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ABSTRACT

Objective: To examine Dentine matrix protein 1(DMP1) and Dentine
sialophosphoprotein (DSPP) expression and subcellular localization in various
cell lines to better understand their function.

Methods: RT-PCR, immunofluorescent staining and Western-blotting
analyses were used to determine the expression and subcellular localization of
DMP1 and DSPP in various cell lines, including odontoblast-like (1711A11),
preosteoblast (MC3T3-E1), mesenchymal cells (C3H10T1/2), and human dental
pulp stem cells (DPSC). In addition, a haemagglutinin (HA) tagged DMP1
expression construct was generated and examined for its subcellular localization
in COS-7 cells.

Results: Western-blot analysis showed the presence of DMP1 and DSPP
in the cytoplasmic and nuclear extracts of MC3T3-E1, 1711A11, and C3H10T1/2
cells. DMP1 and DSPP transcripts were consistently detected in all three cell
lines by RT-PCR analysis. However, immunofluorescent detection of DMP1
revealed the presence of two distinct subpopulations of cells with either nuclear
or cytoplasmic staining; this phenomenon was not noticed with DSPP

immunofluorescence.



Nuclear and cytoplasmic DMP1 was confirmed in MC3T3-E1 cells by
immuofluorescent staining using a rabbit polyclonal antibody; and the staining
was inhibited when the antibody was preincubated with the synthetic peptide
used to generate the antibody, confirming the specificity of the antibody. Nuclear
and cytoplasmic localization was also observed in COS-7 cells transfected with
HA-tagged DMP1 expression construct when detected with an antibody against
the HA tag.

Conclusion: These findings suggest that, apart from their role as a
constituent of dentin/bone matrix, both DMP1 and DSPP might play a regulatory
or structural role in the nucleus that is not unique to the odontoblast/osteoblast

cells.
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CHAPTER 1

INTRODUCTION

Nuclear Targeting Of Secretory Proteins

Secretory proteins, like the name implies, are proteins that are
manufactured in the cell and then secreted to fulfill either a signaling role by
interacting with other cell surface receptors associated with signal transduction
pathways, or by direct nuclear association, or play a structural role in the
formation of various body tissues. Recently, some of these secretory proteins
like fibroblast growth factor (FGF), epidermal growth factor (EGF) and dentine
matrix protein 1 (DMP1) have been found to target the nucleus.

The localization of theses proteins in the nuclei of cells suggests an
extended function/s that needs to be explored. It has been found, for example,
that angiogenin biological activity is conditional on its nuclear targeting (1).
Others suggested roles that include transcriptional regulation, mRNA transport or
translational control (2). It also proposes unconventional cellular secretory
functions that can explain the mechanisms by which these proteins are
translocated in the nucleus. The two major suggested pathways are either
internalization of the secreted protein or the deviation of the manufactured
protein from its pathway out of the cell. The internalization can be mediated
through the presence of specific cell receptors on cell surfaces or certain
structures in the cell membrane like caveolae that facilitate nuclear uptake(3) . A
prominent example of the second mechanism is Fibroblast growth factor 3

(FGF3) that is thought to posses a nuclear localization signal (NLS). This motif
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acts as a recognition site for proteins that help in the import of proteins in to the

nucleus (4).

Dentine Matrix Protein (DMP1)

Dentine matrix protein was first cloned from dentine matrix (5). A few
years later it was identified in osteoblasts using RT-PCR, making it not unique to
dentine (6). Other studies had shown its presence in several other tissues like
the kidneys and salivary glands (7, 8)

The protein is acidic in nature making it a key participant in the
mineralization of bone and dentine. It is also a member of the Small integrin
binding ligand N-linked glycoproteins or SIBLINGs family. These are a group of
proteins that possess common characteristics like an RGD (ARG-GLY-ASP)
amino acid sequence that is recognized by cellular integrins to facilitate cell-
matrix attachment, and amino acid sequences that are rich in aspartic acid,
glutamic acid and phosphorylated serines. Other members of the family include
osteopontin (OPN), bone sialoprotein (BSP) and dentine sialophosphoprotein
(DSPP) and matrix extracellular phosphoglycoprotein (MEPE). DMP1 is made of
three highly conserved regions. The first region known as the GAG domain due
to the presence of a serine at position 74 that links a glycosaminglycan to the
protein. The second domain is named as the cleavage domain as it contains the
primary cleavage site. The third domain, that is thought to be responsible for
most of the protein’s function, is the C-terminal. A deletion of this region in
humans is thought to cause Autosomal recessesive hypophosphatemic rickets
(9). Studies done by Qin et al concluded that the full form of DMP1 is a precursor
to the biologically active forms identified in the extra cellular matrix of bone and
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dentine (10). DMP1 is thought to be cleaved by BMP1 into an NH2-terminal and
COOH-terminal fragment (11). The N-terminal exists in two forms, the 37kDA
core protein and the proteoglycan (PG) form (12). The C-terminal is a 57kDA
fragment (10). Although emerging from the same parent molecule these
fragments behave differently. Studies have shown that recombinant full length
DMP1 and native DMP1 C-terminal fragments isolated from rat bone accelerated
the nucleation process of hydroxyapatite whereas the N-terminal inhibited crystal
formation and stabilized the amorphous form (13). Proteolytic cleavage of DMP1
is vital for its function. Recent studies have shown that transgenic expression of
normal DMP1 driven by 3.6 kb rat type | collagen promoter was able to rescue
Dmp1-null mice tooth and skeletal defects(14, 15); however, transgenic
expression of the key cleavage site mutant DMP1 failed to do so, i.e. the tooth
and skeletal defects persist in Dmp1-null mice expressing the mutant DMP1(16,
17). On the other hand, these mice demonstrated enlarged growth plates and
condylar cartilages proposing a role for the full length DMP1 in chondrogenesis.

Biological functions of DMP1 are numerous. Its high acidic nature gives it
superior calcium binding capacity and makes it an important protein in the
initiation and regulation of mineralization of bone and dentine (14, 18, 19). Itis
hydrophilic and is rich in aspartic acid, glutamic and serine residues that are
mostly phosphorylated imparting acidity to the protein (5, 20). Moreover, its RGD
sequence was shown to be functional in cell- and tissue specific interactions
allowing possible interactions of DMP1 with specific cells and activations of
signal pathways (21).

A study by Narayanan et al, demonstrated that overexpression of DMP1 in

transfected pluripotent and mesenchyme derived cells can lead to the



differentiation of these cells into functional odontoblasts that lay down a
mineralizing matrix (22).

A more interesting role was suggested when DMP1 was detected in the
nuclei of osteoblasts and odontoblasts (23, 24). It is thought to act as a
transcription factor for osteoblast specific genes like osteocalcin and genes
expressed by odontoblasts like Dspp (23, 25). The importance of this protein in
the control of osteogenesis and dentinogensis has been demonstrated by a
series of Dmp-1 knock —out mice experiments. Regarding bone formation, these
newborn pups developed rickets, abnormalities in bone growth, short stature due
to malformed epiphyses and delayed secondary ossification and osteomalacia
(abnormalities in mineralization) that deteriorated with age (9, 18, 26) .

The most remarkable function of DMP1 and probably the most influential
on bone development and mineralization is its effect on phosphate ion
homeostasis. Loss of DMP1 in humans and mice lead to autosomal recessive
hypophosphatemic rickets (ARHR). The reduced serum phosphate levels was
shown to be a result of a significant increase in the levels of FGF23 expressed in
osteoblasts due to DMP1 mutations (9, 26) . The low levels of Pi directly affects
chondrocytes by retarding apoptosis and thereby disturbing the growth plates
and delaying blood vessel invasion for secondary ossification leading to
malformed epiphyses (26). Feeding Dmp1 null mice a diet rich in Pi along with
intraperitoneal injections of FGF23 neutralizing antibodies reversed the skeletal
phenotype further confirming the role of DMP1, Pi and FGF23 on bone
development.

DMPL1 plays a pivotal role in controlling dentinogenesis by regulating
differentiation and maturation of odontoblasts as well as mineralization of
dentine. Mice lacking DMP1 developed teeth with defects in dentine formation
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including failure of maturation of predentine into dentine, thin dentine walls, large
pulp chambers, hypomineralization, dental tubular system abnormalities and a 3-
fold reduction in the rate of dentine apposition (14, 27). These mice also showed
a significant decrease in the levels of DSPP corroborating the results from
Narayanan et al showed that DMP1 upregulates DSPP expression (25).

Its role in regeneration and stem cell stimulation is now being explored.
Recent studies have shown an upregulation in the level of genes like MMP-2,
alkaline phosphatase and transforming growth factor -1 as well as increased
matrix and mineralized nodule formation in DMP1 treated human periodontal
ligament stem cells. This can expand the role of DMPL1 to involve dental tissue
engineering and regeneration (28).

DMP1 has also been associated with inflammation in dental tissues. It was
detected in higher levels in the gingival crevices of orthodontically induced root
resorption(29) in addition to human inflamed dental pulps. It caused an increase
in the expression of IL-6 and IL-8 levels when added to pulp fibroblasts. This
inflammatory effect was potentiated in the presence of LPS (30). The clinical
extent of the proinflammatory influence of DMP1 remains unclear and whether
this can interfere with its regenerative capacity, as previously mentioned, is still to
be determined.

Apart from their functions in mineralized tissue the ubiquity of DMP1 and
its SIBLINGs family members in other tissues has been proven in a series of
studies. For example, it was identified in human kidneys along with its partner
matrix metalloproteinases (MMP) throughout the nephrons (7). It was also
identified in metabolically active ducts of salivary and sweat glands (31).
Terasawa et al. reported the expression of DMP1 in the soft tissue of rats
including, brain, liver, muscle, pancreas and kidney (32). The exact function of
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the SIBLINGs proteins in the nephral and salivary gland tissues are yet to be
determined. The hypothesis remains that they are involved (along with their
partner MMP) in the normal turnover of cell surface proteins and/ or pericellular
matrix proteins such as those in basement membranes (31).

The role of the SIBLINGSs proteins in cancer is under investigation. BSP is
the most prominent member that has been related to invasion, metastasis and
angiogenesis of cancer cells. On the other hand, many studies have unveiled the
involvement of DMP1 in similar processes. In vitro studies had showed the
increase in the invasive ability of a colon cancer cell line in the presence of
DMP1 (33). The ability of DMP1 to bind and modulate the function of MMP
(specifically MMP-9) grants it a matrix degradation potential that allows for
invasiveness and spread (34).Immunohistochemical and cDNA profiling studies
demonstrated high levels of DMP1 in human lung and breast cancer (35-37).

On the flip side more recent studies had suggested a helpful role played
by DMP1 against cancer progression and invasion. One study suggests that
DMP1 can interfere with the migration of human breast cancer cells in-vitro and
its expression is inversely associated with breast cancer progression (37).
Another study by Pirotte et al. demonstrated the ability of DMP1 to specifically
block VEGF induced, tumor associated, angiogenesis a process that is

necessary for cancer growth and progression (38).



Dentine Sialophosphoprotein (DSPP)

DSPP is another protein member of the SIBLING family, discovered by
cDNA cloning of mouse dentine as a single protein that is later cleaved to
produce two smaller proteins (39), namely dentine phosphoprotein (DPP) and
dentine sialoprotein (DSP). DSPP was formerly thought to be exclusive to
dentine (40, 41), but other studies had identified it in other mineralized and non-
mineralized tissues (42-45)

These two cleavage products of DSPP had been individually identified and
characterized earlier on. DPP was initially reported in 1976 by Veis and Perry
(46) and DSP was isolated by Butler et al in 1981 (47). They were originally
considered as expressed products of different genes but the 1997 discovery by
MacDougall put an end to the misconception identifying DPP and DSP as
products from a single gene product, with DSP corresponding to the 5’ end and
DPP corresponding to the 3’end of the gene sequence (39). A study by
Yamakoshi et al. characterized porcine DSPP and suggested a third cleavage
product known as DGP (dentine glycoprotein) that is not present in other
species(48). Although expressed by the same gene, these proteins have
different, unique physical and chemical characteristics. In addition DPP shows
abundance over DSP in an approximate ratio of 10:1(49) .

The protein structure of DSPP consists of a signal peptide present in the
NH-2 terminus, (to help guide the protein into the endoplasmic reticulum),
followed by DSP amino acid sequence the DPP sequence which contains an
RGD binding domain (49). DSPP was never found in its full length. This indicates
that it is rapidly broken down into its biologically active counterparts DPP and
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DSP. Three isoforms of bone morphogenic protein-1 (BMP-1) has been recently
reported to play a role in the proteolytic cleavage of DSPP after successful
generation of its recombinant full length (50).

DPP is the most negatively charged protein with large amounts of
aspartic acid and serine that is mostly phosphorylated (51). It can present in
three forms depending on the degree of phosphorylation, highly phosphorylated
(HP), moderately phosphorylated (MP), and low phosphorylated (LP) (52).Their
physical characteristics make them ideal for the initiation and growth of apatite
crystals in tissues. DPP is the most abundant NCP in dentine. It is strictly present
in mineralized dentine and has been proven to be transported through the
dentinal tubules to the mineralization front (53, 54).The high negative charge and
the ability to bind to collagen contributes to its role in nucleation, growth and
modulation of the apatite crystals. DSP is not as negatively charged as DPP, it is
a glycoprotein that is scarcely phosphorylated but rich in sialic acid. The
proteoglycan form of DSP (DSP-PG) is another variant of DSP that is detected in
the extracellular matrix of dentine (55-57) which functions are not yet clear. DSP
was initially thought to be localized in odontoblasts, predentine and dentine with
a predilection around the odontoblastic process and in preameloblasts (40, 41,
58-60). However further studies identified its presence in alveolar bone, cellular
cementum and periodontal ligament too (43). DSP was thought to play little or
no role in mineralization, but recent studies suggest that DSP is needed for the
initiation of mineralization (61). More interestingly, it was shown that
overexpression of DSP in transgenic mice lead to a 20% increase in enamel
hardness. The opposite effect was seen in mice over expressing DPP in their

enamel organ (62).



The tooth specificity of DSPP has been challenged after studies
established its presence in bone (42) sweat glands, salivary glands, cartilage,
liver, kidney and brain (58) in levels higher than those of bone. DSPP was also
detected in some types of cancer including, lung cancer, prostate cancer and oral
squamos cell carcinoma (63-65). It is found to be more specifically associated
with prostate cancer progression (65).

The importance of DSPP in dentinogenesis has been demonstrated in
gene mutation studies in humans and gene knockout experiments in mice (66-
68). The mutation of the Dspp gene in humans is associated with dentine
development diseases including dentinogenesis imperfecta (DI) types Il and Ili
and dentine dysplasia types Il and 11l (69-72). The Dspp null mice demonstrated
phenotypic changes similar to the manifestations of DI in humans, showing
hypomineralized dentine and a widened predentine layer (66).

Furthermore, DSPP is believed to play a role in signal transduction and
growth factor function. More specifically DPP was shown to activate the Smad
pathway leading to an upregulation of BMP-2 gene expression in adult
mesenchymal stem cells (73). On the other hand DSP was shown to stimulate
the differentiation and mineralization of periodontal ligament stem cells and
dental papilla mesenchymal cells (74). More intriguingly, the overexpression of
DSPP in adipose-derived stromal cells lead to their differentiation into
odontoblast-like cells (75).

The presence of DSPP in several non-mineralized tissues had been
established. It was also evident that the structure of DSPP in mineralized tissue
is different from its structure in non-mineralized tissue which suggests a different
role of DSPP in such tissues (76). The exact function that DSPP serves is still

under investigation.



Recent cancer studies are showing DSPP to be a valuable marker in
detecting the transformation of oral premalignant lesions into oral squamous cell
carcinoma and predicting recurrence of oral squamous carcinoma at
histologically negative margins, providing an invaluable adjunct in deciding for

additional treatment means (77, 78).

Purpose Of The Study:

Some studies had commented on the subcellular localization of DMP1 but
their conclusions were contradictory. The Narayanan et al. (23) study was the
first to localize DMPL1 in the nuclei of osteoblast like cells and identify its function
as a transcription factor. In contrast a study by Farrow et al. failed to see DMP1
in the nuclei of their transfected cells (79).

DSPP has never been investigated for its subcellular localization although
it shares with DMP1 certain physical, chemical and functional characteristics.
Moreover it has been identified to play a role in signal transduction and cellular
differentiation. The purpose of our study was to confirm the subcellular
localization of DMP1 and investigate that of DSPP to help us better understand

their function.
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CHAPTER 2

MATERIALS AND METHODS

Cells And Constructs:

In this experiment five different types of cell lines were cultured
representing different cell origins. MC3T3EL1 cells (mouse pre-osteoblast), DPSC
(human dental pulp stem cells), C3H10T1/2 cells (mouse embryonic
undifferentiated mesenchymal cells), Cos-7 cells (monkey fibroblast like cells)
and 171IA11 (mouse pre-odontoblast cells). C3H10T1/2 mesenchymal cells,
MC3T3-E1 preosteoblast cells and Cos-7 cells were obtained from American
Type Culture Collection (ATCC), and 1711A11 odontoblast-like cells were derived
from E18.5 mouse molar papilla.

MC3T3E-1 and DPSC were cultured in a-MEM supplemented with 10%
FBS, 1% penicillin and streptomycin and 1% glutamate. The rest of the cells
were cultured in DMEM supplemented with 10%FBS, 1% penicillin/streptomycin
and 1% glutamate.

All cells were grown in a humidified incubator with 5% CO, at a
temperature of 37°C. A construct expressing HA-tagged DMP1 (referred to as
“DMP1-HA”) was generated by inserting a sequence,
tacccctacgacgtgcccgactacgcec, encoding HA tag and a Hpal recognition site
(gttaac) between codon 259 and codon 260 of mouse DMP1 cDNA sequence in

pPCDNAS vector (80), using a site-directed mutagenesis kit (Agilent Technologies)
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Transient Transfection:

All transient transfection experiments were performed with Fugene HD
transfection reagent according to the manufacturer’s instruction (Roche Applied
Science). For Western-blot analysis, Cos-7 cells in a 6-well plate were transiently
transfected with a total of 2 pg of either an empty vector or a construct
expressing DMP1-HA. Twenty-four hours after transfection, the transfection
medium was replaced with serum-free DMEM, and the transfected cells were
further cultured for 48 hours. The conditioned medium was then collected and
analyzed by Western-blot analyses. For immunofluorescent staining, C3H10T1/2
cells in a 24-well plate were transiently transfected with 0.6 ug of DMP1-HA
construct; on the next day, the transfected cells were replated into 8-well
chamber slides. Twenty-four hours after replating, the transfected cells were

processed for immunofluorescent staining.

Immunofluorescence

All cells were cultured in 8 well culture slides at a cell density of 2x10* with
a-MEM or DMEM in 10% FBS. The cells were allowed to reach confluence (at
least 48 hours). The cells were then washed in PBS, fixed in 4% PFA in 1% PBS
for 5 min at room temperature then permeabilized with 0.1 % Triton-X100 in PBS
for 5 min. 1% goat serum in PBS with 0.05% NaN3 for was used to block the
non-specific binding sites for 2-3 hours at room temperature. For detection of
endogenous DMP1, cells were incubated with mouse anti-DMP1 monoclonal
antibody (8G10.3; 1:800) or rabbit anti-DMP1 polyclonal antibody (857-3; 1:250),
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which recognizes the C-terminal region of DMP1 (81, 82). The specificity of the
polyclonal antibody was confirmed by preincubating it overnight at 4°C in the
presence or absence of 4 pg/ml of the synthetic peptide used to generate the
antibody. The preabsorbed primary antibody was then used to do
immunofluorescent staining. For DSPP detection the cells were incubated with
mouse anti-DSP monoclonal antibody (2C12.3; 1:1000).

For detection of exogenous DMPL1, transfected cells were incubated with
mouse anti-HA monoclonal antibody (Covance; 1:2000) or together with rabbit
anti-WDR46 polyclonal antibody (Proteintech group; 1:1000) for 2 hours, followed
by incubation with Alexa 555-conjugated goat anti-mouse or Alexa 488 goat anti-
rabbit IgG(H+L) (Invitrogen Corporation; 1:1000) for 1 hour as secondary
antibodies used in appropriation with the primary antibody applied. The nuclei
were counterstained with DAPI solution. Normal mouse or rabbit IgG was used
as negative control. Fluorescent-stained cells were imaged under a Nikon

Eclipse TE2000-U fluorescence microscope.

Preparation Of Nuclear, Cytoplasmic And Total Cell Lysates

C3H10T1/2, Cos-7, MC3T3E-1 and 1711A11 cells were cultured in a
100mm culture dishes at a density of 1x10°. Nuclear and cytoplasmic extracts
were prepared using the Active Motif nuclear extraction kit following
manufacturer’s instructions. Total cell lysates were prepared by adding
radioimmunoprecipitation assay (RIPA) buffer to the culture dishes, scraping the

cells and continuously agitating for 30 min at 4C.
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The protein concentrations of the lysates were determined using the
bicinchoninic acid (BCA) assay and spectrophotometry. Aliquots of the lysates

were stored at -80<C.

SDS PAGE And Western Blot Analysis

20 ug of the fractioned components or cell lysates extracted from
C3H10T1/2 cells, MC3T3-E1 cells and 171I1A11 cells or the conditioned medium
collected from Cos-7 cells transfected with either an empty vector or a DMP1-HA
construct were electrophoresed using 10% SDS-polyacrylamide gel, and
separated proteins were transferred onto PVDF membranes. Membranes were
then immunoblotted with rabbit anti-DMP1 polyclonal antibody (857-3; 1:2000),
which recognizes the C-terminal region of DMP1 (82) or mouse anti-HA
monoclonal antibody (Covance; 1:2000) or mouse anti DSP monoclonal antibody
(2C12.3; 1:1000) for DSPP followed by incubation with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology; 1:1000) or
HRP-conjugated goat anti-mouse 1gG (Santa Cruz Biotechnology; 1:1000). -
actin was immunoblotted with mouse monoclonal anti-p-actin-peroxidase
antibody (Sigma; 1:20,000). The immunostained protein bands were detected
with ECL™ Chemiluminescent Detection reagents (Amersham Biosciences) and
imaged using a CL-XPosure film (Pierce Biotechnology Inc.). To verify the purity
of the nuclear and cytoplasmic fractions the membranes were stripped then
incubated with anti GADPH antibodies and detected using the technique

mentioned above.
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RT-PCR Analysis

Total RNA was isolated from cultured cells, C3H10T1/2, MC3T3E1 and
1711A11 using TriZol ®reagent (GIBCO/BRL). 1ug of RNA was used for reverse
transcription using the QuantiTect ® reverse transcription kit according to the
manufacturer’s instructions. All PCR was carried out with a GeneAmp PCR
System 9700 (Life Technologies Corporation). For Dmp1 amplification AmpliTag®
DNA Polymerase (Life Technologies Corporation) was used, with an initial
denaturation at 94T for 1 minute, followed by 35 cy cles of 94T for 30 seconds,
55 for 30 seconds and 72<C for 1 minute. The primer sequences used were
DMP1forward primer 5’-cgagtctcaggaggaca-3’, DMP1 reverse primer 5'-
ctgtcctectcactgga -3’, Gapdh forward primer 5’- tggagccaaaagggtca -3’ and
Gapdh reverse primer 5'- cttctgggtggc. For DSPP PCR, Platinum® PCR
SuperMix (Life Technologies Corporation) was used along with the primer
sequences 5'- acgagtccatgcaagga -3’ and reverse, 5’-tactgtcactgtcacca-3'. The
amplification process of an initial denaturation step at 95T for 5 minutes, then
45 repetitions of 94<C for 30 seconds, 56T for 30 seco nds and 72<C for 30
seconds. Finally a cycle at 72°for 7 min before the fin al hold at 4C. The final

products were then run in a 10% agarose gel stained with Ethidium bromide and

viewed under UV light.
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CHAPTER 3

RESULTS

Expression Of Dmp1 And Dspp Gene In Various Cell Lines

RT-PCR analysis detected Dmp1 and Dspp transcripts in all cell lines (Fig
1). This verifies the ubiquity of the expression of these genes in cells
representing different origins and that the presences of these gene products are

not unique to calcifying tissue cells.

C3H10T1/2 1711A11 MC3T3E1l

DSPP

0.2kb

Figure 1- RT-PCR analysis of DMP1 and DSPP transcripts in various cell
lines

RT-PCR analyses showing that DSPP transcripts were detected in
mesenchymal cells (C3H10T1/2), osteoblast like cells (MC3T3-E1) and
odontoblast like cells (1711A11).
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C3H10T1/2 1711A11 MC3T3E1l

<«— 0.3kb

DMP1
<“— 0.2kb

C3H10T1/2 1711A11 MC3T3E1l

0.3kb

GAPDH 0.2kb

Figure 1- RT-PCR analysis of DMP1 and DSPP transcripts in various cell
lines
RT-PCR analyses showing that Dmp1 transcripts were detected in mesenchymal
cells (C3H10T1/2), osteoblast like cells (MC3T3-E1) and odontoblast like cells
(1711A11). GAPDH PCR results confirm proper control.
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Subcellular Distribution Of DMP1 And DSPP

DMP1 and DSPP proteins were observed in the total cell lysates of all
three cell lines by western blot analyses as well as in the cytoplasmic and
nuclear fractions of all cell lines. For DMP1 the protein band is at 57kDa which
corresponds to the C-terminal of the cleaved full length of DMP1 (Fig.2A-C). The
protein content seems to be more in the total cell lysates, followed by the
cytoplasmic fraction then the nuclear portion. DSPP was detected as two bands
between the 50kDa and the 75kDa and the content seems to be uniform in all

three fractions. (Fig.3A-C)

A. Mesenchymal .‘- -— 50kD
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B. Odontoblastic

C. Osteoblastic

Figure 2- Western blot detection of DMP1 proteins
Western blot analyses with antibodies against the C-terminal part of DMP1
revealed a major protein band of about 57 kDa in the total cell lysates,

cytoplasmic and nuclear fraction of all three cell lines (A-C).



75kD
A. Mesenchymal

50kD

75kD

B. Odontoblastic 50kD

= 75kD

C.Osteoblastic
= 50kD

Figure 3- Western blot detection of DSPP proteins
Western blot analyses with antibodies against DSP revealed 2 major protein
bands of about 50 kDa and 70kDa in the total cell lysates, cytoplasmic and

nuclear fraction of all three cell lines. (A-C)
20



Nuclear Detection Of Endogenous DMP1 And DSPP Using

Immunofluorescence

Nuclear localization of endogenous DMPL1 in all three cell lines was
observed by immunofluorescent staining with a monoclonal anti-DMP1 antibody
against the C-terminal part of DMP1 (Fig. 4A-D). However, we found that non-
synchronized cells presented two subpopulations with or without nuclear DMP1
staining (Table 1). Nuclear DMP1 was also observed in C3H10T1/2 cells (Fig.
6A) when a rabbit polyclonal antibody against the C-terminal part of DMP1 was
used; and the staining was inhibited after the antibody was pre-incubated with
the synthetic peptide used to generate the antibody (Fig. 6B), confirming the
specificity of the antibody. Collectively, these findings suggest that endogenous
DMP1 can enter the nuclei of all cell lines examined.

In addition, all the cell lines tested showed nuclear localization of DSPP
(Fig. 5A-D). However the expression was uniform in all the cells of all the cell

lines with hardly any cytoplasmic or nuclear distribution phenomenon.

Table 1- Nuclear expression of endogenous DMPL1 in various cell lines

Cell type Cells with nuclear | Total cells counted % cells with nu-
localization clear localization
C3H10T1/2 124 174 71.3
MC3T3E1 202 249 31.1
1711A11 92 139 66.28
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Figure 4- Immunofluorescent localization of DMP1 proteins.
Immunofluorescent staining with anti-DMP1 monoclonal antibody showed the
nuclear localization of DMP1 proteins in subpopulations of mesenchymal cells
(panel A), and odontoblast like cells (panel B). DMP1 signal is in red color. IgG
controls show no staining signal. Nuclei were stained with DAPI (blue). Arrows

indicate cells that lack nuclear DMP1 signal.
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Figure 4- Immunofluorescent localization of DMPL1 proteins

Immunofluorescent staining with anti-DMP1 monoclonal antibody showed
the nuclear localization of DMPL1 proteins in subpopulations of osteoblast
like cells (panel C), and dental pulp stem cells (panel D). DMP1 signal is in
red color. IgG controls show no staining signal. Nuclei were stained with
DAPI (blue). Arrows indicate cells that lack nuclear DMP1 signal.
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Figure 5- Immunofluorescent localization of DSPP proteins
Immunofluorescent staining with anti-DSPP monoclonal antibody showed the
nuclear localization of DSPP proteins in subpopulations of osteoblast like cells
(panel A), and dental pulp stem cells (panel B). DSPP signal is in red color. 1gG

controls show no staining signal. Nuclei were stained with DAPI (blue)
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Figure 5- Immunofluorescent localization of DSPP proteins
Immunofluorescent staining with anti-DSPP monoclonal antibody showed the
nuclear localization of DSPP proteins in subpopulations of mesenchymal cells
(panel C), and odontoblast like cells (panel D). DSPP signal is in red color. 1gG
controls show no staining signal. Nuclei were stained with DAPI (blue)

25
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Figure 6- Immunofluorescent localization of DMP1 by polyclonal antibody

A, C3H1IOT1/2

R. Rlackines nentide

Immunofluorescent staining with anti-DMP1 polyclonal antibodies confirmed the
nuclear localization of DMP1 proteins in C3H10T1/2 (panel A). The staining
signal was inhibited when the polyclonal antibodies was preincubated with the
peptides used to generated the antibodies (panel B). DMP1 signal is in green
color. 1gG controls show no staining signal (not shown). Nuclei were stained with

DAPI (blue)
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Exogenous DMP1

Further analysis tested whether exogenous DMP1 was able to enter the
nucleus, a DMP1 expression construct was generated with a hemagglutinin (HA)
tag inserted after the proteolytic cleavage sites (designated as “DMP1-HA”), so
that the HA-tag would label either the full-length DMP1 (before cleavage) or the
57 kDa C-terminal fragment after cleavage (Fig. 7A). We transfected this DMP1-
HA construct into the easily transfectable Cos-7 cells and analyzed the
conditioned medium by Western-blot analysis with polyclonal antibodies against
the C-terminal part of DMP1. We found that the HA-tag did not affect secretion,
processing or posttranslational modifications of the tagged DMP1 (Fig. 7B). This
construct was then transfected into the C3H10T1/2 cells, and immunofluorescent
staining showed that the transfected cells presented HA staining signals in either
the nuclei and/or the secretory pathway when detected with an antibody against
the HA tag (Fig. 7C). These data provided strong evidence that DMP1 enters the

nucleus.
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Figure 7- Nuclear localization of exogenous DMP1 proteins in C3H10T1/2
cells

A. Schematic representation of the DMP1-HA construct showing the ER entry
signal peptide (SP), 37 kDa N-terminal fragment (37 kDa), key cleavage site
(CL), 57 kDa C-terminal fragment (57 kDa), and the location of the hemagglutinin
tag (HA). B. Western-blot analysis of DMP1-HA proteins. Cos-7 cells were
transiently transfected with DMP1-HA expression constructs. The conditioned
medium was analyzed by Western blotting using the anti-DMP1 C-terminal
polyclonal antibody, showing the processed 57 kDa C-terminal fragment, the full-
length (FL) core protein and the proteoglycan (PG) form. EV, empty expression

vector.
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Figure 7- Nuclear localization of exogenous DMP1 proteins in C3H10T1/2
cells

Panel C. DMP1-HA expression constructs were transiently transfected into
C3H10T1/2 cells, which were then immunofluorescently stained with antibodies
against the HA tag (red). The nuclei were stained with DAPI (blue). The arrow
indicates a cell with HA signal in the nuclear and Golgi complex; the arrowhead
points to a cell without nuclear HA signal. The asterisks indicate nontransfected
cells (without the constructs).Panel D. C3H10T1/2 cells transfected with DMP1-
HA expression constructs were immunofluorescently stained with antibodies

against the HA tag (red) and WDR46 (green). Scale bar = 10 ym
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Lack Of DMP1 In The Nucleolus

Though DMP1 proteins were localized in the nucleus, they appeared to be
unevenly distributed throughout the nucleus (Fig. 4 and 7C). Their distribution
pattern was like a negative image of the nucleolus distribution pattern (83). The
nucleolus is the center for rRNA processing and ribosomal assembly. WDR46 is
enriched in the nucleoli and is a good maker for nucleolus (84). Therefore, we
performed co-immunofluorescent staining on cells transfected with a construct
expressing HA-tagged full-length DMP1 with an antibody against HA tag and an
antibody against WDR46. The staining showed that, although weak WDR46
staining was observed throughout the nucleoplasm, intense signals were
localized in the nucleoli; the merged image confirmed that nuclear DMP1 was
absent in the WDR46-enriched region (Fig. 7D). These observations suggest that
nuclear DMP1 may not be involved in the rRNA processing or ribosomal

assembly.
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CHAPTER 4

DISCUSSION

DMP1 and DSPP are members of the same protein family known as
SIBLING protein family. They were both first identified in the dentine, but further
investigation lead to their discovery in the periodontium, bone and several other
non-mineralizing tissues in addition to some types of cancer (5, 8, 19, 32, 43,
76). Research on DMPL1 took a turning point after its localization in the nuclei of
osteoblastic cells (23, 24) proposing an important role of DMP1 in transcription
and signal transduction during the process of terminal differentiation of functional
cells like osteoblasts and odontoblasts. Nonetheless its localization in the nuclei
and its proposed transcription factor function has been controversial (79). DSPP
shares many similarities in terms of function and structure with DMP1. This
prompted us to investigate the subcellular localization of DSPP for the first time
and reconfirm the endogenous and exogenous expression of DMPL1 in
mesenchymal cells (C3H10T1/2), pre-osteoblastic cells (MC3T3E1), odontoblast
like cells (1711A11) and DPSCs as a primary cell line to help us better understand
their range of functions.

The detection of Dmpl and Dspp transcripts using RT-PCR showed the
presence of the DNA coding these proteins in the cell lines representing different
origins. This corroborates the finding from other studies indentifying those
proteins in a variety of tissues. Having showed the ability of these cells to code
for both proteins the next step was to explore their subcellular distribution. This
was done using immunofluoresence and immunoblotting techniques.

The nuclear expression of DMP1 and DSPP in all the cell lines was

evident with immunofluorescence. Such signal was absent in control slides. An
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interesting observation was made when all cell lines presented with nuclear or
cytoplasmic localization of endogenous DMP1. Such a non-synchronized
expression was hardly found in anti-DSPP incubated cells. Based on the
deduced protein sequence from the DMP1 and DSPP cDNA, both have a typical
ER-entry signal peptide sequence that guides peptide to the secretory pathway.
However, DMP1 also contains a functional NLS in the carboxyl-terminal end of
DMP1 which is essential for localization of DMP1 in the nucleus (23). It has been
shown that to achieve such nuclear localization, extracellular full-length DMP1 is
necessary for its binding to GRP-78 receptor on the cell surface, followed by
endocytosis and subsequent nuclear translocation (85). These dual signal
peptides in DMP1 are consistent with its nuclear or cytoplasmic expression in the
cells tested. Since cells in each cell line are genetically identical, these findings
suggest that the final destination of DMP1 is highly regulated, and may be
associated with the progression of the cell cycle. Furthermore, we found that
cells transfected with a construct carrying the full-length DMP1 cDNA under the
control of a CMV promoter presented both nuclear and cytoplasmic localization
of exogenous DMP1. We also showed that nuclear DMP1 was restricted to the
nucleoplasm, but was absent in the nucleolus. This subnuclear localization is
consistent with its function as a transcription factor in the nucleus, regulating
odontoblast differentiation (23). However, this result is opposite to the previous
report showing that cells transfected with a DMP1-expressing construct did not
have a nuclear localization of exogenous DMP1 (79). The underlying reason for
this discrepancy is currently unknown.

To the best of our knowledge, DSPP lacks a NLS, and this suggests a
different mechanism of nuclear translocation that can perhaps involve specialized
receptors on the surface of the nucleus similar to the process used by insulin or
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prolactin (3, 86, 87) . The exact mechanism is still elusive and requires further
investigation.

The immunoblotting results confirmed the immunofluorescence results as
both DMP1 and DSPP were consistently expressed in the total cell lysate,
cytoplasmic and nuclear fractions. Western-blot analysis detected a major DMP1
protein band of about 57 kDa, which corresponds to the 57 kDa C-terminal
fragment of DMP1 as mentioned before. This finding along with other studies
showing that only the C-terminal fragment was localized in the nuclei of both
osteocytes in bone and cultured cells transfected with constructs expressing full-
length DMP1 when using different antibodies against either the N-terminal or C-
terminal fragment of DMP1 (88, 89), suggest that the nuclear form of DMP1 may
be similar, if not identical, to the 57 kDa C-terminal fragment produced by
proteolytic processing of the secreted full-length DMP1. The western blot results
for DSPP invariably show two bands between the 50kDa and the 75kDa that
might correspond to DSP with different extents of post translational modifications.
Unfortunately we were unable to successfully transfect cells with DSPP
constructs to help us confirm the shape and size of the cell secreted DSPP or its
cleaved products. However negative controls replacing the primary antibody with
pre-immune serum did not show any signal.

In summary our results present that nuclear localization is a highly
regulated event, and may be associated with the progression of the cell cycle
and that nuclear DMPL1 is distributed throughout the nucleoplasm but absent in
the nucleolus. Another novel finding is the nuclear localization of DSPP. However
more studies are required to understand the mechanism behind DSPP’s
localization and its exact significance. Moreover the relation to DMPL1 to its
nuclear/cytoplasmic expression to the cell cycle needs to be explored. Such
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studies will better assist us in further understanding signal transduction and
transcription mechanisms involved in tooth and bone formation and help in
defining pathogenic mechanisms associated with loss of DMP1 or DSPP

functions.

34



BIBILOGRAPHY

1. Moroianu J, Blobel G, Radu A. Nuclear protein import: Ran-GTP dissociates the
karyopherin alphabeta heterodimer by displacing alpha from an overlapping bineing sit
on beta. Proceedings of the National Academy of Sciences of the United States of
America. 1996;93(14):7059-62. Epub 1996/07/09.

2. Henderson JE. Nuclear targeting of secretory proteins. Molecular and cellular
endocrinology. 1997;129(1):1-5. Epub 1997/04/25.

3. Anderson RG. Caveolae: where incoming and outgoing messengers meet.
Proceedings of the National Academy of Sciences of the United StatessofcAm
1993;90(23):10909-13. Epub 1993/12/01.

4, Bugler B, Amalric F, Prats H. Alternative initiation of translatiored®ines
cytoplasmic or nuclear localization of basic fibroblast growth factorebdar and
cellular biology. 1991;11(1):573-7. Epub 1991/01/01.

5. George A, Sabsay B, Simonian PA, Veis A. Characterization of a novel dentin
matrix acidic phosphoprotein. Implications for induction of biomineralization. The
Journal of biological chemistry. 1993;268(17):12624-30. Epub 1993/06/15.

6. D'Souza RN, Cavender A, Sunavala G, Alvarez J, Ohshima T, Kulkarni AB, et al.
Gene expression patterns of murine dentin matrix protein 1 (Dmp1) and dentin
sialophosphoprotein (DSPP) suggest distinct developmental functions in vivo. Journal of
bone and mineral research : the official journal of the American Societyofor &d

Mineral Research. 1997;12(12):2040-9. Epub 1998/01/08.

7. Ogbureke KU, Fisher LW. Renal expression of SIBLING proteins and their
partner matrix metalloproteinases (MMPs). Kidney international. 2005;68(168.55
Epub 2005/06/16.

8. Ogbureke KU, Fisher LW. Expression of SIBLINGs and their parther MMPs in
salivary glands. Journal of dental research. 2004;83(9):664-70. Epub 2004/08/27.

9. Feng JQ, Ward LM, Liu S, Lu Y, Xie Y, Yuan B, et al. Loss of DMP1 causes
rickets and osteomalacia and identifies a role for osteocytes in miretedd@hism.
Nature genetics. 2006;38(11):1310-5. Epub 2006/10/13.

35



10. Qin C, Brunn JC, Cook RG, Orkiszewski RS, Malone JP, Veis A, et al. Evidence
for the proteolytic processing of dentin matrix protein 1. Identification and
characterization of processed fragments and cleavage sites. The Jourolaigo¢ddi
chemistry. 2003;278(36):34700-8. Epub 2003/06/19.

11. Steiglitz BM, Ayala M, Narayanan K, George A, Greenspan DS. Bone
morphogenetic protein-1/Tolloid-like proteinases process dentin matrix pdoté&ime
Journal of biological chemistry. 2004;279(2):980-6. Epub 2003/10/28.

12. Qin C, Huang B, Wygant JN, Mcintyre BW, McDonald CH, Cook RG, et al. A
chondroitin sulfate chain attached to the bone dentin matrix protein 1 NH2-terminal
fragment. The Journal of biological chemistry. 2006;281(12):8034-40. Epub 2006/01/20.

13. Gajjeraman S, Narayanan K, Hao J, Qin C, George A. Matrix macromolecules in
hard tissues control the nucleation and hierarchical assembly of hydroie/apladi
Journal of biological chemistry. 2007;282(2):1193-204. Epub 2006/10/21.

14. LuY, Yel, YuS, Zhang S, Xie Y, McKee MD, et al. Rescue of odontogenesis in
Dmpl-deficient mice by targeted re-expression of DMP1 reveals rol&Merl in early
odontogenesis and dentin apposition in vivo. Developmental biology. 2007;303(1):191-
201. Epub 2007/01/02.

15. Lu Y, Yuan B, Qin C, Cao Z, Xie Y, Dallas SL, et al. The biological function of
DMP-1 in osteocyte maturation is mediated by its 57-kDa C-terminal fragdwmhal

of bone and mineral research : the official journal of the American Societyfaw &d
Mineral Research. 2011;26(2):331-40. Epub 2010/08/25.

16. SunY, LuY, ChenlL, Gao T, D'Souza R, Feng JQ, et al. DMP1 processing is
essential to dentin and jaw formation. Journal of dental research. 2011;90(5):619-24.
Epub 2011/02/08.

17. Sun Y, Prasad M, Gao T, Wang X, Zhu Q, D'Souza R, et al. Failure to process
dentin matrix protein 1 (DMP1) into fragments leads to its loss of function in
osteogenesis. The Journal of biological chemistry. 2010;285(41):31713-22. Epub
2010/07/29.

18. Ling Y, Rios HF, Myers ER, Lu Y, Feng JQ, Boskey AL. DMP1 depletion
decreases bone mineralization in vivo: an FTIR imaging analysis. Journal offzbne a
mineral research : the official journal of the American Society for Bondviamelral
Research. 2005;20(12):2169-77. Epub 2005/11/19.

36



19. Feng JQ, Huang H, Lu Y, Ye L, Xie Y, Tsutsui TW, et al. The Dentin matrix
protein 1 (Dmpl) is specifically expressed in mineralized, but not soft, tidatieg
development. Journal of dental research. 2003;82(10):776-80. Epub 2003/09/30.

20. Hirst KL, Ibaraki-O'Connor K, Young MF, Dixon MJ. Cloning and expression
analysis of the bovine dentin matrix acidic phosphoprotein gene. Journal of dental
research. 1997;76(3):754-60. Epub 1997/03/01.

21. Kulkarni GV, Chen B, Malone JP, Narayanan AS, George A. Promotion of
selective cell attachment by the RGD sequence in dentine matrix proteichivesrof
oral biology. 2000;45(6):475-84. Epub 2000/04/25.

22. Narayanan K, Srinivas R, Ramachandran A, Hao J, Quinn B, George A.
Differentiation of embryonic mesenchymal cells to odontoblast-like cells by
overexpression of dentin matrix protein 1. Proceedings of the National Academy of
Sciences of the United States of America. 2001;98(8):4516-21. Epub 2001/04/05.

23. Narayanan K, Ramachandran A, Hao J, He G, Park KW, Cho M, et al. Dual
functional roles of dentin matrix protein 1. Implications in biomineralization and ge
transcription by activation of intracellular Ca2+ store. The Journal of bialogic
chemistry. 2003;278(19):17500-8. Epub 2003/03/05.

24. Narayanan K, Gajjeraman S, Ramachandran A, Hao J, George A. Dentin matrix
protein 1 regulates dentin sialophosphoprotein gene transcription during early
odontoblast differentiation. The Journal of biological chemistry. 2006;281(28):19064-71.
Epub 2006/05/09.

25. Narayanan K, Ramachandran A, Hao J, George A. Transcriptional regulation of
dentin matrix protein 1 (DMP1) by AP-1 (c-fos/c-jun) factors. Connectigedis
research. 2002;43(2-3):365-71. Epub 2002/12/20.

26. Ye L, Mishina Y, Chen D, Huang H, Dallas SL, Dallas MR, et al. Dmp1-deficie
mice display severe defects in cartilage formation responsible for a chysplasia-like
phenotype. The Journal of biological chemistry. 2005;280(7):6197-203. Epub
2004/12/14.

27. Ye L, MacDougall M, Zhang S, Xie Y, Zhang J, Li Z, et al. Deletion of dentin
matrix protein-1 leads to a partial failure of maturation of predentin into dentin,
hypomineralization, and expanded cavities of pulp and root canal during postnatal tooth

37



development. The Journal of biological chemistry. 2004;279(18):19141-8. Epub
2004/02/18.

28. Chandrasekaran S, Ramachandran A, Eapen A, George A. Stimulation of
Periodontal Ligament Stem cells by DMP1 activates MAP Kinase and Catéeobl
Differentiation. Journal of periodontology. 2012. Epub 2012/05/23.

29. Balducci L, Ramachandran A, Hao J, Narayanan K, Evans C, George A.
Biological markers for evaluation of root resorption. Archives of oral biology.
2007;52(3):203-8.

30.  Abd-Elmeguid A, Yu DC, Kline LW, Mogbel R, Vliagoftis H. Dentin Matrix
Protein-1 Activates Dental Pulp Fibroblasts. Journal of endodontics. 2012;38(1):75-80.

31. Ogbureke KU, Fisher LW. SIBLING expression patterns in duct epitlediectr
the degree of metabolic activity. The journal of histochemistry and cytostrg :
official journal of the Histochemistry Society. 2007;55(4):403-9. Epub 2007/01/11.

32. Terasawa M, Shimokawa R, Terashima T, Ohya K, Takagi Y, Shimokawa H.
Expression of dentin matrix protein 1 (DMP1) in nonmineralized tissues. Journal of bone
and mineral metabolism. 2004;22(5):430-8. Epub 2004/08/19.

33. Karadag A, Fedarko NS, Fisher LW. Dentin Matrix Protein 1 Enhances Invasion
Potential of Colon Cancer Cells by Bridging Matrix Metalloproteinase4ategrins and
CD44. Cancer research. 2005;65(24):11545-52.

34. Fedarko NS, Jain A, Karadag A, Fisher LW. Three small integrin binding ligand
N-linked glycoproteins (SIBLINGS) bind and activate specific matrix fiogteoteinases.
FASEB journal : official publication of the Federation of American Soddte
Experimental Biology. 2004;18(6):734-6. Epub 2004/02/10.

35. Fisher LW, Jain A, Tayback M, Fedarko NS. Small Integrin Binding Ligand N-
Linked Glycoprotein Gene Family Expression in Different Cancers. Clinicaté€Za
Research. 2004;10(24):8501-11.

36. Chaplet M, De Leval L, Waltregny D, Detry C, Fornaciari G, Bevilacguet al.
Dentin Matrix Protein 1 Is Expressed in Human Lung Cancer. Journal of Bone and
Mineral Research. 2003;18(8):1506-12.

38



37. Bucciarelli E, Sidoni A, Bellezza G, Cavaliere A, Brachelente G, Cosadh
Low dentin matrix protein 1 expression correlates with skeletal metasiaselopment
in breast cancer patients and enhances cell migratory capacityirBridast cancer
research and treatment. 2007;105(1):95-104.

38. Pirotte S, Lamour V, Lambert V, Alvarez Gonzalez M-L, Ormenese S, Noél A, et
al. Dentin matrix protein 1 induces membrane expression of VE-cadherin on endothelial
cells and inhibits VEGF-induced angiogenesis by blocking VEGFR-2 phosplnamylat
Blood. 2011;117(8):2515-26.

39. MacDougall M, Simmons D, Luan X, Nydegger J, Feng J, Gu TT. Dentin
phosphoprotein and dentin sialoprotein are cleavage products expressed from a single
transcript coded by a gene on human chromosome 4. Dentin phosphoprotein DNA
sequence determination. The Journal of biological chemistry. 1997;272(2):835-42.

40. Butler WT, Bhown M, Brunn JC, D'Souza RN, Farach-Carson MC, Happonen
RP, et al. Isolation, characterization and immunolocalization of a 53-kDal dentin
sialoprotein (DSP). Matrix (Stuttgart, Germany). 1992;12(5):343-51.

41. D'Souza RN, Bronckers AL, Happonen RP, Doga DA, Farach-Carson MC, Butler
WT. Developmental expression of a 53 KD dentin sialoprotein in rat tooth organs. The
journal of histochemistry and cytochemistry : official journal of the Histoc$teyn

Society. 1992;40(3):359-66. Epub 1992/03/01.

42. Qin C, Brunn JC, Cadena E, Ridall A, Tsujigiwa H, Nagatsuka H, et al. The
Expression of Dentin Sialophosphoprotein Gene in Bone. Journal of dental research.
2002;81(6):392-4.

43. Baba O, Qin C, Brunn JC, Jones JE, Wygant JN, Mcintyre BW, et al. Detection of
dentin sialoprotein in rat periodontium. European journal of oral sciences.
2004;112(2):163-70.

44.  Alvares K, Kanwar YS, Veis A. Expression and potential role of dentin
phosphophoryn (DPP) in mouse embryonic tissues involved in epithelial-mesenchymal
interactions and branching morphogenesis. Developmental Dynamics.
2006;235(11):2980-90.

45, Ogbureke KUE, Fisher LW. SIBLING Expression Patterns in Duct Egtheli
Reflect the Degree of Metabolic Activity. Journal of Histochemistry &Clemistry.
2007;55(4):403-9.

39



46. Veis A, Perry A. The Phosphoprotein of the Dentin Matrix*. Biochemistry.
1967;6(8):2409-16.

47. Butler WT, Bhown M, Dimuzio MT, Linde A. Nonocollagenous proteins of
dentin. Isolation and partial characterization of rat dentin proteins and protusgylyc
using a three-step preparative method. Collagen and related research. 1981:9@):187

48. Yamakoshi Y, Hu JC, Liu S, Zhang C, Oida S, Fukae M, et al. Characterization of
porcine dentin sialoprotein (DSP) and dentin sialophosphoprotein (DSPP) cDNA clones.
European journal of oral sciences. 2003;111(1):60-7. Epub 2003/02/01.

49. Prasad M, Butler WT, Qin C. Dentin sialophosphoprotein in biomineralization.
Connective tissue research. 2010;51(5):404-17.

50. von Marschall Z, Fisher LW. Dentin sialophosphoprotein (DSPP) is cleaved into
its two natural dentin matrix products by three isoforms of bone morphogenetiagrotei
(BMP1). Matrix Biology. 2010;29(4):295-303.

51. Butler WT, Bhown M, DiMuzio MT, Cothran WC, Linde A. Multiple forms of rat
dentin phosphoproteins. Archives of biochemistry and biophysics. 1983;225(1):178-86.

52. Lee SL, Veis A, Glonek T. Dentin phosphoprotein: an extracellular calcium-
binding protein. Biochemistry. 1977;16(13):2971-9.

53.  Weinstock M, Leblond CP. Radioautographic visualization of the deposition of a
phosphoprotein at the mineralization front in the dentin of the rat incisor. The Journal of
cell biology. 1973;56(3):838-45. Epub 1973/03/01.

54. Rabie AM, Veis A. An Immunocytochemical Study of the Routes of Secretion of
Collagen and Phosphophoryn from Odontoblasts into Dentin. Connective tissue research.
1995;31(3):197-209.

55. Qin C, Brunn JC, Baba O, Wygant JN, Mcintyre BW, Butler WT. Dentin
sialoprotein isoforms: detection and characterization of a high moleculgintvdentin
sialoprotein. European journal of oral sciences. 2003;111(3):235-42.

40



56. Sugars RV, Olsson ML, Waddington R, Wendel M. Substitution of bovine
dentine sialoprotein with chondroitin sulfate glycosaminoglycan chains. Eurgpeaal
of oral sciences. 2006;114(1):89-92. Epub 2006/02/08.

57. Zhu Q, Sun Y, Prasad M, Wang X, Yamoah AK, Li Y, et al. Glycosaminoglycan
chain of dentin sialoprotein proteoglycan. Journal of dental research. 2010;89(8):808-12.
Epub 2010/04/20.

58. Yuan G, Wang Y, Gluhak-Heinrich J, Yang G, Chen L, Li T, et al. Tissue-
specific expression of dentin sialophosphoprotein (DSPP) and its polymorphisms in
mouse tissues. Cell biology international. 2009;33(8):816-29.

59. Begue-Kirn C, Ruch JV, Ridall AL, Butler WT. Comparative analysis of mouse
DSP and DPP expression in odontoblasts, preameloblasts, and experimentally induced
odontoblast-like cells. European journal of oral sciences. 1998;106 Suppl 1:254-9.

60. Begue-Kirn C, Krebsbach PH, Bartlett JD, Butler WT. Dentin sialoproteinndenti
phosphoprotein, enamelysin and ameloblastin: tooth-specific molecules that are
distinctively expressed during murine dental differentiation. European joaafroeal
sciences. 1998;106(5):963-70. Epub 1998/10/24.

61. Suzuki S, Sreenath T, Haruyama N, Honeycutt C, Terse A, Cho A, et al. Dentin
sialoprotein and dentin phosphoprotein have distinct roles in dentin mineralization.
Matrix Biology. 2009;28(4):221-9.

62.  White SN, Paine ML, Ngan AY, Miklus VG, Luo W, Wang H, et al. Ectopic
expression of dentin sialoprotein during amelogenesis hardens bulk enamel. The Journal
of biological chemistry. 2007;282(8):5340-5. Epub 2006/12/26.

63. Ogbureke KUE, Abdelsayed RA, Kushner H, Li L, Fisher LW. Two members of
the SIBLING family of proteins, DSPP and BSP, may predict the transition of oral
epithelial dysplasia to oral squamous cell carcinoma. Cancer. 2010;116(7):1709-17.

64. Bellahcene A, Castronovo V, Ogbureke KUE, Fisher LW, Fedarko NS. Small
integrin-binding ligand N-linked glycoproteins (SIBLINGs): multifunctibpeoteins in
cancer. Nature reviews Cancer. 2008;8(3):212-26.

41



65. Chaplet M, Waltregny D, Detry C, Fisher LW, Castronovo V, Bellahcéne A.
Expression of dentin sialophosphoprotein in human prostate cancer and its correlation
with tumor aggressiveness. International Journal of Cancer. 2006;118(4):850-6.

66. Sreenath T, Thyagarajan T, Hall B, Longenecker G, D'Souza R, Hong.S, et al
Dentin Sialophosphoprotein Knockout Mouse Teeth Display Widened Predentin Zone
and Develop Defective Dentin Mineralization Similar to Human Dentinogenesis
Imperfecta Type lll. Journal of Biological Chemistry. 2003;278(27):24874-80.

67. Rajpar MH, Koch MJ, Davies RM, Mellody KT, Kielty CM, Dixon MJ. Mutation
of the signal peptide region of the bicistronic gene DSPP affects transtomathe
endoplasmic reticulum and results in defective dentine biomineralization. Human
molecular genetics. 2002;11(21):2559-65.

68. Kim JW, Nam SH, Jang KT, Lee SH, Kim CC, Hahn SH, et al. A novel splice
acceptor mutation in the DSPP gene causing dentinogenesis imperfedtakiymean
genetics. 2004;115(3):248-54.

69. Kim J-W, Hu JCC, Lee J-I, Moon S-K, Kim Y-J, Jang K-T, et al. Mutational hot
spot in the DSPP gene causing dentinogenesis imperfecta type Il. Humaosgenet
2005;116(3):186-91.

70. McKnight DA, Suzanne Hart P, Hart TC, Hartsfield JK, Wilson A, Wright JT, et
al. A comprehensive analysis of normal variation and disease-causingomagitatthe
human DSPP gene. Human mutation. 2008;29(12):1392-404.

71. Song YL, Wang CN, Fan MW, Su B, Bian Z. Dentin phosphoprotein frameshift
mutations in hereditary dentin disorders and their variation patterns in normal human
population. Journal of medical genetics. 2008;45(7):457-64.

72. Maciejewska |, Chomik E. Hereditary dentine diseases resulting frortianata
in DSPP gene. Journal of dentistry. 2012;40(7):542-8. Epub 2012/04/24.

73.  Jadlowiec JA, Zhang X, Li J, Campbell PG, Sfeir C. Extracellular Matrix
mediated Signaling by Dentin Phosphophoryn Involves Activation of the Smad Pathway
Independent of Bone Morphogenetic Protein. Journal of Biological Chemistry.
2006;281(9):5341-7.

42



74. Yuan GH, Yang GB, Wu LA, Chen Z, Chen S. Potential Role of Dentin
Sialoprotein by Inducing Dental Pulp Mesenchymal Stem Cell Diffexgoti and
Mineralization for Dental Tissue Repair. Dental hypotheses. 2010;1(2):69-75. Epub
2010/01/01.

75. Wu L, Zhu F, Wu Y, Lin Y, Nie X, Jing W, et al. Dentin sialophosphoprotein-
promoted mineralization and expression of odontogenic genes in adipose-derived stromal
cells. Cells, tissues, organs. 2008;187(2):103-12. Epub 2007/10/25.

76. Prasad M, Zhu Q, Sun Y, Wang X, Kulkarni A, Boskey A, et al. Expression of
dentin sialophosphoprotein in non-mineralized tissues. The journal of histochemistry and
cytochemistry : official journal of the Histochemistry Society. 2011;59(11): P109-

Epub 2011/11/02.

77. Ogbureke KU, Abdelsayed RA, Kushner H, Li L, Fisher LW. Two members of

the SIBLING family of proteins, DSPP and BSP, may predict the transition of oral
epithelial dysplasia to oral squamous cell carcinoma. Cancer. 2010;116(7):1709-17. Epub
2010/02/27.

78. Ogbureke KU, Weinberger PM, Looney SW, Li L, Fisher LW. Expressions of
matrix metalloproteinase-9 (MMP-9), dentin sialophosphoprotein (DSPP), and
osteopontin (OPN) at histologically negative surgical margins may predicteace of
oral squamous cell carcinoma. Oncotarget. 2012;3(3):286-98. Epub 2012/03/14.

79. Farrow EG, Davis SI, Ward LM, Summers LJ, Bubbear JS, Keen R, et al.
Molecular analysis of DMP1 mutants causing autosomal recessive hypophosphate
rickets. Bone. 2009;44(2):287-94. Epub 2008/11/15.

80. Lu Y, Qin C, Xie Y, Bonewald LF, Feng JQ. Studies of the DMP1 57-kDa
functional domain both in vivo and in vitro. Cells, tissues, organs. 2009;189(1-4):175-85.
Epub 2008/08/30.

81. SunY, Gandhi V, Prasad M, Yu W, Wang X, Zhu Q, et al. Distribution of small
integrin-binding ligand, N-linked glycoproteins (SIBLING) in the condyartilage of
rat mandible. Int J Oral Maxillofac Surg. 2010;39(3):272-81. Epub 2010/01/26.

82. Zhang B, Sun 'Y, Chen L, Guan C, Guo L, Qin C. Expression and distribution of
SIBLING proteins in the predentin/dentin and mandible of hyp mice. Oral Dis.
2010;16(5):453-64. Epub 2010/03/18.

43



83. Morimoto H, Okamura H, Haneji T. Interaction of protein phosphatase 1 delta
with nucleolin in human osteoblastic cells. J Histochem Cytochem. 2002;50(9):1187-93.
Epub 2002/08/20.

84. Leung CK, Empinado H, Choe KP. Depletion of a nucleolar protein activates
xenobiotic detoxification genes in Caenorhabditis elegans via Nrf /SKN-1 anQgB3/
1. Free Radic Biol Med. 2012;52(5):937-50. Epub 2012/01/14.

85. Ravindran S, Narayanan K, Eapen AS, Hao J, Ramachandran A, Blond S, et al.
Endoplasmic reticulum chaperone protein GRP-78 mediates endocytosis of denkin mat
protein 1. The Journal of biological chemistry. 2008;283(44):29658-70. Epub
2008/09/02.

86. Rao YP, Buckley DJ, Olson MD, Buckley AR. Nuclear translocation of prolactin:
collaboration of tyrosine kinase and protein kinase C activation in rat Nb2 node
lymphoma cells. Journal of cellular physiology. 1995;163(2):266-76. Epub 1995/05/01.

87. Lamaze C, Schmid SL. The emergence of clathrin-independent pinocytic
pathways. Current opinion in cell biology. 1995;7(4):573-80. Epub 1995/08/01.

88. Maciejewska I, Qin D, Huang B, Sun Y, Mues G, Svoboda K, et al. Distinct
compartmentalization of dentin matrix protein 1 fragments in mineralizest§snd
cells. Cells, tissues, organs. 2009;189(1-4):186-91. Epub 2008/08/14.

89. Huang B, Maciejewska |, Sun Y, Peng T, Qin D, Lu Y, et al. Identification of
full-length dentin matrix protein 1 in dentin and bone. Calcified tissue international
2008;82(5):401-10. Epub 2008/05/20.

44



