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Abstract

During the phase of overt tooth cytodifferentiation that occurs after birth in the mouse and using the
3.6Collagenla-Cre, the BMP4 floxed and BMP4 knock-out mice, the BMP4 gene was deleted in
early collagen producing odontoblasts around postnatal day 1. BMP4 expression was reduced over
90% in alveolar osteoblasts and odontoblasts. There was decreased rate of predentin to dentin
formation and decreased mature odontoblast differentiation reflected in reduced DMP1 expression
and proper dentinal tubule formation, as well as reduced Collagen type | and Osteocalcin expression.
We observed mutant dysmorphogenic odontoblasts that failed to properly elongate and differentiate.
The consequence of this failed differentiation process lead to permanent loss of dentin thickness,
apparent enlarged pulp chambers in the molars and reduced bone supporting the tooth structures in
mice as old as 10-12 months. Deletion of the BMP4 gene in odontoblasts also indirectly disrupted
the process of enamel formation that persisted throughout life. The mechanism for this altered
differentiation program in the absence of the BMP4 gene in odontoblasts is from decreased BMP
signaling, and decreased expression of three key transcription factors, DIx3, DIX5, and Osterix. BMP
signaling, as well as DIx3 and Amelogenin expression, are also indirectly reduced in the ameloblasts
of the odontoblast BMP4 cKO mice. This supports a key paracrine or endocrine role of odontoblasts
derived BMP4 postnatally on the proper amelogenesis and formation of the enamel.

Introduction

A wealth of data that supports a role for BMP4 in tooth development in the embryo from the
initial epithelial lamina to the late bell stage is using primarily the Msx1 knockout model.
BMP4 expression has been demonstrated to be in both downstream and upstream of the Msx1
gene in the dental mesenchyme and epithelium [1-4]. Recombinant BMP4 (or presumably
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recombinant BMP2) can rescue most all of the Msx1 defects in tooth development, using a
variety of epithelial-mesenchymal tissue grafts into the kidney capsule. Msx1 is transiently
required in the dental mesenchyme to produce the BMP4 ligand at least up to the cap stage.
These experiments clearly demonstrate that recombinant BMP4 can rescue the Msx1 mutant
tooth phenotype and allows complete odontogenesis and amelogenesis to occur in these assays
of kidney explants [3]. Again, using the kidney capsule assay with epithelial-mesenchymal
implants from the tooth germ, Dr. Zhang’s laboratory demonstrates an early BMP activity
requirement. This activity is achieved either by implantation of BMP4 beads or overexpression
studies of a cDNA to BMP4 driven by the Msx1 promoter in the context of the Msx1 knockout
animals for the formation of both dentin and enamel in this implant assay [4]. They demonstrate
that both DIx5 and Runx2 transcription factors are downstream of this BMP activity in early
tooth development in this kidney capsule environment.

Classic experiments of Drs. Mina and Kollar, demonstrated that 15t pharyngeal arch ectoderm,
that normally induces the underlying mesenchyme to produce teeth, is also capable of inducing
some odontogenic differentiation with non-tooth related mesenchyme [5]. These experiments
were extended to demonstrate that recombinant BMP4 could, in part, replace this ectodermal
signal using non-tooth potential 2" arch pharyngeal mesenchyme [6]. Thus, initial tooth
development appears to require a BMP signal; most likely, BMP4 from the ectoderm activates
BMP4 in the mesenchyme through an Msx1 dependent mechanism. All of these experiments
with overexpression and addition of recombinant BMP4 protein, however, leave open
questions that can only be addressed by a tissue specific deletion of the BMP4 gene.

Developmentally, the formation of the mandible and the tooth structure is a complex process
and now has been conclusively demonstrated in a conditional knock out approach to require
BMP4 [7]. Using a BMP4 floxed allele/Nkx2.5-Cre mouse which specifically activates the
mandibular arch ectoderm and the pharyngeal arch endoderm, the deletion of the BMP4 gene
resulted in a complete loss of the mandible. With this ectodermal deletion of the BMP4 gene,
a large number of ectoderm genes are decreased in 10.5 dpc embryos; for example, the Isl1,
TIx1, and DIx2 transcription factors. The expression of BMP4, Msx1, Msx2, and Alx4 is
decreased in the adjacent mesodermal mesenchyme demonstrating conclusively that BMP4
from ectoderm can act in a paracrine manner.

Since the global knock-out of the BMP4 gene is an embryonic lethal [8], we have conditionally
deleted the BMP4 gene in the mesenchymal precursors or preodontoblast stages, as well as the
osteoblasts of the alveolar and other bone regions. We now address the consequences of the
deletion of the BMP4 gene in the odontoblast stages during postnatal tooth cytodifferentiation.
The Collagen type | gene rapidly turns on as the developing odontoblasts begin to make a
collagen matrix. We used a Collal-Cre model that predominately activates Cre around the
same time the collagen production is actively expressed in the odontoblasts. This activation
time is just before birth through approximately 20 days after birth. The consequences of
deleting the BMP4 gene in odontoblasts and surrounding osteoblasts result in permanent
defects in tooth cytodifferentiation and permanent defects in the supporting periodontal
apparatus. The physiological consequences of this new mutant model are discussed in
relationship to related mouse and human tooth diseases. Some of the preliminary results related
to these studies have been published [9].

Material and Methods

One day, 2 day, 8 day, 12 day, 18 day, one month, 9 month and 1 year old BMP4 cKO mice
plus BMP4 control mice (wild type and heterozygotes BMP4fx/+), total of 58 animals were
used for these studies. Control mice, both heterozygotes (BMP4fx/+) and wild type did not
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show any major difference in tooth or bone and were pooled for these studies and also in the
statistical evaluation. BMP4 cKOs of odontoblasts and osteoblasts with loxP sites flanking
exon 3 and 4 of the BMP4 gene were created by crossing the BMP4 floxed (BMP4-fx) mouse
with a 3.6Collal-cre mouse [10]. The Cre line for deletion was a 3.6Col1al-cre mouse model
characterized by Dr. Liu [11]. We also used the BMP4null allele with the LacZ reporter [10].
BMP4-fx homozygote mice and the 3.6Collal-cre with either a BMP4-fx allele or the BMP4
null allele yielded viable BMP4 cKO mice (3.6Collal-cre; Bmp4null-lacZ/Bmp4fx) at about
20%. The mice have survived up to one and one-half years. All described procedures with
animals performed in experiments were done with the UTHSCSA Institutional Animal Care
and use Committee (IACUC) guidelines.

BMP4 cKO mice with deletion of Exon 3 and 4 were identified by Southern analysis and PCR
of the DNA from the tails of weanlings. Total DNA was isolated using Proteinase K digestion
in SDS buffer overnight followed by Phenol/Chloroform extraction. Primers specific for BMP4
Exon 4 were used. The primers used for detecting the wild and mutant alleles are;: AGA CTC
TTT AGT GAG CAT TTT CAA Cand AGC CCA ATT TCC ACA ACT TC - 220bp (fx) and
180bp (wt), respectively; AGACTC TTT AGT GAG CAT TTT CAA C and AGG TGA GCA
GAG CTA AGA TG - 350bp (recombined).

X-ray analysis

Radiography was used as a non-invasive method to measure changes in teeth and bone without
sacrificing the animal. Animals were radiographed using a Faxitron radiograph inspection unit,
Model 8050-020, Field Emmission Corporation, Inc., with digital image capture. Digitized
images were analyzed using the AnalySIS software to measure size and width of selected
components in the 15tand 2"d molar teeth. Animals were anesthetized using Ketamine (Sigma-
Aldrich, St Louis, MO).

In situ Hybridization

Tissue samples for in situ hybridization were processed RNase free with DEPC water in all
reagents. The tissues were fixed in 4% paraformaldehyde/PBS overnight, decalcified in
buffered 15% EDTA at 4°C for 4—7 weeks, embedded in paraffin, mounted on ProbeON Plus
slides (Fisher Scientific, Pittsburgh, PA) and kept at 4°C. Procedures for in situ hybridization
was done accordingly [12]. Briefly, all RNA probes for in situ hybridization were transcribed
in vitro in the presence of Digoxigenin for production of antisense and sense probes with T3,
T7 or SP6 polymerases, where appropriate. Sections were first deparaffinized and treated with
Proteinase K. Hybridization was performed at 58°C overnight with probe concentration of
1ug/ml. After overnight hybridization, sections were treated with RNase, washed with 5XSSC,
and with 50% formamide in 2XSSC. Detection of hybridization signal was done by adding
alkaline phosphatase substrate (NTB/BCIP, Roche Diagnostic Corp, Dallas, TX) in detection
buffer (10% polyvinyl alcohol 70-100kd Sigma, 100mM TRIS pH9, 100mM NaCl, 2mM
Levamisole). The duration of hybridization signal development was from 1 hour to overnight
at 30°C, depending on the probe and abundance of the transcript in the tissue. The sections
were lightly stained with methyl green to give the best background level to barely see the tissue
for quantitative analysis described below.

After hybridization, images were captured at various levels in the tissue using high resolution
TIF files at 40X magnification and merged where necessary. Using ImageJ, the level of
hybridization in each cell or tissue section was quantified, and the level of hybridization
determined relative to the control level. For quantifying non-radioactive in situ hybridization
signal, we used ImageJ measuring a purple-blue color from NBT formazan, which is a
generated product of alkaline phosphatase reaction using BCIP and NTB substrate [12]. Areas
for measurements were selected using “free hand selections” tool and corrected for background
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reading. The background was defined with average of 5 measured areas without hybridization
signal. All obtained numbers are relative.

Immunocytochemistry

Paraffin sections of 8um were prepared and deparaffinized with xylene and a graded ethanol
series to 70% and rinsed in water. For antigen retrieval, sections were placed in 10mM sodium
citrate buffer and microwaved for 5 minutes to boiling, with 2 minutes at boiling, then washed
in water 3X, placed in 3% hydrogen peroxide for 10 minutes, washed in water 3X, and PBS
for 5 minutes. After 30 minute treatment with blocking solution (10% non-immune goat serum
or NGS, 0.6% BSA, 1% NaN3), the sections were treated with 1:50 dilution of primary P-
Smad1/5/8 antibodies obtained from Cell Signaling Technology Inc. (Beverly, MA), in
blocking solution overnight at 4°C. The sections were washed 3X with PBST (0.1% Tween
20 in PBS) and then treated with secondary antibody (goat biotinylated rabbit 1gG antibody)
at 1:200 dilution in blocking solution for 1 hour, followed by alkaline phosphatase (AP)
conjugated avidin/biotin complex for 30 minutes, using VECTASTAIN ABC-AP kit (Vector
Laboratories, Burlingame, CA). The alkaline phosphatase was developed using the Fast Red
AP substrate (Roche Applied Science, Indianapolis, IN).

Statistical Methods

Results

The data obtained from BMP4 cKO and control mice were correlated on similar sections and
regions of the mandible and maxilla. Over the past 6 years, we have analyzed a large number
of mice from appropriate crosses, with BMP4 cKO and control littermates. All animals were
initially evaluated by X-rays. Groups of these different ages were evaluated with an n=31t0 5
per group for dental and enamel differences. Analysis of 4 independent mice for each genotype
was carried out for uCT analysis. For gene expression studies and immunocytochemical
experiments, we used at least 2 independent mice for each genotype and quantitation was
preformed on at least one of these sets of animals. These analyses were followed by a two-
tailed unpaired Student’s t-test where significant differences between control and BMP4 cKO
animals were determined, with multiple measurements per section from each animal.

BMP4 Expression In the 3.6Collal-cre; Bmp4null/Bmp4fx mouse model

Previous studies with the 3.6Collal-cre model crossed with the Rosa26 reporter mice have
shown that Cre activity correlates with Collagen type | expression predominately in osteoblasts
and odontoblasts, as they begin to produce collagen matrix, and to a lesser extent in tendon
[11]. Analysis of mandibles from newborn mice (P1) for deletion of BMP4 expression in
odontoblasts was confirmed by the cross of 3.6Collal-cre line with ZEG-Reporter. The
activated GFP expression observed in odontoblasts shows that Cre is already activated in
odontoblasts after Cre-LoxP recombination at birth (Fig. 1A and B).

In the maxillary 15t molar at postnatal day 12, BMP4 expression is reduced over 90%, as
quantitated using these and similar images shown in Figure 1C, D, and E. Quantitation of the
expression levels is carefully done using areas of the tissue with only the light counter stain
color for determining background. The level of expression is determined using ImageJ and
capturing the area of odontoblasts showing the alkaline phosphatase dependent purple color.
Previously, using a dot blot technique with increasing mRNA samples and the same
concentrations of biotinylated probe, secondary antibody and development reagents, we
established a linear relationship with mRNA levels and extent of purple stain in the range used
for all in situ hybridization experiments [12]. In a similar manner, the expression of BMP4 in
the BMP4 cKO mice is also reduced over 90% in the osteoblasts on the surface of the alveolar
bone adjacent to the periodontal ligament (Figure 1F and G). Similar results were obtained
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with an independent set of mice with the same age and appropriate phenotypes (data not
shown).

Dentin Thickness is reduced in BMP4 cKO mice from 12 days to 9 months of age in both the
Coronal and Root Region

We first initiated a longitudinal age study of both the 15t and 2"d molars by high resolution
digital X-ray analysis, followed by histological analysis. Figure 2a demonstrates that the BMP4
cKOs have a severe dentin phenotype, with reduced dentin thickness and enlarged pulp
chambers (taurodontism). Both the dentin around the crown of 15t and 2"d molars (coronal)
and the dentin layer in the root region are reduced 30 to 40% beginning as early as 6-12 days
of age and continuing up to 9 months of age. The deletion of the BMP4 gene in differentiating
odontoblasts leads to the phenotype shown in Figure 2aA and B with enlarged pulp chamber
and decreased dentin-enamel thickness at 12 days of age. We have followed the same
phenotype to 12 months of age (data not shown). The enamel radioopacity also decreased in
the BMP4 cKO mice compared to control mice. At 1 month of age (after tooth
cytodifferentiation greatly decreased in a normal mouse), the decreased dentin persists, and of
note is the decreased alveolar bone between the teeth and roots in absence of BMP4 in the
odontoblasts and alveolar osteoblasts (Fig. 2a-panel C and D). Even at 9 months, the phenotype
persists, as shown in Figure 2a-panel E and F. Figures 2a-panel G, H, and | show the
quantitation from the X-ray analysis of the coronal (15t and 2"4 molars) and root dentin
thickness (15t molar only) in at least 2 mice of each genotype at each age, with over 20
measurements per tooth per animal. The age related curves were relative to an exponential
associated equation with R values greater than 0.95. The difference in the phenotypes between
control and BMP4 cKO mice are highly significant with a P<0.0001. Figure 2b shows uCT
analysis of n=4 animals of the control and BMP4 cKOs at 1 year of age for both 15t molar
(Figure 2b-Panels C-G), and 2" molar (Figure 2b-Panel H-L). Figure 2b-Panel A and B shows
an example cross section from the uCT and the color coded legend for the volumes that were
quantitated in the uCT analysis. There are significant decreases in the total crown volume
(TCV), total root volume (TRV), dentin volume in the crown (DVc), pulp volume in the crown
(PVc-predentin levels could be in these measurements, although predentin excess in the BMP4
cKO mice was not seen by histology in these older animals), and dentin volume in the root
(DVr). The uCT data show similar trends in changed tooth parameters in both 15tand 2" molars
but at least one of them did not reach significance at a P<0.05, as noted.

Histological evaluation of the surrounding periodontium was carried out at several stages with
the 15t and 2"d molars. As shown as an example in 18 day mouse 15t molars, sections near the
mid region of the tooth shown in Figure 3A and B have reduced dentin thickness greater than
30% in the coronal area and over 40% in the developing root dentin. At higher magnification,
shown in Figure 3D and E for the coronal region, the odontoblasts are retarded and delayed in
their differentiation with very little polarized properties. Very little predentin and much thinner
dentinal tubules are noted in the BMP4 cKO mice compared to controls. In the root region
where odontoblasts are less mature and dentin formation is actively developing at this stage in
the root, the odontoblasts are less elongated and the dentin is much thinner with much less
active predentin being laid down. The quantitative coronal and root dentin thickness, as well
as the predentin thickness results are summarized in Figure 2a-Panel G, H, | and Figure 3C,
respectively. These measurements are derived from at least 2 animals of each genotype and
quantitation from 2-3 different sections of each animal. When the tooth sections are stained
with Van Gieson which stains predominately collagen fibers, less staining is shown in the
dentin and in the alveolar bone between the roots of BMP4cKO mice (Figure 3H, 1). Of note
is the decreased and disorganized collagen staining pattern in the periodontal ligament region
in the BMP4 cKO animals compared to the control animals.
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Deletion of BMP4 Gene in Odontoblasts Inhibits Their Maturation to Dentin Matrix Formation
and Dentinal Tubule Formation Stages

In order to begin to investigate the mechanism of the observed phenotypes in this BMP4 cKO
model, we first carried out key gene expression studies of several dentin matrix and dentinal

tubule related gene products by in situ hybridization. Figure 4A-F and | demonstrate that there
are 50 to 70% reduction in Collagen type 1 and Osteocalcin expression in odontoblasts, as well
as 98% Collagen type 1 reduction in periodontal osteoblasts, of the BMP4 cKO 1st molars of
18 day animals. Hybridization was carried out on two animals per genotype with similar results.
Quantitation of expression levels was determined in one set of control and BMP4 cKO slides.

Since deletion of the DMP1 gene in mice leads to major defects in dentinal tubule formation
and expanded pulp chamber with decreased total dentin thickness [13] similar to the BMP4
cKO phenotype, we examined DMP1 expression in rapidly developing odontoblasts of 12 day
15t molars near the root region and as shown in Figure 4G and H. There was over a 90%
reduction of DMP1 in this example where expression is observed in both the cementoblasts
and in the odontoblasts, supporting a role of BMP4 in cementogenesis as well as odontogenesis
(Figure 41). Similar results were obtained in sets of animals from other litters of similar age.
As cementoblasts differentiate and produce cementum that contain Collagen type | and the
BMP4 gene is expressed in cementoblasts, the BMP4 gene was likely deleted in these
cementoblasts as well, but we have no direct proof at this time.

Key Transcription Factors and BMP Signaling are Reduced in Odontoblasts of the BMP4 cKO

Animals

Several transcription factors, DIx5, Runx2 and Osterix, regulated by BMP signaling and
expressed in osteoblasts, chondrocytes, and odontoblasts have been shown when deleted
globally to have major affects on the process of tooth formation, where the animals at least
survived until birth [14-16]. Their specific roles in postnatal tooth cytodifferentiation are less
clear. There is also a suggested hierarchy in that in osteoblasts, at least, BMP signaling induces
Osterix expression and is mediated by DIx5 and independent of Runx2 [17]. We explored
expression of these three key transcription factors in odontoblasts in the BMP4 cKO model
and found that both DIx5 and Osterix expression was reduced over 50%, as determined in two
independent animals with multiple measurements per animal.

A modest decrease in Runx2 expression was observed (Figure 5A-G) by in situ hybridization.
These results suggest the mechanism of action of BMP4 in odontoblasts is at least autocrine
for odontoblasts and that the BMP4 induced Osterix expression is required for proper
differentiation of odontoblasts. This is supported with deletions of Osterix in embryonic (by
conventional knockout approach) or postnatal stage (by conditional knockout approach) which
both led to a dentin defect with low mineral content and thin dentin [16].

To determine if there was altered BMP signaling in odontoblasts after deletion of BMP4, we
carried out immunocytochemistry with an antibody to phospho-Smad158, a measure of early
phosphorylation from the ligand activated BMP receptor 11-1 complex [18]. As shown with
these sections of 15t molars from 12 day animals, as an example, there is a dramatic decrease
in P-Smad158 levels of over 70% in the odontoblasts with specific deletion of the BMP4 gene
(Figure 5H, 1, J). Quantitation was determined in one set of animals and confirmed in an
independent set of control and BMP4 cKO sections using similar age animals.

Surprisingly, a reduced level of P-Smad158 immunoreactivity in the ameloblasts (20 to 30%)
was observed, suggesting a paracrine role of odontoblast BMP4 on the process of amelogenesis
and enamel formation. We have also noted a delay in enamel formation in the BMP4 cKO mice
compared to control littermates (Figure 6).
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BMP4 from Odontoblasts Plays a Paracrine Role in stimulating BMP4, Amelogenin and DIx3
expression in Ameloblasts, as well as Maturation of the Enamel

After decalcification, sectioning and staining with Hematoxylin-eosin in teeth from mature Wt
or control animals, we observed a blank space where the mature enamel normally exists. As
noted in Figure 6A and B, the enamel matrix in BMP4 cKO animals is delayed in its maturation
process, as indicated by the presence of the immature enamel matrix proteins. We then explored
the removal of BMP4 in odontoblasts and how this would alter BMP4 expression in the
ameloblasts. This observation suggests a paracrine role of odontoblast BMP4 on amelogenesis.
As shown in Figure 6C, D and E, from results of in situ hybridization, BMP4 expression is
reduced 70% in the ameloblasts in this example from one set of animals. From puCT analysis
of n=4 of control and n=4 of BMP4 cKO mice, a significant decrease of 20-30% in the enamel
volume (EV), as shown in Figure 6F (15t molar) and 6G (2" molar) was observed. Visual
inspection of the teeth in 1 year control (6H) and BMP4 cKO (6J) animals showed less apparent
enamel (Figure 6H and J) and unequally distributed mineral opacity on the surface of the X-
rayed teeth (Figure 61 and K), supporting the uCT analysis of 4 independent animals of each
genotype from different litters, 1 year of age.

DIx3 is highly expressed in ameloblasts and controls many of the downstream genes involved
in amelogenesis, such as Ameloblastin and Amelogenin. Figure 7A and B demonstrate from
this example of 12 day animals that DIx3 expression in ameloblasts of 15t molars is reduced in
BMP4 cKO animals and correlates to less elongated ameloblasts. Quantitation of DIx3 in this
example shows a 64% reduction of DIx3 expression in the BMP4 cKO mice. Similar results
were observed in another set of control and BMP4 cKOs (data not shown). In Figures 7D-G
and I, we demonstrate that Amelogenin expression is also decreased 50% in this example of
BMP4 cKO mice compared to control mice at this 12 day stage. As noted in other sets of
animals, the ameloblasts are not nearly as elongated in the BMP4 cKOs as the control
littermates, both in the proximal and distal regions. These expression patterns of Amelogenin
in control and BMP4 cKO mice were confirmed in independent sets of animals of similar age
(data not shown).

Surprisingly, we found in 1 month old incisors which are continually undergoing amelogenesis
and enamel formation that Amelogenin expression, a late marker in the process of
amelogenesis, is greatly reduced in the proximal and the less mature region in the BMP4 cKO
animals. There is less of a difference in the distal more mature region compared to control
mice. These results are quantitated in Figure 71 from one set of animals at 12 days of age. The
overall thickness of the ameloblast layer is reduced 60 to 70% in the BMP4 cKO incisors from
this example and observed in similar sets of littermates as shown in Figure 7H. Thus, the
deletion of the BMP4 gene in odontoblasts leads to disruption of the process of amelogenesis
and enamel formation. These observations in young animals are most likely related to the
phenotype observed in older 1 year old animals in which the enamel appears hypomineralized
and thinner in nature and may represent another form of amelogenesis imperfecta (Al).

Discussion

These studies demonstrate a requirement of BMP4 for proper tooth cytodifferentiation in the
period from birth to approximately 20 days after birth, as well as for tooth maturation up to 1
year of age. We used the 3.6Collal-cre mouse model for early deletion of BMP4 in early
Collagen type | producing odontoblasts. Deletion of the BMP4 gene was activated in early
odontoblasts of the 15t molar at E18 to PO when Collagen type | begins to be expressed. We
found both odontogenesis and amelogenesis disrupted, with the final consequence of enlarged
pulp chambers, less dentin in both the crown and root region, and thinner and hypomineralized
enamel. This combined amelogenesis and dentinogenesis imperfecta phenotype resulted in
teeth morphology found in a variety of human tooth diseases, such as mutations of the DIx 3
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gene and others [19-24]. It is likely that mutations in the BMP4 gene and signaling pathways
are involved in human tooth disorders, but to date none have been well documented.

Previous studies have shown that BMP4 is highly expressed in both the odontoblasts and
ameloblasts during postnatal tooth cytodifferentiation [25]. We have shown in these studies
that deletion of the BMP4 gene early in the odontogenic process leads to down-regulation of
DIx5 and Osterix in odontoblasts. DIX5 has been shown to regulate Collagen type |
transcription; thus, this could explain the decreased collal expression seen in both the
odontoblasts and associated osteoblasts in the periodontium [26]. DMP1 expression in
odontoblasts is decreased in this model and can explain the disrupted dentinal tubule formation
[13]. DIX5 is thought to directly regulate the Osterix gene, and decreased expression could help
explain the decreased Osterix expression in odontoblasts [27]. As part of the mechanism for
the disrupted and delayed odontogenesis and dentin formation, we have shown a dramatic
decrease in BMP signaling, using the P-Smad158 immunocytochemistry. After observing the
decreased BMP signaling in the ameloblasts as well as odontoblasts, we determined that BMP4
gene expression in ameloblasts is decreased and correlates to reduced DIx3, Amelogenin, and
Ameloblastin gene expression (data not shown). The phenotype is permanent and persistent
and not just a delay in the early cytodifferentiation phase. As noted in Figure 2a, the molar
dentin continues to expand as does the jaw with age up to at least 9 months of age; however,
by 9 months of age, we observed a 30% decrease in the dentin thickness and volume in the
BMP4 cKO animals (monitored at 1 year of age by uCT). There is an apparent enlargement
of pulp chambers in the molars and less volume of dentin and enamel that was significant in
at least one of the molars. Clearly, in odontoblasts, BMP4 is a critical ligand for proper tooth
cytodifferentiation and continued postnatal development up to 1 year of age.

What is remarkable in these studies is the potential role of BMP4 in these processes and how
similar the process is to overt tooth development in the embryo starting at E10.5. At this stage,
epithelial BMP4 stimulates the underlying mesenchyme to produce BMP4 in an Msx1
dependent manner [28]. The mesenchymal BMP4 then signals in a paracrine manner to the
epithelium to continue growing and developing. BMP4 from the mesenchymal component also
functions in an autocrine manner to drive the mesenchymal development process, leading to a
well organized bud stage of the tooth germ. Similarly, our data suggests that the odontoblast
BMP4 is functioning in both a paracrine and autocrine manner to coordinate the simultaneous
cytodifferentiation of the mesenchymal dentin and the epithelial derived enamel. This
hypothesis has long been suggested by a variety of experiments and observations [29,30].
Perhaps the high levels of BMP4 in the preameloblasts initiate this process as in the embryonic
paradigm. BMP4 and possibly other BMPs activate the preodontoblasts to increase BMP4
production that drives the odontogenic process and feeds back on the ameloblasts to continue
their cytodifferentiation process. Recent experiments show Osterix, downstream of BMP4,
was specifically deleted in the differentiating odontoblasts using a DMP1-cre model [31]. Not
only was odontogenesis disrupted but the process of amelogenesis was also altered, again
supporting the connection of odontogenesis and amelogenesis. Specific deletion of BMP4 in
the ameloblasts and analysis of both amelogenesis and odontogenesis should help test some
of these ideas. A BMP4 enhancer that controls expression only in ameloblasts is now being
used to create a Cre model to conditionally remove the BMP4 gene in this cell lineage [25].

Previous studies have suggested a role of BMP4 in tooth cytodifferentiation and that
recombinant BMP4 protein or overexpression of BMP4 driven by a cDNA to the mRNA can
in fact drive the whole tooth formation process to well formed dentin and enamel. Most of
these studies have been carried out in an ectopic Kidney capsule site [3,4,6]. However,
overexpression studies do not rigorously demonstrate that the causative gene is BMP4 itself.
This requires specific deletion of the BMP4 gene, as shown in these studies. The first specific
deletion of the BMP4 gene, using the Nkx2.5-cre model, in which Cre is targeted to the

Bone. Author manuscript; available in PMC 2011 June 1.
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mandibular epithelial and endothelial components, clearly demonstrates a role of the BMP4
gene in the process of mandibular development and tooth formation. These data again suggest
that an initial epithelial BMP4 signal may be very important in the whole process of tooth
cytodifferentiation and will be tested in the future. In our studies, we have demonstrated that
at least the preodontoblast BMP4 is required for continued stages of tooth cytodifferentiation.

Recent studies in our lab have also uncovered a role of the BMP2 gene in postnatal tooth
development. Using the same 3.6Collal-cre and floxed BMP2 gene, we noted a delay in both
dentin formation and enamel. However, the phenotype is different in several ways. First, DMP1
expression is actually increased in the BMP2 cKO mice, but late markers such as Amelogenin
and Ameloblastin are dramatically decreased. This suggests a hierarchal use of BMP2 and
BMP4 in odontogenesis, in which the action of BMP4 precedes BMP2 in odontogenesis, at
least with the 3.6Collal-cre model. Deletion of BMP2 in odontoblasts leads to an accumulation
of altered or dimorphic odontoblasts at this dentinal tubule stage and failure to mature to the
later stages. We have also deleted BMP2 at an earlier stage in tooth development using the Sp7
(Osterix)-cre model. Dental pulp cells as well as odontoblasts express this Sp7-cre, as assayed
using an EGFP reporter linked to the Cre cassette. These mice are under analysis, but the
phenotype appears more like the 3.6Collal-cre; BMP4 model with dramatic decrease in DMP1
and BMP4 expression. Thus the BMP2 gene may play a very early role and be important in
activation of BMP4. This activated BMP4 then plays a critical role in activating BMP2 in later
stage odontoblasts that drive them to the mature stage and coupling to amelogenesis. Further
analysis is underway to sort out these possible interactions.

In summary, we have deleted the BMP4 gene at early stages in the mesenchymal derived
preodontoblasts and shown a permanent development of defective teeth. We show that, in
odontoblasts, BMP4 is acting in both a paracrine and autocrine fashion to coordinate both the
processes of dentin and enamel formation.
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Fig. 1.

3.6Collal targets odontoblasts at day 1 pp (P1) (A-fluorescent, B-light field microscopy) and
in situ hybridization of BMP4 mRNA in representative sections of 12 day old mouse maxillary
first molar odontoblasts (C, D) and osteoblasts (F, G) in BMP4 control (C, F) and BMP4 cKO
mice (D, G). 3.6Collal-cre targeting at functional odontoblasts is confirmed by the cross of
3.6Collal-cre line with ZEG-Reporter. The activated GFP expression observed in
odontoblasts of 1 day old mice (A-red arrows) shows that Cre is already activated in
odontoblasts after Cre-LoxP recombination at birth. Note that GFP expression is not activated
in ameloblasts (A-yellow arrows). The hybridization signal (blue color) in odontoblasts and
osteoblasts is reduced 94% in BMP4 cKO mice compared to BMP4 control mice in this
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example with multiple measurements (P<0.0001 for the difference in CTR and BMP4 cKO)
along the entire odontoblast area and confirmed visually in independent sets of control (CTR)
and BMP4 cKO tissues at similar ages (data not shown) (E). d - dentin; od - odontoblasts (red
arrows); ameloblasts (yellow arrows); p - dental pulp; ob - osteoblasts (black arrows); oc -
osteocytes (blue arrows); b - bone; pd - periodontium. The dashed line (G) represents the
boundary between the bone and periodontium in BMP4 cKO mice, which is clearly defined
with blue stained osteoblasts in CTR mice.
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Fig. 2a. High Resolution Digital X-ray analysis and estimation of dentin thickness in control
(Panels A, C, E) and BMP4 cKO (Panels B, D, F) mice. These are representative X-rays from
12 day mice (Panel A, B), 1 month (Panel C, D) and 9 month (Panel E, F) mice. The dentin

thickness in crown or coronal region and the root region was quantitated in 1 to 2 animals of
each genotype at each age, from 12 days to 9 months. The values were then fit to an exponential
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associated curve using Prism-GraphPad software program (Panel G, H, I). This equation gave
R values >0.95 for best curve of analysis. The significance of the difference in the genotype
measures between CTR and BMP4 cKO was P<0.0001. Thus there was significantly reduced
coronal (arrows) and root (arrowheads) dentin thickness (30 to 35%), as well as apparent
enlarged pulp chambers (two white circles-Panel D and F) in BMP4 cKO mice compared to
control mice (one white circle-Panel C and D). BMP4 cKO mice have also reduced radio-
opacity (two white asterisks-Panel D and F) and display osteopenia like phenotype in the
alveolar bone compared to the wild type control mice (one white asterisks-Panel C and E).
Fig. 2b. MicroCT analysis of 15tand 2" molars of CTR and BMP4 cKOs of 1 year old animals.
A set of 4 CTR and 4 BMP4 cKO jaws from 1 year old mice were subjected to pCT analysis
by Numira, Inc (www.numirabio.com) using parameters that we developed with them to
quantitate various volumetric aspects of the tooth structure. Panel A and B show cross-sections
from the uCT analysis representing colored parameters to be measured in the uCT analysis. In
the 15t molar, pink represents the volume measure for the enamel (EV-see Figure 6). Yellow
represents the volume of the crown mineralized dentin (DVc). Green represents the pulp
volume in the crown that would include any predentin (PVc). The light purple represents the
dentin volume in the root region (DVr). The red region represents the pulp volume in the root,
including any predentin (PVr). Total crown volume (TCV) and total root volume were also
measured in these 1 year animals. In a similar manner, color coding for the 2"d molar is light
blue for the enamel volume, EV (see Figure 6G), yellow for the dentin volume of the crown
region (DVc), dark purple for the pulp volume of the crown (PVc), and light green for the
dentin volume in the root (DVr). The outer blue region around the molar teeth represents the
periodontal region of unmineralized tissue and showed no significant difference in CTR and
BMP4 cKO animals. Panel C to F shown quantitation and t-test for the 15t molar, with
significant increase in PVc and decrease in DVr. There were decreases in the other parameters
that showed a tread but were not significant. Panels H to L represent the data and P values for
the 2"d molar with significant decreases in TCV and DVc. There was an increase in PV/c that
had a P=0.07 and less significant decreases in TRV and DVr. In at least one of the molars there
was a significant decrease in all the volume measurements that were observed.

Bone. Author manuscript; available in PMC 2011 June 1.



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

1duosnue\ Joyiny Vd-HIN

Gluhak-Heinrich et al.

Page 16

P<0.01

[0 BMP4 control

& BMP4cKO

Fig. 3.

Histological evaluation of 15t molar of 18 day old control (A, D, F, H) and BMP4 cKO (B, E,
G, 1) mice. BMP4 cKO mice have a reduced root predentin thickness of 50% as measured in
this set of animals (C and G) compared to the control mice (C and F). From another set of CTR
and BMP4 cKO animals of a different litter of the same age, similar reductions in predentin
thickness were obtained as in the BMP4 cKO mice (C, G) and as compared to control wild
type mice (C, F) (data not shown). There is also less apparent predentin in the coronal area of
BMP4 cKO molars (B, E) than in controls (A, D). The predentin of BMP4 cKO mice is
disorganized and patchy in character; pink-purple arrows (E). These histological observations
were observed in two independent sets of similar aged animals. The dentinal tubules appear
thinner and disorganized in BMP4 cKO mice; blue arrows (E) compared to the control mice
(D). The boxed areas (yellow) in A and B represent positions and origins of coronal dentin and
predentin thickness shown with higher magnifications in D and E. The boxed areas with blue
lines in A and B represent positions and origins of root dentin and predentin thickness shown
with higher magnifications in F and G. Note the difference in thickness and shape of coronal
dentin between CTR and BMP4 cKO mice with hollow arrows in A-black (CTR) and B-red
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(BMP4 cKO). The coronal and root dentins were also reduced 30 to 35%, as shown in Figure
2G and 2I. Van Gieson stain for collagen (H, 1) in periodontium of BMP4 cKO mice have a
marked decrease in the characteristic pink stain for collagen - red arrows (1) with the light pink
stain representing less mature compact collagen fibers, as seen in normal Sharpie fibers in
control mice, green arrows (H). On the left side of (H) and (I) surrounded with yellow frame
is the smaller magnification of each picture which contains the smaller boxed area representing
positions and origins of higher magnifications shown on the right site. d - dentin; pd - predentin;
od - odontoblasts (black arrows); pdl - periodontium; dt - dentin tubules (blue arrows); p -
dental pulp; b - bone.
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Fig. 4.

Deletion of BMP4 in odontoblasts suppresses expression of dentin matrix and dentinal tubule
genes: Collagen type | (Collal) (B), Osteocalcin (F) and DMP1 (H) in 12-18 day old BMP4
cKO (B, F, H) mice compared to the control (A, E, G). An example in situ hybridization data
are shown from various sections from the same set of control and BMP4 cKO animals. All
hybridizations have been repeated in independent set of animals with similar results. Here we
show quantitation of signal level from this example and shown in Figure 41. In situ
hybridization expression (blue color), in odontoblasts of BMP4 cKO mice, of Collal mRNA
(B), Osteocalcin mMRNA (F) and DMP1 (H) was reduced by 47%, 68% and 90% as compared
to control mice (A, E, G), respectively (I). We noted a 97% reduced mRNA expression in
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BMP4 cKO mice of DMP1 in cementoblasts (H-cb, red arrows) and of Collal in periodontal
osteoblasts (D-ob, orange arrow) compared to the controls (G-cb, purple arrows and C-ob,
brown arrows). On the left side of (A through H) surrounded with yellow frame is the smaller
magnification of each picture which contains the smaller boxed area representing positions and
origins of higher magnifications shown on the right side. d - dentin; od - odontoblasts; pdl -
periodontium; p - dental pulp; pdl - periodontium; b - bone; oc - alveolar bone osteocytes; ob
- periodontal osteoblasts; cb - cementoblasts.

Bone. Author manuscript; available in PMC 2011 June 1.



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

1duasnuey Joyiny vd-HIN

Gluhak-Heinrich et al.

N e
E CTROsx &
A\ B g
) ‘ :\1}; : A ‘ zm
B BMP4cKO Osx

Page 20

A CTR DIx5

B

2

BMP4cKO DIx5

20pm

BMP4cKO Runx2
>_ PR
|

&

mRNA Expression
[3)]
o

d A7
pd=" ~ od,
LA )

i

O BMP4 control
= BMP4cKO

P<0.001
B

~
(3]
1

o T T 1
DIx5 Runx2 O0OSX
J P<0.05
O BMP4 control
c 50 -
.% 0 BMP4cKO
E M-
o
I.I>j &
© 25 - -
'y - x
= -
) - -
£ - -
(7)) 0 - -

Ameloblasts  Odontoblasts

Fig. 5.

Deleted BMP4 in odontoblasts of 18 day old BMP4 cKO mice molars suppresses expression
of transcription factors: DIX5 (A, B), Runx2 (C, D) and Osterix (E, F) as well as P-Smad1/5/8
representing BMP signaling (H, I). Quantitation shown in Figure G and J was determined in
multiple sections in one set of control and BMP4 cKO animals with similar in situ
hybridizations done in another set of animals at the same age. Quantitative in situ hybridization
(G) shows reduced expression of DIx5 (B), Runx2 (D) and Osx (F) mRNA in BMP4 cKO
odontoblasts of 52%, 22%, 66% compared to control (A, C, E), respectively, in this example.
The immunostaining signal (red color) of P-Smad1/5/8, in odontoblasts and ameloblasts of 2
day postnatal BMP4 control mice (H, J) is reduced by 74% in odontoblasts but only 22% in
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ameloblasts in BMP4 cKO animals (I, J). Similar results were obtained from independent sets

animals at age of 2 and 18 days. d - dentin; pd - predentin; od - odontoblasts (black arrows); p
- dental pulp; am - ameloblasts.
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Fig. 6.

Hematoxylin - eosin staining (A, B) and in situ hybridization of BMP4 expression (C, D) in
CTR (A, C) and BMP4 cKO (B, D) mice at 8-12 days; Photographs (H and J) and X-rays (I
and K) of CTR (H and I) and BMP4 cKO (J and K) mice at 1 year. Hematoxylin —eosin staining,
after demineralization of wild type mice, shows that tooth immature enamel matrix was not
present as the enamel has matured to >90% mineral phase with little matrix proteins (A - red
arrows); however, this immature enamel matrix was still present in BMP4 cKO mice (B - green
arrows). These observations were seen in 2 independent sets of animals. BMP4 expression is
also reduced in ameloblasts (C and D) of BMP4cKO mice and quantitated in multiple sections
and measurements in CTR and BMP4 cKO animals as shown in (E). By quantitative uCT
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analysis with 4 independent CTR and BMP4 cKO 1 year animals, a 20 to 30% reduction in

the enamel volume (EV) as shown in F and G for the 15t and 2"d molars was observed. Also,
the BMP4 cKO mice have more transparent teeth (J) with unequal distribution of mineral on
the X-ray image, red arrows (K) in comparison to control animals (H and I). We note in some
BMP4 cKO animals an apparent periodontal loss that needs further investigation, green arrow

).
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Fig. 7.

Figure 7 shows in situ hybridization of DIx3 (A—C) and Amelogenin (D-G and I) in ameloblasts
of control (A, D, E) and BMP4 cKO (B, F, G) mice. An example of the hybridization signal
for DIx3 is shown in Figure A and B for one set of CTR and BMP4 cKO animals, with
quantitation from this example shown in Figure 7C from multiple sections. Similar results have
been seen with an independent set of CTR and BMP4 cKO animals of similar age (data not
shown). Representative sections for DIx3 were from molars (A, B) and for Amelogenin from
incisors (D-G), in 18-30 day old mice. The expressions of DIx3 mRNA in control mice (A)

are reduced in BMP4 cKO (B) mice by 64% (C) in this example. Amelogenin mRNA

hybridization signal (tones of dark purple to black color) in control ameloblasts (D, E) is higher
on average 59% () as compared to BMP4 cKO ameloblasts (F, G). In control mice, expression
of Amelogenin mRNA of proximal less mature incisor ameloblasts is 27% lower (E) from
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more mature distal ameloblasts (D). In BMP4 cKO mice, expression of Amelogenin mRNA
in proximal incisor ameloblasts is barely detectable (G) compared to distal incisor ameloblasts
(F). Distal expression of Amelogenin in control mice (D) is increased by 58% compared to
BMP4 cKO mice (F, 1) in this example. Proximal expression of Amelogenin in BMP4 cKO
mice (G) decreased to an undetectable level compared to control mice (E, I). A similar incisor
gradient of Amelogenin expression was observed in an independent set of animals of similar
age. Ameloblast (am) thickness in incisors was also reduced by 65% in BMP4 cKO mice
compared to the control mice (H), as determined in this set of CTR and BMP4 cKO animals.
On the left side of A, B and D-G, surrounded with yellow frame is the smaller magnification
of each picture which contains the smaller boxed area representing positions and origins of
higher magnifications shown on the right side.
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