooz  auab | awoipuAs [eabuefeydoulyloyorsy

- peses jou| “1e 33 MI[eIN) 3} JO Urewop V.1V syl jo uonsgd e  #€20°0 €51 0002€0 AIN TsdiL
pere|nBai-dn
UOI}eZI|RIaUIW [€19]9XS SAIIIR)0P
(666T JQIYX3 821W IN0Xo0UY asereydsoyd B
pesea ou | - “|e 13 appad) aule|y oytoadsuou-anssiL e 60TO°0 €51 TEVL00 NN [div
(8002 "e
19 Uslg.0 UOIFeZI[RIBUIW PUE UOIBWIO)
‘966T “'Ie auoq paonpai 0} Spes| adlw Ul Joydadal 3
peses ou| peses Jou| 19 fsueT) T auowuoy prosAyresed ay) Jo uonsed e 69E0°0 16T 66TTT0 AN ITyid
OAIA X8 S3|npou
(6002 pazijelaulw JO UOITRWIO) Pasealoul
““le 18 pineqg PUB OAIA UJ SSew 8uoq pasealdul 0}
‘€00z “Ie  spes| 821w u1 auab uizoidoaA|boydsoyd
pesea Jou | pases Jou | 18 UBMO9) Je|njjadeiIxa X1ew ay) Jo uondldd e  BETO0 G8'T- 2.TES0 AN ado N
UOITewLIO}
(666T auoq paAe|ap pue s1oajap abe|11ed
‘epewe A pue 1q1yxa T usloid yui ueak|bosloid
- pasealdsq ageuele/n) pue ueuoinfeAy sy Buijoe| 83N« 22000 16T~ 00SETO AN TujdeH
uonezifelauIw
pue UOIBWLIOY BUOQ Pasealoul
(8002 01 Speaj a91W Ul auah passaidxalono _
peses jou | peses Jou | “|e 33 yresH) ewojse|qolydau ayy Jo uondled s 96¥0°0 IS4 0€60T0 AN AN  porejnbs J-umog
Ajisuap
|eJaulW pue UOIeWIO) BUOQ PASesIdap
(TT0Z “I® 0} spea| auoq ui aush Hojowoy B
pesea ou| peses ou | 19 Yellepay) T 91|-B}12Q 8} JO uoissaldxalan0 s ZET0'0 ¥9'¢- 250070 AN ™Ia
Aisuap
(8002 [eJaUIW pUB UOKBWIO) BUOQ Pasealoul _
pases Jou | pases ou | “le1 1) 11Q1YXa 821W IN0XI0UY UNS0I8[0S e  BTTO0 18°¢C- 6v¥v20 INN s0S
(2002 SSeW au0( Pasealaul 0} Spes| adlw _ _
peses jou | peses ou | “1e 13 JJOH) ur auab uluoldfed Ay} Jo uondeA s 62700 LTe- 185200 IN/7S6€E0T00 AN eded
(c00z “Ie 19 AJISUap [eJauIw aUO0q Pasealdul UgIyxa B
peses Jou| - 1yo1WEYeN) 801 JN0XJ0UX UlnpowoIpuoyd «  9000°0 6T v— T0L0TO AN T197
uoljezieloulwauog  UoIjew Jojauog auoq Ul
S90Ud P RY ¢ anpea-d  abueyo -pjo4 alidiosuel] bespy  joquIAS aueD

201U O30 10} LOIPIPSId uoiounyaueb 01 paref.J BIep OAIA U |

Duverger et al.

OAJA UJ UOIeZI[RJBUIL JO/PUR UOITELUIO) 8UOQ UO SI08J8 P3IUSLIO UMOUY UMM 81 Sgp-,4€X|A:810-TIUM JO SBUOQ [eIU0IJ Y} Ul PBIOaYJe SUSD)

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.



Page 21

Aisuap [esauiw
pue UOIeWLI0 BUOQ SBsealoul aush g
(000zZ e Bojowoy auahoouo JelIA BWOIILS03)SO

peses ou| peses ou | 18 soyjeleqes) auLNW rg4 ayp Jo uoissaldxalsnO s ¥610°0 a4 90800 AN gso4
TINVY BIA
1581209150 Buneande Aq sisoiodoalso
(800zZ “Ie sajesa|300e uaboulsusiolbue

pasesidsqg pases1oaq 18 NZIWYS) 10 UoneASILIWPR OAIA Uf «  /TO00 16'T 8200 AN By

uoljezifeaulw pue uolnew.oy
(800z ‘e auoq padnpal 11q1yxa auab uiajoidofels
pases ou | pases Jou | 19 [eAB[BIN) Buipuig unBaiu| syl Bunjoe| B3IA «  0F00°0 18T 8T£800 AN dsq|

(t102 uoljenjew 1se|qoalso JO ainjrey
“lejguojus  pue uolessyijold 81A201puoyd aA11IYEP
'666T “Ie 0} 8NP UOI1BWIO) BUOQ PadNPaJ NAIYXd
- pases Jou | 18 sanboer-1s) 801w no>oouy| Boyabpay uelpul s 0200°0 €8'T ¥¥S0T0 AN yyl

uoIeWI0} 8U0q pPaonpal
pue AydosuadAy a14001puoyd patredwi
(2002 0} Spea| 821w ul auab Oz 10108}

- peses Jou | “[e 18 pjouly) J1aoueyua 81A00AwW 8y} Jo uonsdd e  ££T0°0 ST 282520 IAIN ZPN

oniA ur Bulfeay auoq Burinp
uolleWIo) 8U0q Saduryud uIBloid ¢ 8)IS
(L00Z uonesBaiul A LININ patejal-ssa|Buim
pases Jou | pases jou | “le 18 Bueyd) aup Buissaidxa SOSIA J0 Bugels « 87100 99T £25600 AN PIUM

UOIIRIUBIBLHIP 15B]008)S0 pairedw
(£00Z 01 8NP UOIEBWLIOY BUOC PaSEaIIU! NGIYXd
paseasosqg pasealosq “le 18 InD) 8|nosjow QOZPD 8yl Bujoe| 831N« TTTO0 LS°T 8T80T0 N 00ZpPO

ANsuap [eJaulll 8UOq pasealoul
yum erwisreydsoydiadAy ngiyxa

Duverger et al.

uoljezifeouiwauog  Uolrew jojauog auoq ui

SOBBRY uoiuNy aueb 01 PaTRR 1 BIEP OAIA U|

anea-d  abueyo -pjo4 aldiosues] bespy  joquifs sueo
80IW O MO J0} UOIDIP3Id

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.



Page 22

Duverger et al.

“(8uoq |eu04y Ul T UeY) Jamo] aBueyd Ploy «) dejBg oy 1da0Xa ‘| 8]qel Ul Palst] 818M 8S8Y L ‘0AJA Lf UONRZI[eIaUIW PUe UOIBWIOY 3UOJ UO 103448 PBIUSLIO J18Y) 10} UMOUY| 318 SMOJ Papeys Ul Sauss) 810N

6v'€ ¥¢00°0 Lee ¥000°0 /8GE80TO0 AN eulL
e 81000 68'T ¥¢00°0 L196€0T00 AN 2e0edIS
6L¢C S0-3EL'Y L2¢ 95000 689200 AN peyo
0T¢ ¥100°0 €5¢ SO0-JET'Y GG6E80T00 AN c/te-eqH
16T €.100 0S¢ §900°0 658010 AN AN

LT 10000 €5'T €210°0 razA AN zdubsey
G9'T 82100 €5°T ¥100°0 6602.TT00 AN TopenD

a9T- 0.10°0 LT- S0-3¢E€ S7/0.TT00 AN cibe N
91— 12000 LLT- <0000 ¥06€80T00 AIN aned
€LT- 08100 €59'T- €800 9/7EE0T00 AN oxeuyvy
vL1- 98700 68'T- 12€0'0 9TYEE0TO0 AN 122959
8.'T- L6000 60°€- 07000 629820 AN eTad]
18'T- ¢L10°0 99'T- §900°0 LE2Y20 NN Lulqd

J Cell Physiol. Author manuscript; available in PMC 2014 March 01.

Ao 50000 S.'T- L0000 8£6620 AIN NecH
80'¢— ST10°0 97— §12¢0°0 268T00T00 AIN TH-¢H

LL9T- §0-3/¢'¢ 0€'L- 90-3T¥'C GS00T0 AN e€x|ia

(LM sn Op)8bueyD-plod  (LMSA OMo)anea-d  (LMSA OMo)ebueyd-pjod  (LMSA OMo)anfen-d

aldiosuel] bespy  [oquifs aueD
auoq [ewoJ4 a|qipue N

SaUOQ [L1UO.) PUE S3|CIPURL L10g Ul uonajap £X|a Aq pa1dale sauso

I 8lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Duverger et al.

Table Il

Bone mineral density measurements on DIx3FWT and Wntlcre:DIx37L2°Z mice at 8 weeks

Mandible Frontal bone Parietal bone
wT 1.165+0.008 (N=4)  0.820 +0.007 (N=6)  0.811 + 0.007 (N=6)
Whntlcre: DIx3FLacZz 1,060 +0.008 (N=4) 0.743 +0.009 (N=4) 0.765 +0.010 (N=4)
p value <0.0001 (***) 0.0002 (***) 0.0056 (**)

Values are in g.cm_3 + SEM (standard error of the mean)

N: number of samples scanned.
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