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Abstract

Two of the proteins found in significant quantity in the extracellular matrix (ECM) of dentin are
dentin phosphoprotein (DPP) and dentin sialoprotein (DSP). DPP, the most abundant of the non-
collagenous proteins in dentin is an unusually polyanionic protein, containing a large number of
aspartic acids (Asp) and phosphoserines (Pse) in the repeating sequences of (Asp-Pse),. and (Asp-
Pse-Pse),. The many negatively charged regions of DPP are thought to promote mineralization by
binding calcium and presenting it to collagen fibers at the mineralization front during the formation
of dentin. This purported role of DPP is supported by a sizeable pool of in vitro mineralization data
showing that DPP is an important initiator and modulator for the formation and growth of
hydroxyapatite crystals. Quite differently, DSP is a glycoprotein, with little or no phosphate. DPP
and DSP are the cleavage products of dentin sialophosphoprotein (DSPP). Human and mouse genetic
studies have demonstrated that mutations in, or knockout of, the Dspp gene result in mineralization
defects in dentin and/or bone. The discoveries in the past 40 years with regard to DPP, DSP and
DSPP have greatly enhanced our understanding of biomineralization and set a new stage for future
studies. In this review, we summarize the important and new developments made in the past four
decades regarding the structure and regulation of the DSPP gene, the biochemical characteristics of
DSPP, DPP and DSP, as well as the cell/tissue localizations and functions of these molecules.
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INTRODUCTION

Dentin, bone and cementum are mineralized connective tissues. Dentin, the most voluminous
mineralized tissue of the tooth, is formed by odontoblasts; bone that forms the skeleton is made
by osteoblasts, while cementum that covers the root dentin of the tooth is the product of
cementoblasts. These three mineralized connective tissues develop through similar
mechanisms and closely resemble one another in composition. During their formation, the
odontoblasts, osteoblasts and cementoblasts secrete unmineralized, type I collagen-rich
matrices termed “predentin, osteoid and cementoid”, respectively. As precursors of the
corresponding mineralized tissues, these unmineralized organic phases lie between the
mineralization front and their forming cells, and are transformed to the mineralized phase after
hydroxyapatite (HA) crystals are deposited. This biomineralization process is dynamic and
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involves active interactions among a number of molecules, including type I collagen and
numerous non-collagenous proteins (NCPs). The NCPs are believed to actively promote and
control the mineralization of collagen fibers and crystal growth within predentin, osteoid and
cementoid when these tissues are converted to dentin, bone and cementum, respectively.
Discovered by cDNA cloning using a mouse odontoblast cDNA library [1], dentin
sialophosphoprotein (DSPP) is a member of one category of NCPs termed the SIBLING (Small
Integrin-Binding Ligand, N-linked Glycoprotein) family [2]. DSPP was originally thought to
be dentin-specific. Later on, studies in several research groups demonstrated the expression of
DSPP in bone [3,4], cementum [4], and certain non-mineralized tissues [5,6]. The importance
of DSPP in biomineralization has been illustrated by human and mouse genetic studies, which
showed the association of DSPP gene mutations or ablations with mineralization defects in the
dentin [7-9] and bone [10].

DSPP was first described in 1997 [1], but its cleaved fragments, dentin phosphoprotein (DPP)
and dentin sialoprotein (DSP), had been discovered much earlier. DPP was first reported in
1967 by Veis and Perry [11], while DSP was discovered by Butler et al. in 1981 [12]. Several
excellent reviews [13-15] on dentin matrix proteins, including DPP and DSP, were published
both before and after the initial report of DSPP. However, no specific review article on DSPP
has ever been published.

The overall objectives of this review are to summarize the remarkable progress made during
the past four decades in our understanding of DSPP and its cleaved products, DPP and DSP,
in the gene structure and regulation, protein structure and metabolism, tissue/cell expression,
and the biological functions of DSPP in biomineralization. Finally, we will conclude by
providing a summary of the major discoveries made in the last 40 years and the outlook for
future research on DSPP.

GENE STRUCTURE AND REGULATION

As stated above, DPP and DSP were discovered much earlier than the cDNA that encodes the
parent protein DSPP. Although derived from the same mRNA, the biochemical features of
DPP are remarkably different from those of DSP. Based on the belief that DPP and DSP were
unrelated, several research groups in the early 1990's were engaged in cloning the “two genes”
that would encode DPP and DSP. Using anti-DSP antibodies, Ritchie et al. [16] first screened
a rat odontoblast cDNA library and obtained two positive clones that contained coding
sequences corresponding to the DSP NH»-terminal amino acid sequence determined by Edman
degradation [17]. Using a 750-base pair clone labeled with 32P to rescreen the library, Ritchie
et al. obtained a cDNA sequence that apparently corresponded to the coding sequence of DSP.
In 1994, they reported that this cDNA coded for the complete sequence of DSP [16]. Later on,
it was discovered that there was an error in the sequence of this rat DSP cDNA, which created
a frame shift in reading the sequence and generated an artificial stop codon.

In 1996, George et al. [18] cloned a cDNA from a rat odontoblast cDNA library and reported
sequences representing the COOH-terminal region of DPP that predicted a 245-amino acid
residue sequence. Also in 1996, Ritchie and Wang [19] reported a rat odontoblast cDNA that
encoded a supposed 27-residue leading sequence followed by a very acidic 240-residue protein
sequence corresponding to DPP. Until that point, DPP and DSP were considered to be encoded
by different genes. However, MacDougall et al. [1] reported in 1997 that the coding for the
mouse DSP and DPP sequences was on one continuous sequence (i.e., there was a single large
gene coding for both DSP and DPP), with the sequence corresponding to DSP on the 5'end of
the gene and that for DPP on the 3’ end. The full-length translation product containing both
DSP and DPP amino acid sequences was referred to as DSPP by MacDougall [1]. A year after
the discovery of DSPP, the genomic organization of mouse DSPP was reported by the same
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research group [20], which further confirmed that the Dspp gene encodes both DSP and DPP.
Subsequently, similar evidence that a single gene encoded both DSP and DPP was published
by George et al. [21,22] and Ritchie et al. [23,24]. George referred to the full-length translation
product that includes both DSP and DPP sequences as “dentin matrix protein 3” (the third
dentin matrix protein that her group had ever cloned), while Ritchie named this product “DSP-
PP.” Ritchie and colleagues reported that there were multiple DSP-PP transcripts in varying
sizes of DPP sequences in the rat [24,25]. The longest cDNA that they referred to as “DSP-
PPs5,3” [25] corresponded to the full-length mouse DSPP, as reported by MacDougall [1], while
all of the other DSP-PP transcripts reported by Ritchie's group were considerably shorter than
DSP-PPs5p3.

The complete cDNA sequences of DSPP have been determined for mice [1], rats [25] and
humans [26], all of which showed that the DSP sequence is on the 5” end of the DSPP mRNA,
and DPP is on the 3’ end. The genomic organization of the DSPP gene is very similar among
mice, rats and humans, containing 5 exons and 4 introns: exons 1-4 code for DSP, while exon
5 codes for the COOH-terminus of DSP and the whole sequence of DPP [20,25, and 26]. Fig.
1illustrates the genomic structure of mouse DSPP as reported by Feng et al. [20]. In the mouse
DSPP, exon 1 contains a non-coding 5’ sequence; exon 2 contains the transcriptional start site,
signal peptide, and first two amino acids of the NH,-terminus of DSPP. Exons 3 and 4 contain
coding information for 29 and 314 amino acids, respectively, and the remainder of the coding
information and the untranslated 3’ region are contained in exon 5.

Two studies reported the isolation of cDNA clones that coded only for DSP in rat [27] and
porcine [28]. No studies have ever shown convincing evidence that a DSPP transcript
undergoes alternative splicing. Results from DSPP knockout studies [9], human genetic studies
[7,8], and human and mouse genome analyses support the conclusion that there is a single
DSPP gene in the human and rodent genomes. Thus, the presence of the DSP-only mRNA
cannot be satisfactorily explained. In one of the two reports describing the DSP-only cDNA
clones, it was suggested that the DNA sequence redundancies in the DSPP coding region make
it prone to cloning artifacts [28]. The multiple DSP-PP transcripts in rats that were shorter than
DSP-PP5,3 were not found in other species. Although recent studies have shown a considerable
level of polymorphisms in mouse and porcine DSPP genes (particularly in the DPP region)
[29,30], these harmless allelic variations did not make the DSPP transcripts as short as any of
the DSP-PP transcripts that are smaller than DSP-PPs3.

DSPP is predominantly expressed in dentin and moderately or slightly expressed in bone (see
below), suggesting that the transcription of DSPP is highly regulated. Promoter deletion
analysis by Feng et al. [20] revealed that several enhancer and silencer elements within 1447
bp upstream of the transcription initiation site control the expression of the mouse DSPP gene
in the mouse odontoblast cell line MO6-G3. Strong promoter activity was found in the region
flanking nt -95; two potential enhancer regions were identified between nt -1447 and -791
while two potential suppresser regions were located between nt-791 and -95 bp [20]. These
earlier findings are similar to those from a later investigation [31], which showed that the
strongest promoter activity of the mouse DSPP gene existed between nt -97 and -54 and that
two potential transcriptional enhancers were present between nt-1243 and -792 and between
nt-791 and -242, whereas one suppressor element was found between the nt -241 and -98 base
pairs. The same study also showed that the CCAAT-binding factor (CBF, also known as NF-
Y and CP1), acting as an enhancer, bound to DSPP element 1 (DEL1) located between nt -97
and -74. Also identified was a novel 72 kDa nuclear factor that bound to DSPP element 2 (DE2)
between nt -127 and -95, serving as a negative regulator of DSPP expression [31].

Analyses of the mouse genomic DSPP revealed three binding sites in the promoter region for
Runx2, a transcription factor known to be critical for osteoblast and odontoblast differentiation
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[32]. DNA-protein assay and antibody supershift experiments demonstrated interactions
between these binding sites and the nuclear extracts isolated from the MO6-G3 cells. Later on,
the same group reported that two isoforms of Runx2 were expressed in the mouse
preodontoblast cell line MD10-F2 as well as in the mature odontoblast cell line MO6-G3. An
in situ hybridization assay by this group showed that DSPP expression increased, whereas
Runx2 was downregulated during odontoblast differentiation and maturation [33]. They also
demonstrated by electrophoretic mobility shift assay and supershift experiments that Runx2
binds to the three Runx2 sites located in the promoter region of mouse DSPP genes. Mutations
of the Runx2 sites in the mouse DSPP promoter resulted in a decline of promoter activity in
MD10-F2 cells (preodontoblasts) in contrast to an increase of its activity in the MO6-G3 cells
(mature odontoblasts). On the other hand, the forced overexpression of Runx2 induced an
increase of endogenous DSPP protein levels in the MD10-F2 cells but reduced its expression
in the MOG6-G3 cells, which is consistent with the DSPP promoter analyses [33]. Based on
these observations, Chen et al. concluded that Runx2 upregulates DSPP in the early stage but
downregulates this gene in the later (mature) stage of odontoblast differentiation. Recently, we
observed that mice overexpressing TRPSL1, a transcription factor whose mutations cause
Tricho-rhino-phalangeal syndrome (TRPS) which affects the craniofacial complex and the
skeleton, have thin dentin and a very low level of DSPP in the incisors (unpublished data
recently obtained in collaboration with Dr. Dobrawa Napierala of Baylor College of Medicine).
Since TRPS1 represses Runx2-mediated trans-activation [34], it is likely that the repression of
Runx2 may downregulate DSPP and thus results in the low level of DSPP. Although the
specific roles of Runx2 in dentinogenesis are not clear, these observations strongly suggest
that Runx2 may be involved in the regulation of DSPP. It is also possible that TRPS1 binds to
the DSPP promoter and directly regulates this gene.

The bone morphogenetic protein (BMP) family has diverse biological functions during
embryonic development. Recently, Chen et al. [35] reported that BMP2 upregulates DSPP
mRNA and protein expression in mouse preodontoblasts; by sequentially deleting regions of
the mouse DSPP promoter, they showed that a BMP2-response element is located between
nucleotides -97 and -72 within the region in which the strongest promoter activity was observed
previously and to which the heterotrimeric transcription factor Y (NF-Y) binds (also see above).
Using antibody and oligonucleotide competition assays in electrophoretic mobility shift
analysis and chromatin immunoprecipitation experiments, Chen et al. showed that BMP2
induces NF-Y accumulation into the nucleus. The NF-Y complex physically interacts with the
inverted CCAAT box within the BMP2-response element in the proximal promoter region of
mouse DSPP, which, in turn, stimulates DSPP expression. This group also showed that Noggin,
a BMP2 antagonist, could significantly inhibit the expression of DSPP in the preodontoblasts.

Dentin matrix protein 1 (DMP1), another member of the SIBLING family, is also primarily
expressed in dentin and bone [36]. A decrease in the DSPP level in the dentin of Dmp 1-null
mice was observed, suggesting that DSPP may be upregulated by DMP1 during dentinogenesis
[37]. This speculation is further supported by a later study [38] showing that the COOH-
terminal end of DMP1, which is localized in the nucleus during early differentiation of the
odontoblasts, is able to bind specifically with the rat DSPP promoter in the region between nt
-450 and +80 and to activate the transcription of DSPP.

Although human and mouse genetic studies have shown that DSPP is critical for the
mineralization of dentin, the molecular pathways governing the expression of this gene are
poorly understood. The currently available pool of data suggests that BMP2, Runx2, NF-Y
and DMP1 may be involved in the regulation of DSPP. Clearly, further studies are warranted
to delineate the detailed mechanisms governing the expression of DSPP, which is mainly
restricted to the mineralized connective tissues, including dentin, bone and cementum.
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PROTEIN STRUCTURE AND METABOLISM

The full-length forms of DSPP in mice [1], rats [25] and humans [26] have 945, 970 and 1301
amino acid residues, respectively (Fig. 2). The hydrophobic signal peptide of mouse and rat
DSPP that is present at the NH»-terminus and is responsible for guiding the entry of DSPP into
the endoplasmic reticulum comprises 17 amino acid residues, while that of humans contains
15 residues (Fig. 2, underlined). Following the signal peptide is the DSP amino acid sequence.
In mouse and human DSPP, an Arg-Gly-Asp (RGD) tripeptide is present in the DPP portion
approximately 25-27 amino acid residues away from the start of DPP (Fig. 2, the NH,-terminus
of DPP is marked by a vertical arrow). There is no RGD tripeptide in rat DSPP; the Arg in the
mouse and human RGD motif is replaced by His in rat DSPP. The absence of the RGD motif
in rat DSPP suggests that this tripeptide, which is thought to be responsible for mediating the
attachment of the SIBLING family proteins to the cell surface via the integrin receptors [2],
may not be essential to the biological functions of DSPP and/or DPP.

The DPP portion, which contains many repetitive DS and DSS motifs, is very similar among
mouse, rat and human DSPP. Excluding the DPP portion, four regions show a high level of
homology among mouse, rat and human DSPP. The first region of conservation is between
residue 1 and residue 28 (number is based on mouse DSPP sequence), which includes the signal
peptide and NH,-terminus of the secreted protein; we refer to this region as the “signal peptide
domain.” The second region lies between residue 117 and residue 147, and its importance is
unclear. The third region with a high level of conservation is found between residues 222 and
257; the serine residues in the two Ser-Gly (SG) motifs are the attachment sites for
glycosaminoglycan (GAG) side chains (Qin et al., unpublished data). This region is designated
as the GAG domain. Finally, the fourth region, having a high level of conservation, is between
residue 426 and residue 462, which covers the COOH-terminus of DSP and the NH,-terminus
of DPP; we call this portion the “linker domain.” The substitution of Asp*>2 by Ala%2 in this
domain completely blocked the proteolytic processing of mouse DSPP in eukaryotic cells,
suggesting that the peptide bond at the NH,-terminus of Asp#°2 is critical for the initiation of
mouse DSPP processing [39]. As shown in Fig. 2, human DSPP is longer than that of mouse
or rat, but the DSP portion of these three species is approximately the same length, containing
451 residues in mice, 447 residues in rats, and 462 residues in humans. It is the different length
of the DPP portion that makes the human DSPP longer than the mouse or rat DSPP.

DSPP is a large protein that is proteolytically processed, giving rise to DSP and DPP, with the
DSP sequence at the 5’ end and the DPP at the 3’ end of the DSPP transcript [1,25,26]. The
chemical features of DPP and DSP are remarkably different from each other, and the amount
is also dramatically different between the two proteins (the ratio to DPP to DSP is
approximately 10:1). Thus, the discovery that these two distinct proteins are encoded by a
single MRNA came as a complete surprise to researchers and has brought about new questions
and hypotheses.

Earlier protein chemistry work [40] demonstrated that the major NHo-terminus (primary
starting point) of rat DPP was Asp*#8, which corresponds to mouse Asp#®2 in the DSPP amino
acid sequence [1,25]. The first four amino acid residues of rat DPP are Asp*48-Asp-Pro-
Asn?1 which are identical to those of bovine DPP obtained from sequencing analyses using
Edman degradation and mass spectrometry [41,42]. This NHo-terminal sequence (Asp-Asp-
Pro-Asn) is also completely conserved in the amino acid sequences of porcine [28] and human
[26] DSPP. These observations indicate that the primary NH,-terminus of rat DPP is Asp#8,
and the equivalent starts (NH,-termini) of mouse, porcine, and human DPP are Asp#2,
Asp?73, and Asp?63, respectively. The observation that the substitution of Asp*®2 by Ala%>2 in
mouse DSPP blocks the proteolytic processing of this protein in transfected cells [39] further
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strengthens this conclusion and suggests that cleavage of the peptide bond at the NH,-terminus
of Asp?®2 is essential for releasing the DSP and DPP fragments.

DPP, also called phosphophoryn (PP), was discovered by Veis and colleagues [11,43, and
44]. 1t is readily extractable from dentin ECM by acid or ethylenediaminetetraacetic acid
(EDTA) solution without guanidine-hydrochloride (Gdm-HCI) [43]. As the most abundant
non-collagenous protein in the ECM of dentin, DPP accounts for as much as 50% of the NCPs
[45]. The unusual feature of DPP is the presence of large amounts of aspartic acid (Asp) and
serine (Ser) residues, with the majority of Ser being phosphorylated [40,46]. The high levels
of Asp and phosphoserine (Pse) produce a very polyanionic macromolecule with an isoelectric
point estimated to be 1.1 for rat DPP [47]. Studies showed that rat DPP is heterogeneous in
phosphorylation, giving rise to at least three distinct forms of DPP that are either highly
phosphorylated (HP), moderately phosphorylated (MP) or low phosphorylated (LP). The
highly phosphorylated form of DPP (i.e., HP) has approximately 200 phosphates attached to
each protein [40]. The Asp and Pse are mostly present in the repeating sequences of (Asp-Pse-
Pse), and (Asp-Pse), [1,15,18,19,25,26]. Computer-generated predictions portray the
repeating sequences of Asp-Pse-Pse and Asp-Pse as extended backbone structures with
relatively long ridges of carboxylate and phosphate groups on each side of the peptide backbone
[18]. These structures fit well with the purported function of DPP in the nucleation and
modulation of apatite crystal formation since they would multiply the calcium molecules in a
highly oriented fashion (see below).

While investigating DPP, Butler and colleagues discovered another protein in the dentin
extracts that is not as acidic as DPP and can be extracted from dentin by 4 M Gdm-HCI
containing 0.5 M EDTA [12,17]. Purification of this protein showed that it is a glycoprotein
with little or no phosphate, which gave a single protein band of ~95 kDa on 5-15% SDS-PAGE
[17]. Since this protein contained an unusually high level of carbohydrate, including an unusual
amount of sialic acid, it was named “dentin sialoprotein” (DSP). In the ECM of rat dentin, DSP
accounts for 5-8% of NCPS and is considerably less abundant than DPP in the dentin ECM
[14].

Recently, a high molecular-weight form of DSP [48] was discovered, which was later proven
to be the proteoglycan (PG) form of DSP [49,50]. The GAG chain of the PG form of DSP
isolated from porcine dentin is made of chondroitin-6-sulfate [49]. The identification of the
PG form of DSP (more abundant than DSP) could partially explain why there is much less
DSP than DPP in dentin ECM, even though these two individual proteins originate from the
same mRNA.

Fig. 3B shows the Stains-All staining profile for the Q-Sepharose chromatographic fractions
of NCPs extracted from rat incisor dentin by 4 M Gdm-HCI containing 0.5 M EDTA. DSP is
mainly present in fractions 24-36, appearing as a ~100 kDa blue band. DPP is primarily eluted
in fractions 46-54, occurring as very broad bands migrating around 100 kDa. The proteoglycan
form of DSP is eluted in fractions 66-92, appearing as smears that are stained purple-blue.

Porcine dentin seems to contain another molecular variant, designated as dentin glycoprotein
(DGP) [51], which is derived from the DSPP sequence. DGP isolated from the extract of
porcine tooth dentin has 81 amino acid residues, which are NH,-terminal to the start of porcine
DPP. DGP can be visualized by Stains-All and has an apparent molecular mass of 19 kDa on
SDS-PAGE, which can be reduced by glycopeptidase A digestion to 16 kDa. DGP has not
been reported in other species.

The action of one gene transcribing a single mRNA encoding DSP and DPP indicates that the
translated product (DSPP) must be cleaved by a proteinase, giving rise to the individual NH,-
terminal and COOH-terminal fragments. Consistent with this conclusion, DSP and DPP are

Connect Tissue Res. Author manuscript; available in PMC 2010 October 1.



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

1duasnuey Joyiny vd-HIN

Prasad et al.

Page 7

found in significant quantity in dentin ECM, but not DSPP (the protein representing the entire
sequence). Studies revealed that at least three peptide bonds in the linker domain are cleaved
during the processing of rat DSPP [52,53]. A recent in vitro study showed that matrix
metalloproteinases (MMP-2 and MMP-20) cleaved the NH,-terminal portion of porcine DSPP
(i.e., DSP and DGP) at multiple sites, yielding a number of low molecular-weight fragments
[54]. Bone morphogenetic protein 1 (BMP-1)/tolloid-like metalloproteinases have been shown
to cleave mouse dentin matrix protein 1 (DMP1) at the Ser?12-Asp213 bond [55]. Although
DSPP and DMP1 belong to the same SIBLING family, the level of sequence homology
between the two proteins is low. Nevertheless, the residues surrounding the two cleavage sites,
Gly#51-Asp*52 in mouse DSPP and Ser212-Asp?13 in mouse DMP1, are similar and highly
conserved across species. Moreover, the amino acid sequences surrounding these two cleavage
sites demonstrate similarities to the residues around the cleavage sites within a number of other
known physiological substrates of BMP-1/Tolloid-like proteinases [55]. Based on these
findings, it is tempting to believe that DSPP is cleaved by BMP-1/Tolloid-like proteinases at
Gly#51-Asp*2, thus releasing DSP and DPP. It is likely that after DSPP is cleaved at this
location, the released DSP (corresponding to DSP and DGP in porcine) is further processed
by MMP-2 and MMP-20 and perhaps also by other proteinases. We further envision that the
initial cleavage of DSPP at Gly#51-Asp#52 by the BMP-1/Tolloid-like proteinases is an
activation step, which converts a precursor from an inactive form to fragments (DSP and DPP)
that are fully active at the correct time and site to control the mineralization of dentin. The
further fragmentation of DSP by matrix metalloproteinases such as MMP-2 and MMP-20 is
likely to be a degradation process.

TISSUE EXPRESSION

For over a decade, DSPP and/or its cleaved products DSP and DPP were believed to be tooth-
specific [56]. Recent studies have shown its expression in bone [3,57], cementum [4] and some
non-mineralized tissues [5,6,58], although the expression of DSPP in non-dental tissues is
lower than in dentin.

DPP can be readily extracted from dentin ECM by acid or EDTA solution, indicating that it is
present in the dentin matrix associated with the mineral phase of dentin (i.e., HA crystals).
Investigations of the tissue localization of DPP began more than three decades ago. However,
since high-titer, specific anti-DPP antibodies have not been available, information about the
tissue localization of DPP is still limited. Weinstock and Leblond [59] used [32P] phosphate
and [3H] serine in autoradiographic studies to localize rat phosphoproteins and suggested that
DPP synthesized by odontoblasts was secreted at the mineralization front (predentin-dentin
border), in contrast to collagen, which is secreted in predentin. Since these radioisotopes could
also label other phosphoproteins such as DMP1, the autoradiographic imaging could be
partially due to the secretion of phosphoproteins in addition to DPP. Nevertheless, the early
autoradiographic work performed by Weinstock and Leblond did show that phosphorylated
proteins, among which DPP is the most abundant and most highly phosphorylated, are secreted
at the mineralization front, not in the predentin. In another study using polyclonal antibodies
raised against DPP isolated from mouse dentin, MacDougall et al. showed that mouse DPP
was localized in odontoblasts, odontoblastic processes and newly formed mineralized dentin,
but not in predentin [45]. Later on, Rabie and Veis [60] confirmed these earlier conclusions
by showing that rat DPP was transported through odontoblastic processes directly to the
mineralization front.

Using a sequential, three-step extraction approach to extract NCPs from the organic and

inorganic phases of the predentin/dentin complex, Huang et al. [61] reported that DSP and DPP
are located in the different phases of the predentin/dentin complex. In this sequential extraction
protocol, the predentin/dentin complex from the rat incisors was first extracted using 4 M Gdm-
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HCI without EDTA, this initial step extracted the NCPs present in the unmineralized matrix
(predentin) and odontoblast processes. Subsequently, NCPs were extracted with 0.5 M EDTA
without Gdm-HCI; this second step extracted NCPs embedded in the mineralized ECM of
dentin and tightly bound to the HA crystals. These experiments showed that DSP is mainly
present in the first extract (i.e., extract from predentin/odontoblast processes), while DPP exists
almost exclusively in the second extract (i.e., extract of the inorganic phase). These results are
consistent with previous findings showing that DPP is secreted during mineralization, not in
the predentin. More recently, we observed the presence of DPP and DSP in the Gdm-HCI
extracts from the dental pulp and odontoblasts that were mechanically dissected from rat teeth
(Qin et al. unpublished data). Based on these data, we speculate that DSPP is cleaved in the
cells, and then DSP is secreted in the predentin, whereas DPP is secreted at the mineralization
front and retained in the mineralized dentin.

A number of immunohistochemical studies using anti-DSP antibodies showed that DSP is
localized in odontoblasts, predentin and dentin [4,17,30,62-64]. Some of these
immunolocalization studies indicated that DSP is more abundant in the predentin than in the
mineralized dentin [63,64]. In the mineralized dentin, DSP appears to be localized in the
vicinity of the odontoblast processes along the dentinal tubules [64,65]. Such
immunohistochemical findings are consistent with the protein chemistry analyses showing that
DSP is mainly present in the predentin and/or associated with odontoblastic processes, and
thus can be extracted by Gdm-HCI alone (without EDTA). Immunohistochemistry using anti-
DSP antibodies and in situ hybridization analyses using RNA probes matching the DSP and
DPP sequences revealed that, in addition to its presence in odontoblasts, DSPP is transiently
expressed in the preameloblasts [64,66,67]. Because of this expression profile, it appears that
DSPP/DSP contributes to the early events of amelogenesis, and in particular to those events
resulting in the formation of the dentino-enamel junction and the adjacent “aprismatic” enamel
[68]. Studies also detected DSP in cementum, alveolar bone and long bone [4]. Western
immunoblotting indicates the quantity of DSP in the rat long bone is approximately 1/400 of
that in the dentin. The level of DSP/DSPP in the alveolar bone, particularly at the bottom of
the alveolar socket close to the root apex, is much higher than in the long bone, but not as high
as in dentin [Fig. 4].

In addition to tooth and bone, DSPP is also detected in some non-mineralized tissues including
salivary glands [58], the ureteric bud branches of embryonic metanephric kidney [5], and sweat
gland ducts [6]. As this review is focused on DSPP in biomineralization, a detailed discussion
about its expression and potential roles in non-mineralized tissues is beyond the scope of this
article.

FUNCTIONS OF DSPP, DPP AND DSP

Human genetic studies have shown the association of mutations in the DSPP gene with
dentinogenesis imperfecta (DGI), an autosomal dominant disorder causing dentin
hypomineralization and significant tooth decay [7,8,69-73]. Dspp gene knockout experiments
showed that DSPP-deficient mice have defects in the mineralization of dentin [9] and bone
[10]. The predentin in the Dspp gene knockout mouse is hypomineralized (widening of
predentin), giving rise to a phenotype similar to the manifestations of DGI in humans. All of
this information indicates that DSPP is critical for dentin mineralization. Although the exact
mechanisms by which DSPP participates in biomineralization are unclear, it has been
hypothesized that the proteolytic processing of DSPP into DPP and DSP is an activation step
that converts a large precursor into active fragments directly involved in biomineralization
[53]; i.e., the roles of DSPP in biomineralization reside in its cleaved products, DPP and DSP.
The distinct features of DPP and DSP suggest that these two proteins play different roles in
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biomineralization. In the following section, we will discuss the potential biological functions
of DPP and DSP in dentin mineralization.

Except for type I collagen, DPP is the most abundant ECM component in dentin. Based on its
chemical composition and abundance in dentin ECM, DPP was believed to be directly involved
in controlling the rate and/or the site of dentin mineralization when it was initially discovered
[11,43,44]. The high levels of Asp and Pse make DPP a very polyanionic protein that binds
large amounts of calcium with a relatively high affinity [74,75]. DPP forms insoluble
aggregates in the presence of Mg** and Ca*™* [76,77]. Such a special affinity for calcium is
thought to be related to the biological role of DPP in the nucleation and growth of HA crystals
during dentin mineralization. Subsequently, several in vitro mineralization studies have
indicated that DPP is an important initiator and modulator of the formation and growth of HA
crystals [78-80]. Binding studies with reconstituted collagen fibrils indicate that DPP has a
high affinity for type I collagen [81]. Studies by Traub et al. [82] showed that DPP interacted
with turkey tendon fibrillar collagen in the “e” band region, corresponding to the gap region.
A number of observations showed that DPP is transported to the mineralization front following
its synthesis and secretion by mature odontoblasts [45,59,60]. At the mineralization front, DPP
binds to collagen fibrils and assumes a structure promoting the formation of initial apatite
crystals. As the mineralization process proceeds and predentin is converted to dentin, these
mineral crystals grow in an oriented fashion. DPP and other proteins bind to the growing HA
faces and inhibit or slow crystal growth, which influences the size and shape of the apatite
crystals. Although this putative function for DPP and its purported steps in dentinogenesis
remain questionable, they represent the hypotheses that best fit all the data [15,56].

A recent report has implicated DPP as a coactivator in bone morphogenetic protein-2 (BMP2)
signaling [83]. More recently, DPP has been shown to activate the Smad pathway [84]. DPP
caused an increase in the phosphorylation of Smadl, which was then translocated to the
nucleus, resulting in the upregulation of the Smad1 target genes, Smad6, DIx5, and Runx2
[5,84]. Another interesting study suggested that the overexpression of DSPP promoted the
mineralization of adipose-derived stem cells (ADSc) along with the expression of early
odontogenic marker genes, implying that these cells may differentiate into functional
odontoblast-like cells. [85]. Unless new evidence emerges, such purported roles of DPP, other
than its direct involvement in biomineralization, are still in question.

The functions of DSP are presently undefined; it has little or no effect on in vitro mineralization
and does not promote cell attachment [86]. A recent in vivo study indicates that DSP may be
involved in the initiation of dentin mineralization but not in the maturation of this tissue [87].
Recently, a proteoglycan form of DSP has been isolated and characterized [48-50]; this
proteoglycan form appears to be more abundant than the core protein DSP in the porcine and
rat dentin ECM. However, information on the biological roles of the proteoglycan form of DSP
is lacking. Itis possible that the proteoglycan form is the functional species of the NH»-terminal
fragment of DSPP, while the core protein DSP may be an intermediate product in the
degradation process of the proteoglycan form. Clearly, further investigation is needed to study
the roles of this proteoglycan form before a conclusion about the functions of the NH,-terminal
fragment of DSPP can be drawn.

SUMMARY AND FUTURE WORK

Since the discovery of DPP approximately 40 years ago, much information has been obtained
about DPP, DSP and their parent precursor DSPP. These findings have greatly enhanced our
understanding of biomineralization. The major discoveries to date include: 1) the discovery

and characterization of DPP from different species; 2) the discovery that DPP binds to collagen
and calcium, and promotes the nucleation and growth of HA crystals; 3) the demonstration that
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DPP is secreted at the mineralization front of dentin; 4) the discovery and characterization of
DSP; 5) the discovery that DSPP is proteolytically cleaved to form DPP and DSP, which
possess distinct biochemical features and are likely to play different biological roles; 6) the
finding that mutations in the DSPP gene cause DGI, providing solid in vivo evidence that DSPP
is critical to dentin mineralization; 7) the discovery and characterization of the proteoglycan
form of DSP; 8) the finding that DSPP is also expressed in bone, cementum and some non-
mineralized tissues; and 9) the potential roles of DPP in regulating signal pathways.

While the advances in research on DPP, DSP and DSPP in the past have enriched our
knowledge about biomineralization, they have also pointed to new paths of investigation. First,
in vivo studies need to be carried out to answer the question of whether proteolytic processing
of DSPP is an activation step; one way of testing this hypothesis is to generate and analyze
transgenic or knock-in mice expressing mutant DSPP that is not cleaved. Second, the unique
similarities between DMP1 and DSPP [65] indicate that the two proteins may function
synergistically and that the biologically active cleavage products of DSPP may interact
physically with those of DMP1 within the complex milieu of dentin and/or bone ECM; thus,
there is a need to examine the potential physical and biochemical interactions between the
processed fragments of DSPP and those of DMP1. Third, there is also a need to test if the
processed fragments of DSPP interact physically with other NCPs such as bone sialoprotein,
osteopontin and osteocalcin. Fourth, further studies are needed to determine the exact pathways
controlling the expression of DSPP. Such studies will provide invaluable information about
the precise mechanisms by which DSPP is involved in biomineralization.

Other remaining questions about DSPP include: What are the biological functions of the
proteoglycan form of DSP? Which proteinase cleaves DSPP, thus releasing the initial DPP and
DSP fragments? Are DPP and/or DSP involved in signal transduction? If so, what kind of
signaling roles do they play? What are the roles of DSPP in non-mineralized tissues and tumor
tissues? Is DSPP cleaved into DPP and DSP in non-mineralized tissues? Answers to these
questions are likely to lead us closer to a full delineation of the biological functions of DSPP.
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Fig. 1. Gene Structure of mouse DSPP

[20]. In the mouse DSPP gene, exon 1 contains a non-coding 5’ sequence; exon 2 contains the
transcriptional start site, signal peptide, and first two amino acids of the NH, -terminus of
DSPP; exons 3 and 4 contain coding information for 29 and 314 amino acids, respectively; the
remainder of the coding information and the untranslated 3’ region are contained in exon 5.
The DSP sequence located at the NH, terminus is found in exons 1-4 and the 5° region of exon
5. The DPP sequence is located in the remainder of exon 5.
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Fig. 2. Comparison of amino acid sequences among mouse, rat and human DSPP
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The amino acid sequences from mice [1], rats [25] and humans [26] have been aligned with

the aid of the computer program Clustal W2 [88]. M, mouse; R, rat; H, human; C, consensus.
The signal peptide region is underlined and the start of DPP (NHy-terminus) is denoted by a
vertical arrow. The RGD motifs are underlined and bolded. “*” indicates that the residues in

indicates conserved
indlcates that a deletion is

that column are identical in all sequences in the alignment.
substitutions. indicates semi-conserved substitutions. “-”

observed compared with the other species. Blank spaces denote the absence of any substitution,

indicating that these regions are not conserved.
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Fig. 3. Q-Sepharose separation and Stains-All staining for NCPs extracted from rat dentin by 4 M
Gdm-HClI containing 0.5 M EDTA

Fig. 3A: NCPs were extracted from incisors of 12-week-old rats by 4 M Gdm-HCI containing
0.5 M EDTA and protease inhibitors (0.78 mg mI~1 of benzamidine-HCI, 0.18 mg mI~1 of
sodium iodoacetate, 1.8 ug mi~! of soybean trypsin inhibitor, 0.17 mg mI~1 of
phenylmethylsufonyl fluoride, and 5 pg mI~1 of pepstatin). The extracts were separated by Q-
Sepharose (Amersham Biosciences, Uppsala, Sweden) chromatography with a gradient
ranging from 0.1-0.8 M NaCl in 6 M urea solution. This ion-exchange chromatography
separated the NCPs into 95 fractions, each containing 1 ml of 6 M urea.

Fig. 3B: Stains-All staining of fractions 22-92 from the Q-Sepharose chromatography.
Numbers on the top of the figure represent fraction numbers. DSP is mainly present in fractions
24-36, appearing as a~100 kDa blue band. DPP is primarily eluted in fractions 46-54, occurring
as a very broad band, migrating around 100 kDa. The proteoglycan form of DSP is eluted in
fractions 66-92, occurring as smears that are stained purple-blue.
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Fig. 4. Immunohistochemical staining of DSP in the first mandibular molar, alveolar bone and tibia
of 5-week-old rats

Immunohistochemical staining was carried out using an ABC kit (Vector Laboratories Inc,
Burlingame, CA, USA) following the manufacturer's instructions. The monoclonal anti-DSP
antibody clone 2C12.3 [4] was used at a dilution of 1:1000 (approximately 1.9 ug mlI-1 of 1gG),
and the same concentration of normal mouse 1gG was used as a negative control. The sections
were counterstained with methyl green (Fisher Scientific, Fair Lawn, NJ, USA) solution. Bar
in Fig.4A: 100 pum; bars in Figs. 4B, 4C and 4D: 20 pum.

Fig. 4A: Light microscopic images of the anti-DSP immunohistochemistry showing the
buccolingual section of first mandibular molar, along with its surrounding periodontal tissues
from a postnatal 5-week-old rat. D denotes dentin; DP indicates dental pulp. Arrow indicates
cellular cementum (positive to the anti-DSP antibody). Arrowheads indicate alveolar bone.
Note that intense reactions are detected in the alveolar bone at the bottom of the socket.

Fig. 4B: High magnification of the boxed area in Fig. 4A. Note the presence of DSP in the
matrix as well as in the osteocytes.

Fig. 4C: Very weak positive reaction (arrows) to the anti-DSP antibody is observed in the
cortical bone of the rat tibia. Please note that the immunostaining intensity of DSP is much
weaker in the tibia than in the alveolar bone, suggesting that the expression level of DSP (DSPP)
in the long bone is much lower than in the alveolar bone.

Fig. 4D: Negative control. This section was serial to that used in Fig. 4C. Normal mouse IgG
(1.9 ug ml-1) was used to replace the anti-DSP monoclonal antibody in the
immunohistochemical staining protocol.
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