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Abstract

Dentin sialophosphoprotein (DSPP) is one of the major non-collagenous proteins present in
dentin, cementum and alveolar bone; it is also transiently expressed by ameloblasts. In humans
many mutations have been found in DSPP and are associated with two autosomal-dominant
genetic diseases — dentinogenesis imperfecta Il (DGI-I1) and dentin dysplasia (DD). Both
disorders result in the development of hypomineralized and mechanically compromised teeth. The
erupted mature molars of Dspp”~ mice have a severe hypomineralized dentin phenotype. Since
dentin and enamel formations are interdependent, we decided to investigate the process of enamel
onset mineralization in young Dspp~~ animals. We focused our analysis on the constantly erupting
mouse incisor, to capture all of the stages of odontogenesis in one tooth, and the unerupted first
molars. Using high-resolution microCT, we revealed that the onset of enamel matrix deposition
occurs closer to the cervical loop and both secretion and maturation of enamel are accelerated in
Dspp~~ incisors compared to the Dspp™- control. Importantly, these differences did not translate
into major phenotypic differences in mature enamel in terms of the structural organization, mineral
density or hardness. The only observable difference was the reduction in thickness of the outer
enamel layer, while the total enamel thickness remained unchanged. We also observed a
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compromised dentin-enamel junction, leading to delamination between the dentin and enamel
layers. The odontoblast processes were widened and lacked branching near the DEJ. Finally, for
the first time we demonstrate expression of Dspp mRNA in secretory ameloblasts. In summary,
our data show that DSPP is important for normal mineralization of both dentin and enamel.
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Introduction

Tooth is an ectomesenchymal organ which develops via a series of reiterative signaling
interactions between cells of oral epithelium and ectomesenchyme [1]. After initial steps of
odontogenesis, determining tooth position and shape, the differentiation and
biomineralization of the dentin and enamel tissues begin [2]. Enamel is formed by
specialized ectodermal cells — ameloblasts, while dentin is produced by neural crest cells —
odontoblasts. Dentin and enamel both form via appositional growth. At the beginning of
matrix deposition, the ameloblasts and odontoblasts line up along a basal lamina which
outlines the location of the future dentino-enamel junction (DEJ). Initially odonto-blasts
start to secrete dentin collagenous matrix and retract from the DEJ leaving behind long cell
processes residing in dentinal tubules. The cellular processes penetrate the whole thickness
of the tissue from the DEJ to the pulp cavity. Once the mantle dentin (the layer of dentin
adjacent to DEJ) starts to mineralize ameloblasts degrade the basal lamina and begin to
deposit enamel, which marks the beginning of the secretory stage of amelogenesis [3-5].
The initial enamel is a network of nanocrystals embedded in a protein hydrogel. It contains
about 10% mineral by volume [6]. Once the full thickness of enamel is deposited enamel
maturation begins, involving removal of the organic matrix and mineralization via
thickening of preexisting nascent crystallites [5].

In the mouse, the first tooth to erupt is the incisor, followed by 1st, 2nd and 3rd molars,
which erupt sequentially during the 1st month after birth. The continuously developing
unicuspid mouse incisor is an excellent model for biomineralization. The mandibular incisor
has simple cylindrical morphology, which makes it more amenable to structural and
compositional analyses, especially since the successive stages of amelogenesis can be seen
in one sagittal section of the mandibular incisor (Fig. 1A,B). Although mouse molars are
more similar to human teeth both in terms of their anatomy and the fact that they do not
grow after eruption, the complex morphology of the multi-cusped molar does not permit the
study of the successive stages of enamel formation.

Biomineralization of dentin and enamel is a process tightly controlled by matrix
macromolecules which are involved in regulation of mineral nucleation, shape and
organization of mineral particles. Dentin sialophosphoprotein (DSPP) is the major non-
collagenous protein of dentin [7]. DSPP belongs to the SIBLING (Small Integrin-binding
ligand, N-linked Glycoprotein) family of proteins and is primarily associated with
mineralized tissues [8,9]. DSPP expressions (protein and mRNA) were found in dentin [10—
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13], periodontium, alveolar bone and condylar cartilage [14-16]. It is also a transiently
expressed in presecretory polarized ameloblasts prior to dentin deposition [17-20]. Upon
secretion, DSPP is cleaved into two proteins — dentin sialoprotein (DSP) and dentin
phosphoprotein (DPP) [21,22]. In porcine teeth a third proteolytic cleavage product, dentin
glycoprotein (DGP), which is found N-terminal to DPP and considered to be a part of DSP
[22-25] have been identified. Cleavage of DSPP is required for the proper dentin formation
[26]. In humans mutations in DSPP cause dentinogenesis imperfecta (DGI) and dentin
dysplasia (DD) [12]. Additional mutations in DSPP have been reported in two families with
hypoplastic enamel [27]. DSP and DPP are extensively post-translationally modified [11].

DSP is a proteoglycan containing a single chondroitin-6-sulfate chain and several N-acetyl-
neuraminic acids [28-31], while DPP is the most highly phosphorylated protein and contains
~200 phosphoserine residues [32]. Porcine DGP possesses one glycosylated asparagine and
4 phosphorylated serine residues [23]. DPP specifically binds to collagen fibrils [33—-35] and
can act as a mineralization promoter or inhibitor at low and high concentrations, respectively
[36]. Our recent in vitro mineralization studies show that phosphorylated DPP induces
organized mineralization of collagen fibrils in a concentration-dependent manner, while non-
phosphorylated DPP stabilizes amorphous calcium phosphate (ACP) [37]. In addition to its
role in biomineralization, DPP is involved in cell signaling and regulates cell differentiation
[38,39]. The function of DSP in dentin matrix is less clear. No influence on mineralization
has been observed in in vitro mineralization experiments [40] and no signaling function has
been reported for this protein so far [11,41]. The role of DGP in dentin mineralization and
whether it is present in species other than pig are unknown [41].

In the last decade, several studies of transgenic and knockout mice testing the function of
DSP and DPP in dentinogenesis, but not amelogenesis, have been performed. Deletion of
both copies of Dspp leads to a profound dentin phenotype, manifested by enlarged pulp
cavities, wide predentin, and a hypomineralized dentin with mineralized calcospheres spread
through the non-mineralized organic matrix [13,15,25,42,43]. Importantly, loss of only one
copy of Dspp does not have significant effects on dentin [13,15,25,42,43]. This is intriguing
since most DGI is inherited in an autosomal-dominant fashion. A potential explanation to
this phenomenon is that the defects of DSPP in DGI cause disturbances of ER intracellular
protein trafficking [24,44] and prevent secretion of ECM proteins, while only one normal
allele of this gene is sufficient to maintain DSPP function in tooth matrix formation and
mineralization. Our earlier studies showed that the mantle dentin is affected less than
circumpulpal dentin [45], suggesting that DSPP is less involved in the formation of mantle
dentin. One potential explanation for this phenomenon is that the process of mantle dentin
mineralization process is different from the circumpulpal dentin. Namely, matrix vesicles are
required for the mantle dentin mineralization [46], in contrast to the circumpulpal dentin
which mineralizes at the mineralization front at the predentin—dentin boundary [2,33,47].
Interestingly enough, in human hypophosphatemic and hypocalcemic teeth, mantle is also
affected less than circumpulpal dentin [48].

The importance of the proteolytic cleavage of DSPP into DPP and DSP has been
demonstrated in an elegant experiment. The transgenic expression of the uncleavable D452A
Dspp in the Dspp-null background did not rescue the null phenotype, indicating that the
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proteolytic processing by extracellular proteinases is essential for the proper DSPP function
[26]. To assess the role of DSP in dentinogenesis, Suzuki et al. [42] generated mice
expressing DSP and a small portion of the C-terminal DGP under the control of the Dspp
promoter in the Dspp KO background and observed a partial phenotype rescue. However, in
a later study by Gibson et al. [49], the 3.6 Collagen | promoter driving the expression of a
longer DSP fragment (N-terminus to the D452 cleavage site) resulted in a more severe
phenotype than the Dspp KO. The length of DSP used or the tissue specificity of the
promoters may explain the difference in phenotype [49,50].

Although DSPP is transiently expressed by polarized presecretory ameloblasts [17] its role
in amelogenesis remains elusive. One of the reasons for this is that, to date, all of the studies
of DSPP function have been conducted on mature animals, long after tooth mineralization.
We have focused our current study on the developing mouse incisor (and un-erupted 1st
molar) to precisely define the role of DSPP in biomineralization of dentin and enamel.

Materials and methods

Animals

Dspp mutant mice—We collected mandibles from postnatal day 10 (P10), and one-
month-old mice from the homozygote (Dspp~-) and heterozygote (Dspp™-) littermates [13].
For the in situ hybridization and immunohistochemistry experiments, timed pregnant CD-1
females were purchased from Charles River Laboratories. The plug date designated was
embryonic day 0.5 (E0.5) and embryonic age (E15.5 to E18.5) was verified using
morphological criteria. One-month-old C57BL/6 mice and one-month-old Wistar rats were
purchased from Charles River Laboratories. In this study all animals were euthanized using
carbon dioxide. All animal work was performed under and approved by the Institutional
Animal Care and Usage Committees from the University of Pittsburgh, Hospital for Special
Surgery and Baylor College of Medicine.

MicroCT studies

MicroCT data collection—The intact hemimandibles from one-month-old Dspp*~ (n =
6) and Dspo~~ (n = 6), were removed after euthanasia and fixed in 5% formalin overnight,
followed by storage in 70% ethanol until analysis. Whole mandibles from 10 day-old
Dspp*”* (n = 10) and Dspp~~ (n = 5) were stored in 70% ethanol until use. To enhance the
microCT contrast and reduce artifacts from the surrounding bone, the molars were extracted
from the mandible prior to the analysis.

All specimens were scanned on a Skyscan 1172 (Bruker-Skyscan, Contich, Belgium)
microCT system in 70% ethanol. The hemimandibles from one-month-old mice and un-
erupted molars from 10 day-old mice were mounted in a vertical position using Parafilm
inside customized holders. Each scan included a set of mineral phantoms (0.25 and 0.75
g/cm3) for mineral density calibration. The scans were conducted with a six-micron voxel
size and 180 degree-angular range for all samples. The hemimandibles were scanned with a
60 KVp beam energy using a 0.5 mm Al filter, 800 ms exposure time and 10 frames per
view. The first molars were scanned unfiltered with a 40 KVp beam energy, 300 ms
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exposure time and 12 frames per view. The ReCon (Bruker-Skyscan) software system was
used for reconstruction of the 3D volumes, provided as stacks of bmp images for every scan.

MicroCT-image processing—We reoriented the scan volumes of all the scans along the
sagittal plane in a 3-plane-view mode using the DataViewer (Bruker-Skyscan) software. The
images were digitally truncated to limit the volume to the areas surrounding incisors and
saved as a separate file. The reoriented images were converted into dicom files and imported
into the Scanco 3D morphometry and analysis software system (Scanco Medical,
Bassersdorf, Switzerland), which operates in an open VMS environment. To assess enamel
deposition and maturation rates, regions of interest (ROIs) were drawn around the enamel
from the incisal edge through the cervical loop of the incisor, and around the entire enamel
volume in the molar. The enamel regions of these images were binarized using the lowest
threshold values and imported into the reoriented/truncated volumes generated on CTAN
(version 1.13.5.1; Skyscan-Bruker). The CTAn microCT analysis software allows binary
images to be imported as ROIs, and calculates the scan volumes using the bone mineral
density phantoms (Bruker-Skyscan) for normalization. For the stepwise analysis of mineral
deposition, we divided the entire incisor ROIs into 1 mm thick segments, and further sub-
divided the 2 mm region adjacent to the cervical loop into 0.2 mm-long segments. The
volume and average mineral density of enamel from both incisors and un-erupted molars
were evaluated in CTAN using the lowest threshold values and reported as a function of
segment distance from the onset of mineral deposition for the incisors and as an average
from the whole crown for the molars.

Scanning Electron Microscopy

For backscattered SEM (BS SEM), after collection, the one-month-old hemimandibles were
flash frozen in liquid nitrogen and freeze-dried. The dry samples were embedded in Epofix
(EMS, Hatfield, PA). After polymerization, the incisors were sectioned into erupted and
unerupted portions and polished using Isomet polisher (Buehler, Lake Bluff, IL) with a
series of MetaDi™ Supreme polycrystalline diamond suspensions (Buehler, Lake Bluff, IL)
down to 0.25 um. The samples were carbon coated and studied using JSM 6335F SEM (Jeol,
Peabody, MA).

For the measurements of enamel thickness, erupted portions of incisors from 7 animals from
each group were embedded in Epofix and polished in the transverse plane as described
above and etched with 10% EDTA for 5 s for easier identification of the outer and inner
enamel layers. The samples were Au/Pl sputter coated and studied in secondary electron
mode (SE SEM) using JSM6335F SEM (Jeol, Peabody, MA).

For resin casting, the mandibles were dissected and immersed in cold 70% ethanol
overnight. The samples were further dehydrated in a stepwise series of ethanol and
transferred into pure LRWhite resin (EMS, Hatfield, PA) and kept overnight. The resin was
changed two more times with 24-h intervals. Resin polymerization was carried out at 60 °C
for 48 h. The blocks were trimmed with glass and histological diamond knives to expose
tooth surfaces, and etched with 37% phosphoric acid for 5 s and 5% sodium hypochlorite for
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5 min. The sample blocks were then rinsed, air-dried, Au/PI sputter coated and studied in SE
SEM mode using JSM6335F SEM (Jeol, Peabody, MA).

Microhardness testing of enamel

Erupted portions of incisors from one-month-old Dspp*~and Dspp~~ (n = 7/genotype)
groups were air-dried and mounted in Epofix. The incisors were polished in the transverse
plane as described above. The micro-indentation tests were conducted using IdentaMet 1105
microhardness tester with a CCD camera and OmniMet software (Buehler, Lake BIuff, II).
The tests were conducted using a Vickers diamond tip at 25 gf (0.24.5 N) load and 5 s dwell
time. Five measurements were taken per sample at a distance of at least two indentation
diagonals from each other and at roughly 20 um from the DEJ along whole width of the
enamel.

In situ hybridization

Briefly, the WT CD-1 mouse embryos were fixed overnight in 4% paraformaldehyde,
dehydrated and infiltrated with paraffin. We cut 10 um sections and placed on TESPA
(triethoxysilylpropylamine) coated slides. The tissue was hybridized with an antisense probe
to Dspp (a generous gift from Jifan Feng and Yang Chai, USC). The in situ hybridization
was performed as described [51] and after the appropriate length of time for development,
the sections were counterstained with eosin, mounted with Allen Scientific mounting media
and covered by coverslips.

Immunohistochemistry

For Collagen IV immunohistochemistry, sections adjacent to those used for in situ
hybridization were rehydrated and antigen retrieval was performed using citrate buffer. We
incubated the sections overnight with the Collagen IV antibody (Abcam, 1:100). Signal was
detected using the Vectastain kit. The slides were counterstained with methyl green,
mounted with Allen Scientific mounting media and covered by coverslips.

Immunochemical visualization of DSP

For immunofluorescence microscopy of erupted portions of the incisors we used a published
procedure [52]. Briefly, the erupted portions of the incisors from one-month-old wildtype
mice were polished and incubated with 3% gelatin to seal dentinal tubules and other pores
and repolished again to remove gelatin from the surface. The samples were etched in 2%
EDTA and 1% paraformaldehyde solution for 5 min followed by a standard
immunofluorescence staining procedure performed on the samples with 1/100 DSP
antibodies (a generous gift from Dr. Larry Fisher, NIDCR, Bethesda, MD) with secondary
anti-rabbit antibodies conjugated with Alexa-Fluor 594.

In addition to the immunofluorescence of mouse incisors we have conducted
immunohistochemistry on rat incisors. The mandibles were dissected out of one-month-old
Wistar rats after euthanasia and fixed in 4% paraformaldehyde. The samples were embedded
in LR White and sectioned. The sections were demineralized using 5% EDTA and 2%
paraformaldehyde solution and subjected to standard IHC procedure using DSP antibodies
(a generous gift from Dr. Larry Fisher, NIDCR, Bethesda, MD).

Matrix Biol. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Verdelis et al.

Page 7

Light microscopy

All in situ hybridization and collagen IV immunohistochemistry images were collected on a
Zeiss Axioskop Al and an MrC3 camera. The images of mouse and rat DSP were obtained
using Nikon Eclipse light microscope in the bright field mode.2.9—.

Statistical analysis

Results

The microCT and SEM data were analyzed using Students t-test and Analysis of Covariance
ANCOVA in Excel and Origin Pro 9.1 software.

Dspp~ teeth demonstrate accelerated amelogenesis

To assess the contribution of DSPP to enamel formation we studied constantly growing
incisors of one-month-old Dspp KO and heterozygous littermates in order to capture
successive stages of amelogenesis in one specimen. No differences were observed in the
incisor length between Dspp*”~and Dspp~ in high-resolution microCT scans of one-
month-old hemimandibles (Fig. 1A,C). In agreement with earlier studies [13,45,49], the
dentin layer of the Dspp knockout was much thinner and shows the characteristic spherulitic
mineralized bodies with large hypomineralized interglobular areas between them (Fig. 1B).
Intriguingly, we observed that the onset of enamel deposition occurs much closer to the
cervical loop in the Dspp~~ incisors compared to the heterozygotes, 560 vs. 790 um (p =
0.03) from the cervical loop respectively (Fig. 1C,D; Suppl. Fig. 1).

We were able to quantify the enamel mineral density for all stages of amelogenesis and
enamel biomineralization in the incisor. No detectable difference in density between Dspp
genotypes was observed in the mature enamel (4—8 mm from the onset of enamel deposition,
Fig. 2A). The Dspp~~ maturation stage enamel, 3 and 4 mm from onset of enamel
deposition, is significantly denser than that of the heterozygote control mouse (Table 1, Fig.
2A). We noticed a marginal difference in the density values in the segment containing the
2nd mm from the onset of enamel deposition (Fig. 2A). We further carried out a study of the
first 2 mm from the onset of enamel deposition with smaller intervals of 0.2 mm, which
revealed that the mineral density of the Dspp~~enamel was significantly higher than in
Dspp*~ at a distance from 1.4 to 2.0 mm from the onset of enamel deposition, which
corresponds to the late secretory stage (Table 1, Fig. 2B).

We also analyzed the enamel volume along the forming incisor to determine the rate of
enamel deposition (Fig. 3A,B). In the early/mid-secretory stage enamel, the Dsop~~ enamel
volume is significantly higher than in the Dspp™~ (Table 1, Fig. 3B). However, this situation
is reversed at the late secretory stage where the volume of Dsgp™~ enamel is higher than that
of Dspp~~and it stays significantly higher until eruption (Table 1, Fig. 3A,B). It is important
to notice that the smaller enamel volumes cannot be interpreted simply as a decrease in the
enamel deposition, as the cross-sections of incisors of the KO mice are smaller and have a
lower labial surface width, which accounts for much of the volume difference.
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We assessed the rate of enamel deposition by measuring the enamel thickness along the
developing incisor (Fig. 3C). Similar to the volume data, the Dspp~~ incisors have thicker
enamel during the early and mid-secretory stage of amelogenesis, (0.0-1.2 mm; ANCOVA,
p = 0.03). In the distal region, the thicknesses of the Dspp™~and Dspp~~enamel become
similar. These observations indicate that the Dspo~~ mice secrete more enamel matrix over a
shorter time period compared to the Dspp™~.

To further test the hypothesis that maturation of enamel is affected by loss of DSPP in all
tooth types and not only in the incisors we studied the unerupted 1st molars of 10 day-old
mice. Since these are un-erupted teeth potential differences due to the difference in the rate
of enamel attrition can be ruled out. We observed a larger volume of higher mineral density
enamel in the Dspp~~ compared to their Dspp™~ counterparts (Fig. 4). This suggests that
enamel maturation in the mutant molars is expedited. We performed statistical analysis of
the volume values in the density region from 1.5-2.0 g/cm?3 and found that these differences
were significantly different (p < 0.05). These results are in agreement with the incisor results
that support a role for DSPP in the enamel formation.

Microstructure of the enamel at the enamel-dentin interface affected by loss of DSPP

We have assessed the differences in the microstructure of enamel and DEJ between the
Dspp~~and Dspp™- using SEM. SEM studies reveal that the surface enamel layer is
significantly thinner in Dspp~~ compared with that of Dspp™~ (Fig. 5). Similarly, the ratio
of the surface enamel thickness to full enamel thickness is significantly smaller in Dspo~-.
One potential reason for the decreased thickness of the outer enamel is the shortening of the
secretory stage resulting in the early cessation of the surface enamel deposition. These
observations are in agreement with the results of the microCT analysis showing shortened
secretory stage in DSPP KO incisors. There was also a difference in the organization of the
inner enamel layer. Specifically, the prisms in the inner 10 um of enamel were roughly
parallel to each other and oriented normal to the DEJ and did not form a quasi-orthogonal
pattern typical of murine incisal enamel (Fig. 5A,B).

Backscattered SEM (BS SEM) studies of the erupted portions of the incisors revealed a
major phenotype at the dentin-enamel junction (DEJ) (Fig. 6). The interface between dentin
and enamel is compromised in the Dspp-, leading to delamination of these tissues (Fig.
6A). In contrast, in Dspp™~ this interface remains intact, even next to a major crack (an
artifact of drying) running through the DEJ from dentin into enamel (Suppl. Fig. 2). Linear
defects of mineralization in a form of 500 nm wide lines of under-mineralized dentin

running along the DEJ plane were prominent in the Dspp™". This type of mineralization
defect is different from characteristic globular mineralization of circumpulpal dentin in Dspp
mutants [13,26,42,45,49].

We noticed in the BS SEM of polished incisors that the diameters of the dentinal tubules in
the mantle dentin adjacent to enamel are larger and there is much less tubule branching in
the Dspp mutants. To further study the morphology of odontoblast processes at the DEJ we
performed SEM of resin cast samples in the secondary electron (SE) mode. The studies of
resin casted and etched samples by SE SEM revealed a dense network of extensively
branching thin odontoblast processes in the Dsop™- (Fig. 6A,C). In contrast the odontoblast
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processes in Dspp~~ were significantly thicker, 1.4 um (+0.25) vs. 0.58 pm (£0.14) (p = 3.37
x 10~7) and the branching was almost nonexistent (Fig. 6B,D).

To further test the hypothesis that DSPP plays a role at the DEJ we conducted
immunohistochemical studies using DSP antibodies on fully mineralized erupted incisors
from one-month-old wild type mice and demineralized resin sections of rat incisors. Both
techniques detected a strong DSP signal at the DEJ in Dspp™* (Fig. 7, Suppl. Fig. 3).

Microhardness of mature enamel is unaffected by the lack of Dspp

Microhardness tests revealed no significant differences between heterozygotes and DSPP
KO samples, HV =286 + 15.61 vs. 291 + 15.31 (p = 0.73) respectively, indicating that the
absence of DSPP does not affect the structure and the degree of mineralization of enamel.
These results are in agreement with the microCT and SEM observations showing no
difference in the mineral density and structural organization of the distal region mature
enamel between heterozygous and DSPP KO mice.

Dspp mRNA is expressed by secretory ameloblasts

The results of our microCT and SEM studies point to a potential role of DSPP in secretory
enamel. Yet, previous reports indicate that DSPP is only transiently expressed in
presecretory ameloblasts [17,18]. We decided to take a second look at the expression of
(mRNA) Dspp in ameloblasts, and assayed its expression from embryonic day E15.5 to
birth. The earliest expression by in situ hybridization was observed in the E16.5 incisor (Fig.
8A, Table 2) where Dspp mRNA is expressed in both ameloblast and odontoblast cell layers.
To identify preameloblast-ameloblast transition we performed immunohistochemistry for
Collagen IV on adjacent sections. Collagen IV is the major component of basement lamina,
which is lysed by ameloblasts prior to secretion of enamel [2]. Collagen IV staining was
associated with earlier phases of the (MRNA) Dspp expression in ameloblasts, in agreement
with earlier observations (Fig. 8B). At the same time, we observed its expression throughout
the ameloblast layer in which basal lamina is absent. Therefore, we conclude that (MRNA)
Dspp is expressed not only in presecretory ameloblasts but also during enamel formation. At
E18.5, the expression of (MRNA) Dspp was observed throughout the odontoblast layer,
however only the most apical ameloblasts expressed Dspp mRNA. These data indicate that
(mRNA) Dspp expression is confined to presecretory and early secretory ameloblasts. In our
experiments, (MRNA) Dspp expression did not initiate until 2 days later, at E18.5, in the
mandibular first molars (Suppl. Fig. 4).

Discussion

The focus of our study was to obtain new insights on the role of DSPP in tooth development
with a specific focus on the enamel formation. We made several novel observations and for
the first time demonstrated the effects of DSPP on amelogenesis. Specifically, we found that
in the absence of DSPP enamel deposition begins earlier and both enamel secretion and
maturation are accelerated. Furthermore, we found that the outer enamel layer in Dspo~~
incisors is thinner and the DEJ is compromised. We also observed that odontoblast processes
in mantle dentin adjacent to enamel are thicker and branch less in Dspp~than in the
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Dspp*”~. Importantly, (NRNA) Dspp expression in secretory ameloblasts of the incisors was
detected for the first time, suggesting that the observed phenotype is caused by the
endogenous expression of (MRNA) Dspp during the secretory stage of amelogenesis.

Using incisors as a model our study revealed a number of novel aspects of DSPP function.
Specifically, our microCT analysis demonstrates that in the absence of DSPP amelogenesis
starts earlier, based on the fact that the first mineralized enamel layer appears significantly
closer to the cervical loop. This finding suggests that DSPP functions as a coordinator of the
onset of enamel formation during odontogenesis, during which the sequence of dentin and
enamel deposition is tightly coordinated [2]. Dentin is normally deposited and starts to
mineralize first. Once a certain thickness of dentin (typically mantle dentin) is deposited, the
breakdown of basal lamina takes place followed by the initiation of enamel deposition on the
surface of the mineralized dentin. Since this sequence is present in all mammalian species
studied it is critical for a proper tooth formation and function. In Dspp KO the coordination
of dentin and enamel development is compromised and the onset of enamel formation is
premature, which likely causes a weak dentin-enamel interface observed in this animal
model.

The microCT analysis revealed a higher rate of enamel deposition and expedited maturation
of enamel in the Dspp~~ incisors when compared to the heterozygous counterparts. The
differences are transient and eventually both mineral density and enamel thickness values in
Dspp*’~and Dspp~~ incisors become equal. Our observations are also supported by the
microhardness tests and the SEM analysis, which show no difference in hardness and
thickness of mature enamel between Dspp heterozygotes and homozygotes. At the same
time using SEM we identified a number of differences in the enamel structural organization.
Specifically, we demonstrate that although the overall thickness of mature enamel in Dspp™~
is not different that in the Dspp™~, the surface layer of enamel is thinner in the DSPP KO
incisors, while the middle and inner enamel layers make up the remainder of the volume.
These results indicate that in the absence of DSPP, the differentiation of ameloblasts is
accelerated and the enamel secretion occurs at a higher rate during early and mid-secretory
stage when (MRNA) Dspp is expressed. The fact that in the Dspp~~enamel rods are
organized normal to the DEJ in the inner enamel layer, might suggest that the secretory
ameloblasts are not fully differentiated at this point and their Tomes’ processes are not fully
formed. At the same time the reduction in the surface enamel thickness indicates that
secretion of enamel ceases and maturation begins earlier, before the full thickness of the
surface enamel is deposited. This suggests that differentiation from secretory to maturation
ameloblasts DSPP might be involved in the secretory-maturation transition, which is an
intriguing hypothesis, since no Dspp mRNA is observed in ameloblasts during this
transition.

Our study for the first time demonstrates (MRNA) Dspp expression in the secretory
ameloblasts of mouse incisors. We observed the expression of (MRNA) Dspp in the
secretory ameloblasts from incisors at E16.5 to E18.5, and P10 while previous studies have
only detected its expression in presecretory ameloblasts, prior to the onset of dentin
deposition in both molars and incisors [17,18,20]. This observation is important since it
provides a biological basis for our observations of changes in the enamel secretion and
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maturation. Expression of Dspp in ameloblasts is usually described as transient [17,20].
Indeed, in the majority of tooth types its expression by ameloblasts is transient and ceases as
these teeth mature. However, since incisors are constantly forming and contain all stages of
differentiation at any given time they express (MRNA) Dspp and all other genes involved in
odontogenesis throughout the life of the animal, while individual ameloblasts express
(mRNA) Dspp transiently, as they progress through the successive stages of amelogenesis.

Put together, our results strongly suggest that DSPP may be involved in ameloblast
differentiation and physiology via cell signaling. The tissue culture experiments demonstrate
that DPP activates numerous signaling pathways [38,39,53]. Similarly, DSP has been shown
to induce differentiation of pulp stem cells [54]. Hence, it is possible that DSPP is involved
in the regulation of ameloblast differentiation and physiological activity, however additional
studies are needed to test this hypothesis.

The dentin phenotype in Dspp~~animals has been thoroughly characterized over the years
and it has been shown that both major cleavage products of DSPP play a major role in
dentinogenesis [13,26,42,49,55]. It has been also found in the alveolar bone [14] and the loss
of DSPP is associated with periodontal disease [43]. In this study, for the first time, we
demonstrate that DSPP plays a role in amelogenesis. We were able to identify the enamel
phenotype through high-resolution microCT analysis of all stages of amelogenesis in the
young incisor. We chose this approach because previous studies focused on the phenotype of
mature Dspp~-, teeth, and did not include earlier stages of tooth development
[13,26,42,43,55,56]. Accordingly, although the mature portions of the incisors did not have
major enamel structural or functional defects except a weak DEJ and thinner outer enamel,
there were clear differences during the secretory and maturation stages. Recently,
hypoplastic enamel phenotypes were described in two unrelated families with DGI-I1 caused
by dominant-negative mutations in DSPP[27]. The authors hypothesized that this dominant-
negative effect is due to the cellular pathologies of pre-ameloblasts. However, in light of our
finding of (MRNA) Dspp expression at the secretory stage of enamel formation and changes
in the rates of enamel deposition and maturation one should consider the effects of these
mutations at the later stages of enamel formation.

Our current results show a weaker interface between dentin and enamel in the DSPP~-.,
Since DSPP is expressed in odontoblasts and pre-secretory and secretory ameloblasts during
the formation of the DEJ, these data support the notion that DSPP plays an important role in
the formation of this interface. We have previously shown that there is an extremely high
degree of alignment between mineral crystals of dentin and enamel although direct epitaxy
is very rare [57]. It has been proposed that mineral formation and alignment at the dentin-
enamel boundary are regulated by integrated organic matrices of dentin and enamel [57]. It
is plausible that DSPP functions in these integrated organic matrices at the DEJ. Our
immunohistochemical observations of DSP at the DEJ further support this notion.
Alternatively, the DEJ defect might be related to the earlier onset of enamel deposition in the
Dspp~~. In Dspp~~ according to our results the coordination of dentin and enamel
development is compromised and we hypothesize that this leads to a weak dentin-enamel
interface.
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Another major feature of the Dspp™~ dentin is the significant reduction in branching and the
increase in width of the odontoblast processes. Altered phenotype including the reduced
branching has been previously described in mandibular osteocytes of the Dspo~~mice [43].
Reduction in the branching and changes in the odontoblast process morphology suggest that
the odontoblastic transport to the DEJ is compromised. This lack of proper transport can
potentially affect the delivery of mineral and matrix molecules towards the DEJ, impede
signaling from odontoblasts to presecretory and early secretory ameloblast, and further
contribute to the weakness of this interface in the Dspp~~ animals.

Conclusions

In conclusion, the results of our study demonstrate that lack of DSPP causes changes in
amelogenesis. We show that the onset of amelogenesis in Dspp~~ is shifted earlier and both
secretory and maturation stages of amelogenesis are accelerated. Importantly, these
differences are transient and only minor phenotypic traits were observed in the mature
enamel. We show that (MRNA) Dspp is expressed in early secretory ameloblasts, and this
expression is likely responsible for regulation of ameloblasts differentiation and their cell
physiology. Finally we observed major defects of the DEJ in Dspp~ incisors, which might
be caused by several factors including the lack of DSPP cleavage products at the site of DEJ,
an earlier onset of enamel deposition or a compromised transport of mineral and proteins
through malformed odontoblast processes. Our data provide a new perspective on the
function of DSPP in odontogenesis and highlight an importance of the studies of
biomineralization process throughout all stages of tissue formation.
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Fig. 1.
Enamel mineralization occurs precociously in the Dspp~ incisor. MicroCT reconstructions

of mandibles from one-month-old Dspp*~ (A, C) and Dspp~~ (B, D) mice. A and B
represent sagittal views of whole jaw, note that incisor volumes were oriented to fit the
whole incisor length. And C and D are close ups from the cervical parts of the incisors in the
boxed areas of A and B; arrows pointing to the onset of amelogenesis. M — Maturation; MT
— Mature; PS — Presecretory; S — Secretory.
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Fig. 2.

Dgpp‘/‘ enamel has increased mineral density in the early secretory phase. Enamel mineral
density profiles from one-month-old DSPP Dspp™~ (red) and Dspp™~ (blue) mouse A)
whole incisor profile using 1 mm thick segments along the incisor axis and B) high
resolution profile of first 2 mm of forming enamel using 0.2 mm thick segments along the
incisor axis. The statistically significant differences are marked with asterisks: *—p < 0.05,
**_p < 0.01. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Matrix Biol. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Verdelis et al.

Page 18

0.12

)
[

sk ok okk Fk

o
)
®

Volume (mm?3)
o
o
(-]

o
o
A

0

1 2 3 4 5 6 7 8
Distance from onset of enamel mineral deposition

0.018
0.016

0.014

T 0.012

E

E 0.01

5 0.008

S
0.006
0.004
0.002

0

02040608 1 12141618 2

Distance from onset of enamel mineral deposition

B8
°

Thickness (pum)
"
8

8§ 8 8

CRECLLPLLPILPSE LSS

Distance from onset of enamel mineralization (mm)

Fig. 3.
Dspp~~enamel its maximum volume prematurely. A and B enamel volume profiles from

one-month-old DSPP Dspp*~ (red) and Dspp~~ (blue) mouse — (A) whole incisor profile
using 1 mm thick segments along the incisor axis and (B) high resolution profile of first 2
mm of forming enamel using 0.2 mm thick segments along the incisor axis. C. Enamel
thickness profile. The inset marks the line along which the measurements were carried out.
The statistically significant differences are marked with asterisks: *—p < 0.05, **-p < 0.01.
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(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Unerupted Dspp~~ molars have increased mineral density. Distribution of enamel mineral
density in 1st molars from 10 day-old Dspp** (black) and Dspp™~ (red) mice. (For
interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 5.
The surface thickness of Dspp~~ enamel is similar to Dspp*/~, while the total enamel

thickness is similar in both genotypes. Measurements of enamel thickness erupted portions
of incisors in Dspp™-and Dspp~~ one-month-old mice. A. SEM micrograph of the Dspo~
erupted incisor showing total enamel thickness in green, surface enamel thickness in red,
bulk enamel thickness in blue and inner enamel thickness in yellow. The inset shows the line
along which the measurements were carried out, connecting labial and lingual corners of the
pulp cavity; B. SEM micrograph of the Dspp*~ erupted incisor with the bulk enamel
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thickness shown in blue and the surface enamel thickness in yellow; C. The histograms
show total enamel thickness, outer enamel thickness and outer to total enamel thickness
ratio. One asterisk identifies p < 0.05, two asterisks identify p < 0.01. D—dentin, E—
enamel. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6.
Dspp~" teeth present with major defects at the DEJ, mantle dentin and inner enamel. BS

SEM images of etched erupted portions of incisors mice, polished in the transverse plane
and resin cast, from one-month-old mice. A. Dspp™* and B. Dspp~~. C and D correspond to
images A and B with the odontoblasts processes colored for a better visual perception. All
micrographs are taken at the same magnification. E—enamel, MD—mantle dentin. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7.

DSPprotein is present in the DEJ. Immunofluorescence image of a fully mineralized
polished section of an erupted mouse incisor showing expression of DSPP. D—dentin, E—
enamel.
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E16.5

Dspp

Coll IV

Fig. 8.

Dgpp MRNA is expressed in the secretory ameloblasts A) (MRNA) Dspp expression (purple)
is found in the ameloblast and odontoblast layers of the incisor at E16.5. Arrow points to the
onset of the DSPP expression. B) Collagen IV (brown stain) is found in the basal lamina
which is digested during the onset of the secretory stage of amelogenesis (indicated by the
arrow). Scale bars = 200 um.
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Table 1

Relative changes in the enamel mineral density and volume.

Enamel stage Early mid-secretory  Latesecretory Maturation Mature
Distance from onset of enamel mineralization  0.6-0.8 1.4-1.6 16-1.8 18-20 2-3mm 3-4mm  4-8mm
* Hk *k *Hk *
Mineral densitya NS 11% 19% 22% 25% 14% NS
a * NS * A A *A *A *A
Volume 28% -18% -17% -19% -10% -13%

NS — not statistically significant.
%y, difference between Dspp_/ _/Dspp"'/ ~
*

p <0.05.

Aok

p <0.01.
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