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Dentin sialophosphoprotein (DSPP) is a non-collagenous 
protein (NCP) belonging to a family of proteins known as 
SIBLING (small integrin-binding ligand, N-linked glyco-
protein) (Fisher et al. 2001). The SIBLING family members 
share a number of similarities in their genomic organiza-
tion, posttranslational modifications, and tissue localiza-
tion. Other members of this family include osteopontin 
(OPN), bone sialoprotein (BSP), dentin matrix protein 1 
(DMP1), and matrix extracellular phosphoglycoprotein 
(MEPE) (Fisher and Fedarko 2003).

DSPP was initially discovered by cDNA cloning using a 
mouse odontoblast cDNA library (MacDougall et al. 1997). 
The proteolytically cleaved fragments of DSPP, however, 
were discovered much earlier and were believed to be sepa-
rate entities until the discovery of a single gene (Dspp) 

encoding both dentin sialoprotein (DSP) and dentin phos-
phoprotein (DPP) (MacDougall et al. 1997). DPP, which 
was discovered in 1967, is the most abundant of the NCPs 
in dentin (Veis and Perry 1967). It is an unusually polyan-
ionic protein, containing a large number of aspartic acids 
(Asp) and phosphoserines (Pse) in the repeating sequences 
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Summary

Dentin sialophosphoprotein (DSPP) and its cleaved products, dentin phosphoprotein (DPP) and dentin sialoprotein (DSP), 
play important roles in biomineralization. Believed to be tooth specific, the authors’ group revealed its expression in 
bone, and more recently, they and other groups also showed its expression in a few types of soft tissues. In this study, the 
authors systematically examined the expression of DSPP in a variety of non-mineralized tissues using reverse-transcription 
polymerase chain reaction (RT-PCR), real-time PCR, Western immunoblotting, and immunohistochemistry analyses in wild-
type mice as well as β-galactosidase assays in the Dspp lacZ knock-in mice. These approaches showed the presence of DSPP 
in the salivary glands, cartilage, liver, kidney, and brain and its absence in the heart and spleen. Real-time PCR showed that 
the expression levels of DSPP mRNA in salivary glands, cartilage, liver, and kidney were higher than in the bone. Interestingly, 
DSPP was observed in the pericytes of blood vessels in the dental pulp, which are believed to be able to differentiate into 
odontoblasts. On the basis of these observations, the authors conclude that DSPP and/or its cleaved products may fulfill 
important functions in certain non-mineralized tissues in addition to its role in biomineralization. (J Histochem Cytochem 
59:1009–1021, 2011)
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of (Asp-Pse)n and (Asp-Pse-Pse)n (George et al. 1996). On 
the other hand, DSP, a glycoprotein with little or no phos-
phate, was discovered in 1981 (Butler et al. 1981). The 
importance of DSPP in biomineralization has been illus-
trated in human and mouse genetic studies that revealed the 
association of Dspp mutations or ablations with mineraliza-
tion defects in the dentin and bone (Sreenath et al. 2003; 
Verdelis et al. 2008; Xiao et al. 2001; Zhang X et al. 2001).

DSPP was originally thought to be dentin specific. Later on, 
studies by our research group demonstrated the expression of 
DSPP in bone and cementum (Qin et al. 2002; Qin, Brunn, 
Cadena, et al. 2003; Baba et al. 2004). More recently, DSPP 
was found in some non-mineralized tissues by immunohisto-
chemical staining (Alvares et al. 2006; Ogbureke and Fisher 
2004, 2007). To date, no study has been performed using mul-
tidimensional methodology to systematically evaluate the 
expression of DSPP in non-mineralized tissues. Our major 
objective in this study was to analyze the expression and distri-
bution of DSPP in non-mineralized tissues: salivary glands, 
cartilage, liver, kidney, brain, heart, and spleen. The methodol-
ogy used in this investigation included reverse-transcription 
polymerase chain reaction (RT-PCR), real-time PCR, Western 
immunoblotting, immunohistochemical staining in wild-type 
mice, and β-galactosidase expression assays in the Dspp null 
mice. This multidimensional approach not only indicated the 
presence of DSPP in salivary glands, cartilage, liver, kidney, 
and brain but also demonstrated that DSPP is expressed in the 
salivary glands, cartilage, liver, and kidney at a level higher 
than that in bone. The results of this study show that DSPP and/
or its cleaved products may play an important role in some 
non-mineralized tissues such as salivary glands and cartilages, 
which sets the stage for future studies exploring the newly dis-
covered role of DSPP in the soft tissues.

Materials and Methods
Tissue Acquisition/Sample Preparation

The non-mineralized tissues from 1-month-old wild-type 
(WT) male C57BL/6J mice (The Jackson Laboratory; Bar 
Harbor, ME) were used for the mRNA analyses using 
RT-PCR and real-time PCR. To obtain RNA extracts from 
the teeth, long bone, salivary gland, articular cartilage, 
liver, kidney, brain, heart, and spleen, the 1-month-old mice 
were sacrificed using CO

2
, and the tissues were dissected 

out and then frozen. One-month- and 3-month-old Dspp 
knockout (Dspp-KO) mice (strain name: B6; 129-Dspptm1Kul/
Mmnc; MMRRC, UNC, Chapel Hill, NC) were used for 
the β-galactosidase expression assay. To perform protein 
chemistry and immunohistochemistry analyses, tissue sam-
ples were obtained from 3-month-old C57BL/6J mice. 
Dspp knockout mice of the same age were used as negative 
controls in protein chemistry and immunoblotting experi-
ments. The mice were sacrificed using CO

2
 to obtain sam-

ples for protein extraction and β-galactosidase expression 

assay or first anesthetized and then perfused for immuno-
histochemical analysis. The animal protocol used in this 
study was approved by the Animal Welfare Committee of 
Texas A&M Health Science Center Baylor College of 
Dentistry (Dallas, TX).

Isolation of RNA, RT-PCR, and Real-time PCR
Total RNA was extracted from the tissues of 1-month-old mice 
(C57BL/6J) with the RNeasy mini kit (Qiagen; Germantown, 
MD) according to the manufacturer’s protocol. The RNA  
(1 µg/per sample) was reverse transcribed into first-strand 
cDNA using the QuantiTect Rev Transcription Kit (Qiagen; 
Germantown, MD). The PCR amplification of the DSPP 
cDNA was then performed using a forward primer, 
5′-TTGTTGAAAACTCTGTGGCTGTGC-3′, and a reverse 
primer, 5′-GGCATCGTTGAAAATGCGGAGGAA-3′. The 
sequence of the forward primer came from exon 3, whereas 
that of reverse primer was from exon 4 of the mouse Dspp. 
Exons 3 and 4 encode amino acid residues in the DSP region 
of the Dspp gene. The highly repetitive DPP region of the 
Dspp gene was not amplified in this investigation. The house-
keeping gene, glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), was used as the internal control. The PCR condi-
tions were as follows: initial denaturation at 95C for 10 min, 
followed by 30 cycles of 94C for 30 sec, 60C for 30 sec, and 
72C for 30 sec. The size of the amplified DSPP product was 
510 base pairs (bp) long and was visualized on 1% agarose gel 
(Sigma; St. Louis, MO) stained with ethidium bromide and 
observed under ultraviolet light. The RT-PCR product (510 bp) 
from the salivary glands was then sequenced (Northwoods 
DNA; Solway, MN).

Real-time PCR was carried out to estimate the relative lev-
els of DSPP expression in the various non-mineralized tissues 
compared to those in the bone and teeth. For quantitative com-
parison, the same amount of cDNA (1 µg/µl) was used as the 
template. The primers used for real-time PCR were as follows: 
forward, 5′AACTCTGTGGCTGTGCCTCT-3′ (in exon 3) 
and reverse, 5′TATTGACTCGGAGCCATTCC-3′ (in exon 4). 
The real-time PCR reactions were performed using the Brilliant 
SYBR Green QPCR Master Mix (Applied Biosystems; Foster 
City, CA) and the CFX-96 Real-Time PCR Detection System 
(Bio-Rad; Hercules, CA). GAPDH was again used as the con-
trol. The PCR conditions were as follows: initial denaturation 
at 95C for 10 min, followed by 45 cycles of 95C for 30 sec, 
60C for 1 min, and 72C for 30 sec. The PCR product accumu-
lation was monitored by the increase in fluorescence intensity 
caused by the binding of SYBR Green to double-stranded 
DNA. The mean values from the triplicate analyses were then 
compared.

β-Galactosidase Expression Assay
For the β-galactosidase expression assay, 1-month- and 
3-month-old Dspp knockout mice (strain name: B6; 
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129-Dspptm1Kul/Mmnc; MMRRC, UNC, Chapel Hill, NC) 
were used. In these Dspp knockout mice, exons 2 to 5 of the 
Dspp gene, spanning the entire coding region, were replaced 
by the lacZ gene, followed by a neomycin resistance gene. A 
previous study showed that the expression pattern of the lacZ 
gene driven by the Dspp promoter reflects that of the endog-
enous Dspp (Sreenath et al. 2003). The β-galactosidase activ-
ity was assessed in the tissues from 1-month-old and 
3-month-old mice as previously described (Feng et al. 2002; 
Zhang J et al. 2002). Briefly, the mice were fixed with ice-cold 
4% paraformaldehyde for 1 hr, then stained overnight in 
freshly made X-Gal solution (1 mg/ml) at 37C, followed by 
re-fixation, decalcification (for bone and teeth), wax embed-
ding, sectioning, and counterstaining. The 1-month-old Dspp 
knockout mice were used for whole-tissue staining, whereas 
the 3-month-old Dspp knockout mice were stained and then 
processed for paraffin embedding. Serial 5-µm sections were 
prepared and counterstained with hematoxylin. Wild-type 
mice of the same age (The Jackson Laboratory) were used as 
negative controls in this experiment.

SDS-PAGE and Western Immunoblotting
For the extraction of DSPP protein, ten 3-month-old WT 
mice were used. Teeth, bone, salivary gland, articular carti-
lage, liver, kidney, brain, heart, and spleen tissues were 
carefully removed under a dissecting microscope. To 
extract DSPP from the non-mineralized tissues, the samples 
were placed in a 4-M guanidium-HCl (Gdm-HCl) solution 
of pH 7.2 (Acros Organics; Fairlawn, NJ) containing pro-
teinase inhibitors (0.78 mg ml−1 of benzamidine-HCl, 0.18 
mg ml−1 of sodium iodoacetate, 1.8 µg ml−1 of soybean 
trypsin inhibitor, 0.17 mg ml−1 of phenylmethylsufonyl 
fluoride, and 5 µg ml−1 of pepstatin) for 48 hr. For the pro-
tein extraction from teeth and bone, Gdm-HCl/0.5 M EDTA 
was used following the protocol previously described (Qin 
et al. 2001). The Gdm-HCl extracts were subjected to 
Q-Sepharose (Amersham Biosciences; Uppsala, Sweden) 
ion-exchange chromatography with a gradient ranging 
from 0.1 to 0.8 M NaCl in 6 M urea solution (pH 7.2) (Qin 
et al. 2001). This method separated the NCPs into 100 to 
120 fractions (0.5 ml each). The samples were treated with 
3% β-mercaptoethanol (β-ME) to break the disulfide bonds 
of the dimeric form of DSP. For SDS-PAGE, 60 µl of 
sample from each chromatographic fraction was loaded 
onto 10% SDS-PAGE gels. First, Stains-all staining was 
used to profile and locate NCPs in all the chromatographic 
fractions. Western immunoblotting was then carried out on 
all of the fractions that showed proteins by Stains-all stain-
ing, to confirm and/or identify DSP in those specific frac-
tions. Protein extracts from Dspp knockout mouse tissues 
were used as negative controls, and 0.3 µg of DSP isolated 
from incisor dentin of rat was used as the positive control 
in the Western immunoblotting analyses. To detect DSP, we 

used three types of antibodies: (1) an anti-DSP monoclonal 
antibody (anti-DSP-2G7.3) (Qin, Brunn, Baba, et al. 2003), 
(2) a polyclonal anti-DSP antibody (Butler et al. 1992), and 
(3) a monoclonal antibody (anti-DSP-3A11) raised in 
mouse using the technique previously described (Qin, 
Brunn, Baba, et al. 2003). For the generation of the mono-
clonal antibody anti-DSP-3A11, rat dentin DSP was injected 
into the footpad of BALB/c mice. Lymphocytes from the 
local lymph nodes were fused with P3 myeloma cells. The 
fusion cells showing a positive reaction to DSP were 
screened and cloned. Among several positive clones, 3A11 
showed a strong reaction to DSP. Clone 3A11 was expanded 
in the abdominal cavity of the BALB/c mice, and the anti-
body in ascites fluid was purified with ImmunoPure 
Immobilized (A/G) IgG Purification Kit (Pierce; Rockford, 
IL) following the manufacturer’s instructions.

All three antibodies were used at a dilution of 1:2000. The 
blots were washed three times in PBS containing 0.3% Tween 
20, followed by incubation in the alkaline phosphate-conju-
gated anti-mouse IgG (Sigma Aldrich; St. Louis, MO) at a 
dilution of 1:5000. Finally, the blots were incubated with the 
chemiluminescent substrate CDP-Star (Ambion; Austin, TX) 
for 5 min and exposed to X-ray films.

Immunohistochemistry Analyses
Immunohistochemistry (IHC) was done to analyze the dif-
ference in the distribution of DSPP in the various non-
mineralized tissues. Dspp knockout mice of same age were 
used as negative controls. For the IHC analyses, 3-month-
old mice were perfused from the ascending aorta with 4% 
paraformaldehyde in 0.1 M phosphate buffer. The samples 
were fixed in 4% paraformaldehyde for 48 hr. The mineral-
ized tissues (bone and teeth) were then decalcified in 8% 
EDTA (pH 7.4) at 4C. The fixed non-mineralized samples, 
as well as the decalcified specimens (bone and teeth), were 
processed for paraffin embedding, and serial 5-µm sections 
were prepared. The anti-DSP monoclonal antibody, referred 
to as “anti-DSP-2C12.3” (Baba et al. 2004), was used at a 
dilution of 1:800. Mouse IgG at the same concentration as 
that of the anti-DSP-2C12.3 was used to replace the pri-
mary antibody as the negative control in these experiments. 
All the IHC experiments were carried out using the M.O.M. 
kit and DAB kit (Vector Laboratories; Burlingame, CA) 
according to the manufacturer’s instructions.

Results
Evaluation of DSPP mRNA in Non-
mineralized Tissues

The RT-PCR analyses showed the presence of DSPP 
mRNA in the salivary glands, articular cartilage, liver, kid-
ney, and brain tissues (Fig. 1A). DNA sequencing analyses 
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confirmed that the 510-bp product amplified from the sali-
vary gland was from the DSPP mRNA sequence. The heart 
and spleen did not indicate the presence of DSPP mRNA.

These RT-PCR results were also confirmed by real-time 
PCR (Fig. 1B). To calculate the relative expression levels, 
the mRNA level of the teeth was considered the standard, 
and its value was set at 100% in the real-time PCR analyses. 
The expression level of the DSPP in other soft tissues was 
then calculated relative to the level observed in the teeth. In 
the real-time PCR analyses, the salivary glands, cartilage, 
liver, and kidney exhibited higher levels of DSPP mRNA 
than in the bone (Fig. 1B). We observed that the size of sali-
vary glands of Dspp knockout mice appeared smaller than 
that of the wild-type mice. However, we did not find signifi-
cant difference histologically between the salivary glands 
of the Dspp knockout and wild-type mice. The expressions 
of DSPP mRNA in the salivary glands, cartilage, liver, and 
kidney were further confirmed by the β-galactosidase stain-
ing, Western immunoblotting, and immunohistochemical 
staining (see below).

β-Galactosidase Expression Assay
We used 1-month-old and 3-month-old Dspp knockout 
mice to assess the expression of DSPP in non-mineralized 
tissues. We dissected and used the whole organs/tissues of 
the 1-month-old Dspp knockout mice for X-gal staining. 
Strong lacZ signals (blue) were observed in the salivary 
glands (in particular, the sublingual glands) (Fig. 2A); other 
locations of strong lacZ signals were found in the femoral 
head cartilage (Fig. 2B), the articular cartilage and distal 
femoral condyle in the knee joint (Fig. 2C), the articular 
cartilage of the mandibular condyle (Fig. 2D), and the junc-
tion between the renal cortex and renal medulla in the kid-
ney (Fig. 2E), as well as in the teeth (Fig. 2D). Consistent 
with the PCR results, the diaphysis region of the long bones 
demonstrated a relatively lower level of β-galactosidase 
activity. The WT mice used as controls did not exhibit any 
β-galactosidase staining, nor did the heart (Fig. 2F) and 
spleen show positive staining (not shown).

The specimens from the 3-month-old Dspp knockout mice 
were stained with X-gal and then processed for paraffin 
embedding. Serial 5-µm sections were prepared and counter-
stained with hematoxylin. In these 3-month-old Dspp knock-
out mice, the following expression patterns were observed: In 
the submandibular salivary glands, positive staining was seen 
in the interlobular ducts and striated ducts (Fig. 3A,B); in the 
growth plate cartilage, positive signals were observed in the 
proliferative and hypertrophic zones (Fig. 3C,D); in the liver, a 
lacZ expression was noted in the hepatocytes (Fig. 3E,F); in 
the kidney, positive staining was seen in the distal and proxi-
mal convoluted tubule (Fig. 3G,H); in the brain, the neuron 
bodies of the ganglionic cell layer in the cerebral cortex showed 
positive staining (Fig. 4A,B); and in the teeth, a positive signal 
was found in the odontoblast layer (Fig. 4C,D). Consistent 
with the results of the whole-organ/tissue X-gal staining, the 
cells in the heart did not yield any positive signals (Fig. 4E,F). 

Figure 1. (A) Dentin sialophosphoprotein (DSPP) mRNA in 
different tissues. The expression of DSPP and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) control was examined by 
reverse transcriptase-polymerase chain reaction (RT-PCR) analysis 
using RNA extracted from the tissues of 1-month-old mice. Lane 
1, teeth (incisor); lane 2, bone; lane 3, salivary glands; lane 4, articular 
cartilage from mandibular condyle; lane 5, liver; lane 6, kidney; lane 
7, brain; lane 8, heart; lane 9, spleen. Note that positive results were 
observed in the salivary glands, cartilage, liver, kidney, and brain but 
not in the heart and spleen. GAPDH control shows similar positive 
result for all samples. (B) Relative expression level of DSPP mRNA 
in non-mineralized tissues. The mRNA level of teeth was set at 100% 
for real-time PCR calculations. The level of DSPP mRNA in other 
tissues was then calculated relative to the level found in the teeth. 
Note that the expression levels of DSPP in salivary glands, articular 
cartilage, liver, and kidney are higher than that of bone.
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Interestingly, the β-galactosidase activity was also observed 
around the blood vessels in the dental pulp, especially in the 
pericytes located in the peripheral region of these blood vessels 
(Fig. 4G,H).

SDS-PAGE and Western Immunoblotting
The Gdm-HCl extracts of each of the non-mineralized tis-
sues were separated into 120 fractions by Q-Sepharose 
ion-exchange chromatography. Each of the chromato-
graphic fractions was assayed by SDS-PAGE and Stains-all 
staining (Fig. 5A,C,E,G,I) and subsequently by Western 
immunoblotting (Fig. 5B,D,F,H,J). Stains-all staining of 
fractions from these non-mineralized tissues did not clearly 
demonstrate any protein corresponding to the migration 
rates of DSPP or DSP (Fig. 5A,C,E,G,I). The fractions that 
might contain DSPP/DSP were probed further with the 
anti-DSP antibodies. Western immunoblotting analyses 
using the anti-DSP-2G7.3 revealed the presence of DSP in 
several of the chromatographic fractions from the non-
mineralized tissue extracts, which migrated between the 
54- and 96-kDa molecular mass markers (Fig. 5B,D,F,H,J). 
Because the migration rate of the protein in the extracts 
from the salivary gland, cartilage, liver, kidney, and brain, 

recognized by the anti-DSP-2G7.3 monoclonal antibody, 
was faster than that from rat dentin (~100 kDa), we further 
tested the identity of these polypeptides using two more 
different anti-DSP antibodies. For the later experiments, 
representative fractions containing the protein recognized 
by the anti-DSP-2G7.3 monoclonal antibody were analyzed 
by Western immunoblotting using the polyclonal anti-DSP 
antibody and a second type of monoclonal anti-DSP anti-
body (anti-DSPP-3A11). The protein recognized by the 
anti-DSP-2G7.3 monoclonal antibody was also immunore-
active to the two different types of anti-DSP antibodies 
(Fig. 6A,B). Thus, our data indicated that these polypep-
tides did represent DSP, although their migration rates were 
different from those of DSP isolated from rat dentin. The 
corresponding chromatographic fractions from the extracts 
of the heart and spleen did not show any protein polypep-
tide that could be recognized by these anti-DSP antibodies 
(not shown). Because anti-DPP antibodies are not avail-
able, information about the presence or absence of DPP in 
these non-mineralized tissues could not be obtained. 
However, DSP and DPP are from a single mRNA, and the 
presence of DSPP mRNA was proven by PCR (see above). 
Thus, the presence of DSP would indicate the expression of 
DSPP.

Figure 2. Dentin sialophosphoprotein (DSPP)–lacZ expression pattern in 1-month-old homozygous Dspp knockout mice. These mice 
were selected for tracking the expression pattern in various soft tissues. The wild-type C57BL/6J mice of same age were used as a control. 
The expression of the lacZ gene was observed in (A) submandibular salivary gland (denoted as SM) and more strongly in the sublingual 
(denoted as SL and pointed by white arrow) salivary gland of the Dspp null mice (right); (B) femoral head cartilage of the Dspp null mice 
(right) was pointed by a white arrow, whereas the diaphysis region of the long bone was indicted by an arrowhead; (C) articular cartilage 
(AC) and distal femoral condyle (white arrow) in the knee and growth plate region of the long bone (right); (D) articular cartilage of the 
mandibular condyle (denoted by white asterisk) of Dspp knockout mice; and (E) the kidneys, in which the junction of the renal cortex 
(marked by a white line as RC) and renal medulla (shown as RM) demonstrated strong lacZ signals. (F) Expression of lacZ gene was not 
observed in the heart.
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Figure 3. Dentin sialophosphoprotein (DSPP)–lacZ expression pattern in 3-month-old homozygous Dspp knockout mice. The following 
expression patterns were observed: Salivary glands: (A) salivary gland samples from C57BL/6J wild-type mice were used as negative control; (B) 
the interlobular duct (ID) as well as the striated duct (SD) of the submandibular salivary gland of the Dspp knockout mice showed positive lacZ 
staining; bar = 50 µm. Cartilage: (C) growth plate cartilage control from C57BL/6J wild-type mice; (D) growth plate cartilage of Dspp knockout 
mice expressing positive stain for lacZ in the proliferative (P) and hypertrophic zones (H) of the cartilage; bar = 25 µm. Liver: (E) liver tissues 
from C57BL/6J mice were used as control and showed no reaction to lacZ staining; (F) in Dspp knockout mouse liver, hepatocytes (black arrow) 
exhibited lacZ expression; bar = 10 µm. Kidney: (G) samples from C57BL/6J mice were used as negative control; (H) Dspp knockout mice 
exhibited positive signals in the distal (DCT) and proximal convoluted tubule (PCT) of the kidney; bar = 10 µm.
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Figure 4. Dentin sialophosphoprotein (DSPP)–lacZ expression pattern in 3-month-old homozygous Dspp knockout mice. The following 
expression patterns were observed: Brain: (A) cerebral cortex samples from the wild-type C57BL/6J mice used as control; (B), Dspp knockout 
mice showed bodies of neurons of ganglionic cell layer (black arrow) positively stained for DSPP-lacZ expression; bar = 25 µm. Teeth: (C) Dspp 
knockout mouse incisor exhibiting positive staining for DSPP-lacZ expression in the odontoblast layer of incisors; (D) higher magnification of 
the boxed area in C. The blue staining in the cytoplasm of odontoblast layer was possibly caused by the diffusion of β-galactosidase staining from 
the nuclei into the cytoplasm. Bar: C = 100 µm; D = 50 µm. Heart: no difference was observed between the wild-type C57BL/6J (E) and Dspp 
knockout (F) mice; bar = 25 µm. Dental pulp: (G) control sample from the wild-type mice; (H) LacZ signaling was noticed in the blood vessels in 
the dental pulp, particularly in the pericytes surrounding the blood vessels; bar = 10 µm.
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Immunohistochemistry Analyses

Immunohistochemical staining of the non-mineralized tissues 
showed a positive reaction in the salivary gland, cartilage, 

liver, kidney, and brain tissues in the 3-month-old wild-type 
mice (Figs. 7 and 8). The tissues from Dspp knockout mice 
of the same age were used as negative controls. In the  

Figure 5. Stains-all staining and Western immunoblotting in salivary glands (A, B), articular cartilage (C, D), liver (E, F), kidney (G, 
H), and brain (I, J). Numbers at the top of each image represent fraction numbers of the Q-Sepharose chromatography. (A, C, E, G, I) 
Stains-all staining for every third fraction in the chromatographic region of interest was performed to illustrate the existence of acidic 
proteins. The identity of dentin sialoprotein (DSP) in the corresponding fractions (dotted white boxed region) was confirmed by Western 
immunoblotting (B, D, F, H, J) using the anti-DSP-2G7.3 antibody. DSP was detected in fractions numbered on the top of the figures. The 
differences in the fractions in which DSP eluted may be attributed to the posttranslational modifications of DSP in these different tissues. 
The tissue extracts from Dspp knockout (Dspp KO) mice were used as negative controls (B, D, F, H, J). Ctrl: 0.3 µg of DSP isolated from 
incisor dentin of rat. Note that DSP extracted from these tissues migrated faster than that isolated from rat dentin (i.e., the positive Ctrl).
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submandibular salivary gland, DSPP immunoreactivity was 
identified in the interlobular duct and striated duct (Fig. 7A-
C). In the growth plate cartilage, immunostaining was observed 

in the proliferative and hypertrophic zones of the cartilage 
(Fig. 7D-F). In the liver, DSPP immunoreactivity was 
detected in the hepatocytes (Fig. 7G-I), and in the kidney, 

Figure 6. One representative fraction from each tissue extract showing the highest level of dentin sialoprotein (DSP) in Western 
immunoblotting with the anti-DSP-2G7.3 monoclonal antibody was further probed by two additional anti-DSP antibodies: the anti-DSP-
3A11 (A) and the polyclonal anti-DSP antibody (B). The polypeptides recognized by the anti-DSP-2G7.3 monoclonal antibody were also 
immunoreactive to the anti-DSP-3A11 and the polyclonal anti-DSP antibody, indicating that they represented DSP, although the migration 
rate of DSP from these soft tissues differed from that of rat dentin.

Figure 7. Immunohistochemistry using the anti-DSP-2C12.3 monoclonal antibody (C, F, I, L). Mouse IgG of the same concentration as the 
anti-DSP-2C12.3 was used as the negative control (B, E, H, K). The tissues from Dspp knockout mice were also used as negative controls 
(A, D, G, J). DSP immunoreactivity was identified in the interlobular duct as well as striated duct of the submandibular salivary gland (C). In 
the cartilage, immunostaining was identified in the proliferative and hypertrophic zones (F). Dentin sialoprotein (DSP) immunoreactivity 
was also detected in the liver sac containing hepatocytes (I). In the kidney, immunostaining for DSP was widely distributed throughout 
the distal as well as proximal convoluted tubule (L). Bar: A-C = 50 µm; D-F = 10 µm; G-L = 50 µm.
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immunostaining for DSPP was widely distributed through-
out the distal and proximal convoluted tubule (Fig. 7J-L). 
The neuron bodies of the ganglionic cell layer showed a 
positive signal for DSPP in the cerebral cortex (Fig. 8A-C). 
The heart tissue displayed no anti-DSP immunoreactivity 
(Fig. 8D-F). As seen in the β-galactosidase staining, DSPP 
immunoreactivity was found in the pericyte cells in the 
peripheral blood vessels in the dental pulp (Fig. 8G-I). 
Teeth samples also showed strong anti-DSP immunoreac-
tivity (Fig. 8J-L).

Discussion
In the present study, we systematically examined the 
expression of the DSPP in the mouse salivary glands, carti-
lage, liver, kidney, brain, heart, and spleen using real-time 
PCR, β-galactosidase expression assays in Dspp knockout 
mice, Western immunoblotting, and immunohistochemis-

try. These multidimensional techniques showed unequivo-
cal evidence of DSPP expression in the salivary glands, 
cartilage, liver, kidney, and brain and its absence in the 
heart and spleen.

The RT-PCR and real-time PCR analyses revealed that 
the expression level of DSPP in the salivary glands, carti-
lage, liver, and kidney is higher than that in bone. This dif-
ference in the DSPP expression levels between these 
non-mineralized tissues and bone was further confirmed by 
other approaches, such as β-galactosidase expression 
assays, in the Dspp knockout mice. A previous study has 
shown phenotypic changes in the long bone in the Dspp 
knockout mice (Verdelis et al. 2008). The significantly 
higher level of DSPP expression in the salivary glands, car-
tilage, liver, and kidney suggests that DSPP might play 
important roles in these soft tissues. Clearly, there is a need 
to examine if these soft tissues, particularly the salivary 
glands, are affected in the Dspp knockout mice. The results 

Figure 8. Immunohistochemistry using the anti-DSP-2C12.3 monoclonal antibody (C, F, I, L). Mouse IgG of the same concentration as the 
anti-DSP-2C12.3 was used as the negative control (B, E, H, K). The tissues from Dspp knockout mice were also used as negative controls 
(A, D, G, J). Dentin sialoprotein (DSP) immunoreactivity was identified in the cerebral cortex, and bodies of neurons of the ganglionic cell layer 
showed a positive signal for DSP expression (C). Heart showed no difference between the Dspp knockout mouse sample (D), mouse IgG 
control (E), and the anti-DSP antibody specimens (F). The blood vessels (BV) in the dental pulp showed positive immunostaining in the 
areas containing pericytes (I, arrows). Teeth sample, showing pulp (P) and dentin (D) region, from wild-type mice was used as the positive 
control (L). Bar: A-L = 50 µm.
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from the present study also warrant further evaluation of the 
roles of DSPP in the development or homeostasis mainte-
nance of such soft tissues.

DSP was observed in the extracts from the non-mineral-
ized tissues in the Western immunoblotting analyses using 
three different antibodies. Although these experiments sug-
gest that the protein recognized by the anti-DSP antibodies 
represents DSP, the migration rate of this protein extracted 
from the non-mineralized tissues was faster than that iso-
lated from rat incisor dentin. However, the protein polypep-
tide appeared similar in size to rat dentin DSP sequentially 
treated with sialidase. O-glycosidase N-glycosidase F (Qin, 
Brunn, Baba, et al., 2003) indicated that the DSP in the non-
mineralized tissues may be devoid of any carbohydrate 
moieties. A recent study in our lab also showed that DSP 
has a proteoglycan form referred to as “DSP-PG” (Zhu et al. 
2010). In this investigation, we failed to detect DSP-PG in 
the protein extracts, which could further indicate that DSP 
in non-mineralized tissues is not glycosylated. This differ-
ence in the posttranslational modifications of DSP might 
also suggest that the role of DSPP/DSP in non-mineralized 
tissues differs from that in hard tissues.

Another interesting finding in the present study accord-
ing to the β-galactosidase assay was that the cells (espe-
cially pericytes) around the blood vessels in the dental pulp 
were positive to lac Z staining, indicating DSPP expression 
in those cells. Previous studies have suggested that, in addi-
tion to participating in the maintenance of blood vessel 
homeostasis, the pericytes may also represent multipoten-
tial mesenchymal stem cells (Doherty et al. 1998; Schor  
et al. 1995). Researchers have demonstrated that pericytes 
differentiate into osteoblasts (Brighton et al. 1992; Diaz-
Flores et al. 1992; Schor et al. 1995; Doherty et al. 1998), 
chondrocytes, adipocytes, smooth muscle cells, macro-
phages, and fibroblasts (Doherty and Canfield 1999; 
Farrington-Rock et al. 2004).

Several research groups have hypothesized that the peri-
cytes present within the dental pulp tissue may also be able 
to differentiate into the odontoblast-like cells involved in 
reparative dentin formation (Yamamura 1985; Fitzgerald  
et al. 1990; Shi and Gronthos 2003). Recently, some studies 
showed that dental pulp tissue contains postnatal stem cells 
co-expressing STRO-1 (a cell surface antigen used to iden-
tify osteogenic precursors in bone marrow stromal cells) 
and CD146 (a pericyte marker), suggesting indirectly that 
odontoblast-like progenitors derive from a perivascular 
niche within the dental pulp (Miura et al. 2003; Shi and 
Gronthos 2003).

Interestingly, DMP1, which is another member of the 
SIBLING family of proteins, was recently shown to act as a 
morphogen on the undifferentiated mesenchymal cells pres-
ent in the dentin-pulp complex, inducing de novo dentino-
genesis (Almushayt et al. 2006). Several studies have 
already indicated the presence of DSPP/DSP in dental pulp 

stem cells (DPSC) (Yu et al. 2005). DSPP, DSP, and DPP 
have all been implicated as specific markers for odontoblast 
differentiation (Braut et al. 2003; Liu et al. 2005; Nakashima 
et al. 2002). The presence of DSPP in the region character-
ized by β-galactosidase assay and immunohistochemistry 
provides further evidence of this particular role of DSPP 
(and/or DSP/DPP). Therefore, these interesting data from 
our present study show DSPP to be present in the pericytes 
of the dental pulp, marking its probable role as an odonto-
blast progenitor cell.

DSPP belongs to the SIBLING family of proteins, 
which have similar characteristics (Fisher and Fedarko 
2003; Fisher et al. 2001). The expression of dentin matrix 
protein 1 (DMP1), which is also a member of the SIBLING 
group, has already been established in non-mineralized 
tissues (Terasawa et al. 2004). Studies in our lab have also 
proved the expression of SIBLING proteins in the rat 
articular cartilage (Sun et al. 2010). In addition, several 
other SIBLING family members have been associated 
with non-mineralized tissues and, in some cases, even 
cancer (Bellahcene et al. 2008; Ogbureke and Fisher 2004, 
2005, 2007; Ogbureke et al. 2007). The results obtained in 
previous reports by other laboratories have led us to 
hypothesize that DSPP, as with other members of the 
SIBLING family, may have functions apart from regulat-
ing biomineralization. To test the above hypothesis, we 
designed this investigation using multipronged approaches 
to systematically evaluate the expression of DSPP in mul-
tiple soft tissues. In conclusion, this study indicates that 
DSPP may serve multiple purposes in addition to its role 
in biomineralization. Further studies are needed to eluci-
date the molecular mechanisms by which DSPP functions 
in non-mineralized tissues.
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