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Abstract. The Small Integrin-Binding LIgand, N-linked Glycoprotein (SIBLING)
family is one category of non-collagenous proteins closely related to osteogenesis.
In this study, the authors systematically evaluated the presence and distribution of
four SIBLING family members, dentin sialophosphoprotein (DSPP), dentin matrix
protein 1 (DMP1), bone sialoprotein (BSP) and osteopontin (OPN), in rat
mandibular condylar cartilage using protein chemistry and immunohistochemistry.
For protein chemistry, SIBLING proteins in the dissected condylar cartilage were
extracted with 4 M guanidium–HCl, separated by ion-exchange chromatography,
and analyzed by Western immunoblotting. Immunohistochemistry was employed to
assess the distribution of these four SIBLING proteins in the condylar cartilage of
2-, 5- and 8-week-old rats. Results from both approaches showed that all four
members are expressed in the condylar cartilage. DSPP, unlike that observed in
dentin and bone, exists as a full-length form (uncleaved) in the condylar cartilage.
The NH2-terminal fragment of DMP1 is mainly detected in the matrix of the
cartilage while the COOH-terminal fragment is primarily localized in the nuclei of
cells in the chondroblastic and hypertrophic layers. The data obtained in this
investigation provide clues about the potential roles of these SIBLING proteins in
chondrogenesis.
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Mandibular condylar cartilage is categor-
ized as an articular cartilage, but is dis-
tinguished from the articular cartilages of
the long bones in many aspects, such as
embryonic origin, ontogenetic develop-
ment, post-natal growth mode and histo-
logical structure33. As an important
growth site for the mandible, the condylar
cartilage is divided into five layers: articu-
lar, prechondroblastic, chondroblastic,
hypertrophic and cartilage–bone inter-
face14. In the condylar cartilage of rat,
cell proliferation and extracellular matrix
(ECM) production contribute to the
growth of articular cartilage and subarti-
cular layers. In addition to collagen and
water, the ECM of the condylar cartilage
contains a number of non-collagenous
ons. Published by Elsevier Ltd. All rights reserved.
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proteins (NCPs) and proteoglycans. The
Small Integrin-Binding LIgand, N-linked
Glycoprotein (SIBLING) family is one
category of NCPs, which includes dentin
sialophosphoprotein (DSPP), dentin
matrix protein 1 (DMP1), bone sialopro-
tein (BSP), osteopontin (OPN), and
matrix extracellular phosphoglycoprotein
(MEPE). Principally found in mineralized
tissues, SIBLING family members are
thought to play important roles in the
formation of bone and dentin16.

DSPP, originally thought to be tooth-
specific, is now found in the bone, cemen-
tum and some non-mineralized tissues at a
remarkably lower level than in the den-
tin5,8,10,19,27. In the ECM of dentin, DSPP
is present as proteolytically processed
fragments, dentin sialoprotein (DSP) and
dentin phosphoprotein (DPP), which ori-
ginate from the NH2-terminal and COOH-
terminal regions of the DSPP amino acid
sequence, respectively19. While DSP and
DPP are abundant in the ECM of den-
tin26,37, the intact, full-length form, repre-
senting the whole sequence of DSPP, has
never been identified. Gene ablation
experiments in mice have demonstrated
that DSPP and/or its processed fragments
(DSP and DPP) are critical for the miner-
alization of dentin35. The exact mechan-
isms by which DSPP functions in
biomineralization are unknown.

DMP1 is an acidic phosphoprotein pre-
dominantly expressed in dentin, bone and
cementum13,18. A lower level of expression
for this protein has also been found in non-
mineralized tissues such as the brain, kid-
ney, pancreas, and salivary glands36. Like
DSPP, DMP1 in the ECM of bone and
dentin mainly occurs as proteolytically pro-
cessed 37 kDa fragments and 57 kDa frag-
ments, which originate from the NH2-
terminal and COOH-terminal regions of
the DMP1 amino acid sequence, respec-
tively28. Recently, the full-length form of
DMP1 has been identified in the ECM of rat
dentin and bone, the concentration of which
is considerably lower than its processed
fragments in these two tissues15. The
importance of DMP1 for dentin and bone
mineralization has been demonstrated by
gene ablation experiments in mice38,39 and
in human genetic mutation studies9.

Bone sialoprotein is primarily found in
bone, mineralizing cartilage, cementum,
and reactionary dentin12,23. The biological
functions of BSP in mineralized tissues are
largely unknown. Some data suggest that
BSP acts as a nucleator for the formation
of initial apatite crystals, and then, as this
mineral grows on the collagen matrix, it
acts as an inhibitor in directing the growth
of the crystals12,25.
OPN is present in relatively large quan-
tities in non-mineralized tissues as well as
mineralized tissues. In mineralized tis-
sues, OPN is expressed in bone, cemen-
tum, predentin, and tertiary dentin23,25,34.
In vitro and in vivo studies show that OPN
is an effective inhibitor of apatite forma-
tion and growth3,4,34.

There is a large body of information
about the biochemical properties and tis-
sue expression of SIBLING family mem-
bers in bone and dentin but little is known
about these molecules, especially DSPP
and DMP1, in the mandibular condylar
cartilage. The main objectives of this
investigation are to evaluate the presence
or absence of the four SIBLING members
and their relative expression level in the
condylar cartilage of the rat mandible, and
the difference in the expression pattern of
these SIBLING family members and/or
their processed fragments in association
with the anatomical structure of the carti-
lage during post-natal growth. In this
study, using protein chemistry and immu-
nohistochemistry approaches the authors
detected DSPP, DMP1, BSP and OPN in
the rat condylar cartilage, which show
remarkable variations between different
layers of cartilage and at different ages.
These findings provide novel information
and clues about the potential roles of these
molecules in the chondrogenesis of con-
dylar cartilage and osteogenesis of the
mandibular ramus.

Materials and methods

Tissue acquisition/extraction of NCPs

Sprague–Dawley rats (Harlan, Indianapo-
lis, IN, USA) aged 2, 5, 8 and 12 weeks
were used in this study. Mandibular con-
dylar cartilage tissues from the 2-, 5- and
8-week-old rats were used for immuno-
histochemistry (IHC) staining while those
from 12-week-old rats were used for pro-
tein chemistry analysis. The animal pro-
tocol was approved by the Animal Welfare
Committee of Baylor College of Dentistry
of the Texas A & M University System
Health Science Center.

Extraction and separation of NCPs of the

mandibular condylar cartilage

Twenty 12-week-old rats (40 mandibular
condyles) were used for the extraction of
NCPs. The condylar cartilage was carefully
separated at the cartilage–bone interface
under a dissecting microscope. The proce-
dure for protein extraction and separation
from the cartilage was similar to that rou-
tinely employed in the laboratory for
extracting proteins from bone and dentin29.
Briefly, the condylar cartilage was placed in
4 M guanidium–HCl (Gdm–HCl; Acros
Organics, Fairlawn, NJ, USA) solution
(pH 7.2) containing proteinase inhibitors
for 48 h. This procedure extracts NCPs
(including the SIBLING family members)
from the unmineralized phase (i.e. the con-
dylar cartilage). NCPs in the mineralized
phase cannot be extracted by Gdm–HCl
without demineralization reagents. This
protocol ensures that if there is a minor
amount of contaminating mineralized tis-
sue (mineralized cartilage or bone), the
NCPs from the mineralized phase will
not contaminate the samples from the
non-mineralized cartilage. The Gdm–HCl
extracts were subjected to Q-Sepharose
(Amersham Biosciences, Uppsala, Swe-
den) ion-exchange chromatography with
a gradient ranging from 0.1 M to 0.8 M
NaCl in a 6 M urea solution of pH 7.2.
Acidic proteins from this extraction were
eluted into sequential fractions, each in
1.0 ml of 6 M urea solution. Each separated
chromatographic fraction in 6 M urea solu-
tion was analyzed by sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis
(SDS-PAGE). Stains-All staining and Wes-
tern immunoblotting were carried out to
evaluate the presence of DSPP, DMP1,
BSP, OPN and their processed fragments.

SDS-PAGE and Western immunoblotting

For SDS-PAGE, 5–15% gradient gels
were used in all the experiments. 60 ml
of sample from each chromatographic
fraction was loaded onto the gels.
Stains-All staining was used for detecting
the ECM proteins eluted from ion-
exchange chromatography. For Western
immunoblotting detection of DSPP/DSP,
an anti-DSP polyclonal antibody5

(Table 1) was used at a dilution of
1:3000 in blocking buffer. For detection
of DMP1, two types of anti-DMP1 anti-
bodies were used. One was a monoclonal
antibody generated using the NH2-term-
inal fragment of rat bone DMP1 as the
antigen (designated as anti-DMP1-N-
9B6.3, immunoreactive to the NH2-term-
inal region of DMP130) and was used at a
dilution of 1:1000. The other was a poly-
clonal antibody referred to as anti-DMP1-
C-857, which recognizes the COOH-term-
inal region of DMP115 and was used at a
dilution of 1:2000. For detection of BSP, a
monoclonal anti-BSP antibody known as
anti-BSP-10D9.216 was used at a dilution
of 1:2000. For detection of OPN, an anti-
OPN polyclonal antibody29 was used at a
dilution of 1:2000. Blots were washed
three times in PBS containing 0.3%
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Table 1. Antibodies used in this study.

Antibody
Antibody

type Immunizing antigen
Immunoreactivity in

Western blotting
Immunoreactivity in

immunohistochemistry

Anti-DSP-2C12.3a Monoclonal Purified rat dentin DSP No Yes
Anti-DSPb Polyclonal Purified rat dentin DSP Yes Yes
Anti-DMP1-N-9B6.3c Monoclonal 37 kDa (N-terminal) Yes Very weak
Anti-DMP1-N-859d Polyclonal Oligopeptide (residues 101–121) Yes Yes
Anti-DMP1-C-8G10.3e Monoclonal 57 kDa (C-terminal) No Yes
Anti-DMP1-C-857f Polyclonal Oligopeptide (residues 471–485) Yes Yes
Anti-BSP-10D9.2g Monoclonal Purified rat bone BSP Yes Yes
Anti-OPNh Polyclonal Recombinant rat OPN Yes Yes

a This monoclonal antibody1 was used to detect DSP by immunohistochemistry analysis.
b This polyclonal antibody5 was used to detect DSP by Western immunoblotting.
c This monoclonal antibody30 was used to detect the NH2-terminal fragment of DMP1 by Western immunoblotting analysis.
d This polyclonal antibody21 was used to detect the NH2-terminal fragment of DMP1 by immunohistochemistry and immunofluorescence analysis.
e This monoclonal antibody2 was used to detect the COOH-terminal fragment of DMP1 by immunohistochemistry and immunofluorescence

analysis.
f This polyclonal antibody15 was used to detect the COOH-terminal fragment of DMP1 by Western immunoblotting analysis.
g This monoclonal antibody16 was used to detect BSP by immunohistochemistry analysis and Western immunoblotting.
h This polyclonal antibody29 was used to detect OPN by immunohistochemistry analysis and Western immunoblotting.
tween-20, and followed by incubation in
secondary antibody with a 1:5000 dilution
of alkaline phosphate-conjugated anti-
mouse IgG or anti-rabbit IgG (Sigma–
Aldrich, Louis, MO, USA). The blots were
incubated in the chemiluminescent sub-
strate CDP-star (Ambion, Austin, TX,
USA) for 5 min and exposed to X-ray
films.

Immunohistochemistry (IHC)

IHC was performed to analyze the differ-
ence in the expression and distribution
pattern of these SIBLING proteins in the
mandibular condylar cartilage from 2-, 5-
and 8-week-old rats. Under anesthesia,
Sprague–Dawley rats (Harlan, Indianapo-
lis, IN, USA) at the above ages were
perfused from the ascending aorta with
4% paraformaldehyde in 0.1 M phosphate
buffer. The mandibles were dissected and
further fixed in the same fixative for 48 h,
followed by decalcification in 8% EDTA
(pH 7.4) at 4 8C for approximately 4
weeks. Tissues were processed for paraffin
embedding, and serial 5 mm sections were
prepared. For immunohistochemical
detection of DSPP/DSP: the anti-DSP
monoclonal antibody designated as anti-
DSP-2C12.31 (Table 1) was used at a
dilution of 1:200. For DMP1, two types
of antibodies were used at a dilution of
1:300: a monoclonal antibody referred to
as anti-DMP1-C-8G10.32, which specifi-
cally recognizes the COOH-terminal frag-
ment of DMP1 in IHC; the other was a
polyclonal antibody known as anti-DMP1-
N-85921, which recognizes the NH2-term-
inal fragment of DMP1. For BSP and
OPN, antibodies were identical to those
used in Western immunoblotting, and the
dilution was 1:200. All IHC experiments
were carried out using ABC kit and DAB
kit (Vector Laboratories Inc., Burlingame,
CA, USA), following the manufacturer’s
instructions.

Immunofluorescence analysis of DMP1

fragments

A double immunofluorescent staining
approach was used to detect the location
differences of DMP1 fragments in the con-
dylar cartilage of rat mandible. The sections
were first incubated with a mixture of the
two primary antibodies, anti-DMP1-N-859
and anti-DMP1-C-8G10.3 (each diluted at
1:400), which recognize the NH2-terminal
and COOH-terminal regions of DMP1,
respectively. The sections were incubated
with goat anti-rabbit F (ab’)2 fragment
conjugated with Alexa 488 (green) and goat
anti-mouse F(ab’)2 fragment conjugated
with Alexa 546 (red, both from Invitrogen,
Camarillo, CA, USA) at a dilution of 1:600.
Nuclei were counterstained with TO-PRO-
3 (Invitrogen, CA, USA) at a dilution of
1:500 for 5 min to stain the nuclei (for blue
colour). After mounting with Slowfade, the
images were captured and analyzed with a
Leica TCS-SP2 confocal microscope (Hei-
delberg, Germany).

Table 1 is a summary of the antibodies
used in this study. Detailed information
for all of these antibodies can be found in
the authors’ previous publica-
tions1,2,5,15,16,21,29,30.

Results

DSPP, DMP1, BSP and OPN in the Gdm–

HCl extracts of the condylar cartilage

Q-Sepharose ion-exchange chromatogra-
phy separated Gdm–HCl extracts of the
cartilage into 120 fractions (Fig. 1). Each
of the chromatographic fractions that
might potentially contain any of the four
SIBLING family members was assayed by
Stains-All staining and Western immuno-
blotting. In this report, the Stains-All
staining of fractions 15 through 93 is
presented (Fig. 2) to illustrate the results.
To show the identity of DSPP/DSP, Wes-
tern immunoblotting of fractions 27
through 39 is shown while for that of
the other three SIBLING family members,
Western immunoblotting of one represen-
tative fraction is shown (Fig. 3).

Stains-All staining failed to demon-
strate any protein bands corresponding
to the migration rates of DSPP, DSP or
DPP on SDS-PAGE (Fig. 2), whereas on
Western immunoblotting, a clear band in
fractions 27–37 corresponding to the
migration rate of the full-length form of
DSPP (180–190 kDa) was recognized by
the anti-DSP antibody (Fig. 3A). This
observation indicated that the amount of
DSPP in the sample was not sufficient for
disclosure by Stains-All staining, but
could be clearly detected by Western
immunoblotting. The migration rate of
the protein bands in fractions 27–39 that
were immunoreactive to the anti-DSP
antibody were identical to the full-length
form of mouse recombinant DSPP made in
HEK-293 cells, which migrates between
180 kDa and 190 kDa on 5–15% gradient
gel (Sun and Qin, unpublished data).
Before loading onto SDS-PAGE, the sam-
ple was treated with 2.5% b-mercap-
toethanol to eliminate the disulphide-
bond linked dimeric form of DSP; pre-
vious studies have shown that dentin ECM
contain a dimeric form of DSP that
migrates over 200 kDa on SDS-
PAGE16,37. Taken together, the authors



Distribution of Small Integrin-Binding LIgand, N-linked Glycoproteins (SIBLING) 275

Fig. 1. Separation of NCPs extracted from the rat mandibular condylar cartilage. Q-Sepharose ion-exchange chromatography separated NCPs
extracted from rat mandibular condylar cartilage into 120 fractions. Each fraction contained 1 ml of 6 M urea solution.
concluded that this 180–190 kDa protein
band in fractions 27–39 (Fig. 3A) repre-
sented the full-length form of DSPP. DSP
(the NH2-terminal fragment of DSPP) was
hardly detectable in any of the chromato-
graphic fractions (including fractions prior
to 27). This observation clearly indicated
that the majority of DSPP is not cleaved in
the condylar cartilage of the rat mandible,
which differs from the data obtained from
dentin ECM, in which DSPP is hardly
detectable whereas its cleaved products
DSP and DPP are abundant.

Previous studies showed that during
ion-exchange chromatography, the NH2-
terminal (37 kDa) and COOH-terminal
(57 kDa) fragments of DMP1 and the
full-length form of DMP1 co-elute with
OPN16. In this investigation, Western
immunoblotting using the anti-DMP1-N-
9B6.3 antibody showed the presence of
the full-length form and the NH2-terminal
(37 kDa) fragment of DMP1 (Fig. 3B) in
the fractions, in which OPN eluted. The
anti-DMP1-C-857 antibody (immunor-
Fig. 2. Stains-All staining for chromatographic f
top of the figure represent fraction numbers. The b
markers represent OPN. The blue protein bands a
identification of these Stains-All positive protei
eactive to the COOH-terminal region of
DMP1) could hardly detect the 57 kDa
fragment but clearly demonstrated the
presence of the full-length form of
DMP1 (Fig. 3C) in these fractions; a faint
57 kDa band could be observed only when
a very large volume of sample was loaded
or when the X-ray film was exposed for a
prolonged period of time. The full-length
form of DMP1 (long arrows in Fig. 3B and
C) was detected by both the anti-DMP1-
N-9B6.3 and anti-DMP1-C-857 antibo-
dies in Western immunoblotting. In the
condylar cartilage, the full-length form of
DMP1 appeared more abundant than its
processed fragments.

The protein band representing BSP was
clearly observed in fractions 57–81 by
Stains-All staining (Fig. 2, the blue pro-
tein band migrating between the 78 kDa
and 114 kDa markers). The identification
of this protein band as BSP was further
confirmed by Western immunoblotting
using the anti-BSP-10D9.2 antibody
(Fig. 3D).
ractions 15–93 of the Gdm–HCl extract from the
lue protein bands in fractions 48–54 migrating bet
round 80 kDa (between the 78 kDa and 114 kDa m
n bands as OPN and BSP was confirmed by We
In the Q-Sepharose chromatography of
Gdm–HCl extract from the rat condylar
cartilage, OPN mainly eluted in fractions
48–54 and was clearly detected in these
fractions by Stains-All staining (Fig. 2, the
most remarkable blue protein band migrat-
ing just below the 78 kDa molecular weight
marker in fractions 48–54). Western immu-
noblotting further confirmed the abundance
of this protein in the condylar cartilage. A
broad, dark protein band below the 78 kDa
molecular marker was recognized by the
anti-OPN antibody (Fig. 3E).

Immunohistochemistry (IHC)

The condylar cartilage of the mandible can
be divided into five layers based on histo-
logical appearance (Fig. 4A1–A3): articular
(Ar), prechondroblastic (Pr), chondroblas-
tic (Ch), hypertrophic (Hy) and cartilage–
bone interface (C–B). At 5 weeks after
birth, the condylar cartilage is wider than
at 2 or 8 weeks. Immunohistochemical
staining showed that each of the four SIB-
rat mandibular condylar cartilage. Digits at the
ween the 53 kDa and 78 kDa molecular weight
arkers) in fractions 54–81 represent BSP. The

stern immunoblotting (see Fig. 3).
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Fig. 3. Western immunoblotting for DSPP and its fragments, DMP1 and its fragments, BSP and OPN. (A) Western immunoblotting using anti-
DSP polyclonal antibody for fractions 27–39 of Q-Sepharaose chromatography of NCPs extracted from rat condylar cartilage. Positive control
(Cont): 0.3 mg of DSP isolated from rat incisor dentin; 27–39: 60 ml of sample from fractions 27–39 were treated with 2.5% of b-mercaptoethanol
before loading. Long arrow indicates the migrating position of full-length DSPP; arrowhead indicates the migrating position of DSP. (B) Western
immunoblotting using anti-DMP1-N-9B6.3 monoclonal antibody. Cont: 1 mg of the NH2-terminal (37 kDa) fragment of DMP1 and the full-length
form of DMP1 isolated from rat long bone. 51: 60 ml of sample from fraction 51 of Q-Sepharaose chromatography of NCPs extracted from rat
condylar cartilage. Both the 37 kDa fragment (arrowhead) and full-length form of DMP1 (long arrow) are detected in the extract from the rat
condylar cartilage. In comparison with the DMP1 molecular species in the extract from rat long bone (Cont in B), the full-length form of DMP1 is
more abundant in the extract from the cartilage. (C) Western immunoblotting using anti-DMP1-C-857 polyclonal antibody. Cont: 1 mg of the
COOH-terminal (57 kDa) fragment and the full-length form of DMP1 isolated from rat long bone. 51: 60 ml of sample from fraction 51 of Q-
Sepharaose chromatography of NCPs extracted from rat condylar cartilage. While the full-length form of DMP1 (long arrow) was visualized, the
57 kDa fragment (arrowhead) was hardly detectable in the extract from the rat condylar cartilage. (D) Western immunoblotting using anti-BSP-
10D9.3 monoclonal antibody. Cont: 1 mg of BSP isolated from rat long bone. 69: fraction 69 of Q-Sepharaose chromatography of NCPs extracted
from rat condylar cartilage. Arrow indicates the migrating position of BSP. (E) Western immunoblotting using the anti-OPN polyclonal antibody.
Cont: 1 mg of OPN isolated from rat long bone. 51: fraction 51 of Q-Sepharaose chromatography of NCPs extracted from rat condylar cartilage.
Arrow indicates the migrating position of OPN.
LING family members had its own prefer-
ence for distribution in specific layers,
although all of them were detected in the
cartilage. The distribution patterns also
changed in relation to post-natal growth
of the animals.

DSPP was most pronounced within the
cells in the articular layer and prechon-
droblastic layer at 2 weeks after birth,
although the signal for DSPP could be
observed across the whole area of the
cartilage (Fig. 4B1). At 5 and 8 weeks
(Fig. 4B2 and B3), DSPP was more pro-
minent in the chondroblastic layer and the
upper hypertrophic layer than in the super-
ficial layer. DSPP was found in the ECM
as well as within the cells.

The signal for the NH2-terminal frag-
ment of DMP1 was very strong in the
ECM of the articular and prechondroblas-
tic layers but weaker in the chondroblastic
and hypertrophic layers of the cartilage, 2
weeks after birth (Fig. 4C1). At 5 weeks,
the signal for the NH2-terminal fragment
of DMP1 decreased across all layers of
cartilage (Fig. 4C2), whereas at 8 weeks,
the signal for the NH2-terminal fragment
of DMP1 increased in the ECM of the
prechondroblastic and chondroblastic
layers (Fig. 4C3).
While the signal for the COOH-term-
inal fragment of DMP1 was weak across
all layers of the condylar cartilage at 2 and
8 weeks after birth (Fig. 4D1 and D3), at 5
weeks a relatively strong immunoreactiv-
ity for this fragment was observed within
the nuclei of cells in the chondroblastic
layer and upper part of the hypertrophic
layer adjacent to the chondroblasts
(Fig. 4D2).

BSP was observed in significant
amounts in all of the five layers of the
condylar cartilage from all of the three age
groups (Fig. 4E1–E3). At 5 weeks, the
signal for BSP was very strong in the
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Table 2. Summary of IHC results.

2 weeks 5 weeks 8 weeks

Ar Pr Ch Hy C–B Ar Pr Ch Hy C–B Ar Pr Ch Hy C–B

DSPP ++ ++ + + + + + ++ ++ + + + ++ ++ +
DMP1-N +++ +++ + + + + + + + + + ++ ++ + +
DMP1-C + + + + + + + ++ ++ + + + + + +
BSP ++ ++ ++ ++ ++ ++ +++ +++ ++ ++ + ++ ++ ++ ++
OPN ++ ++ ++ + ++ � + + � + + + ++ + ++

Ar, articular layer; Pr, prechondroblastic layer; Ch, chondroblastic layer; Hy, hypertrophic layer; C–B, cartilage–bone interface. +++: strongly
positive; ++: moderately positive; +: slightly positive; �: negative.
ECM of the prechondroblastic and chon-
droblastic layers and within the cells of
these two layers (Fig. 4E2).

At 2 weeks, OPN was prominent in the
articular layer (Fig. 4F1), while at 5 weeks
this protein was mainly detected in the
cells of the chondroblastic layer
(Fig. 4F2). The signal for OPN in the
chondroblastic layer of the condylar car-
tilage from the 8-week-old rat (Fig. 4F3)
appeared stronger than the level at 5
weeks. The IHC results are summarized
in Table 2.

The distribution of the four SIBLING
members showed the following general
tendency. At 2 weeks after birth, relatively
strong signals for these SIBLING proteins
were observed in the articular and pre-
chondroblastic layers, except for the
COOH-terminal fragment of DMP1. As
the animals grow (5 and 8 weeks after
birth), the signals for these molecules
either disappeared or became weaker in
the articular layer, while their immunor-
eactivity in deeper layers (chondroblastic
and hypertrophic layers) became stronger.
In addition to their presence in the ECM,
these four SIBLING members were also
observed within the cells (fibroblasts, pre-
chondroblasts, chondroblasts and hyper-
trophic chondrocytes).

The NH2-terminal fragment of DMP1
showed a distribution profile different
from that of the COOH-terminal fragment
of DMP1 in the condylar cartilage of the
mandible. To confirm these findings, the
authors carried out double immunofluor-
escent staining experiments to investigate
the localization of these two fragments on
the condylar cartilage from 8-week-old
rats. In this approach, the tissue section
was initially incubated with a mixture of
the two primary antibodies, anti-DMP1-
N-859 and anti-DMP1-C-8G10.3, which
reacts with the NH2-terminal and the
COOH-terminal fragments of DMP1 in
the same tissue section, respectively.
The NH2-terminal fragment of DMP1
was mainly present in ECM and in the
cytoplasm around the nuclei of cells in the
prechondroblastic and chondroblastic
layers (Fig. 5E), while the COOH-term-
inal fragment was primarily located in the
nuclei of cells in the chondroblastic and
hypertrophic layers. These findings are
consistent with observations obtained
from routine IHC analyses (see above).

Discussion

As both a site of growth and articulation,
the condylar cartilage plays an important
role in the development and function of
the mandible. The protein-related macro-
molecules in the condylar cartilage of the
mandible are classified into: collagens;
proteoglycans; and non-collagenous pro-
teins (NCPs). The collagen components of
rat condylar cartilage include type I and
type II collagens and differ from the
articular cartilage of the long bone that
contains only type II collagen22. The pro-
teoglycans in the rat condylar cartilage are
involved in regulating the activity and
stability of proteins and signalling mole-
cules within the matrix as well as in the
matrix assembly. NCPs, in particular the
SIBLING family members in the rat con-
dylar cartilage, have not been given much
attention, and their potential roles in chon-
drogenesis are largely unknown.

The SIBLING family members, DSPP,
DMP1, BSP and OPN are known to play
critical roles in osteogenesis, dentinogen-
esis and cementogenesis. There have been
numerous studies on the localization,
characterization and biological functions
of these four SIBLING members in bone,
dentin and cementum25. There are few
reports of the distribution and character-
istics of these NCPs in the condylar car-
tilage of the mandible17,32,39.

In this study, the authors systematically
evaluated the presence and distribution of
DSPP, DMP1, BSP and OPN in the con-
dylar cartilage of the rat mandible, using
protein chemistry and immunohistochem-
istry. For the protein chemistry analyses,
condylar cartilage from 12-week-old rats
was used; the bone and dentin tissues from
rats at this age are routinely used by the
authors for extraction of SIBLING pro-
teins29 because rats at this age provide
ample tissue mass while they are still young
enough to maintain the momentum of
growth. For the immunohistochemical
experiments, condylar cartilage from rats
aged 2, 5 and 8 weeks was used. At each of
these ages, the condylar cartilage is a site of
active growth, although more so at 2 weeks
of age. Rats are typically weaned at 21 days
of age, so this time interval spans an age (2
weeks) prior to the introduction of hard
food to late adolescence11 (8 weeks) in
which articular function is significant and
well established. The mitotic cells of the
condylar cartilage are located within the
perichondrium (specifically the prechon-
droblastic layer), so this region is important
for the growth that is so prominent at the
condylar cartilage during the early part of
the age span studied6,32. With increasing
age, the percentage of cells undergoing
mitosis in the rat condylar cartilage
declines steadily31, while the articular func-
tion of the cartilage becomes more promi-
nent and the articular layer is transformed
from fibrous tissue to fibrocartilage in
loaded areas7. In this study, immunoreac-
tivity, especially for DSPP and the NH2

fragment of DMP1, changed from a pri-
marily perichondrial localization at 2
weeks to more prominent expression in
the chondroblastic and hypertrophic layers
of the cartilage at 5 and 8 weeks, while
becoming evident in the matrix. Viewed in
this context, the shift of immunoreactivity
for most SIBLING proteins from the super-
ficial (perichondrial) layers to the deeper
(cartilaginous) layers may reflect a shift
from a role in growth regulation to a role
in modulating ECM response to the
increasing articular forces generated during
the transition to hard food and the growth of
the masticatory muscles6,14,32,33. This shift
of expression pattern suggests that these
SIBLING family members may be actively
involved in the development and function
of the condylar cartilage: DSPP, DMP1,
BSP and OPN along with other macromo-
lecules such as collagens and proteoglycans
may work collectively to ensure the proper
formation and function of cartilage.

DSPP in the ECM of dentin is primarily
present as processed DSP and DPP frag-
ments, originating from the NH2-terminal
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Fig. 4. H&E and IHC staining for paraffin sections of the condylar cartilage from 2-, 5- and 8-week-old rats. Column 1, 2-week-old rat; column 2,
5-week-old rat; column 3, 8-week-old rat. Ar, articular layer; Pr, prechondroblastic layer; Ch, chondroblastic layer; Hy, hypertrophic layer; C–B,
cartilage–bone interface. Row A, H&E staining; row B, IHC for DSPP; row C, IHC for the NH2-terminal fragment of DMP1; row D, IHC for the
COOH-terminal fragment of DMP1; row E, IHC for BSP; row F, IHC for OPN. Bar equals 100 mm in all microphotographs. DSPP was observed in
the cells of all five layers and in the ECM of the articular layer and prechondroblastic layer at 2 weeks (B1). At 5 and 8 weeks (B2 and B3), the
signal for DSPP was detected in the cells of the chondroblastic and hypertrophic layers, as well as in the ECM of the articular, prechondroblastic
and chondroblastic layers. The signal for the NH2-terminal fragment of DMP1 was mainly observed in the ECM of the articular layer and
prechondroblastic layer at 2 weeks (C1). At 5 and 8 weeks (C2 and C3), the signal for the NH2-terminal fragment of DMP1 was mainly observed in
the cells and the ECM of the chondroblastic and hypertrophic layers. Note that the IHC staining in the 5-week-old group is weaker than in the 8-
week-old group. The signal for the COOH-terminal fragment of DMP1 (D1–D3) was primarily observed in the nuclei of cells of the chondroblastic
and upper part of the hypertrophic layers. BSP was observed in the cells of all five layers and in the ECM of the articular layer at 2 weeks (E1). At 5
weeks (E2), BSP signal was strong in the nuclei of cells in the prechondroblastic and chondroblastic layers and in the ECM of all five layers. At 8
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Fig. 5. Double staining immunofluorescence on the condylar cartilage from 8-week-old rats using a mixture of anti-DMP1-N-859 polyclonal and
anti-DMP1-C-8G10.3 monoclonal antibodies. (A) Light microscopic IHC was performed with the anti-DMP1-N-859 polyclonal antibody. The
NH2-terminal fragment of DMP1 was prominent in the chondroblastic and hypertrophic layers (boxed). (B) A higher magnification of the boxed
area in A. (C) Light microscopic IHC was performed with the anti-DMP1-C-8G10.3 monoclonal antibody. The COOH-terminal fragment was
observed in the nuclei of cells in the chondroblastic and hypertrophic layers (boxed). (D) A higher magnification of the boxed area in C. (E) Double
staining immunofluorescence analysis showed that the NH2-terminal fragment (red colour) was mainly observed in the ECM of the chondroblastic
and hypertrophic layers, or around the cell nuclei in the prechondroblastic, chondroblastic and hypertrophic layers, while the signal for the COOH-
terminal fragment (green colour) was mainly found in the nuclei of cells in the chondroblastic and hypertrophic layers, and at the cartilage–bone
interface.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
and COOH-terminal regions of the DSPP
amino acid sequence, respectively4. The
expression of DSPP has been observed in
dentin17, bone27 and a number of tumour
tissues10 but not in any type of cartilage.
This investigation is the first to report the
expression of DSPP in cartilaginous tis-
sue. Although the level of DSPP expres-
sion in the rat condylar cartilage is lower
than in dentin, it appears much higher in
the cartilage than in the long bone, based
on observations from both Western immu-
noblotting and immunohistochemistry
analyses. Immunohistochemistry and pro-
tein chemistry experiments also revealed
that the expression of DSPP in the growth
plate cartilage of the long bone is higher
than in the long bone (data not shown).
The majority of DSPP in the condylar
cartilage appears uncleaved (i.e. existing
as the intact, full-length form); unlike in
dentin, in which DSPP is primarily pro-
teolitically processed into DSP and DPP.
These findings suggest that the biological
role of DSPP in the condylar cartilage may
differ from that in dentin and bone. Further
weeks (E3), the signal for BSP was mainly obser
cells of all five layers and in the ECM of the articu
in the nuclei of the chondroblastic layer and in
studies are warranted to analyze the roles
of DSPP in the cartilage tissues.

Like DSPP, DMP1 in bone and dentin is
primarily present as the processed NH2-
terminal (37 kDa) and COOH-terminal
(57 kDa) fragments, with only trace
amounts of the full-length form of
DMP115. In contrast to the observations
in dentin and bone, the authors found that,
compared with its processed fragments,
there was more of the full-length form
of DMP1 in the condylar cartilage. In
addition to the features common to all
SIBLING proteins, DMP1 and DSPP
share several unique similarities2,24. Both
are proteolytically cleaved in the dentin
and bone to yield NH2-terminal and
COOH-terminal fragments. Their NH2-
terminal fragments are highly glycosy-
lated30, their COOH-terminal fragments
are highly phosphorylated and are able
to promote mineralization25,24 and they
show a similar localization in the tooth.
The findings from this study added another
similarity that in the condylar cartilage,
both DSPP and DMP1 are primarily pre-
ved in the prechondroblastic, chondroblastic and
lar layer at 2 weeks (F1). At 5 and 8 weeks (F2 an
the ECM of the prechondroblastic and chondrob
sent as uncleaved forms. Further studies
are needed to determine why DSPP and
DMP1 are not processed in the condylar
cartilage, and to explore whether the bio-
logical roles of DSPP and DMP1 in the
condylar cartilage differ from those in the
dentin and bone.

The signal for the NH2-terminal frag-
ment of DMP1 was localized differently
from that of the COOH-terminal fragment
in the condylar cartilage. The NH2-term-
inal fragment of DMP1 was mainly
detected in the matrix or in the cytoplasm
while the signal for the COOH-terminal
fragment was mainly observed in the
nuclei of cells in the chondroblastic and
hypertrophic layers of the condylar carti-
lage. This was consistent with the findings
that the localization of the NH2-terminal
fragment of DMP1 differs from the
COOH-terminal fragment in the rat dentin
and long bone20. In the rat first molar, the
NH2-terminal fragment was localized to
predentin, whereas the COOH-terminal
fragment was mainly restricted to miner-
alized dentin. In the growth plate of the
hypertrophic layers. OPN was observed in the
d F3), the signal for OPN was mainly observed
lastic layers.
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long bone, the NH2-terminal fragment
appeared in the proliferation and hyper-
trophic zones, while the COOH-terminal
fragment was in the ossification zone. This
localization difference in the cartilage
strongly suggests that the two fragments
of DMP1 may play different roles during
chondrogenesis. It is also possible that the
immunoreactivity revealed in IHC ana-
lyses by the antibodies against the NH2-
terminal region of DMP1 represents the
full-length form of DMP1, while the fail-
ure to detect the COOH-terminal portion
of the full-length DMP1 by antibodies
against the COOH-terminal region of
the protein might be due to an unknown
spatial structure that does not allow the
antigenic epitopes of the COOH-terminal
region to be exposed. The COOH-terminal
portion of DMP1 might be wrapped inside
the protein and could not be exposed. This
could explain the abundance of the full-
length form of DMP1 (found in Western
immunoblotting) in the Gdm–HCl extract
from the rat condylar cartilage. In addition
to the different localization between the
two fragments of DMP1, there were also
sites in which they are co-localized. Co-
localized signal can be found in the cyto-
plasm of prechondroblasts, chondroblasts
and at the bone–cartilage interface.

BSP and OPN were clearly detected in
the condylar cartilage. While DSPP and
DMP1, or their processed fragments, could
not be detected clearly by Stains-All stain-
ing, the Stains-All positive protein bands
representing BSP and OPN were observed.
IHC showed that at 2 weeks after birth, BSP
and OPN were found in the ECM of the
fast-growing superficial layer (articular
layer and superficial part of prechondro-
blastic layer) while at later points (5 and 8
weeks), the main expression of these two
proteins shifted into the deeper layers of the
condylar cartilage.

In summary, with both protein chemistry
and immunohistochemistry methods, the
authors detected the four SIBLING family
members, DSPP, DMP1, BSP and OPN in
the condylar cartilage. The localization of
the four SIBLING family members and/or
their processed fragments varied in differ-
ent layers of the cartilage. The findings
from this investigation have increased the
general body of knowledge about these four
SIBLING proteins in different tissues and
provided clues about the potential roles of
these molecules in chondrogenesis.
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