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(Background: DPP mediates activation of anchorage-dependent signals.
Results: DPP activates focal adhesion complexes and MAPK signaling in undifferentiated mesenchymal cells and primary pulp
cells, leading to their terminal differentiation into odontoblast-like cells.
Conclusion: DPP on the substrate provides a tight association between the structural and signaling elements in undifferentiated

Significance: DPP promotes adhesion-based odontogenic cell differentiation.
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Dentin phosphoprotein (DPP), a major noncollagenous pro-
tein of the dentin matrix, is a highly acidic protein that binds
Ca2t avidly and is thus linked to matrix mineralization. Here,
we demonstrate that the RGD domain in DPP can bind to integ-
rins on the cell surface of undifferentiated mesenchymal stem
cells and pulp cells. This coupling generates intracellular signals
that are channeled along cytoskeletal filaments and activate the
non-receptor tyrosine kinase focal adhesion kinase, which plays
a key role in signaling at sites of cellular adhesion. The putative
focal adhesion kinase autophosphorylation site Tyr>° is phos-
phorylated during focal adhesion assembly induced by DPP on
the substrate. We further demonstrate that these intracellular
signals propagate through the cytoplasm and activate anchor-
age-dependent ERK signaling. Activated ERK translocates to
the nucleus and phosphorylates the transcription factor ELK-1,
which in turn coordinates the expression of downstream target
genes such as DMPI and dentin sialoprotein (DSP). These stud-
ies suggest a novel paradigm demonstrating that extracellular
DPP caninduce intracellular signaling that can be propagated to
the nucleus and thus alter gene activities.

Dentin sialophosphoprotein (DSPP),> a member of the SIB-
LING family, is a noncollagenous protein synthesized by odon-
toblasts (1-3). Shortly after DSPP is synthesized, it is cleaved
into three polypeptides, namely dentin sialoprotein (DSP) (2,
4), dentin glycoprotein (DGP), and dentin phosphoprotein
(DPP) (1, 5). The mouse DSPP gene contains five exons and four
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introns with exons 1-4 and part of exon 5 encoding the DSP
protein and the remainder of exon 5 encoding the DPP protein.
Mutation in the DSPP gene has been identified to be associated
with the genetic disease dentinogenesis imperfecta type II
(6-9). DSPP knock-out mice displayed dentin defects with less
mineralized dentin and wider unmineralized predentin (10).
The intact DSPP protein has not yet been isolated from the
dentin matrix. Published reports have shown the expression
patterns of DSP and DPP as specific markers for terminally
differentiated odontoblasts (11, 12).

DPP (also called “phosphophoryn”) is a highly acidic protein
and is the major noncollagenous matrix component of dentin
(13-15). The molecule is so-called because it is considered to be
a “phosphate carrier” (16). DPP is exceedingly rich in aspartic
acid and serine residues ((DSS),,), and about 90% of the serine
residues are phosphorylated (17, 18). This enables DPP to have
a strong affinity for calcium ion, and thus it significantly pro-
motes the growth of hydroxyapatite crystals when bound to
collagen fibrils in vitro (19 -21). Published reports have impli-
cated DPP as a signaling molecule like some members in the
SIBLING family (22). Reports have shown that stimulation of
MC3T3-E1 cells by DPP could drive cell differentiation into the
osteoblast phenotype by activation of the MAPK pathway (23).
The use of DPP conditional knock-out mice revealed the dis-
tinct roles of DSP and DPP in dentin mineralization (11).

DPP contains a conserved RGD domain at the N terminus,
implicating a functional role in the initiation of integrin-medi-
ated intracellular signaling pathways. The binding of ligands to
integrin often triggers intracellular signals that are transmitted
through the actin cytoskeleton by assembly of specialized struc-
tures called focal adhesions (24, 25). Focal adhesion kinase
(FAK), a potential signaling molecule, associates with paxillin
and can trigger a diverse downstream signaling cascade. Pub-
lished reports have shown that the PI3K/Akt, c-Jun, and p53
pathways are some of the downstream signaling pathways that
are activated (26, 27). Along with FAK, ELK-1, a member of the
ETS domain transcription factor family, is thought to play a
crucial role in the regulation of signaling cascades that ulti-
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FIGURE 1. DPP on substrate increases C3H10T1/2 cell spreading and adhesion. C3H10T1/2 cells were seeded on DPP- or non-DPP-coated ((—)DPP)
coverglass for 30 min to 24 h. The cells were fixed and stained for actin. Cells seeded on fibronectin served as a positive control. Scale bars, 20 um.

mately impact cell proliferation, differentiation, cell spreading,
and migration (28).

However, the RGD-mediated functions of DPP have not
been explored. In this report, we investigate the signaling path-
way activated by immobilized DPP. We hypothesize that integ-
rins of undifferentiated embryonic mesenchymal stem cells
such as C3H10T1/2 and primary dental pulp cells bind to
immobilized DPP, and this results in the formation of a multi-
protein scaffolding complex and signaling unit. The formation
of this complex might promote the activation of signal trans-
duction pathways like the MAP kinase pathway, resulting in cell
differentiation.

MATERIALS AND METHODS

Cell Culture—Mouse embryonic mesenchymal (C3H10T1/2)
cells were cultured in BME supplemented with 10% FBS and
1% penicillin-streptomycin. Primary dental pulp cells were
isolated from day 3 mice and grown in a-minimum Eagle’s
medium supplemented with FBS and penicillin-streptomy-
cin. 12—16 h before the start of the experiment, the cells were
cultured in BME or a-minimum Eagle’s medium supple-
mented with 1% FBS. Non-tissue culture grade 6-well plates
were coated with recombinant DPP (750 ng/ml) in carbonate
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buffer. The cells were rinsed with PBS, trypsinized, and
seeded at 80% confluence. C3H10T1/2 cells seeded on 6-well
plates coated with carbonate buffer served as control.

DPP Coating on Non-tissue Culture Plates—Non-tissue cul-
ture plates coated with DPP were prepared by soaking the plate
with 750 ng/ml DPP in 20 mMm carbonate buffer, pH 9.3 over-
night at 4 °C in a humidified atmosphere for 2 days. Before use,
the protein solution was removed, and the plates were rinsed
twice in PBS.

Cell Culture Transfections—Transient transfection of ELK
plasmid and empty vector (a kind gift from A. Alpin, Albany
Medical College, Albany, NY) into C3H10T1/2 cells seeded on
DPP-coated plates was performed using Superfect (Qiagen,
Valencia, CA). After 48 h of transfection, these cells were
stained for ELK. Transfection performed on tissue culture
plates followed by staining for ELK served as a positive control.
Transient transfection was also performed with mRFPruby-ac-
tin (a kind gift from A. Miiller-Taubenberger, Ludwig Maximil-
ians University, Munich, Germany) constructs using FuGENE
HD (Promega, Madison, WTI).

Quantitative Real Time PCR—RNA was extracted according
to the manufacturer’s recommended protocol by using TRIzol
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FIGURE 2. RGD domain in DPP facilitates cell attachment. Gold substrate was stamped with DPP on one side and an RGD peptide on the other side.
C3H10T1/2 cells were seeded on the substrate for 4 h, fixed, and stained with actin (A7). The stamping pattern is schematically represented in A2. C3H10T1/2
cells were incubated with a 1 or 2 mm concentration of RGD blocking peptide for 2 h. Cells were then allowed to attach on a DPP-coated coverglass and
manually counted with a hemocytometer. The bar graph represents the number of attached cells (B). Scale bar, 50 wm. Error bars represent mean = standard

deviation (n = 3).

(Invitrogen). RT-quantitative real time PCR was performed
with DNase I (Promega)-treated RNA. A total of 1 ug of total
RNA was reverse transcribed for 90 min at 50 °C with Super-
script IIT (Invitrogen). After RNA extraction, quantitative real
time PCR analysis was carried out using an ABI Step One Plus
machine. Expression for OCN, DMP1, DSP, RUNX2, BSP, OPN,
BMP4, MMP9, and GAPDH transcripts was analyzed by quan-
titative real time PCR during its linear phase. The relative gene
expression level was estimated by using the 27 *2C,. method
where the C,value is the log-linear plot of PCR signal versus the
cycle number. AC = C; value of target gene — C; value of
GAPDH. Primers were obtained from Qiagen. Supplemental
Fig. S1 shows the primer sequences.
Immunofluorescence—Cells were cultured on recombinant
DPP-coated non-tissue culture grade glass coverslips for vari-
ous time points. Cells were fixed in 4% paraformaldehyde, then
permeabilized with 0.1% Triton X-100 in PBS for 5 min, and
rinsed twice with wash buffer. After blocking for 30 min, the
cells were then incubated overnight in primary antibody,
namely anti-FAK, anti-paxillin, anti-ELK, and anti-phospho-
extracellular signal-regulated kinase (ERK) 1/2, followed by
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incubation with a Cy3-conjugated secondary antibody for 1 h.
After washing the cells three times with PBS, the coverglass was
mounted using mounting medium (VECTASHIELD, Vector
Laboratories, Burlingame, CA) and visualized with an Axio
Observer D1 fluorescence microscope (Zeiss, Thornwood, NY)
equipped with Axiovision imaging software (Zeiss). Actin
staining (1:100) was done on these cells at different time points
followed by DAPI staining for the nucleus.

Western Blot Analysis—Activation of the focal adhesion
complex and the MAP kinase pathway was determined by
Western blot analysis. Total proteins were extracted from
C3H10T1/2 cells grown on DPP-coated plates with or without
mineralization medium using M-PER reagent (Pierce). A total
of 35 ug of the protein was resolved by 10% SDS-PAGE under
reducing conditions. After electrophoresis, the proteins were
electrotransferred onto nitrocellulose membrane (Bio-Rad);
blocked with 3% BSA in 1X PBS; and probed with either
anti-FAK, anti-paxillin, anti-ERK1/2, anti-phospho-FAK,
anti-phosphopaxillin, anti-phospho-ERK1/2 (1:500) (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-DMP1 (1:500)
(20), or anti-DSP (1:2000) (20). HRP-conjugated goat anti-
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FIGURE 3. Identification of the cell surface « and B integrins specific for DPP ligand. Receptor-cell binding experiments were performed by incubating
C3H10T1/2 cells with either av, a4, a5, B5, B4, B3, or B1 antibody for 2 h, respectively. The combinations of cells with the integrin antibodies were seeded on
DPP-coated plates and incubated for 24 h. Light microscopic images (Zeiss) of the cells on DPP-coated plates were imaged (A). Note the specificity of the avand
B1 antibodies. Specificity was confirmed by isolating membrane proteins, and Western blotting was performed using av and 31 integrin antibodies (B). 81
integrin siRNA transfection was performed in C3H10T1/2 cells grown on DPP-coated plates. 0.5 ug of the siRNA was used for transfection. Transfection

performed with scrambled siRNA was used as the control (C).

rabbit IgG was used for detection (Chemicon International,
Temecula, CA). West pico Chemiluminescent reagent
(PerkinElmer Life Sciences) was used as substrate for HRP.
Each membrane was then carefully washed, treated for 5 min
with a stripping buffer to eliminate the previous reaction
(Pierce), washed with PBS, and processed as above with anti-
tubulin antibody (1:10,000; Sigma) and HRP-conjugated goat
anti-mouse IgG.

Identification of Cell Surface Receptor—1 X 10* C3H10T1/2
cells were preincubated with each of the antibodies for av, o4,
a5, B5, B4, B3 (1:50; Cell Signaling Technology, Danvers, MA),
or B1 (a kind gift from S. Carbonetto, McGill University, Mon-
treal, Quebec, Canada) for 2 h on a rotor at 37 °C. Following
incubation, the cells were seeded on DPP-coated plates and
incubated for 24 h at 37 °C. C3H10T1/2 cells seeded on DPP-
coated plates were used as a control. Confocal images (Zeiss) of
the cells were taken.

Isolation of Cell Surface Receptor—C3H10T1/2 cells were
treated with recombinant GST-DPP (1 mg/ml) for 1 hat4 °Cto
ensure binding but not endocytosis. The cells were then washed
with ice-cold PBS three times after which the membrane pro-
teins were isolated using Pierce reagent. The membrane pro-
teins were incubated with Sepharose beads overnight at 4 °C.
The beads were then washed with PBS containing 150 mm
NaCl. The bound proteins were eluted with glutathione, dia-
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lyzed against 1 mm Tris, and lyophilized. The lyophilized pro-
tein was redissolved in 50 ul of PBS, and immunoblotting was
performed with integrin av antibody (1:500; Cell Signaling
Technology) and B1 integrin antibody.

Transient Transfection for B1 Integrin siRNA—C3H10T1/2
cells were grown to 60% confluence on DPP-coated plates and
transfected with B1 integrin siRNA (0.5 ug) or scrambled
siRNA duplexes (0.5 ug) (Santa Cruz Biotechnology) as a con-
trol using siRNA transfection reagent (Santa Cruz Biotechnol-
ogy). Cell attachment was observed and photographed after
24 h.

Blocking Experiments with RGD Peptide—To confirm the
involvement of the RGD domain in mediating cell attachment,
1 X 10* C3H10T1/2 confluent cells/ml were incubated for 1 h
with 1 and 2 mm RGD peptide (Gly-Arg-Gly-Asp-Asn-Pro) in
BME (Invitrogen) on a rotor at 37 °C in an incubator for 2 h
prior to plating them on DPP-coated plates. The cells were
allowed to attach for 24 h. The adherent cells were fixed, stained
with 0.5% trypan blue, and counted manually. Cells seeded on
tissue culture plates were used as a control. The experiments
were performed in triplicate, and standard errors of the cell
numbers were determined. Proteins were extracted according
to the above protocol, and Western blotting was performed.

Preparation of Self-assembled Monolayers—Gold substrates
were prepared by evaporating titanium (4 nm) followed by gold
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FIGURE 4. DPP triggers organization of focal adhesion complexes. C3H10T1/2 cells were seeded on DPP-coated plates for 16 (A7) and 24 h (A2).
Immunohistochemical analysis was performed with paxillin (red) and FAK (green) antibodies. Confocal microscopic images are presented in A. Immu-
nostaining indicates the successful spreading and formation of focal adhesions. FAK is localized at focal adhesions and the nucleus (single arrows),
whereas paxillin is localized predominantly at focal adhesions. Scale bars, 20 um. Z stack analysis was performed to determine the colocalization of FAK
with paxillin at the 24-h time point (B). DPP induces in vivo association of FAK and paxillin (C). “T" represents 50 ug of total protein and FAK antibody
mixed with protein A beads and incubated overnight. The beads were then washed with PBS, and SDS-PAGE loading dye was added to the beads and
boiled. Immunoblot was performed with paxillin antibody. “C” represents immunoprecipitation (/P) performed in the absence of FAK antibody.
C3H10T1/2 cells were seeded on DPP-coated plates, total proteins were isolated at various time points as indicated, and Western blotting (WB) was
performed to determine activation of FAK (D) and paxillin (E). Total proteins isolated from C3H10T1/2 cells grown in the absence of DPP were used as a

control (C). pPaxillin, phosphopaxillin; pFAK, phospho-FAK; ', minutes.

(25 nm) onto glass coverslips using the BOC Edwards Auto 500
system with FL400 chamber (Edwards Ltd., Wilmington, MA).
A polydimethylsiloxane stamp with the selected pattern was
coated with a solution of 1 mm hexadecanethiol in ethanol. The
stamp was then placed on the gold substrate for ~30 s after
which they were separated, and the substrate was rinsed with
absolute ethanol and dried under a stream of nitrogen. The
hexadecanethiol-coated substrate was then immersed over-
night in an ethanolic solution of maleimide-terminated dis-
ulfides mixed with tri(ethylene glycol)-terminated disulfide
in a ratio of 1:99 (final concentration of disulfide was 1 mm)
to coat the areas surrounding the hexadecanethiol islands. A
polydimethylsiloxane cylinder (inner diameter, 130 mm;
outer diameter, 220 mm; height, 150 mm) was placed on the
monolayer substrate. The monolayers were then treated
with a 1 mm solution of RGD peptide (in 1 X PBS, pH 7.4) for
30 min followed by immersion in DPP solution (1 ug/ml in
1X PBS, pH 7.4) overnight. The substrates were rinsed with
absolute ethanol and dried under a stream of nitrogen
between all steps and solution changes. C3H10-T1/2 cells

SN
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were then seeded on the substrate at a cell density of 500,000
cells/substrate and allowed to attach for 4 h in a 37 °C incu-
bator with 5% CO,. After cell attachment, the substrate was
rinsed thrice with serum-free medium to remove the unat-
tached cells and observed under a microscope to check for
cell attachment on the pattern. The medium was changed to
BME containing 0.5% FBS, and cells were left overnight in a
cell culture incubator. Cells were then fixed and stained with
actin and DAPI.

Inhibition of ERK1/2—Cells were cultured as described
above and treated with 30 um PD98059 inhibitor (Biomol), a
specific inhibitor for the ERK1/2 MAP kinase pathway. Cell
lysates were harvested at 4- and 24-h time points, and Western
blotting and immunofluorescence were performed as described
above with anti-ERK1/2 antibody and anti-phospho-ERK1/2
antibody.

Immunoprecipitation—FAK antibody was mixed with pro-
tein A beads and incubated on a shaker for 2 h. 50 ug of total
protein from C3H10T1/2 cells grown on DPP-coated plates
were mixed with the beads and incubated overnight. The beads

JOURNAL OF BIOLOGICAL CHEMISTRY 5215
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FIGURE 5. Cells on DPP substrate promote actin polymerization. C3H10T1/2 cells were transfected with an mRFPruby-actin plasmid using FUGENE HD. The
cells were then trypsinized and seeded on a DPP-coated coverglass. Confocal microscopic images were taken at 8 (A7) and 24 h (A2). Note the incorporation of
the mRFPruby-actin into subcompartments of the actin cytoskeleton such as lamellipodium (single arrows), filopodia (single arrowheads), and stress fibers

(double arrowheads). Scale bars, 20 pm.
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FIGURE 6. Activation of ERK1/2 MAPK pathway by adherent cells on DPP substrate. C3H10T1/2 cells were seeded on DPP-coated plates and treated with
or without PD98059 for 4 and 24 h. Total proteins were isolated, and Western blotting was performed using phospho-ERK1/2 (pERK1/2) and tubulin antibodies.
Cellsin suspension were used as a control (A). Confocal imaging was performed on adherent cells at 24 h. No nuclear localization was observed in cells seeded
on tissue culture coverglass (B7). Nuclear localization of phospho-ERK1/2 was seen in cells plated on DPP-coated coverglass (B2), and this was inhibited after

PD98059 treatment for 24 h (B3). C, control. Scale bars, 20 um.

were then washed three times in 1 X PBS to remove nonspecific
binding. SDS-PAGE loading dye was added to the beads and
boiled for 5 min. The supernatant was resolved on a 10% SDS
gel and immunoblotted with paxillin antibody. Immunopre-
cipitation performed in the absence of FAK antibody served as
control.

In Vitro Assay to Determine Differentiation of Mesenchymal
Cells to Terminally Differentiated Odontoblast-like Cells—A
mineralization microenvironment was induced by the addition
of 10 mm fB-glycerophosphate and 100 ug/ml ascorbic acid
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(Sigma-Aldrich) along with 10 nm dexamethasone (Sigma-Al-
drich) in the growth medium. Total RNA and total proteins
were extracted at 7, 14, and 21 days from C3H10T1/2 cells
grown on DPP-coated plates.

von Kossa Staining for Phosphates in Mineralized Nodule—
von Kossa staining was performed to determine the presence
of phosphate in the mineralized nodules. C3H10T1/2 cells
were grown to 60% confluence on DPP-coated plates, and
the growth medium was then replaced with mineralization
medium for 7, 14, and 21 days. The cells were fixed in for-
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FIGURE 7. Cells adherent on DPP stimulate nuclear accumulation of ELK-1 transcription factor. A confocal image of ELK-1 immunostaining performed on
C3H10T1/2 cells seeded on DPP-coated coverglass is shown in A. A transient transfection of a FLAG construct of ELK-1 was performed using Superfect reagent
onC3H10T1/2 cells seeded on DPP-coated plates. Localization of ELK-1 was determined by immunofluorescence with an ELK-1 antibody and TRITC-conjugated
anti-rabbit secondary antibody. Nuclear localization of ELK-1 is seen in the DPP-treated plates (B). Cells seeded on a tissue culture plate were used as a control

(Q). Scale bars, 20 pm.

malin for 20 min, washed twice with distilled water, then
stained with 1% silver nitrate solution (Sigma-Aldrich) for 30
min, and photographed. Cells grown on DPP-coated plates
without mineralization medium and cells grown on tissue
culture plates with mineralization medium were used as
controls.

Alizarin Red S Staining for Calcium in Mineralized Nodule—
C3H10T1/2 cells were grown to 60% confluence on DPP-
coated plates. The growth medium was replaced with mineral-
ization medium for 7, 14, and 21 days. The cells were fixed in
formalin for 20 min at room temperature and washed with dis-
tilled water. 2% Alizarin Red solution was added to fixed cells
and incubated for 1020 min. The cells were then rinsed with
distilled water and imaged.

RESULTS

DPP Aids in Cell Attachment and Cytoskeletal Organization—
C3H10T1/2 cells were seeded on DPP-coated non-tissue cul-
ture coverglass and cultured for various time points from 30
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min to 24 h. The cells were then fixed and stained for actin.
Assessment of the attached cells by confocal microscopy (Fig. 1)
on DPP-coated substrate show distinct cell responses such as
cell spreading as indicated by their F-actin cytoskeletal struc-
ture, formation of multiple filopodia, and protrusions of the
lamellipodia, whereas cells on non-DPP-coated plates were
round and showed no spreading. A coverslip coated with
fibronectin served as a positive control (Fig. 1).

Specificity of RGD Domain in Cell Attachment—To define
the role of the RGD domain in cell adhesion, glass slides coated
with gold substrate stamped with DPP on one-half and GRGDS
peptide on the other half with an uncoated region in the middle
were used as substrates for the cell attachment assay (Fig. 2). A
schematic representation of the stamp containing the two pep-
tides is shown in Fig. 2, A2. C3H10T1/2 cells were seeded on the
substrate for 24 h, fixed, and stained with actin. The absence of
cell adhesion was seen in the center unstamped section of the
substrate (Fig. 2, AI). Interestingly, cell adhesion looked robust
on both the DPP- and GRGDS-stamped surface.

JOURNAL OF BIOLOGICAL CHEMISTRY 5217
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Cell Adhesion Is Abrogated in Presence of RGD Blocking
Peptide—To confirm the involvement of the RGD domain in
mediating cell attachment, C3H10T1/2 cells were incubated
with a 1 or 2 mm concentration of GRGDS blocking peptide.
Cells were then allowed to attach on a DPP-coated coverslip
for 24 h. The cells were counted, and we observed that 1 and
2 mM concentrations of the peptide inhibited cell adhesion
when compared with the cells without peptide incubation
seeded on a DPP-coated plate. Results in Fig. 2B showed that
a 2 mM concentration of GRGDS peptide showed 100% inhi-
bition on cell attachment when compared with a 1 mwm
concentration.

Identification and Isolation of Integrin Receptors—The integ-
rin receptors specific for binding of C3H10T1/2 cells to DPP
were identified by using a panel of « and 3 integrin antibodies.
When C3H10T1/2 cells were incubated with either av, a4, a5,
B5, B4, B3, or B1 antibody for 2 h and then cultured on DPP-
coated plates for 24 h, we observed that the anti-av and -B1
antibodies abrogated cell adhesion (Fig. 34).

Having identified the cell surface receptor as av1 integrin,
we isolated the cell membrane proteins and performed West-
ern blot analysis for further confirmation. Results in Fig. 3B
confirmed the presence of avp1 integrins. Knockdown of 81
integrin in C3H10T1/2 cells performed on a DPP-coated plate
led to a change in morphology within 4 h, and by 24 h, cells were
rounded up and seemed to be undergoing apoptosis (Fig. 3C).
Thus, avp1 integrin is necessary for the attachment and sur-
vival of C3H10T1/2 cells on DPP substrate.

DPP Facilitates Adhesion-mediated Signaling Events by
Organization of Focal Adhesions—We next examined the
effects of integrin activation on the regulation of FAK and pax-
illin. We hypothesized that adhesion of C3H10T1/2 cells or
primary dental pulp cells to DPP substrate would induce asso-
ciation of FAK and paxillin. Immunohistochemical analysis
indicated that FAK and paxillin were expressed on the cell
membrane of adherent primary dental pulp cells (supplemental
Fig.S2, A and B) and C3H10T1/2 cells at 16 (Fig. 4, A1) and 24 h
(Fig. 4, A2), thereby inducing focal adhesion formation and cell
spreading. “Z” stack analysis performed on images obtained at
the 24-h time point show clear colocalization of FAK with pax-
illin (Fig. 4B). Signaling molecules participating in a pathway
are usually in a direct physical association, and immunoprecipi-
tation analysis confirmed the in vivo association of FAK and
paxillin in C3H10T1/2 cells (Fig. 4C). Importantly, we observed
the nuclear translocation of FAK on cells adherent to DPP sub-
strate at 16- and 24-h time points. FAK is a 125-kDa protein
that is tyrosine phosphorylated and activated in response to
integrin clustering. Western blot analysis (Fig. 4D) confirmed
FAK activation as Tyr®**” is phosphorylated. This initial phos-
phorylation is necessary for tyrosine phosphorylation of multi-
ple sites in FAK and paxillin. Results in Fig. 4E show activation
of paxillin in C3H10T1/2 cells seeded on DPP-coated plates
from 30 min to 24 h. Cells plated on carbonate buffer-coated
slides did not show colocalization of FAK and paxillin at focal
adhesions (data not shown).

DPP Regulates Actin Assembly— Actin polymerization drives
the extension of sheetlike (lamellipodia) and rodlike protru-
sions (filopodia) at the cell front. Therefore, to visualize the
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FIGURE 8. Blocking RGD abrogates activation of FAK, paxillin, and
ERK1/2. C3H10T1/2 cells were incubated with 2 mm RGD peptide at room
temperature for 2 h. The cells were then seeded on DPP-coated plates. Total
protein was isolated after 24 h, and immunoblotting was performed with
anti-phospho-ERK1/2  (pERK-1/2), phospho-FAK (pFAK), phosphopaxillin
(pPaxillin), and tubulin antibodies. Cells seeded on a DPP-coated plate were
used as a control.

actin cytoskeleton, C3H10T1/2 cells were transfected with
mRFPruby-actin plasmid and replated on DPP substrate. Fluo-
rescence images in Fig. 5 suggested that ectopically expressed
mRFPruby-actin was copolymerized with endogenous actin as
shown at 8 (Fig. 5, AI) and 24 h (Fig. 5, A2). Incorporation of
mRFPruby-actin was clearly observed in the subcompartments
of the actin cytoskeleton such as microspikes, lamellipodium,
filopodium, and contractile bundles. Thus, protein assemblies
are recruited to the tips of lamellipodia and filopodia that drive
the polymerization of actin for protrusion when cells are plated
on DPP matrix. It is this actin assembly that generates mechan-
ical signals, transduces them into intracellular signals, and
favors gene expression.

DPP Activates MAP Kinase Signaling—MARP kinases are used
by cells to transduce signals from the extracellular environment
to the nucleus, ultimately resulting in cell proliferation, differ-
entiation, and survival. It has been shown that activation of the
ERK could be controlled by adhesion via integrins (29). To
investigate whether adherent cells on DPP substrate induced
ERK phosphorylation, we performed Western blot analysis,
which showed an increase in phosphorylation of ERK1/2 at 4-
and 24-h time points (Fig. 6A). Interestingly, this activation was
suppressed in the presence of the ERK-specific inhibitor
PD98059. Cells on tissue culture plates were used as control
(Fig. 6A).

Next we sought to analyze the role of adhesion upon the
localization of phospho-ERK. By confocal analysis, we deter-
mined that in DPP-mediated adherent cells phospho-ERK was
localized primarily in the nuclear compartment (Fig. 6, B2) and
predominantly cytoplasmic in cells plated on tissue culture
plates (Fig. 6, BI). We then studied the specificity of this acti-
vation by using PD98059, a pharmacological inhibitor specific
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for the ERK1/2 pathway. PD98059 treatment for 24 h abrogated
the translocation of phospho-ERK1/2 into the nucleus (Fig. 6,
B3). Nuclear localization of phospho-ERK1/2 was also observed
when primary dental pulp cells were plated on DPP-coated
plates (supplemental Fig. S2C).

DPP Activates ELK-1, a Downstream Target of ERK Signaling—
Having established that translocation of ERK to the nucleus is
regulated by cell adhesion to the DPP substrate, we next ana-
lyzed whether ELK-1 is a substrate for activated ERK. ELK-1, a
transcription factor, is a known substrate of ERK, and phosphor-
ylation at the C-terminal site is important for its transcriptional
activity (30). To this end, we expressed a construct (pCMV5-
FLAG-ELK-1) in C3H10T1/2 cells seeded on DPP-coated
plates as low levels of endogenous ELK-1 are expressed by these
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FIGURE 9. DPP induces odontogenic differentiation in C3H10T1/2 cells.
C3H10T1/2 cells were seeded on DPP-coated plates for 4 and 24 h. Total RNA
was isolated, subjected to real time PCR, and analyzed for the expression of
RUNX2, DSP, DMP1, BMP4, BSP, OPN, MMP9, and osteocalcin (OCN). Error bars
represent mean =+ standard deviation (n = 3). GAPDH was used as the house-
keeping gene.
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cells. Results in Fig. 7 show clear nuclear localization of ELK-1
on DPP-treated plates. As expected, cells seeded on a tissue
culture plate did not result in nuclear translocation of ELK-1
(Fig. 7). Interestingly, nuclear localization of ELK-1 was
observed when primary dental pulp cells were plated on DPP-
coated plates (supplemental Fig. S2D). Together, these results
suggest that activation of ELK-1 is adhesion-dependent in
response to DPP that correlates with ERK1/2 activation.

Blocking RGD Inhibits Activation of FAK, Paxillin, and
ERK1/2—To confirm that the biological ramifications that we
observed, namely activation of FAK, paxillin, and ERK1/2, were
in response to the RGD domain in DPP, we used a blocking
peptide to the RGD domain to study its role in signaling and
attachment. As before, we were able to see an activation of FAK,
ERK1/2, and paxillin in cells on DPP-coated plates. Impor-
tantly, this activation was inhibited in the presence of a 2 mm
concentration of the blocking RGD peptide (Fig. 8). Taken
together, these data show that RGD in DPP plays a pivotal role
in the activation of the adhesion complex, which in turn leads to
the activation of the MAP kinase signaling pathway, leading to
cellular differentiation.

Attachment of C3HI10T1/2 Cells on DPP Matrix Triggers
Odontogenic Differentiation—Odontogenic differentiation of
C3H10T1/2 on DPP-coated plates was demonstrated by an
increase in the relative expression of markers like DSP, DMP1I,
RUNX2, BMP4, osteocalcin (OCN), OPN, and BSP at 4 and
24 h after attachment. However, these markers remained
unchanged for cells that were seeded on tissue culture plates
(positive control) (Fig. 9). Most interestingly, we observed an
increase in the expression of matrix metalloprotease 9 at 4 h

MERGE

FIGURE 10. DPP triggers nuclear localization and protein synthesis of odontogenic markers of differentiation. Total protein was isolated from cells
seeded on DPP-coated plates at 4, 24, and 48 h, and immunoblotting was performed with DMP1, DSP, DPP, and tubulin antibodies (A). Cells seeded on a tissue
culture plate for 48 h were used as a control. A confocal image of C3H10T1/2 cells seeded on DPP-coated coverglass for 24 h and immunostained using
antibodies for DSP, DMP1, and RUNX2 is shown (B). Nuclear localization of DSP, DMP1, and RUNX2 was seen in cells plated on DPP-coated coverglass. +ve,

positive; pERK1/2, phospho-ERK1/2.
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FIGURE 11. DPP plays important role in terminal differentiation of odontoblast. C3H10T1/2 cells seeded on DPP-coated plates were grown in mineraliza-
tion medium for 7, 14, and 21 days. Light microscopic images of the cells in the presence and absence of mineralization medium at 21 days were taken (A).
Changes in the morphology of the cells were observed in the absence (A, panel a) and presence (A, panel b) of mineralization medium. Scale bars, 20 wm. RNA
was extracted using TRIzol at 7, 14, and 21 days, and real time PCR was performed for RUNX2, DSP, and DMP1 (B). Total proteins were isolated from C3H10T1/2
cells seeded on DPP-coated plates and grown under mineralization conditions for 7, 14, and 21 days (C). Immunoblotting was performed with DSP, DMP1, DPP,
and phospho-ERK1/2 (pERK1/2). Total proteins isolated from cells grown on DPP-coated plates for 21 days in the absence of mineralization medium were used

as control. Error bars represent mean = standard deviation.

when compared with the 24-h time point, suggesting a role for
MMP9 in DPP-mediated cellular differentiation.

DPP Stimulates Expression and Nuclear Translocation of Dif-
ferentiation Markers—Western blot analysis performed on
cells grown on DPP-coated plates at 4, 24, and 48 h showed
up-regulation for DSP, DMP1, and DPP (Fig. 10A4) as compared
with the controls obtained from tissue culture plates at 48 h. We
next explored the subcellular localization of the odontogenic
markers DSP, DMP1, and RUNX2 in C3H10T1/2 cells under-
going differentiation. Immunohistochemical staining showed
nuclear localization of DSP, DMP1, and RUNX2 (Fig. 10B).

DPP Promotes Terminal Differentiation of Undifferentiated
Mesenchymal Cells—To detect morphological changes during
odontogenic differentiation, C3H10T1/2 cells seeded on DPP-
coated plates were subjected to mineralization for 7, 14, and 21
days, and light microscopic images were obtained. Cells in the
presence of mineralization medium at 21 days clearly show a
change in the morphology of the cells from cobble-shaped to
spindle-shaped (Fig. 114, panel a) to cellular clustering during
mineralization when compared with the control (Fig. 114,
panel b). Changes in cellular morphology were also correlated
with changes in odontogenic gene expression. mRNA expres-
sion for RUNX2, DSP, and DMPI was assessed at time points
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ranging from 7 to 21 days (Fig. 11B). An initial significant
increase in the RUNX2 gene expression was observed at 7 days,
indicating an early role for RUNX2 in the odontogenic differ-
entiation program. The mRNA levels of DMP1 were observed
to be significantly up-regulated at 7 and 14 days and down-
regulated at 21 days. Interestingly, elevated DSP gene expres-
sion was detected at all time points using real time PCR.
Western blots were also performed on total proteins isolated
from C3H10T1/2 cells seeded on DPP-coated plates grown
under the mineralization condition for 7, 14, and 21 days.
Immunoblots showed a significant increase in DSP, DMP1,
DPP, and phospho-ERK1/2 expression from day 7 to day 21
when compared with the control cells, which were obtained at
21 days in the absence of differentiation medium (Fig. 11C).
DPP Stimulates Mineralized Nodule Formation in C3H10T1/2
Cells—To provide evidence that DPP supports the progression
of odontoblast differentiation, von Kossa staining was per-
formed at time points 7, 14, and 21 days (Fig. 124). Odonto-
genic differentiation and mineralization were observed at all
times points on DPP-coated plates. At 14 and 21 days of
culture, von Kossa staining showed dark deposits in the
extracellular matrix, demonstrating the presence of phos-
phate in the calcified nodules. In contrast, cells grown on
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FIGURE 12. DPP triggers mineralized nodule formation in C3H10T1/2 cells. von Kossa staining was performed on C3H10T1/2 cells seeded on DPP-coated
plates grown in mineralization medium for 7, 14, and 21 days (A). The cells were fixed in formalin, washed twice with distilled water, and then stained with 1%
silver nitrate solution. von Kossa staining demonstrated a high intensity of dark staining pattern at 14 and 21 days of culture. Cells grown on DPP-coated plates
without mineralization medium (B) and cells on a tissue culture plate with mineralization medium (C) were used as controls. Scale bars, 20 um.

DPP-coated plates in the absence of mineralization for 21
days showed no staining (Fig. 12B). C3H10T1/2 cells grown
on a tissue culture plate with mineralization medium served
as a control (Fig. 12C).

Odontogenic terminal differentiation of C3H10T1/2 cells
was further confirmed by Alizarin Red staining. C3H10T1/2
cells seeded on DPP-coated plates grown in the presence of
mineralization medium for 14 and 21 days resulted in stain-
ing of the mineralized matrix, demonstrating the presence of
calcium deposits (Fig. 13A). Interestingly, no such staining
was detected when cells were grown in mineralization con-
ditions on tissue culture plates for 7, 14, and 21 days (Fig.
13B).

DISCUSSION

Living cells grow and function while tightly associated with
the diverse connective tissue components that form the extra-
cellular matrix (31). The extracellular matrix comprises a scaf-
fold on which tissues are organized, provides biological cues,
and regulates multiple cellular functions. Furthermore, the
rigidity of the extracellular environment controls the differen-
tiation of the mesenchymal stem cells (32) and the self-renewal
of hematopoietic stem cells (33). The integrins are a large family
of cell adhesion receptors, which mediate cell-cell and cell-ma-
trix adhesion (34). Their functions have been implicated in pro-
cesses like development, immune response, and maintenance
of tissue integrity, whereas in pathological conditions, they par-
ticipate in chronic inflammation, invasion of cancer cells, and
metastasis (35). Major extracellular matrix proteins such as
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fibronectin and collagen bind to several integrins (36, 37). Dur-
ing tooth development, odontoblasts arise from neural crest-
derived undifferentiated ectomesenchymal cells and undergo
sequential steps of differentiation, and integrins play an impor-
tant role in this process (38).

This study describes the cooperative effects between DPP
and avpl integrin that result in anchorage of undifferentiated
embryonic mesenchymal cells. Knockdown of 81 integrin con-
firmed the central role of 81 integrin in cell attachment. Bind-
ing of cell-specific integrins to DPP substrate can have substan-
tial effects on gene expression by influencing signaling
processes. We report that the RGD present at the N terminus of
DPP plays a specific role in adhesion. Blocking of the RGD
binding site present on the cell surface with a peptide resulted
in impaired adhesion and differentiation.

The effect of DPP-mediated adhesion on the activation of
FAK, a cytoplasmic protein tyrosine kinase that has been impli-
cated in integrin-mediated signal transduction, was studied.
Results from this study show that cells adherent to DPP sub-
strate had increased FAK phosphorylation. This phosphoryla-
tion was most pronounced in cells adherent at 4, 8, and 16 h.
Tyr®7 is a major autophosphorylation site in FAK that func-
tions as a binding site for Src homology 2-containing proteins
in the adhesion complex (39, 40). Interestingly, phospho-FAK
was also localized in the nucleus. The role of nuclear FAK in the
cellular differentiation process is currently unclear; however, a
recent study has shown that nuclear FAK targets p53 for deg-
radation and enhances cell survival and differentiation (41).
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FIGURE 13. DPP induces matrix mineralization in C3H10T1/2 cells. C3H10T1/2 cells seeded on DPP-coated plates were grown in the presence of mineral-
ization medium for 7, 14, and 21 days (A). Matrix mineralization is indicated by the dark areas as a result of calcium staining with Alizarin Red. As controls, cells
were grown in mineralization conditions on tissue culture plates for 7, 14, and 21 days (B). Scale bars, 20 um.

Thus, nuclear localization of FAK in cells attached to DPP sub-
strate might indicate the activation of cell differentiation
pathways.

Binding of integrin receptor to DPP substrate should facili-
tate the recruitment of signaling molecules to the focal adhe-
sion site. Therefore, we examined the focal adhesion complex
protein paxillin as it is a substrate for FAK-containing adhesion
complex (42, 43). Upon cell adhesion, we observed phosphory-
lation of paxillin. Paxillin is a key scaffolding protein between
the focal adhesion complex and the actin cytoskeleton that is
known to bind to FAK and mediate FAK recruitment to focal
adhesion complexes and that is tyrosine phosphorylated by
FAK and/or Src in response to integrin engagement (44). Pax-
illin immunoblots of endogenous FAK precipitates demon-
strated in vivo association of FAK and paxillin in the complex.
The subcellular localization of DPP-mediated FAK-paxillin
association showed that paxillin was distributed in discreet
focal adhesions at the cell periphery, whereas FAK was distrib-
uted both in the nucleus and at the cell periphery. In particular,
focal adhesion complexes appeared to condense at the leading
edges of the cell processes with FAK-paxillin colocalization at
these sites.

The integrin-mediated adhesions are multiprotein com-
plexes that link the extracellular matrix to the actin skeleton
(31, 45). Cells on DPP substrate show distinct actin organiza-
tion with de novo formed actin-rich lamellipodium with prom-
inent arrays of parallel filaments containing filamentous actin.
Surface membrane receptors such as integrins that mediate cell
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adhesion to extracellular matrix are known to have a central
role in mechanotransduction and can generate mechanical sig-
nals that are known to propagate through the cytoplasm much
more quickly than diffusion-based chemical signals (46).

Published reports suggest that adhesion receptors and their
cytosolic partners can regulate trafficking of signaling proteins
between the cytoplasm and nucleus, resulting in the control of
transcription (47). Recently it has been shown that activation of
MAP kinases can be controlled via integrins (48). Upon integ-
rin-mediated adhesion to DPP, ERK translocates from the cyto-
plasm to the nucleus. Interestingly, this nuclear localization was
abrogated in the presence of PD98059, an inhibitor specific for
the phosphorylated form of ERK1/2. However, blocking with
the RGD peptide also inhibited formation of the focal adhesion
complex and the ERK1/2 signaling pathway. In control cells,
ERK was localized in the cytoplasm. Published reports demon-
strate that ERK accumulation in the nucleus occurs more effi-
ciently in adherent cells, whereas nuclear accumulation of
phosphorylated p38 and phosphorylated JNK are unaffected by
changes in adhesion (49). In the nucleus, activated ERK effi-
ciently phosphorylates ELK-1, and this is adhesion-dependent.
Phosphorylated ELK-1 plays a pivotal role in immediate early
gene induction by external stimuli (30). Our findings highlight
the importance of cellular adhesion to DPP substrate activation
of ERK, which translocates to the nucleus and transactivates the
transcription factor ELK-1.

Cell anchorage to DPP substrate can have substantial effects
on gene expression. Undifferentiated mesenchymal cells
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FIGURE 14. Hypothetical model. The hypothetical model depicts the RGD-
mediated integrin anchorage of cells on DPP and the subsequent activation
of focal adhesion complexes and downstream gene transcription.

anchored on DPP substrate had the ability to express transcrip-
tion and growth factors like BMP4 and RUNX2 and odonto-
genic secretory stage-specific phenotypic markers like DMP1
and DSP. The increase in the expression levels of these genes
within 24 h suggests that cells attached to DPP matrix can acti-
vate transcriptional regulation and thereby aid in the differen-
tiation process. Terminal differentiation of undifferentiated
mesenchymal cells to functional odontoblast-like cells was con-
firmed by von Kossa and Alizarin Red staining of the extracel-
lular matrix.

Taken together, these findings suggest that DPP plays a
major role in anchorage-dependent signaling events. These
events include physical coupling of integrins with extracellular
DPP, which initiates a mechanical stimulus that results in the
activation of FAK and paxillin and their interactions at the
adhesion complex (Fig. 14). The ability of FAK to be present in
focal adhesions as well as in the nucleus may be important for
its role in regulating anchorage-dependent ERK activation.
Once activated, the signals propagate through the cytoplasm,
leading to accumulation of activated ERK in the nucleus where
it phosphorylates transcription factors like ELK-1, leading to
downstream odontogenic gene expression and differentiation
of embryonic mesenchymal cells to odontoblast-like cells. The
hallmark of terminal differentiation is the induction of miner-
alized matrix formation, which was confirmed by von Kossa
and Alizarin Red staining in this study. Thus, extracellular DPP
can provide a tight association between the structural and sig-
naling elements in undifferentiated mesenchymal cells.
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