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Introduction
Odontoblasts play a key role in the development of teeth due to their unique

ability to secrete dentin. The morphologic changes that occur in the differentiating
odontoblast have been well characterized; however, the exact cellular and molecular
mechanisms regulating odontoblast differentiation and function are not yet understood.

The transcription factors and signaling pathways involved in odontoblast differentiation
and gene expression within the teeth are still largely unknown. Identification of the

factors involved in odontoblast differentiation and function could lead to a better

understanding of dental disorders affected by odontoblast function, such as
dentinogenesis imperfecta and dentin dysplasia, and ultimately to the identification of
new molecular targets for therapeutic intervention.
C/EBP transcription factors have been identified as important regulators of

cellular differentiation in a variety of cells, including adipocytes, hepatocytes,

granulocytes and macrophages (Darlington, 1998, Darlington, 1999, Radomska et al.,
1998, and Zhang et al., 1996). The best understood model of this is regulation of

adipocyte differentiation. Recent studies, however, suggest that C/EBPs may also have
a role in the terminal differentiation of osteoblasts. Preliminary studies in our

laboratory using a C/EBP loss-of-function model found that transgenic mice exhibit
osteopenia. Further studies, using ex vivo bone marrow stromal cell culture models,
demonstrated a suppression and delay in markers for osteoblast differentiation

(osteocalcin and Col2.3-GFP) in transgenic mice compared to wild-type mice. In
addition to osteopenia, the transgenic mice exhibited a dental phenotype in which

specific regions of dentin were affected. Given that osteoblasts and odontoblasts are

closely related cells that express a number of similar genes, it is possible that
differentiation of these two cell types may be similar. The role of C/EBP transcription

factors in odontoblast differentiation and dentinogenesis has not yet been determined.

Odontoblasts and Tooth Development

Tooth development is a highly regulated process involving complex signaling
networks that mediate interactions between epithelium and mesenchyme (Thesleff and

Sharpe, 1997). Initiation of dental development has been shown to be controlled by
signals in the epithelium. By day twelve the epithelium loses its odontogenic potential
and the mesenchyme acquires the ability to control tooth formation. The first

morphological sign of tooth development is thickening of the oral epithelium. Tooth

development then progresses through a bud, cap and bell stage, resulting in formation of
a tooth crown. Dentinogenesis is initiated at the cap stage, as odontoblasts undergo

differentiation. During the bell stage, epithelial cells transform into morphologically
and functionally distinct components and odontoblasts, derived from undifferentiated

mesenchymal cells of the dental papilla, become terminally differentiated (Ten Cate,

1998). Differentiation of odontoblasts occurs at the epithelial-mesenchymal interface
and has been shown to be regulated by the interaction of these two tissues (Ruch et al.,

1995).
The differentiated odontoblasts secrete an unmineralized organic extracelluar

matrix, known as predentin, which later is mineralized into dentin. The predentin
matrix is composed primarily of type I collagen, in addition to several important non-

collagenous proteins. Many of these proteins, including osteonectin, osteopontin (OP),

osteocalcin (OC), bone sialoprotein (BSP), and dental matrix protein-1 (DMP-1), can
also be found in bone matrix. Dental sialoprotein (DSP) and dental phosphoprotein

(DPP), on the other hand, are tooth-specific proteins which are thought to have an
essential role in the transition from predentin to mineralized dentin.

DSP and DPP are products of a larger protein encoded by a single gene, Dspp
(Feng et al., 1998). DSP is a sialic acid-rich glycoprotein that closely resembles bone
sialoproteins. Its function is still largely unknown. DPP is a phosphorylated anionic
protein with a strong affinity for calcium ions. DPP is thought to be a regulator of
dentin calcium hydroxyapatite crystal formation. Its expression has been found to be
restricted to the mineralizing front of the dentin extracellular matrix after initiation of
mineralization.

Dentin Dysplasia and Dentinogenesis Imperfecta

Dentin dysplasia is a genetic disorder characterized by atypical dentin
formation. Type I dentin dysplasia is also known as radicular dentin dysplasia and is

characterized by teeth which lack pulp chambers or have half-moon shaped pulp

chambers in short or abnormal shaped roots. The color of the teeth is usually normal.

Type II dentin dysplasia, or coronal dentin dysplasia, is a rare autosomal dominant
disorder in which there is abnormal mineralization of the dentin of primary teeth,

resulting in discolored, opalescent teeth with obliterated pulp chambers. The permanent
teeth appear normal in color, however, the pulp chambers are thistle-shaped and contain

pulp stones when viewed radiographically.

Dentinogenesis imperfecta is an autosomal dominant disorder of the teeth,

primarily affecting dentin mineralization. Three subtypes have been classified based on
the clinical features" DGI-I is the least severe and is associated with osteogenesis

imperfecta; DGI-II and III are the more severe forms and are restricted to the dentin.

DGI-II is characterized by opalescent dentin with obliterated pulp chambers. Teeth in
DGI-III have been described as "shell teeth" since dentin mineralization ceases after
mantle dentin is formed, resulting in reduced dentin width. The pulp chambers,

radiographically, appear enlarged and there is a high incidence of pulp exposures.
Mutations in the dspp gene have been associated with dentinogenesis imperfecta

type II and dentin dysplasia type II (Rajpar, 2002). Both of these disorders are
characterized by alterations in dentin morphology, including misshapen dentinal

tubules, granular dentin matrix, and atubular, amorphous dentin (Neville et al., 1995).

Dspp-null mice have been reported to demonstrate tooth defects resembling human
dentinogenesis imperfecta III (Sreenath et al., 2003). These defects include enlarged

pulp chambers with a high incidence of pulp exposures, increased width of predentin,
decreased dentin width and globular dentin (an indication of abnormally mineralized

dentin).
CCAAT/Enhancer-Binding Proteins (C/EBP)
CCAAT/enhancer binding proteins (C/EBPs) are a family of transcription

factors known to play an important role in the regulation of a variety of genes that
encode proteins involved in metabolism (Roesler, 2001). They also have been shown to

be important in the normal cellular differentiation of a variety of cell types, including

adipocytes, hepatocytes, granulocyes, and macrophages. There are currently six known
members of the C/EBP family encoded by six genes (designated a,/3, 3’, 6, e, and ’).
C/EBPs are part of a larger class of transcription factors known as the basic leucine

zipper (bZIP) proteins. The leucine zipper, located at the carboxy-terminus, mediates
dimerization between C/EBP polypeptides, which is a requirement for DNA binding
and activation of transcription. The bZIP domain of C/EBP proteins is highly

conserved, showing over 90% sequence homology. This allows the C/EBP proteins to
form either homodimers or heterodimers with one another and with other bZIP

transcription factors. Adjacent to the leucine zipper is a highly conserved DNA-binding
region that is rich in basic amino acids. The amino-terminus of the C/EBP protein
contains a transactivation domain. The amino acid sequences in this region are

generally unique to each C/EBP member and are critical for transcriptional activity.
Several members of the C/EBP family can act as dominant negative inhibitors

of C/EBP function. One example can be seen in C/EBP/3 and its naturally occurring
dominant negative isoform, p20C/EBP/3. C/EBP/3 and p20C/EBP/3 are translated from
the same mRNA (Descombes and Schibler, 1991) (Fig. 1). C/EBP/3 mRNA contains

multiple in-frame AUG initiation codons. Alternative use of these start sites, due to a

leaky ribosomal scanning mechanism, allows for the production of different sized
polypeptides. At least three isoforms are produced. The major ones include a 35kDa

polypeptide (originally called LAP, or liver-enriched activator protein) and a 20kDa
polypeptide (originally called LIP, or liver-enriched inhibitory protein). The larger
protein is the full-length isoform, which possesses the amino-terminal transactivation
domain and acts as a transcriptional activator. The smaller protein (p20C/EBP/3) is a

truncated isoform, which lacks the transcriptional activation domain and thus acts as a

transcriptional repressor. It is believed that p20C/EBP/ will form homodimers that
compete with full-length C/EBP and other C/EBP family members for DNA binding
and dimerization. In addition, p20C/EBP will form less transcriptionally active
heterodimers with other C/EBPs, accounting for its dominant negative mode of action.

Effects of bZIP transcription factors on bones and teeth

Several studies have suggested a role for bZIP transcription factors in the

regulation of skeletal and tooth development. Two members of the AP-1 sub-family of
leucine zipper proteins, Fra-1 and AFosB, have been reported to play a role in

regulation of bone formation by osteoblasts. Jochum et al. (2000) showed that
overexpression of Fra-1 resulted in osteosclerosis caused by enhanced bone formation
associated with increased numbers of mature osteoblasts. Sabatakos et al. (2000)

reported similar findings when AFosB was overexpressed. Mice overexpressing AFosB
were characterized by profound osteosclerosis and an inhibition of adipogenesis.

Expression of c-Fos, another member of the AP-1 transcription factor family, has been
demonstrated in developing bones and teeth. Mice lacking c-Fos demonstrate
deficiencies in bone remodeling due to a lack of osteoclasts. Wang et al. reported that

c-los null mice develop osteopetrosis and a disruption of tooth eruption. Expression of
OASIS, a member of the CREB/ATF sub-family ofbZIP transcription factors, has been
demonstrated in the developing tooth bud in the inner enamel epithelium and in pre- and

polarized odontoblasts during the early secretory stage, indicating a possible role of this
transcription factor in odontoblast differention (Hikake et al., 2003).

Effects of C/EBP on teeth

Although the role of C/EBP transcription factors in gene regulation and cellular
differentiation have been well described in a number of cell types throughout the body,
little is known about their role in teeth. In a recent investigation of the regulatory
mechanisms involved in DSPP expression, Chen et al. (2004) identified a CCAAT-

binding factor binding site in the DSPP promoter. The importance of this site in

regulating DSPP promoter activity was demonstrated by the 5-fold decrease in promoter
activity that accompanied mutations of the site.
While in vivo expression of endogenous C/EBPs in teeth has not been reported,
C/EBPc has been detected endogenously in mouse ameloblast-like LS8 cells

(Zhou et

al., 2000). In vitro studies on this cell line suggest that C/EBPa can act as a

transcriptional activator of the mouse amelogenin gene. Amelogenin is an enamel
protein that plays an essential role in regulating enamel mineralization. Zhou et al.

(2000) showed that binding of C/EBPo to the amelogenin promoter up-regulated
promoter activity, and overexpression of exogenous C/EBPa resulted in an increased
level of amelogenin expression.

Recently it was found that C/EBP/3 and Nrfl (a bZIP transcription factor

belonging to the cap’n’collar family) interact synergistically via their bZIP domains to

repress DSPP promoter activity. During early odontoblast differentiation Nrfl and

C/EBP/3 achieve and maintain repression of DSPP expression. As the odontoblasts
mature into fully differentiated cells, the Nrfl and C/EBP mediated repression of

DSPP is relieved. Narayanan et al. (2004) reported that mutations at the Nrfl and

C/EBP/3 binding sites were associated with significant increases in DSPP promoter
activity, while overexpression of these transcription factors resulted in a dramatic
reduction in the promoter activity. This study suggests the importance of both positive

and negative regulatory mechanisms in the transcriptional regulation of dentin matrix

genes and the formation of normal dentin.
Preliminary studies in our laboratory using a C/EBP loss-of-function model have
also indicated a possible role of C/EBP transcription factors in odontoblast
differentiation and function. Transgenic mice with targeted overexpression of the

dominant-negative p20C/EBP/3 demonstrate a site-specific dentin-related tooth

phenotype. Grossly, the teeth are characterized by malocclusion, overgrowth and
fragility of the incisors (Fig. 2). Further examination using routine histology and micro-

CT analysis revealed a site-specific dentin dysplasia in which there is reduced thickness
and disrupted tubular structure of the lingual dentin of the mandibular incisors (Fig. 3).

Recently Opsahl et al. (2004) compared the effects of two distinct genetic mouse
models on tooth and bone formation. Interestingly, in both the fro mouse mutation
model and in a DSPP promoter-driven TGF/31 overexpression model, the lingual dentin
of the incisor is abnormal.

Fro mice displayed defects predominantly in the forming

lingual part of the incisor near the root apex. Mice overexpressing TGF/31
demonstrated an even more severe phenotype with only the labial half of the incisor

being formed; the lingual part of the tooth was completely missing, giving the tooth a

kidney-shaped appearance. Based on the findings of this study, the authors suggested
that the lingual forming part of the incisor may be an anatomical entity with its own

biological specificities.

Significance to Orthodontics

The complex molecular mechanisms underlying tooth development and cellular
differentiation within the teeth are still poorly understood. While several signaling

molecules and transcription factors have been identified in early tooth development,
much remains to be learned about the transcription factors and signaling pathways
involved in odontoblast differentiation and gene expression within the teeth.

Identification of the factors involved in odontoblast differentiation and function could
lead to a better understanding of dental disorders affected by odontoblast function, such
as dentinogenesis imperfecta and dentin dysplasia, and ultimately to the identification of
new targets for therapeutic intervention. Our C/EBP loss-of-function model provides a

means for studying the potential role of C/EBP transcription factors in bone and tooth

formation and may lead to identification of specific genetic factors involved in

malocclusion and dental disorders.

Objective ofResearch
The goal of this research was to determine the effects of p20C/EBP on

odontoblast differentiation and function and to better understand the site-specific nature
of the dentin dysplasia in our p20C/EBP transgenic model. Our initial objective was
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to establish the presence and pattern of endogenous C/EBP expression in teeth, since

there has been no report of this to date in the literature. Evidence of endogenous C/EBP

expression in odontoblasts coupled with the dentin dysplasia in our C/EBP loss-offunction transgenic model would provide strong support for a role of these transcription

factors in the regulation of odontoblast differentiation and function.
Prior analysis of osteoblast differentiation using our targeted p20C/EBP/3

overexpression transgenic model indicated an inhibition of osteoblast differentiation in
transgenic mice. Given that osteoblasts and odontoblasts are closely related cells that

express a number of similar genes, it seems quite likely that similar transcriptional
mechanisms govern the differentiation of these lineages.

To examine the effects of p20C/EBP/3 overexpression on odontoblast
differentiation, we took advantage of a real-time fluorescent marker of the osteoblast
and odontoblast lineages developed in the laboratory of Dr. David Rowe. Col2.3-GFP
is a construct in which expression of a real-time fluorescent GFP marker is driven by a

2.3 kb Collal promoter fragment. In osteoblasts, expression of this construct is

restricted to terminally differentiated cells. In teeth, CoI2.3-GFP expression has been

demonstrated in functional odontoblasts secreting predentin and dentin, but not in pre-

odontoblasts and polarizing odontoblasts (Braut et al., 2003), establishing it as a marker
of the mature odontoblast. We have therefore analyzed the spatial and temporal pattern
of Col2.3-GFP expression in order to assess the degree of odontoblast differentiation.

In order to better understand the site-specific nature of the dentin defect in our
transgenic model, this study examined the effects of p20C/EBP/3 on DSPP expression
and the degree of mineralization in affected and normal dentin. This was accomplished
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through in situ hybridization and micro-computed tomography, respectively. Given the
dentin dysplasia and hypomineralization seen in DSPP-null mice, we hypothesized that
an alteration in DSPP expression and a reduction in the degree of mineralization might

account for the dentin dysplasia seen in our transgenic mouse model. Additionally,

micro-computed tomography was used to further describe the mandibular phenotype in
transgenic mice, including the effect on mandibular bone volume.

Hypotheses

We hypothesize that:
1. C/EBP transcription factors are expressed endogenously in both labial and

lingual odontoblasts and ameloblasts of the incisors

2. p20/CEBP interferes with terminal odont0blast differentiation or function,

resulting in the production of a site-specific dyplastic dentin

3. The site-specific dentin dysplasia in transgenic mice is due to down-regulation

of DSPP, resulting in hypomineralization of the dentin

4. Overexpression ofp20/CEBP results in reduced mandibular bone volume

Materials and Methods
Creation

of FLA G-tagged p2OC/EBP$ Transgenic Mice

In order to differentiate the transgene from endogenous, naturally occurring
C/EBP isoforms and to identify cells expressing the transgene, we have incorporated an

amino-terminal FLAG epitope into the p20C/EBP/ construct. Inclusion of the FLAG

epitope does not interfere with the dominant-negative activity of p20C/EBP. The

FLAG p20C/EBP construct was prepared by PCR using a CMV-LIP plasmid as a
template. A series of experiments was performed to confirm that FLAG-tagged
p20C/EBP/ exhibits the appropriate DNA binding, nuclear localization and dominantnegative function.

Targeting of the FLp2OC/EBP transgene

In order to target expression of FLp20C/EBP in vivo, it was cloned
downstream of the 3.6 kb Collal promoter and first intron and upstream of the bovine

growth hormone polyadenylation sequence. The Col 3.6 fragment of the Collal
promoter is expressed preferentially in bone, teeth, skin, tendon and lung. Utilizing this
specific construct limits distribution of the transgene within the tissues and thus
eliminates mortality of the mice due to metabolic defects in the liver. Since there is

differential utilization of the Collal promoter as cells progress from early pluripotent

progenitor cells to more differentiated cells, it is possible to target the transgene to cells
at multiple stages of their lineage. The Co13.6 construct targets the transgene to cells at
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an early stage of the lineage, prior to expression of BSP and osteocalcin. This contrasts

the expression of the Co12.3 construct which is restricted to differentiated osteoblasts.
lmmunohistochemistry

Immunohistochemistry was performed using antibodies (obtained from Santa

Cruz biotechnology) directed against C/EBPot, C/EBP/3, and C/EBP6 in order to
establish whether these transcription factors are expressed endogenously in odontoblasts

and to determine their temporal and spatial pattern in the teeth. Mandibles of 6-weekold wild type and transgenic mice were dissected out, fixed in 4% paraformaldehyde,
decalcified overnight with 5% nitric acid, embedded in paraffin and cut into 5

sections, which were mounted onto charged, pre-cleaned slides. The slides were

deparaffinized in xylene and rehydrated in decreasing concentrations of ethanol.

Endogenous peroxidases were quenched by incubating slides in 3% H202 in H20.
Normal goat serum in 0.1% BSA in PBS was used to block non-specific staining.
Tissues were incubated overnight at 4C with rabbit anti-rat C/EBP/3, and 6 primary

antibodies at a dilution of 1:200. This was followed by incubation with biotinylated

goat-anti-rabbit IgG secondary antibody for 30 minutes at room .temperature and
incubation in ABC Reagent for 30 minutes at room temperature. Slides were developed
in DAB-HO for 5 minutes, counterstained in methyl green for a few seconds,

dehydrated and mounted.
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Preparation

of mandibles for frozen sections

Mandibles from 6-8 week-old wild type and transgenic mice were dissected out

and prepared for frozen sections using a protocol provided by the laboratory of Dr.
David Rowe at the University of Connecticut Health Center. Mandibles were initially

bisected at the symphysis and fixed in freshly-made 4% paraformaldehyde at 4C under
constant agitation for 3 days. Mandibles were then decalcified in 14% EDTA for 3-4

days, washed in PBS, soaked in 30% sucrose in PBS overnight and embedded in OCT
compound. 5#m thick frozen sections were cut on a cryotome, captured using the Cryo-

Jane tape-transfer system (Instrumedics, Inc.), and transferred to charged, pre-cleaned
slides for analysis by fluorescence microscopy and in situ hybridization.

Immunofluorescent localization of the transgene

Localization of the p20C/EBP/3 transgene was detected by fluorescence

immunostaining in frozen tissue sections using an anti-C/EBP/3 antibody. Slides were
washed with 0.5% BSA in PBS and blocked for I hour using 5% normal donkey serum
in 0.1% BSA in PBS. Tissues were incubated overnight at 4C with a rabbit anti-rat

C/EBP/3 primary antibody at a dilution of 1:200. This was followed by incubation with
donkey anti-mouse IgG secondary antibody at a dilution of 1"100 for 1 hour at room
temperature. Slides were rinsed in PBS and mounted with 50% glycerol in lmM MgC1.
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CoI2.3-GFP expression

Transgenic mice were generated that contain a GFP reporter construct in which

GFP is under the control of the rat 2.3 kb Coll al promoter. Col2.3-GFP has been
established as a marker for following odontoblast differentiation. Its expression has

been shown to be restricted to differentiating odontoblasts secreting predentin and to

fully differentiated odontoblasts. Col2.3-GFP expression has also been closely
correlated with the expression of o1(1) collagen and DSPP during odontoblast
differentiation (Braut et al., 2003).

Heterozygous p20C/EBP/ transgenic mice were crossed with homozygous
Col2.3-GFP mice so that progeny were either wild-type or transgenic for the

p20C/EBP/3 transgene, but all were heterozygous for GFP. Mandibles of 6 to 8 weekold wild type and transgenic mice were dissected and processed for frozen sections.

Frozen sections were then analyzed for GFP activity by fluorescence microscopy. The
intensity of GFP expression, as well as the spatial and temporal patterns of GFP

expression were analyzed in order to assess Co12.3 activity in odontoblasts and the

degree of odontoblast differentiation. Qualitative comparisons were made between wild
type and transgenic mice and between affected and unaffected odontoblast populations.

In situ hybridization
The pattern of expression of DSPP was examined by in situ hybridization to

frozen tissue sections using a 2p-labeled DSPP anti-sense RNA probe as previously
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described (Mina et al., 2002). DSPP expression was compared between wild-type and

transgenic mice and between lingual and labial odontoblasts of the mandibular incisor.

Micro-computed Tomography

A qualitative and quantitative 3-D analysis of the teeth and surrounding alveolar
bone was performed using a micro-computed tomography system (#CT 20, Scanco

Medical AG, Bassersdorf, Switzerland) at the University of Connecticut Health Center
micro-CT facility. Mandibles were dissected from 6-8 week old transgenic and wild-

type mice, bisected at the symphysis and fixed in 70% ethanol. The bisected mandibles
were positioned vertically in the micro-CT scanner and slices were acquired at 12-

micron intervals. The parameters measured included bone volume (BV/TV) and tissue

density of enamel, labial dentin and lingual dentin of the incisor. Three regions

throughout the length of the incisor were selected for analysis: 1) at the level of the
alveolar crest (first section in which the alveolar bone was seen), 2) at the level of the
first molar (at the center of the mesial root), and 3) at the level of the third molar (first
section in which the second molar could no longer be seen). Data was analyzed

statistically using a t-test with a significance level of p<0.05.

Results
Immunohistochemistry
Immunohistochemical analysis provided evidence for in vivo expression of

endogenous C/EBP transcription factors in the teeth of 6-week-old wild-type mice (Fig.

4). Staining for C/EBPa, C/EBP/, and C/EBPt3 was higher in the ameloblast and in the
labial and lingual odontoblast layers than in the adjacent pulp. The lingual odontoblasts

appeared to show more intense nuclear staining compared with the labial odontoblasts

.

which demonstrated a more diffuse cytoplasmic localization. This pattern was

especially evident for C/EBPa and

Immunofluorescent localization of the transgene

Localization of the transgene was determined by immunofluorescent staining in

wild-type and transgenic frozen tissue sections using an anti-C/EBP antibody. This
antibody was used to detect both endogenous C/EBP and the p20C/EBP transgene.
Staining was observed in both the labial and lingual odontoblasts of wild-type and
transgenic incisors. Staining in wild-type and transgenic labial odontoblasts is

represented in Fig. 5. Low levels of staining were visualized in labial and lingual
odontoblasts of wild-type incisors, while much more intense nuclear staining was

detected in both the labial and lingual odontoblasts of transgenic incisors (Fig. 6).
Levels of staining were undetectable in wild-type and transgenic controls in which
sections were incubated with non-immune IgG (Fig. 5).

17
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CoI2. 3-GFP expression

Fluorescence microscopy revealed Col2.3-GFP expression in both the labial and

lingual odontoblasts of wild-type and transgenic mice with no apparent difference in the
intensity of expression (Fig. 7). The pattern of GFP expression was similar for wildtype and transgenic mice in cells adjacent to the labial dentin; however, the row of
odontoblasts lining the lingual dentin in transgenic mice showed a thinner, more

irregular profile of GFP fluorescence compared with their wild-type littermates, giving
the appearance of cells which are flattened (figs. 8-9). GFP expression extended

throughout the odontoblastic processes, providing information regarding the
morphology of the dentinal tubules. GFP-positive processes in the lingual dentin tubules
of transgenic mice were truncated and disorganized compared with those on the labial
side and compared with odontoblasts on both surfaces in wild-type mice (Fig. 10-11).

In situ hybridization

In situ hybridization revealed DSPP expression in both the labial and lingual
odontoblasts of transgenic and wild-type mice (Fig. 12). As expected, odontoblasts
were the only cells in mandibular sections that expressed DSPP mRNA. The pattern of

DSPP expression in lingual odontoblasts was similar to that seen by fluorescence
microscopy for Col2.3-GFP expression. The band of silver grains observed on the

lingual surface of transgenic incisors was much thinner and more irregular than that on
the labial side (Fig. 13). While change in cell shape makes interpretation difficult, there
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was a suggestion that the amount ofDSPP mRNA expression was reduced in

odontoblasts on the lingual surface, particularly in transgenic mice from line 65.

Micro-computed Tomography
Mandibles were examined at three locations throughout the length of the incisor

(Fig. 14). Four out of nine transgenic mice examined had incisors that fractured at the
level of the alveolar crest, preventing measurements from being made at this location.

As seen in Fig. 15, wild-type incisors showed a relatively uniform thickness of dentin
on the labial and lingual sides at the three locations examined. Transgenic mice, on the

other hand, showed a reduction in width of lingual dentin at all locations. There was
also a significant alteration noted in the alveolar bone of transgenic mice.

Quantitative measurements of local tissue densities for the enamel and the labial
and lingual dentin were taken at the three selected locations. Enamel tissue density
values were not statistically different between wild-type and transgenic mice at the level
of the first molar (Fig. 16-17) or the third molar (Fig. 18). There was a large degree of
variation associated with the enamel values. Enamel tissue density could not be

determined at the level of the alveolar crest since values exceeded the maximum tissue

density that could be measured. No significant differences were found between wild-

type and transgenic mice for labial dentin tissue density at any of the locations
measured for either line of mice (Fig. 19-21). Only a modest reduction in lingual dentin
tissue density was detected in transgenic mice from both lines of mice (Fig. 22-23).

These differences were not statistically significant; however, significance was

approached for the density of the lingual dentin at the level of the first molar. When the
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data was pooled for lines 50-10 and 65 we did observe a statistically significant

reduction in tissue density of the lingual dentin of transgenic mice compared with wild-

type (WT 1441 mg/ccm HA, TG 1304 mg/ccm HA) (Fig.24).
Three-dimensional reconstructions of the mandibles using micro-CT analysis

revealed pronounced differences in overall bone and tooth architecture between wild-

type and transgenic mice. Transgenic mice from lines 50-10 and 65 demonstrated

generalized pitting on the surface of the mandibular bone and a severe loss of alveolar
bone around the molars extending below the furcations (Fig. 25). This phenotype was
more dramatic in mice from line 65, which is the most severely affected line.

Transgenic mice from line 65 showed statistically significant reductions in bone volume
fraction at both the level of the first molar (WT 86%, TG 55%) and the third molar (WT

77%, TG 50%) compared with their wild-type littermates (Fig. 26-27). Transgenic
mice from line 50-10 also showed a decrease in bone volume fraction at these two

locations, however, statistical significance was achieved only at the level of the third
molar (figs. 28-29). When the data was pooled for the two lines of mice, statistically

significant differences in bone volume fraction were seen at both of the locations
measured (Fig. 30).

Discussion

The role of C/EBP transcription factors in gene regulation and cellular

differentiation has been well documented in a number of cells throughout the body.

Recently, there has been an interest in the potential role of C/EBP as a regulator of both
osteogenesis and ondontogenesis. In order to learn more about the role of C/EBP

transcription factors in the process of bone and tooth formation, our laboratory recently

developed a transgenic mouse model in which C/EBP function is blocked by
overexpression of a dominant-negative isoform of C/EBP/, p20C/EBP/. Transgenic
mice in this C/EBP loss-of-function model exhibit osteopenia and an alteration in
osteoblastic gene expression in which there is a decrease in terminal markers of

osteoblastic differentiation, osteocalcin and Col2.3-GFP, and an increase in an early

marker, BSP.

In addition to a bone phenotype, transgenic mice from lines 50-10 and 65 have
demonstrated an overt tooth phenotype characterized by malocclusion, overgrowth and

fragility. Preliminary studies using histology and micro-computed tomography have
been performed to further characterize the dental phenotype of transgenic mice. Defects
observed include enlarged pulp chambers and a site-specific dentin dysplasia in which
the lingual dentin of the incisor is thin and has a globular appearance. This preliminary

data suggests a potential role of C/EBP transcription factors in dentinogenesis. The
present study was performed to enhance our understanding of mechanisms regulating

odontoblast differentiation and function and to investigate the role of C/EBP

transcription factors in this process.
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Little is known about the role of C/EBP transcription factors in tooth formation.

While in vitro expression of endogenous C/EBPc has been demonstrated in mouse
ameloblast-like LS8 cells (Zhou et al., 2000), there have been no reports to date of in
vivo expression of endogenous C/EBP transcription factors in teeth.

Data from our

immunohistochemical analysis provided evidence for in vivo expression of endogenous

C/EBP

,

and 3 transcription factors within the ameloblast and labial and lingual

odontoblast layers of the mouse incisor. Evidence for endogenous C/EBP expression in

odontoblasts coupled with the dentin defect in transgenic mice provides additional

support for a role of these transcription factors in regulating odontoblast differentiation
and function. The more intense nuclear staining noted in lingual odontoblasts

(particularly for C/EBPc and C/EBP) indicates a possible difference in intracellular
localization of C/EBPs in these cells between the labial and lingual compartments. The

significance of this is not clear, but may be associated with differential transcriptional

regulation by C/EBP in these odontoblast populations. This might account, in part, for
the preferential effects of the p20C/EBP transgene on the lingual dentin of the incisor.
Another possible explanation for the site-specificity of the dentin defect in our

transgenic model is that expression of the p20C/EBP transgene could be restricted to
the affected lingual surface. This finding was not anticipated, however, since prior
studies using the same Co13.6 promoter construct to direct expression of GFP showed

expression in both labial and lingual odontoblasts. Preliminary studies in our laboratory

using an anti-FLAG antibody demonstrated transgene expression in both labial and

lingual odontoblasts. In the present study, localization of the p20C/EBP transgene was
performed by immunofluorescent staining with an anti-C/EBP antibody. As expected,
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the transgene was detected in both the labial and lingual odontoblasts of transgenic
incisors, as indicated by the intense nuclear staining observed in these cells compared
with only low levels of staining for endogenous C/EBP/3 in wild-type mice. The site-

specificity of the dentin defect, therefore, cannot be explained by lack of transgene
expression on the unaffected labial surface.
Since Col2.3-GFP has been established as a marker for osteoblast and

odontoblast differentiation, use of this reporter allowed us to analyze whether the dentin
defect in our transgenic mice is due to interference with terminal odontoblast
differentiation. Specifically, we wanted to determine whether the intensity or

spatial/temporal pattern of GFP expression would be altered in the transgenic mice,
particularly in regions exhibiting dentin dysplasia. In addition, previous research in our

laboratory demonstrated a dramatic decrease in Col2.3-GFP expression in femoral
osteoblasts of transgenic mice and in osteoblasts differentiated ex vivo in bone marrow
stromal cell cultures. Given that osteoblasts and odontoblasts are closely related cells
that express a number of similar genes, we predicted that a similar effect on Col2.3-GFP

expression might be seen in the dentin of transgenic mice.

Contrary to findings in osteoblasts, alterations in intensity of GFP expression
were not observed in odontoblasts of transgenic incisors. Col2.3-GFP was strongly

expressed in both labial and lingual odontoblasts of transgenic mice; the intensity of
expression was comparable to that observed in wild-type littermates. This data does not

support our hypothesis that odontoblast differentiation is preferentially inhibited in

lingual odontoblasts of transgenic mice and suggests differential regulation of the

Co12.3 promoter in osteoblasts and odontoblasts.
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While analysis of Col2.3-GFP did not show an inhibition of odontoblast

differentiation, it did reveal an apparent change in odontoblast morphology in cells
associated with dysplastic dentin. Transgenic lingual odontoblasts did not appear to
achieve their normal cell height or polarity; the cell bodies appeared flattened, while the
odontoblastic processes were truncated and disorganized, exhibiting less parallelism
than those seen in wild-type mice or even in the labial dentin of the same tooth. These

observations suggest that p20C/EBP/3 expression may be affecting the ability of these

cells to polarize and to produce a normal dentin matrix. Interestingly, Co12.3 appeared
to be expressed at a high level in lingual odontoblasts. Previous work from Dr. Mina’s

laboratory demonstrated that the spatial and temporal patterns of Col2.3-GFP in
odontoblasts correlated tightly with odontoblast differentiation, being restricted to

polarized dentin-secreting cells. The present findings suggest that although terminal
odontoblast differentiation is associated with cell polarization and columnar

morphology, this does not appear to be required for Col2.3-GFP expression.

In vitro studies using odontoblast cell lines have demonstrated the presence of a
CCAAT binding motif within the DSPP promoter and postulated a possible role for
C/EBP transcription factors in regulating the tissue-specific expression of DSPP in the

odontoblast lineage (Chen et al., 2004). Moreover, dspp-null mice exhibit dentin

dysplasia, hypomineralization, decreased dentin width, a widened zone of predentin,
and enlarged pulp chambers. Lastly, preliminary northern blot analysis in our

laboratory using segments of the mandible showed reduced levels of DSPP mRNA. We
therefore hypothesized that the dentin defect in our transgenic model is associated with
an alteration in DSPP expression. We anticipated that DSPP expression would be
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down-regulated specifically in regions affected by dentin dysplasia (lingual dentin),
while unaffected regions showing normal dentin morphology (labial dentin) would
demonstrate normal levels of DSPP expression.

From our in situ hybridization analysis, it is evident that both labial and lingual
odontoblasts in transgenic mice express at least some level of DSPP mRNA. The more

flattened cell morphology seen in transgenic lingual morphology makes interpretation
of the in situ hybridization signal somewhat difficult since the DSPP mRNA signal may
be confined to a smaller area. Nevertheless, the data suggest that DSPP expression may
be reduced on the lingual surface of transgenic incisors, particularly in mice from line
65. Given the important role of DSPP in dentin mineralization, established in dspp-null

mice, a dramatic reduction in DSPP expression would be expected to cause reduced
dentin mineralization in the affected region.
The degree of dentin mineralization was assessed by micro-CT analysis. This

technique allowed quantitative measurements of local tissue densities to be made,

corresponding to the degree of mineralization of the sampled tissue. As anticipated,
enamel and labial dentin tissue densities were not significantly different between wild-

type and transgenic mice. Only a modest reduction in lingual dentin mineralization was
observed in transgenic mice, with a significant difference seen only for the pooled data
at the level of the first molar. Lack of significant reductions in lingual dentin

mineralization in transgenic mice was somewhat surprising given the

hypomineralization seen in other transgenic models exhibiting dysplastic, globular
dentin, such as DSPP-null mice, TGF/3 overexpressing mice and DMP-1 knockout mice.

However, the degree of DSPP inhibition may be more severe in those models than that
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which we have observed in our p20C/EBP/3 overexpression model. For example,

Thyagarajan et al. found little to no DSPP expression in the incisors of TGF/3
overexpressing mice. Interestingly, Sreenath et al. did not report a dentin dysplasia

phenotype in mice that are heterozygous null at the dspp locus, raising the possibility
that there is no dspp haploinsufficiency in these animals. The lack of a dramatic effect
on lingual dentin mineralization in our model likely indicates that sufficient DSPP is

expressed to support near normal levels of mineralization.
While micro-CT is a novel approach for assessing the degree of dentin

mineralization, the technique is validated by our ability to detect the normal increase in
enamel and dentin tissue densities proceeding from the apical toward the incisal end of
the tooth. This finding is consistent with the known spatial and temporal maturation of
the mouse incisor dentin and enamel matrices that occurs during continuous eruption.

Due to the limited number of samples used for this analysis, however, additional data
will be required to determine if the dentin dysplasia in our transgenic model is

associated with hypomineralization. Alternatively, the use of the more established

scanning and electron microscopy approaches may be required to assess the distribution
and fine structure of mineral within the dentin matrix at a higher resolution.

Although micro-CT analysis did not reveal striking differences in dentin
mineralization between wild-type and transgenic mice, dramatic differences were
observed in the alveolar bone. The mandibles of transgenic mice were characterized by

generalized pitting on the surface of the bone and severe loss of alveolar bone around
the molars. Consistent with the osteopenic phenotype seen in long bones and vertebrae

of transgenic mice, the mandibles showed significant reductions in bone volume. A
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24% and 22% reduction in bone volume was observed at the levels of the third molar
and first molar, respectively. Preliminary data from our laboratory showed increased

TRAP staining in transgenic mandibles by enzyme histochemistry in frozen sections,
consistent with increased osteoclast numbers and a possible increase in bone resorption.

In long bones, dynamic histomorphometry indicated a significant inhibition of mineral
apposition and bone formation rates. It is possible that the reduced bone mass seen in
this model is a result of an affect on both bone formation and resorption.

Conclusion
In our experiments, we showed evidence of endogenous C/EBP expression in
odontoblasts, providing additional support for a role of C/EBP transcription factors in
the regulation of odontoblast differentiation and function. It is still unclear why the
dentin defect is restricted to the lingual dentin. One explanation is that the dentin

dysplasia is secondary to the reduction of alveolar bone mass. Such a non-cell
autonomous effect on odontoblasts must be considered, given the inhibitory effect of

the transgene on bone. Such a mechanism could be ruled out by specific targeting of
the transgene to odontoblasts using the DSPP promoter. Another possibility is that

signals derived from odontogenic epithelium may play a role in rescuing normal
odontoblast differentiation and function on the labial surface which is adjacent to the
enamel organ. It is therefore possible that signals from the adjacent epithelium mitigate

the effects ofp20C/EBP/3 on labial odontoblast function.

Our data suggests that the site-specific phenotype is not due to lack of transgene
expression in the unaffected labial dentin or to a preferential inhibition of odontoblast
differentiation on the affected lingual surface. Furthermore, we have demonstrated that

lingual odontoblast morphology is altered in transgenic mice. Additional studies will be
required to better characterize whether there are subtle effects on lingual dentin
mineralization in transgenic mice. Further in situ hybridization analysis, or the
combination of laser capture microdissection and real-time RT-PCR could be used to

analyze differential gene expression between wild-type and transgenic mice or between
lingual and labial odontoblasts in transgenic mice. Further investigation of the effects
of C/EBPs in tooth development using our transgenic model should lead to a better
28
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understanding of the mechanisms regulating odontoblast differentiation and function,
and ultimately to a better understanding of the development of human dentin disorders

affected by dysplasia.

Fig-ures
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Figure 1: The molecular structure of C/EBPfl mRNA. C/EBP/ mRNA contains
multiple in-frame AUG initiation codons. When translation begins at the upstream site,
the full length C/EBP/ protein is formed. A truncated protein (p20 C/EBP/), lacking
the transcriptional activation domain, is produced when translation begins further
downstream. The truncated isoform acts as a dominant negative regulator of C/EBP
function.
Figure 2" Gross dental phenotype. Transgenic mice from lines 50-10 and 65
demonstrate malocclusion of the teeth in which there is overgrowth and breakage of the
incisors. The lower figure is a lateral skull radiograph showing the increased curvature
of the incisors of transgenic mice.
Figure 3" Analysis of dental phenotype by micro-computed tomography and
histology. The top figures are micro-CT images taken at the level of the alveolar crest.
The dentin in wild-type samples is relatively uniform in thickness on all sides.
Transgenic mice show normal enamel, slightly increased width of labial dentin,
enlarged pulp chambers, and a significant reduction in width of the lingual dentin. The
bottom figures are high power histological images. The labial dentin of transgenic
incisors appears to have a well organized structure, similar to the labial and lingual
dentin of wild-type samples. The lingual dentin, however, is poorly organized with a
globular appearance.

,

.

Figure 4" In vivo expression of endogenous C/EBP transcription factors.
Immunohistochemistry was performed using antibodies for C/EBP and The top
panels are low power images of wild-type incisors showing expression of C/EBP,
and in the ameloblasts (Am), labial odontoblasts (LaO), and lingual odomoblasts
(LiO). The lower panels are high power images demonstrating expression of C/EBP
transcription factors in both labial and lingual odontoblasts. Lingual odontoblasts show
more intense nuclear staining, particularly for C/EBPa and compared with the more
diffuse cytoplasmic localization in labial odontoblasts.

,

Figure 5: Immunofluorescent localization of the p20C/EBPfl transgene using an
anti-C/EBP antibody. These images represent staining for the transgene and
endogenous C/EBP in wild-type and transgenic labial odontoblasts. Low levels of
staining can be visualized in the labial odontoblasts of wild-type mice, representing
endogenous C/EBP expression, while more intense nuclear staining can be seen in
transgenic labial odontoblasts due to presence of the transgene.
Figure 6" Over-expression of p20C/EBPfl in transgenic odontoblasts. Intense
nuclear staining can be seen in both the labial and lingual odontoblasts of transgenic
incisors.
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Figure 7: Analysis of CoI2.3-GFP expression in wild-type and transgenic
mandibles by fluorescence microscopy. At low power, expression of Col2.3-GFP can
be seen in both the labial and lingual odontoblasts of wild-type and transgeni mice.
GFP expression can also be seen in the molars located above the incisor.
Figure 8: CoI2.3-GFP expression in labial and lingual odontoblasts. No apparent
difference can be seen in the intensity of GFP expression in lingual and labial
odontoblasts of wild-type and transgenic mice. The pattern of GFP expression on the
lingual surface, however, is quite different in transgenic mice; transgenic lingual
odontoblasts demonstrate a much thinner and irregular band of GFP expression, giving
the appearance of cells which are flattened.
Figure 9" CoI2.3-GFP expression in lingual odontoblasts. No significant difference
in the intensity of Col2.3-GFP expression can be noted between lingual odontoblasts of
wild-type and transgenic incisors. Transgenic mice, however, demonstrate a much
thinner, irregular band of GFP expression in the lingual odontoblast layer compared
with wild-type mice.
Figure 10: Assessment of odontoblast morphology by visualization of CoI2.3-GFP
expression. These high power images show that Col2.3-GFP can be used to assess
dentin tubule morphology. In addition to its expression in the odontoblast cell body,
Col2.3-GFP can be seen in the odontoblastic cell processes which extend into the dentin
through dentinal tubules. In transgenic lingual dentin, the dentin tubules are disrupted
and demonstrate failure of GFP to extend across the full thickness of the dentin; the
odontoblast cell processes appear truncated and less numerous compared with wild-type
(yellow arrows).

Figure 11" Comparison of CoI2.3-GFP expression in transgenic labial and lingual
odontoblasts. These high power images show the contrast in odontoblast morphology
between the labial and lingual odontoblasts of transgenic incisors. Odontoblasts on the
lingual surface demonstrate flattened cell bodies and truncated, disorganized
odontoblastic processes.
Figure 12" In situ hybridization analysis of DSPP expression in mandibular
sections. At low power, DSPP expression can be seen in both the labial and lingual
odontoblasts of wild-type and transgenic incisors. As expected, odontoblasts were the
only cells in mandibular sections to express DSPP mRNA.
Figure 13: In situ hybridization analysis of DSPP expression in labial and lingual
odontoblasts. These high power images demonstrate a difference in the pattern of
DSPP expression between wild-type and transgenic lingual odontoblasts. The band of
silver grains observed on the lingual surface of transgenic mice is much thinner and
more irregular than that in wild-type mice or even on the labial side of the same tooth.
There is also a suggestion that the amount of DSPP mRNA expression is reduced in
odontoblasts on the lingual surface, particularly in transgenic mice from line 65.
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Figure 14: Micro-computed tomography analysis. Mandibles were positioned
vertically and scanned from the inisal tip toward the incisor apex at 12#m intervals.
Three locations were selected for analysis: 1) at the alveolar crest, 2) at the level of the
first molar (center of mesial root), and 3) at the level of the third molar.
Figure 15: Micro-computed tomography analysis of wild-type and transgenic
mandibles. At all locations examined, wild-type incisors demonstrate a relatively
uniform thickness of dentin. The reduction in thickness of lingual dentin of transgenic
incisors, seen previously at the level of the alveolar crest, can be seen throughout the
length of" the incisor. Transgenic mice also show a dramatic decrease in amount of
alveolar bone.

Figure 16" Tissue density of enamel for line 50-10. Enamel tissue density values
were not statistically different between wild-type and transgenic mice at the level of the
first molar for mice from line 50-10. The values for enamel density showed a large

degree of variation for both wild-type and transgenic mice.
Figure 17: Tissue density of enamel for line 65. Enamel tissue density values were
not statistically different between wild-type and transgenic mice at the level of the first
molar for mice from line 65. Similar to findings from line 50-10, the values for enamel
density showed a large degree of variation for both wild-type and transgenic mice.
Figure 18: Tissue density of enamel; pooled data from lines 50-10 and 65.
Essentially no difference is seen between wild-type and transgenic mice for enamel
tissue density at the level of the third molar. Significant differences are also not seen at
the level of the first molar. Values for enamel density at the level of the alveolar crest
exceeded the maximum tissue density that could be measured. The values for enamel
density showed a large degree of variation for both wild-type and transgenic mice,
particularly at the level of the first molar.

Figure 19: Tissue density of labial dentin for line 50-10. An area in the center of the
labial dentin was selected for analysis (depicted by the red box). The density of the
labial dentin did not differ significantly between wild-type and transgenic mice from
line 50-10 at the level of the first molar.

Figure 20: Tissue density of labial dentin for line 00-65. The density of the labial
dentin did not differ significantly between wild-type and transgenic mice from line 65 at
the level of" the first molar.
Figure 21: Tissue density of labial dentin; pooled data from lines 50-10 and 65.
The pooled data from lines 50-10 and 65 show no significant differences in labial dentin
density between wild-type and transgenic mice at any of the locations measured. Labial
dentin tissue density shows a tendency to increase proceeding from the apical toward
the incisal end of the tooth.
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Figure 22- Tissue density of lingual dentin for line 50-10. An area in the center of
the lingual dentin was selected for analysis (depicted by the red box). Differences
between wild-type and transgenic lingual dentin tissue densities were not statistically
significant at the level of" the first molar for line 0-10.
Figure 23" Tissue density of lingual dentin for line 00-65. Differences between
wild-type and transgenic lingual dentin tissue densities were not statistically significant
at the level of the first molar for line 65.

Figure 24" Tissue density of lingual dentin; pooled data from lines 50-10 and 65.
Pooled data from lines 50-10 and 65 show a statistically significant reduction in lingual
dentin tissue density at the level of the first molar. A modest, but statistically
insignificant, reduction in lingual dentin tissue density is seen at the level of the third
molar, while essentially no difference is seen at the level of the alveolar crest. Lingual
dentin tissue density shows a tendency to increase proceeding from the apical toward
the incisal end of the tooth.
Figure 25: Analysis of tooth and bone architecture by micro-computed
tomography analysis. Three-dimensional micro-CT images of wild-type and
transgenic mandibles from lines 50-10 and 65 show an overall view of the bone and
tooth architecture. Transgenic mice from both lines demonstrate generalized pitting on
the surface of the mandibular bone and a severe loss of alveolar bone around the molars
that extends below the furcations. Line 65 is more severely affected.

Figure 26: Bone volume fraction for line 65 at level of first molar. Bone volume
fraction of the alveolar bone (outlined in red) is compared for wild-type and transgenic
mice from line 65 at the level of the first molar. Transgenic mice show a significant
reduction in bone volume.
Figure 27: Bone volume fraction for line 65 at level of first and third molars.
Transgenic mice from line 65 show statistically significant reductions in bone volume
fraction at both the level of the first molar (WT 86%, TG 55%) and the third molar (WT
77%, TG 50%) compared with wild-type mice.

Figure 28: Bone volume fraction for line 50-10 at level of first molar. Bone volume
fraction of the alveolar bone (outlined in red) is compared for wild-type and transgenic
mice from line 50-10 at the level of the first molar. Transgenic mice demonstrate a
modest, but statistically insignificant, reduction in bone volume at this level; this value
shows a large degree of variance for transgenic mice.

Figure 29" Bone volume fraction for line 50-10 at level of first and third molars.
Transgenic mice from line 50-10 show a statistically significant reduction in bone
volume fraction at the level of the third molar (WT 81.8%, TG 66%). The difference is
not statistically significant at the level of the first molar.
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Figure 30" Bone volume fraction; pooled data from lines 50-10 and 65. Pooled data
from lines 50-10 and 65 shows a significant reduction in bone volume for transgenic
mice at the level of both the first and third molars.

Figure 2
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