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Abstract
Dentin sialophosphoprotein (DSPP) consists of dentin sialoprotein (DSP) and dentin phosphoprotein
(DPP). DSPP is highly expressed in mineralized tissues. However, recent studies have shown that
DSPP is also expressed in several active metabolic ductal epithelial tissues and exists in a variety of
sequences. We have investigated DSPP expression in various mouse tissues using RT-PCR, in situ
hybridization and immunohistochemical analyses. To identify DSPP gene polymorphisms, we
screened a mouse tooth cDNA library as well as isolated and characterized DSPP variations. Our
results show that DSPP is predominantly expressed in teeth and moderately in bone tissues. We also
have characterized a full-length DSPP cDNA clone with an open-reading frame of 940 codons and
this polyadenylation signal. Compared to previously reported mouse DSPP cDNAs, 13 sequence
variations were identified, including 8 non-synonymous single nucleotide polymorphisms and an in-
frame indel (8 amino acids) at DPP domain of the mouse DSPP. These 8 amino acids are rich in
aspartic acid and serine residues. Northern blot assay showed a prominent band at 4.4 kb. RT-PCR
demonstrated that this mouse DSPP gene was dominantly expressed in teeth. The predicted secondary
structure of DPP domain of this DSPP showed differences from the previously published mouse
DPPs, implying that they play different roles during tooth development and formation.
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1. Introduction
Dentin is the principal mineralized tissue of teeth and originates from odontoblasts which
synthesize and secrete collagenous and non-collagenous proteins (NCPs) to form dentin
extracellular matrix (ECM). It is believed that the NCPs are associated at specific sites on the
collagen molecule to promote the nucleation and growth of hydroxyapatite crystals (Traub et
al., 1992; He et al., 2005). Among the NCPs, dentin sialoprotein (DSP) and dentin
phosphoprotein (DPP) are highly expressed in teeth (Veis and Perry, 1967; D’Souza et al.,
1997; Ritchie et al., 1997). DSP and DPP have been shown to be cleavage products of a primary
transcript precursor encoded by a single gene termed dentin sialophosphoprotein (DSPP)
(MacDougall et al., 1997). This gene consists of 5 exons and 4 introns. The DSP sequence is
found at the NH2-terminus (exons 1–4 and the 5′ region of exon 5), while the DPP sequence
is located at the COOH-region (exon 5) (Gu et al., 2000; Ritchie et al., 2001; Yamakoshi et
al., 2003). In the pig, a small polypeptide, dentin glycoprotein (DGP), has been identified
(Yamakoshi et al., 2005). DSPP transcript is expressed predominantly in odontoblasts and
transiently in preameloblasts and involved in odontoblast differentiation and mineralization
(D’Souza et al., 1997; Chen et al., 2005). Defects in human DSPP are associated with various
types of hereditary dentin disorders (Xiao et al., 2001; Rajpar et al., 2002; Kim and Simmer,
2007; Song et al., 2008 McKnight et al; 2008). Patients with these diseases are present with
discolored teeth, enlarged pulp chambers, a wider predentin zone, decreased dentin width,
hypomineralization and the prevalence of pulp exposures. Further study showed that teeth with
DSPP knock out mice are similar to human dentinogenesis imperfecta type III (DGI-III)
(Sreenath et al., 2003). In addition to teeth, low levels of DSPP expression recently have been
detected in bone (Qin et al., 2002) and non-mineralized tissues (Ogbureke and Fisher, 2005;
Alvares et al., 2006). Moreover, one has shown that DSPP null mice exhibit abnormal bone
metabolism (Verdelis et al., 2008). However, DSPP expression levels in various tissues related
to its biological roles remain unknown.

Analyses of expressed sequence tags (ESTs) and alterative splicing (AS) microarray data have
shown that more than two-thirds of mammary and 40% of Drosophila genes contain more than
one exon variation (Johnson et al., 2003; Stolc et al., 2004). These different arrangements
produce structurally and functionally distinct mRNA and protein variations and may be one of
the most extensively used mechanisms that account for the greater macromolecular and cellular
complexity of higher eukaryotic organisms (Benjamin, 2006). Several variations of NCP genes
from different species have been reported including osteocalcin (Laize et al., 2006), dentin
matrix protein1 (DMP1) (George et al., 1993; MacDougall et al., 1998) and DSPP
(MacDougall et al., 1997; Sfeir et al., 1998; Gu et al., 2000; Ritchie and Wang, 2000; Ritchie
et al., 2001; Yamakoshi et al., 2003; Yamakoshi et al., 2008; Song et al., 2008; McKnight et
al; 2008). In DSPP genes, variations often occur in DDP domain due to abundant AGT/C
(serine) and GAT/C (aspartic acid) repetitive sequences. These variations (polymorphisms) in
normal human populations include in-frame indels (trinucleotide insertion/deletion) and single
nucleotide polymorphism (SNP).

As the mouse is a favored model for biological study, we investigated tissue-specific DSPP
expression in mouse tissues using RT-PCR, in situ hybridization and immunohistochemical
analyses as well as characterized the molecular basis for its variability from a mouse tooth
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cDNA library and predicted the secondary structure of DPP domain by computer software
program.

2. Materials and Methods
2.1 Genomic DNA isolation and PCR

All experimental procedures involving the use of animals were reviewed and approved by the
Institutional Animal Care at the University of Texas Health Science Center at San Antonio,
TX, USA. Genomic DNA from different tissues of 6 month-old mice was isolated by using
DNA purification kit (Wizard® Genomic, Promega, Madison, WI, USA). PCR amplification
was performed with RED Taq™ DNA polymerase (Sigma, St Louis, MO, USA). The reaction
had a cycle at 95°C for 5 min, followed by 30 cycles each with denaturation at 95°C for 30 s,
annealing at 58°C for 40 s and extension at 72°C for 60 s. The final cycle was 72°C for 10 min.
The PCR products were run on 1.5% agarose gels with ethidium bromide staining and purified
by PCR purification kit (Promega). The purified PCR DNA was sequenced by an ABI
automatic sequencer model 375 (Applied Biosystems, Foster City, CA, USA).

2.2 RNA isolation from mouse tissues
Tissues including bone, tooth, pancreas, intestine, liver, kidney, muscle, brain and tongue were
harvested from 6 month-old mice. Total RNAs were extracted with RNA STAR-60 (TEL-
TEST, Inc., Friendswood, TX, USA), then chloroform was added, and the mixture precipitated
with isopropanol before treatment with DNase I (Promega). Total RNAs were quantified by
UV spectroscopy at 260 nm.

2.3 Reverse transcription polymerase chain reaction (RT-PCR) and quantitative real time PCR
Complementary DNA synthesis and PCR amplification were performed using standard
protocols (Sambrok and Russell, 2001). The PCR condition for the detection of mouse DSPP
gene was described previously (Chen et al., 2005). DSPP primer sets were used: sense (exon
3), 5′-AACTCTGTGGCTGTGCCTCT-3′, antisense (exon 4), 5′-
TATTGACTCGGAGCCATTCC-3′; sense (exon 5), 5′-ACTCACATGCGGGAGAAGAC-3′,
antisense (exon 5), 5′-CACTGCTGTTGTCATGGTCA-3′ (GenBank Accession No. :
NM_010080). A pair of primers of a house keeping gene, glyceraldehydes 3-phosphate
dehydrogenase (GAPDH) (GenBank Accession No.: BC145810.1), was used as an internal
positive control as follows: sense, 5′-CCATGGAGAAGGCCGGG-3′, antisense, 5′-
CAAAGTCATGGATGACC-3′. The cycling parameters were as follows: 94°C for 4 min,
followed by 25 cycles of 94°C for 30s, 58°C for 30s and 72°C for 1 min. The final cycle was
72°C for 10 min. The amplified PCR products were run on 1.5 % agarose gels with ethidium
bromide staining, purified and confirmed by DNA sequencing. Gene expression level of DSPP
and GAPDH was calculated by using image J software (NIH, USA). Expression level of DSPP
gene from each tissue was divided by GDPDH gene from each tissue. Value of kidney group
was taken as one fold increase. The individual value was divided by the kidney group value.
For quantitative real-time PCR (qRT-PCR), amplification reactions were analyzed on an ABI
7500 (Applied Biosystems) using SYBR Green chemistry, with the threshold values calculated
using SDS2 software (Applied Biosystems) as described before (Chen et al., 2005). The primer
sequences used for qRT-PCR were as follows: ribosomal protein S18 gene, forward, 5′-
GTGTGACCTGCTGGGAGATGA-3′; reverse, 5′-GTGCACAGCCCCTTCAAGA-3′
(GenBank Accession No. : NT039649.7). DSPP primers were described above.

2.4 Northern blot analysis
Radiolabeled cDNA probes were synthesized by Prime-It II Random Primer Labeling Kit
(Stratagene, La Jolla, CA, USA) from gel-purified 171 and 1,590 bp fragments containing the
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mouse DSP and DSP-DPP cDNAs, respectively. Total RNA (50 μg) from mouse teeth was
fractionated by agarose-formaldehyde gel electrophoresed, transferred to a nitrocellular
membrane and hybridized to the radio-labeled probes using the Hydrosol ® I hybridization
solution according to manufacture’s protocol (Chemicon International Inc., Temecula, CA,
USA). The hybridization membrane was exposed to X-ray film (Kodak BioMax film) at −80°
C for 2 days.

2.5 Isolation of mouse DSPP cDNA from a lambda cDNA library
The mouse tooth cDNA library was generated by using ZAP-cDNA Synthesis Kit (Stratagene)
and screened using a mouse DSP-specific cDNA probe as described previously (MacDougall
et al., 1997). Positive plaques were performed by a secondary screening using the same probe.
The cDNAs from the positive plaques were converted from the phage vector into the
pBluescript SK-phagemid vector using M13 helper phage according to the manufacture’s
protocol (Stratagene).

2.6 DNA sequencing and data analyses
Both strands of the mouse DSPP cDNA were determined with an ABI automatic sequencer
model 375 (Applied Biosystems) at the Human Genome DNA Core Laboratory (University of
Texas Health Science Center, San Antonio, TX, USA). A database search was performed at
the National Center for Biotechnology Information Website
(http://www.ncbi.nlm.nih.gov/blast) using the BLAST program. The mouse DSPP nucleotides
and derived from amino acids were aligned with those of the mouse DSPP genes (Genbank
Accession No.: AJ002141, AF135799, NM_010080, ENSMUST00000112771,
ENSMUST00000065590) using DNAsis® Max v2.5 software and Gene Runner
(http://www.generunner). The molecular weight, isoelectric point and the protein secondary
structure were also predicted using DNAsis ® Max v2.5 software and Gene Runner programs.

2.7 In situ hybridization
Mouse mandibles were fixed and processed. Serial sections prepared in either the sagittal or
frontal plane were mounted on saline-treated slides. Representative sections from each block
were stained with hematoxylin. A 479-bp mouse cDNA corresponding to a coding region of
the DSP segment of DSPP was generated by PCR (MacDougall et al., 1997). Amplified PCR
product was subcloned into pCRII vector containing Sp6 and T7 promoters (Invitrogen,
Carslbad, CA, USA). Labeled [α-35S]-UTP antisense and sense DSPP probes were generated
using Sp6 or T7 RNA polymerases after linearization with appropriate restriction enzymes.
The method of in situ hybridization was performed as described earlier (Chen et al., 2002).

2.8 Immunohistochemical analysis
Immunohistochemistry assay was performed with the use of the ABC Vectastain Kit (Vector
Laboratories, Inc., Burlingme, CA, USA) according to the manual’s instruction. Briefly,
sections were incubated in a dry oven at 62°C for 1 h and slides were deparaffinized in xylene
and rehydrated through a graded ethanol series 100, 95 and 75%. For antigen retrieval, slides
were micowaved for 15 min in 10 mM citrate buffer (pH 7.6). Slides were then pretreated with
3% hydrogen peroxide solution for 6 min. After washing with PBS, slides were incubated with
normal serum (1:50) for 60 min to block the nonspecific immunoglobulin staining serum-
binding sites. Immunohistochemistry was performed using anti-DSP rabbit polyclonal
antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The samples were incubated
for overnight at 4°C and washed with PBS for 3 times. The slides were incubated with the
biotinylated goat anti-rabbit antibody, followed by the alkaline phosphatase-conjugated
streptavidin complex. All reagents were diluted in Tris-buffered saline and incubated at room
temperature for 30 min and washed in PBS. Phosphatase activity was revealed by the new
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fuchsin substrate-chromogen system (DAKO), and the color reaction was allowed to develop
for 20 min. Finally, the slides were washed in tap water, counterstained with Meyer’s
hemotoxylin, and mounted with coverslips. A negative control for immunostaining was
obtained by substituting the first antibody with normal goat serum.

3. Results
3.1 Analysis of spatial and temporal DSPP expression in mouse tissues

To assess DSPP expression in various tissues, we measured its expression in 6 month-old male
and female mouse tissues using qRT-PCR. The results in Figure 1 show that DSPP expression
was highly detected in teeth, moderately in bone, but DSPP transcription was also slightly seen
in kidney and brain. Similar results were confirmed by semiquantitative RT-PCR
(supplemental Fig. 1). We examined the DSPP spatial-temporal expression pattern in tooth
and craniofacial tissues using in situ hybridization assay. At day 1 of postnatal development,
a DSPP signal was strongly detected in differentiating and differentiated odontoblasts,
ameloblasts and moderately in dental pulp cells in the first molar tooth (Fig. 2B). At post-natal
days 3 and 10, DSPP signal was weakly detected in cells within alveolar bone in addition to
odontoblasts, ameloblasts and dental pulp (Fig. 2D, F). In 2- and 8-week old mice, DSPP
remained actively transcribed by odontoblasts and dental pulp (Fig. 2H, J). In addition, weak
hybridization for DSPP signal was observed in alveolar bones, periodontal ligament and
cellular cementum (Fig. 2H′, J′). These data for in situ hybridization were matched to those of
RT-PCR analysis in tooth and bone studies.

To determine DSP protein expression, we performed immunohistochemistry in developing
teeth from 2 postnatal day-old to 13.5 month-old mice. At post-natal day 2, ECM secretion
was seen in some of the cusps (Fig. 3A and 3A1). Positive DSP signal was detected in
odontoblasts, dentin, dental pulp and differentiating and differentiated ameloblasts. However,
DSP expression in differentiated ameloblasts was highest compared to other cells. At this stage,
DSP signal was not observed in cells in alveolar bone.

At post-natal day 17, the first mandibular molar was unerupted, root dentin formation was
ongoing, and formation of dentin and enamel was essentially complete (Fig. 3B). DSP positive
reaction was detected in dental pulp, odontoblasts, predentin, dentinal tubules of mantle dentin
(Fig. 3B1). At this stage, DSP expression level in predentin was highest. Moreover, bone tissue
surrounding the root of the first molar was not well developed and appeared sponge-like and
DSP expression in osteoblasts within alveolar bone, cellular cementum and periodontal tissues
was positive. However, DSP expression level in these tissues was lower than predentin (Fig.
3B1, 2 and 3).

In the 1.4-month mouse, the first mandibular molar was erupted and root dentin formation
completed. Cellular cementum was well developed at the apical area of the root (Fig. 3C). At
this stage, DSP immunopositive signal was observed in dental pulp cells, differentiated
odontoblasts, predentin and dentinal tubules (Fig. 3C, C1). The positive reaction in
odontoblasts and predentin was more intense than that of dental pulp and dentinal tubules.
Furthermore, cellular cementum, periodontal ligament and cells within alveolar bone were also
immunopositive (Fig. 3C2, C3).

In 3.5-, 7.5- and 13.5-month mice, DSP expression patterns were quite similar to those from
the 1.4 month mouse tissues (Fig. 4A, B, C). In alveolar bone, distinct DSP signal was also
apparent in cells and ECM.

No positive staining was apparent in soft tissues from 1.4 month mouse including pancreas,
intestine, liver, kidney, muscle and brain (data not shown).

Yuan et al. Page 5

Cell Biol Int. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2. Determination of polymorphisms of DSPP gene in mouse tissues
Using a mouse tooth cDNA library, we isolated and characterized a full-length mouse DSPP
cDNA gene (Fig. 5). The 4,405 bp DNA sequences contained an open reading frame of 940
amino acids starting with a translation initiation site (ATG) located at nucleotide 88 that has a
3 adenine nucleotide representative of the Kozak initiation consensus sequence. The stop codon
at nucleotide 2,913 begins a large untranslated region of 1,482 nucleotides with several
polyadenylation signals. Compared between our cloned mouse DSPP and the published mouse
DSPP sequences (MacDougall et al., 1997;Sfeir et al., 1998; Genbank Accession No.:
AJ002141, AF135799, NM_010080, ENSMUST00000112771, ENSMUST00000065590), 13
polymorphisms were found (Table 1). Two non-synonymous single nucleotide polymorphisms
(SNPs) are located at exon 4 within DSP domain, 8 non-synonymous SNPs and one in-frame
indel (insertion) were found at exon 5 in DPP portion. Two SNPs were observed in the 3′
untranslated region. A 24-bp (8 amino acids) is located at NH2-part of the DPP domain at
amino acids position 60 of the DPP starting site (Fig. 5 and Fig. 6A–B). This 24-bp sequence
is present in one mouse DSPP gene (termed mDSPP940/DPP489) (NM_010080,
ENSMUST00000112771), but lacks another one (termed mDSPP932/DPP481) (AJ002141,
AF135799, ENSMUST00000065590), indicating that there are at least 2 variants of mouse
DSPP gene.

To investigate which variation of the two mouse DSPP genes predominantly exists in the mouse
genome, we performed a PCR analysis of two 6 month male and female mouse tissues using
DSPP specific primers which cover the 24 bp elements of the mouse DSPP gene. PCR results
show that all of mouse tissues tested contains the 24 bp DNA sequences (Fig. 6C–D), indicating
that the mDSPP940/DPP489 different from the mDSPP932/DPP481 is predominantly present in
mouse tissues. The results were confirmed by RT-PCR assay (Fig. 6E–F).

Using this 24-bp sequence as a template, we searched for the mouse genome with the BLAST
program. This procedure showed that the 24-bp sequence is present in mouse genome (Fig.
6I). Furthermore, studies demonstrated that these 8 amino acid residues (24-bp) also exhibited
the same sequence located at amino acid position 58 of the rat DPP starting site (Ritchie et
al., 2001), but there is no evidence of this in pig and human DSPP (Gu et al., 2000;Yamakoshi
et al., 2003). Northern blot analyses of total RNA extracted from 6 month mouse teeth with
DSP and DSP-DPP probes revealed those probes hybridized to a prominent transcript of 4.4
kb (Fig. 7).

The 8 amino acid sequences (24-bp) within the DPP domain of the mDSPP940/DPP489 contain
Asp-Thr-Asp-Asp-Ser-Asp-Ser-Asn. Interspersed arrangement of Asp-Ser or Ser-Asp residues
provides an excellent substrate for casein kinase I and II phosphorylation action (Flotow et
al.; 1991). Additionally, the threonine residue acts as a substrate for casein kinase I (Flotow
et al.; 1990). Furthermore, the phosphorylation of the Ser and Thr residues in the DPP domain
of the mDSPP940/DPP489 may lead to the generation of many acidic patches due to Asp-Asp,
Ser-Asp residues (Veis and, Perry, 1967; Linde and Goldberg, 1993; He et al., 2005), resulting
in the DPP of the mDSPP940/DPP489 to be slightly negatively charged and resulting in changes
in its protein structure compared to that of the mDSPP932/DPP481. Therefore, we predicted
secondary structures of DPP proteins between mDSPP940/DPP489 and mDSPP932/DPP481
using a computer program. These results demonstrated that the DPP secondary structure of
mDSPP940/DPP489 is different from that of mDSPP932/DPP481 (Fig. 8). Also, The DPP of the
mDSPP940/DPP489 is slightly negatively charged and has a lower isoelectric point than that of
mDSPP932/DPP481 (Table 2). Taken together, this implied that the DPP of the mDSPP940/
DPP489 might have different roles during tooth development and biomineralization.
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4. Discussion
4.1. Tissue-specific expression of DSPP

DSPP is most abundant protein after collagen type I in dentin ECM. The spatial-temporal
expression of DSPP is largely restricted to mineralizing and mineralized tissues, especially in
teeth (D’Souza et al., 1997; Chen et al., 2005). DSPP is processed into 2 major dentin matrix
proteins, DSP and DPP (MacDougall et al., 1997). DSP and DPP have their unique biological
roles during dentin and enamel development and formation (Paine et al., 2005; White et al.,
2007). Mutations of either DSP or DPP domain in the human cause various types of inherited
dental disorders, which are the most common genetic diseases. These include dentinogenesis
impecfecta type II (DGI-II OMIM 125490) and III (DGI-III OMIM 125500) and dentin
dysplasia type II (DD-II, OMIM 125420) (Kim and Simmer, 2007; McKnight et al; 2008).
DSPP homologous deficient (−/−) mice show teeth similar to human DGI-III (Sreenath et
al., 2003). The data indicate that DSPP plays an important role in tooth formation and
mineralization. DSPP is also expressed in lower levels in bone and non-mineralized tissues
(Xiao et al., 2001; Qin et al., 2003; Ogbureke and Fisher, 2005; Alvares et al., 2006). In DSPP
null mice (−/−), abnormal bone microstructures and metabolism were observed (Verdelis et
al., 2008), implying that DSPP expression level may be relevant to its biological functions. In
this study, we investigated DSPP expression in tissues and cells other than dentin, odontoblasts
and ameloblasts at the transcriptional and translational levels using qRT-PCR, in situ
hybridization and immunohistochemical analyses. With these approaches, we clearly showed
that DSPP was[UE9] expressed highly[UE10] in teeth and moderately in bones of the 6 month-
old male and female mice using qRT-PCR method with primer sets specific for DSPP gene
(Fig. 1). In situ hybridization and immunostaining assays documented that DSP expression
was observed in cells and ECM at postnatal day 2 and the later stages of developing alveolar
bones surrounding the forming root (Fig. 2). Immunopositive reactions were also detected in
periodontal ligament and cellular cementum (Fig. 3B2, 3C3, 4A4, 4B3, 4C3). These data
suggest that DSP is synthesized and secreted by osteoblasts, osteocytes, cementoblasts,
cementocytes and fibroblasts that are associated with the initial formation of the periodontium.
The expression of DSPP transcripts by osteoblasts, cementoblasts and fibroblasts was verified
by an in situ hybridization assay (Fig. 2D, F, H, J). However, the expression levels of DSPP
in those cells and ECM were relatively low compared to that of odontoblasts and predentin
(Fig. 2, 3, 4). Our results for DSP expression in alveolar bone, cellular cementum and
periodontal ligament are consistent with those of Baba et al. (2004). We also observed that the
DSP signal was highly apparent in the cytoplasm of differentiating and differentiated
ameloblasts at postnatal day 2 (Fig. 3A1). The DSPP transcript in ameloblasts was confirmed
by an in situ hybridization assay (Fig. 2B). Our results are consistent with the findings of other
Hao et al. (2008). This suggests that DSP is involved in ameloblast differentiation and enamel
formation. Paine et al (2005) reported that DSP overexpression in transgenic mice resulted in
increased rate of enamel formation and enamel hardness, a result confirmed by White et al.
(2007). Based on our systematic research design using sequential stages of mouse molar
development, along with well defined transcriptional and translational studies, our data show
that DSP expression is mainly restricted to mineralizing/mineralized tissues (D’Souza et al.,
1997; Baba et al., 2004) and its functions are involved in tooth formation and biominerlaization
and possibly in bone metabolism (Verdelis et al., 2008).

4.2 DSPP polymorphisms
DSPP is the largest member of the SIBLING gene family and the size of DPP domain greatly
varies among species. DPPs from mouse, rat, porcine and bovine are smaller than that of human
(MacDougall et al., 1997; Gu et al., 2000; Ritchie et al., 2001; Yamakoshi et al., 2003). Recent
studies have demonstrated various polymorphisms in DSPP gene from different species,
particularly in DPP domain (Song et al., 2008; McKnight et al; 2008). These polymorphisms
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include synonymous SNP, non-synonymous SNP and in-frame indels (trinucleotide insertion/
deletion). These observations imply that DPP function may not be affected by length variations
and certain amino acid changes. Therefore, the functional significance or insignificance of DPP
sequence changes is important when considering if a particular sequence variation is disease-
causing or simply only polymorphism as mutations of DSPP gene are the most common
hereditary dental disorders (Kim and Simmer, 2007; McKnight et al; 2008). Since DPP has a
unique composition with rich aspartic acid and phsophserine residues comprising >85% of the
exceptional extensive triple amino acid repeat motifs of (DSS)n, (DS)n and (NSS)n (Gu et
al., 2000), it is rather difficult to amplify of the entire DPP by PCR. We screened a mouse tooth
cDNA library and identified an entire mouse DSPP cDNA gene (Fig. 5). Compared to previous
publications (MacDougall et al., 1997; Sfeir et al., 1998), the mouse DSPP gene contains 13
polymorphisms including 2 non-synonymous SNPs in exon 4, 8 non-synonymous SNPs, 1 in-
frame indel in exon 5 and 2 SNPs in the 3′ untranslated region (Table 1). Notably, a 24 bp DNA
sequence in exon 5 exists in one mouse DSPP gene termed mDSPP940/DPP489 (NM_010080,
ENSMUST00000112771) and lacks another one, mDSPP932/DPP481 (AJ002141, AF135799,
ENSMUST00000065590), suggesting at least two mouse DSPP gene variations. PCR and
Northern blot assays demonstrated that mDSPP940/DPP489 dominantly exist in the mouse
tissues examined (Fig. 6, 7). This 8 amino acid sequence (24-bp) is present in rat DSPP (Ritchie
et al., 2001), but not in pig or human (Gu et al., 2000; Yamakoshi et al., 2003). Since the 8
amino acids contain Asp-Ser or Ser-Asp sequences and are located at the NH2-terminal domain
of the DPP, the DPP domain of mDSPP940/DPP489 is relatively larger, acidic (Table 2) and
probably highly phosphorylated compared to the DPP of the mDSPP932/DPP481.

The predicted protein secondary structure of the DPP domain of the mDSPP940/DPP489 was
different from that of the DPP of mDSPP932/DPP481 (Fig. 8). Addition of Thr, Ser and Asp
residues of this peptide within the DPP domain of the mDSPP940/DPP489 provides numerous
phosphorylated and acid residues that are able to bind high amounts of calcium or calcium
containing crystals. Multiple phosphorylated residues are associated with bone and tooth
biomineralization and act as a promoter/nucleator of crystal growth in dentin (Veis and Perry,
1967;Linde and Goldberg, 1993;He et al., 2005). Furthermore, this peptide in the DPP of the
mDSPP940/DPP489 contains Asp-Ser and Ser-Asp sequences. Asp-Ser* (*phosphorylation)
motif is able to give rise to a ridge of phosphate and carboxyllate while the Ser*-Asp sequence
forms a ridge of phosphate and carboxyllate on opposite side of this peptide. Dahlin et al
(1998) showed that Asp-Ser* motif has the best fit to crystal structure of hydroxyapatite and
octacalcium since the Asp-Ser* oligo is the energetically most favored adaptations. Recent
studies have clearly shown that various lengths of in-frame indels (trinucleotide insertion/
deletion) within DPP in normal human population contain Asp-Ser*/Ser*-Asp sequences
(Song et al., 2008;McKnight et al; 2008). The maximal trinucleotide deletion is up to 135 bp
(45 amino acids) (Song et al; 2008). With the 45 amino acid variations, the phosphorylated
sites of the Asp-Ser*/Ser*-Asp sequences would be decreased and the subsequent functions
associated with phsophoserine residues could be changed. It is known that certain neurological
degenerative diseases are associated with trinucleotide repeat mutations (deletions/insertions)
(Everett and Wood, 2004;Greenamyre, 2007). These repetitive mutations change normal gene
structures and enhance genetic instability (Mooers et al., 2005;Napierala et al., 2005).
Therefore, this raises questions as to how the length of DPP can maintain its normal biological
function and which variations are disease-causing and normal SNPs. To resolve these questions
additional research is required.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Expression of the mouse DSPP mRNA by qRT-PCR
Total RNAs from various tissues were isolated and reversely transcribed. Quantitative RT-
PCR was used to measure DSPP mRNA expression from different tissues described as above.
Value was obtained from ratio between DSPP and S18 expression. The value from kidney
group was taken as a 1.0-fold increase. The relative fold value was calculated by dividing the
individual value by the kidney group value. The data show the means ± S.E. from 3 separate
experiments.
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Fig. 2. Expression of DSPP gene in tooth organs during craniofacial development
(A–J). Hematoxylin and in situ hybridization of mouse tooth developmental stages from
postnatal day (PN) 1 to 8 weeks (8 WK) after birth with DSPP (B, D, F, H and J) antisense
probe. Molars at PN1 (A), PN 3 (C), PN 10 (E), 2 WK (G) and 8 WK (I) were stained with
hematoxylin. Molars at PN1 (B), PN3 (D), PN 10 (F), 2WK (H) and 8 WK (J) were hybridized
with antisense DSPP probe. G′-J′ show high magnifications of G-J. Ab, alveolar bone; Am,
ameloblasts; Cc, Cellular cementum; D, dentin; Dp, dental pulp cells; E, enamel; Od,
odontoblasts; Pl, periodontal ligament (or its space). Bar, 200 μM
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Fig. 3. Light microscopic images of mouse mandibular molars of 2, 17 postnatal day- and 1.4 month-
old mice
(A) Tooth organ at postnatal day 2. Dentin and enamel formation started and thin layer of
predentin and dentin were observed. Immunopositive reactions were detected in odontoblasts,
ameloblasts and dental pulp. The highest expression of DSP was present in differentiated
ameloblast cells. At this stage, DSP signal was not seen in cells and ECM within alveolar bone.
A1 is high magnification of A. (B). The first mandibular molar at postnatal day 17. The first
molar was not erupted and root dentin formation was ongoing. DSP signaling was observed in
dentinal tubules of mantle dentin (arrows in B1), predentin, odontoblasts and dental pulp.
Immunopositive reactions were also seen in periodontal ligament and alveolar bone (B2, B3).
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B1, B2 and B3 are high magnifications of B. (C). The first mandibular molar in a 1.4 month-
old mouse. Tooth was erupted and root dentin formation completed. DSP expression was
evident in dentinal tubules of mantle dentin (arrow in C1), predentin, odontoblasts and dental
pulp. Also, signal for DSP was seen in periodontal ligament, cellular cementum (arrows in C3)
as well as cells and ECM within alveolar bone (arrows in C2). C1, C2 and C3 are high
magnifications of C. Bar: 500 μM in A, B and C; 50 μM in A1, B1, B2, B3 and C1, C2, C3.
Ab, alveolar bone; Am, ameloblasts; Cc, cellular cementum; D, dentin; Dp, dental pulp; Dt,
dentinal tubules; E, enamel; Od, odontoblasts; Pd, predentin; Pl, periodontal ligament.

Yuan et al. Page 15

Cell Biol Int. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Light microscopic images of mouse mandibular molars of 3.5, 7.5 and 13.5 month-old mice
(A) 3.5 month mouse molars. Immunopositive reactions using anti-DSP antibody were
observed in dentinal tubules of mantle dentin, predentin (arrows), odontoblasts and dental pulp.
DSP expression was also detected in cells and ECM within alveolar bone and periodontal
ligament. A1, A2, A3 and A4 are high magnifications of A. (B). 7.5 month first mandibular
molar. DSP signal was seen in dentinal tubules of mantle dentin, predentin (arrows),
odontoblasts and dental pulp. Positive reactions for DSP were also evident in cells and ECM
within alveolar bone and periodontal ligament. B1, B2, B3 and B4 are high magnifications of
B. (C). 13.5 month first mandibular molar. Immunostaining reactions for DSP were present in
dentinal tubules of mantle dentin, predentin (arrows), odontoblasts and dental pulp. DSP signal
was also intense in cells and ECM within alveolar bone and periodontal ligament. C1, C2,
C3 and C4 are high magnifications of C. (D). 7.5 month mandibular molars. The section was
stained with hematoxylin and eosin with negative control. Bar: 500 μM in A, B, C and D; 50
μM in A1, A2, A3, A4; B1, B2, B3, B4; and C1, C2, C3, C4. Ab, alveolar bone; Am,
ameloblasts; Cc, cellular cementum; D, dentin; Dp, dental pulp; Dt, dentinal tubules; E, enamel;
Od, odontoblasts; Pd, predentin; Pl, periodontal ligament.
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Fig. 5. DNA sequence of the mouse dentin sialophosphoprotein and deduced amino acid sequence
The amino acid and DNA sequence numbering was indicated on the right side. The signal
peptide was shown with italic letters. The inserted 24-bp, 8 amino acid sequence, was indicated
in small and bold italic font with a single underline. Stop codon was shown by an asterisk. The
signal polyadenylation signal was bold with a single underline. Junction between exons was
shown by arrows. The beginning of the DPP coding region was indicated by an arrowhead.
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Fig. 6. Twenty-four base pair sequence of mouse DSPP940/DPP489. A
the 24 bp inserted DNA sequence. The amino acid sequence was shown below the 24
nucleotides. Missing nucleotides were indicated by gaps. B. Previous DSPP organization
(mDSPP932/DPP481; E1-E5, exons 1–5) and the 24 bp in-frame indel of mDSPP940/DPP489 in
exon 5 with a black box. C and D. PCR amplification of the mouse DSPP genomic DNA
spanning the region of the unique 24 bp DNA sequence from various tissues of 6 month male
(C) and female (D) mice, respectively. E and F. RT-PCR was used to amplify the mouse DSPP
cDNA spanning the unique 24-bp region from various tissues of 6 month male (E) and female
(F) mice. Specific DSPP primer sets defining this region from nucleotides 1577 to 1732 were
used for PCR. G and H. GAPDH was internal positive control from 6 month male (G) and
female (H) mouse cDNAs. The PCR products were run on 1.5 % agarose gels with ethidium
bromide staining. Lane 1, DNA size marker; lane 2, long bone; lane 3, teeth; lane 4, pancreas;
lane 5, intestine; lane 6, liver; lane 7, muscle; lane 8, kidney; lane 9, brain; lane 10, tongue.
I. Analysis of the 24 bp sequence with the mouse genome (Genbank accession no.
NM_010080).
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Fig. 7. Northern blot analysis of the mouse DSPP gene transcript in mouse teeth
Total RNA was isolated from 6 month-old mouse teeth, separated on a denaturing agarose-
formaldehyde gel, and transferred to a membrane. Panel A: 32P-labled mouse DSP as a probe.
Panel B: 32P-labled mouse DSP-DPP as a probe. A single transcript of approximately 4.4 kb
was recognized by both the probes.
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Fig. 8. Predicted secondary structure of mouse DPP proteins between mDSPP940/DPP489 and
mDSPP932/DPP481
The secondary structures of DDP domains of the mDSPP940/DPP489 and mDSPP932/DPP481
were predicted by methods of Robson, Chou, Fasman and Rose. The different DPP secondary
structures between the mDSPP940/DPP489 and mDSPP932/DPP481 were observed.
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Table 1
Summary of Sequence Differences of Mouse DSPP Genes

Location Corresponding Sequences
Positions of
this Study Differences

cDNA Protein

Exon 4 nt 1180, aa 332 nt 1183, aa
332

AAG>AAC, K>N

Exon 4 nt 1181, aa 333 nt 1184, aa
333

GAA>CAA, E>Q

Exon 5 nt 1615. aa 510 nt 1618, aa
511

added GATACAGATGACAGTGACAGTAAT, DTDDSDSN

Exon 5 nt 1871, aa 596 nt 1897, aa
604

GGT>AGT, G>S

Exon5 nt 1902, aa 606 nt 1928, aa
614

ACC>AGC, T>S

Exon5 nt 1904, aa 607 nt 1930, aa
615

TGT>AGT, C>S

Exon5 nt 2045, aa 654 nt 2071, aa
662

TGT>AGT, C>S

Exon5 nt 2229, aa 713 nt 2255, aa
721

GGC>GAC, G>D

Exon5 nt 2246, aa 721 nt 2272, aa
727

GAC>AAC, D>N

Exon5 nt 2256, aa 722 nt 2282, aa
730

GCC>GAC, A>D

Exon5 nt 2347, aa 752 nt 2373, aa
760

GAT>GAG, D>E

3′ Untranslated nt 2935/2936 nt 2960/2961 del G

3′ Untranslated nt 4161 nt 4176 T>A

nt, nucleotide; aa, amino acid.
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Table 2
Comparison of Isoelectric Point of DSPP from Different Species

Species Isoelectric Point References Genbank Accession No.

Human 3.35 Gu et al.,2000 NM_014208

Pig 4.28 Yamakoshi et al.,2003 NM_213777

Rat 3.35 Ritchie et al.,2001 AF251219

Mouse (mDSPP932/DPP481) 3.43 Feng et al., 1998 AF135799

Mouse (mDSPP932/DPP481) 3.43 Sfeir et al.,1998 AJ002141

Mouse (mDSPP940/DPP489) 3.40 MacDougall et al.,1997 NM_010080

Mouse (mDSPP940/DPP489) 3.40 This study
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