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Background: DPP stimulates differentiation of mesenchymal cells to osteogenic lineage.
Results: DPP promotes differentiation by activating the intracellular Ca2� influx and CaMKII-Smad1 signaling.
Conclusion: DPP activates Ca2�-mediated signaling events, thereby playing a crucial role in osteoblast differentiation.
Significance: DPP stimulates osteogenic phenotypic alterations in pluripotent stem cells by activating CaMKII-Smad1
signaling.

Dentin phosphophoryn (DPP) is amajor noncollagenous pro-
tein in the dentin matrix. In this study, we demonstrate that
pluripotent stem cells such as C3H10T1/2 and human bone
marrow cells can be committed to the osteogenic lineage by
DPP. Treatment with DPP can stimulate the release of intracel-
lular Ca2�. This calcium flux triggered the activation of Ca2�-
calmodulin-dependent protein kinase II (CaMKII). Activated
CaMKII induced the phosphorylation of Smad1 and promoted
nuclear translocation of p-Smad1. Inhibition of store Ca2� de-
pletion by 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic
acid tetrakis(acetoxymethyl ester) or down-regulation of CaMKII
by KN-62, a selective cell-permeable pharmacological inhibitor or
a dominant negative plasmid of CaMKII, blocked DPP-mediated
Smad1 phosphorylation. Activation of Smad1 resulted in the
expression of osteogenic markers such as Runx2, Osterix, DMP1,
Bone sialoprotein, Osteocalcin, NFATc1, and Schnurri-2, which
have been implicated in osteoblast differentiation. These findings
suggest that DPP is capable of triggering commitment of pluripo-
tent stem cells to the osteogenic lineage.

Differentiation of mesenchymal stem cells toward the osteo-
genic lineage is a collaborative/synergistic process involving a
combination of several intracellular signaling pathways trig-
gered by the extracellular matrix (ECM)3 proteins and growth
factors. Increased evidence indicates that during osteogenesis
cells employ specific mechanisms to decipher signals that facil-
itate interaction with the components of the dynamic three-

dimensional ECM to initiate osteoblast differentiation. One
such ECM protein in the dentin and bone matrix is dentin
phosphophoryn (DPP).
DPP is a highly acidic, noncollagenous phosphoprotein local-

ized predominantly in the dentin matrix (1). It is highly nega-
tively charged with aspartyl and seryl residuesmaking up about
75% of the total amino acids of which 85–90% of the seryl resi-
dues are phosphorylated (2–4). It has extensive sequences of
(DSS)n repeats with n as large as 24 (5, 6), and these domains are
responsible for matrix mineralization. Published reports show
that DPP is synthesized from a larger compound protein called
dentin sialophosphoprotein, which appears to be cleaved
immediately in vivo into N-terminal dentin sialoprotein and
C-terminal DPP (7). Increasing evidence indicates that DPP has
a high affinity for calcium (8, 9) and can regulate matrix miner-
alization (1, 7, 10, 11). This is clearly evident in dentinogenesis
imperfecta type II disorders, where a decrease in DPP content
leads to impaired dentin mineralization (7).
DPP not only enhances matrix mineralization, it also stimu-

lates gene expression responsible for osteogenic differentiation
in a variety of cell types, including mesenchymal stem cells,
pre-osteoblasts, and nonosseous fibroblasts (12). Several
reports suggest that DPP is present in other tissues like lungs,
kidneys, and salivary glands (2, 13). The signaling function of
DPP was demonstrated during embryonic development of the
kidneys, particularly facilitating epithelial-mesenchymal inter-
actions in meristic tissues (14). Recently, we have shown that
the RGD domain in DPP is functional and signals through cell
surface integrins (15). DPP signaling via the MAPK and Smad
pathways independent of bone morphogenetic protein has
been demonstrated previously (12). However, little is known
regarding the transcription factors and signaling pathways by
which DPPmediates the commitment of pluripotent stem cells
to the osteogenic lineage.
In this study, we report that stimulation of undifferentiated

mesenchymal C3H10T1/2 cells by DPP results in a transient
increase in the intracellular Ca2� flux. As DPP is known to be a
calcium-binding protein, we postulated that DPP could seques-
ter the store-released Ca2�. Sequestered Ca2� then binds to
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calmodulin (CaM) and activates CaM kinase II (CaMKII) in
C3H10T1/2 and HMSCs. Activated CaMKII can then phos-
phorylate Smad1, inducing its translocation to the nucleus
where it activates osteogenic target genes.

MATERIALS AND METHODS

Expression and Purification of DPP—The recombinant DPP
protein was expressed and purified as published earlier (16).
Briefly, bovine DPP cDNA was cloned into pGEX-4T-3 (Invit-
rogen) and expressed as glutathione S-transferase (GST) fusion
protein in BL21-DE3 cells. A glutathione-Sepharose column
was used to purify the GST-DPP protein, and the recombinant
protein DPP (rDPP) was released using thrombin.
Cell Culture—Pluripotent mouse mesenchymal stem cells

(C3H10T1/2) were cultured in Eagle’s basal medium (Cellgro)
supplemented with 10% FBS and 1% penicillin/streptomycin at
37 °C and 5% CO2. Human bone marrow cells (HMSCs)
(Tulane Cancer Centre) were grown in cultured in �-mini-
mum essential medium (Invitrogen) supplemented with 20%
fetal bovine serum (FBS, Invitrogen), 1% L-glutamine, and 1%
antibiotic and antimycotic solution (Invitrogen). Cells were

allowed to proliferate on 6-well plates until attaining 70%
confluency. Media were changed to BME medium supple-
mented with 1% FBS (basal medium) 12–16 h before the start
of the experiment.
Total RNA Isolation and Quantitative Real Time PCR—The

cells were pretreated with BAPTA-AM (50 �M) or KN-62 (10
�M) for 30 min followed by stimulation with 500 ng of rDPP.
Total RNAwas extracted at 4 and 24 h for quantitative real time
PCR using an RNeasy kit (Qiagen). A total of 2.5 �g of total
RNA was reverse-transcribed for 90 min at 50 °C with Super-
script III (Invitrogen). Quantitative real time PCR analysis was
then carried out using ABI Step-One-Plus instrument. Gene
expressions for Runx2, DMP1, BSP, OCN, Osterix, SHN-2,
NFATc1, Smad1, Smad5, and GAPDH transcripts were ana-
lyzed by quantitative PCR during its linear phase. The relative
gene expression level was estimated by using the comparative
threshold cycle (CT) method, where the CT value � log linear
plot of PCR signal versus the cycle number. The amount of the
target, normalized to GAPDH, is given by 2���CT, where �CT �
�CT value of target gene� �CT value of GAPDH. Primers were
obtained from Qiagen.

FIGURE 1. A, effect of rDPP on [Ca2�]i in mesenchymal stem cells. DPP-induced [Ca2�]i was measured in C3H10T1/2 cells as described under “Materials and
Methods.” Fura-2AM-loaded cells were washed three times, placed in Ca2�-free and Mg2�-free HBSS, and then stimulated with rDPP (500 ng/ml). Experiments
were repeated three times, and a representative plot is shown. Picture shots display DPP-induced [Ca2�]i release in C3H10T1/2 cells at 250 s. Yellow color within
the cells indicates the release of calcium from the intracellular stores when C3H10T1/2 cells were stimulated with DPP or the intake of calcium upon depletion
of the stores when extracellular calcium was added. B, BAPTA-AM is a calcium chelator and can block DPP-stimulated increase in [Ca2�]i in C3H10T1/2 cells. Cells
pretreated with BAPTA-AM (50 �M) were loaded with Fura-2AM and placed in Ca2�- and Mg2�-free HBSS. The cells were then stimulated with rDPP (500 ng/ml)
and then observed for Ca2� store release. Cells with no BAPTA-AM treatment served as control. Experiments were performed in triplicate. A representative plot
is shown in this panel. Picture shots display DPP-induced release in BAPTA-AM-pretreated C3H10T1/2 cells at 250 s. C, DMSO treatment does not inhibit
DPP-induced [Ca2�]i release in C3H10T1/2 cells. Cells pretreated with DMSO (0.01%) were loaded with Fura-2AM and placed in Ca2�- and Mg2�-free HBSS. The
cells were then stimulated with rDPP (500 ng/ml) and then observed for Ca2� store release. As DMSO was used as a solvent vehicle to dissolve all inhibitors, it
was therefore necessary to identify if the vehicle had an effect on [Ca2�]i release in C3H10T1/2 cells. Screen shots of the live image of DPP induced [Ca2�]i

release in DMSO-pretreated C3H10T1/2 cells. D, U-73122 inhibitor of the phospholipase C pathway inhibits DPP-induced [Ca2�]i release in C3H10T1/2 cells.
DPP-induced [Ca2�]i was measured in confluent mesenchymal stem cells upon stimulation with 500 ng/ml rDPP after 30 min of pretreatment with U-73122
(phospholipase C inhibitor). Cells were loaded with Fura-2AM and placed in Ca2�- and Mg2�-free HBSS and stimulated with rDPP (500 ng/ml) to measure
store-Ca2� release. Arrow indicates the time at which cells were stimulated with rDPP. Experiments were repeated a minimum of four times. A representative
plot is shown in this panel.
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Protein Isolation and Western Blotting—Total proteins were
extracted fromeither rDPP-treatedC3H10T1/2 andHMSCs or
cells treated with KN-62 (10 �M) or BAPTA-AM (50 �M) fol-
lowed by stimulation with rDPP, using M-per reagent (Pierce)
at 30 min, 60 min, and 2 h, respectively. Nuclear and cytoplas-
mic proteins were extracted from C3H10T1/2 cells using
NE-PER reagent (Pierce). Total proteinswere also isolated from
C3H10T1/2 cells infected with adCaMKII-WT (WT), adCaM-
KII-CA�, or adCaMKII-DN� for 6 h at a multiplicity of infec-
tion of 100 (kindly provided by Dr. Joan Heller Brown, Univer-
sity of California at San Diego). Western blotting was
performed as described earlier (15). Specifically, 35 �g of the
total proteins were resolved on a 10% SDS-polyacrylamide gel
under reducing conditions. The proteinswere thenelectrotrans-
ferred onto nitrocellulose membrane (Bio-Rad). After blocking,
antigen detection was performed using anti-CaMKII (1:500)
(SantaCruzBiotechnology), anti-phospho-CaMKII (1:500) (Santa
Cruz Biotechnology), anti-phospho-Smad1/5/8 (1:500) (Santa
Cruz Biotechnology) and anti-Smad1/5/8 (1:500) (Santa Cruz
Biotechnology) antibodies for 16 h at 4 °C. Blots were then incu-
bated with HRP-conjugated goat anti-rabbit IgG secondary
antibody (Chemicon International). After several washes with
PBS, the bands were visualized by the ECL-Western blot rea-

gent (PerkinElmer Life Sciences). The blots were then stripped
and reprobed with anti-tubulin antibody (1:10,000) (Sigma)
and then incubated with HRP-conjugated goat anti-mouse
IgG secondary antibody and developed as above. Equal load-
ing of proteins in the nuclear extract was confirmed by
reprobing the blot with lamin A/C (1:500) (Santa Cruz
Biotechnology).
Cytosolic Ca2� Measurements in C3H10T1/2 Cells—

C3H10T1/2 cells were grown to confluence on tissue culture
glass coverslips. Before the start of the experiment, the cells
were incubated for 2 h at 37 °C in basalmedium. Ca2�-sensitive
fluorescent dye Fura-2 AMwas used to measure the changes in
[Ca2�]i (17). Cells were washed with PBS without Ca2� and
loaded with 3 �M Fura-2 AM for 30 min. Changes in [Ca2�]i
were measured as published earlier (18). To study the role of
released Ca2� in activating downstream signaling, cells were
pretreated with various blocking agents like BAPTA-AM (50
�M), U73122 (10 �M) (Sigma), or KN-62 (10 �M) (Sigma) for 30
min. The cells were then loaded with Fura-2 AM for 30 min.
rDPP (500 ng/ml) was then added and cytoplasmic Ca2� con-
centration measured. Cells triggered with DMSO (0.01%)
served as negative control.
von Kossa Staining—Differentiation of C3H10T1/2 cells was

performed using osteogenic media containing Eagle’s basal
medium (Cellgro) supplemented with 10% FBS, 10 mM �-glyc-
erophosphate, 100 �g/ml ascorbic acid, and10 nM dexametha-
sone. The cells were then stimulated with either 500 ng of rDPP
or 10 �M KN-62 for 7, 14, and 21 days to promote differentia-
tion. The presence of phosphate was determined using von
Kossa staining. The cells were fixed in formalin for 1 h, washed
twice with distilled water, and then stained with 5% silver
nitrate solution.
Alizarin Red S Staining—DPP-stimulated C3H10T1/2 cells

were grown in osteogenic medium for 7, 14, and 21 days. The
cells were fixed in formalin for 1 h at room temperature and
washed with distilled water. 2% Alizarin Red solution (Sigma)
was added to fixed cells and incubated for 10–20min. The cells
were then rinsed with distilled water and imaged.
Alkaline Phosphatase Staining—Undifferentiated mesen-

chymalC3H10T1/2 cells were grown in the presence ofDPP for
7, 14, and 21 days in osteogenic medium The cells were then
fixed in ice-cold methanol for 1 h and then incubated with the
alkaline phosphatase substrate reagent (Bio Rad) at room tem-
perature for 30 min in dark. Samples were then washed with
deionized water and imaged.
Alkaline Phosphatase Activity—Total proteins were

extracted from DPP-treated C3H10T1/2 cells grown in min-
eralization medium for 7, 14, and 21 days. 200 �l of reagent
from SIGMAFASTTM alkaline phosphatase kit (Sigma) was
added to a 20-�l aliquot of cell lysate and incubated for 30
min in the dark at 37 °C. Absorbance at 405 nm was mea-
sured using a BioTek Synergy2 plate reader. Experiments
were performed in triplicate.
Immunofluorescence—Intracellular localization of Smad1

was analyzed by immunofluorescence staining. C3H10T1/2
cells in basalmedia were stimulatedwith either rDPP or treated
with CaMKII inhibitor KN-62 or BAPTA-AM a calcium chela-
tor for 1 h. After treatment, the cells were fixed using 10% for-

FIGURE 2. DPP enhances osteoblastic gene expression in mesenchymal
stem cells. C3H10T1/2 cells and HMSCs in basal media for 24 h were stimu-
lated with 500 ng/ml rDPP with or without BAPTA-AM treatment for 4 and
24 h. Total RNA was isolated and subjected to real time PCR and analyzed for
gene expression of Runx2, BSP, DMP1, Osterix, and OCN. Untreated
C3H10T1/2 cells served as control. These results were normalized with the
loading control GAPDH. Experiments were done in triplicate. *, #, (), and
[caret], p � 0.05. C, control.
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malin, and immunofluorescencewas performed as per the pub-
lished protocol (15). Nuclear localization of Smad1 was
detected using anti-phospho-Smad1 (1:100) (Cell Signaling

Technologies) antibody. All images were acquired using a Zeiss
LSM 510 or a 510META confocal microscope equipped with a
�63 water immersion objective.
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Statistical Analyses—Comparisons between the two groups
were done using the Student’s t test. The error bars represent
mean � S.E. All experiments were performed in triplicate.

RESULTS

DPP Induces Release of Intracellular Ca2� in Pluripotent
Mesenchymal Cells—We first tested the possibility whether
stimulation by DPP induced intracellular Ca2 � fluxes. Pluripo-
tent C3H10T1/2 stem cells were used as a model cell culture
system to study intracellular signaling events in response to
DPP. Cells grown on coverslips were loaded with Fura-2AM
and fluorescence-monitored in the presence of rDPP. When
compared with unstimulated cells, the addition of rDPP trig-
gered a 3-fold increase in fluorescence that corresponded to the
release of intracellular Ca2 � fluxes (Fig. 1A). It has to be noted
that these events occurred in the absence of extracellular Ca2�.
To investigate the specificity of DPP stimulus, we suppressed
the rise in free [Ca2�]i by introducing the Ca2� chelator
BAPTA-AM for 30 min followed by stimulation with rDPP.
The release of intracellular Ca2 � was completely abrogated in
the presence of BAPTA-AM (Fig. 1B), thus supporting our
hypothesis that DPP stimulus is responsible for the transient
increase in free Ca2�. As DMSO was used as a vehicle to dis-
solve BAPTA-AM, U73122, and KN-62, we therefore investi-
gated if DMSO played a role in the release of intracellular cal-
cium. Cells treated with DMSO did not influence intracellular
calcium release (Fig. 1C). To prove that DPP-mediated intra-
cellular Ca2� release was from the endoplasmic reticulum, we
measured Ca2� release in the presence of the phospholipase C
inhibitor U73122 that can potentially inhibit endoplasmic
reticulum Ca2� release. Treatment of cells with U73122 signif-
icantly inhibited the intracellular Ca2 � fluxes that were
observed by rDPP stimulation (Fig. 1D). Thus, DPP-mediated
activation of phospholipase C could play a pivotal role in medi-
ating transient increase in intracellular Ca2�.
DPP Induces Commitment of Pluripotent Stem Cells to the

Osteogenic Lineage—We next sought to examine if DPP influ-
enced the osteogenic differentiation of C3H10T1/2 and
HMSCs by analyzing for osteogenic markers. Real time PCR
analysis showed that DPP stimulation resulted in an increase in
the relative expression of osteoblastic markers like Runx2,
DMP1,BSP, OCN, andOsterix (Fig. 2,A andB). However, these
markers were significantly suppressed in the presence of
BAPTA-AM. These studies show that Ca2� signaling is
required for DPP-mediated osteogenic differentiation.

CaMKII-mediated Osteogenic Differentiation—We next
explored the idea that activation of CaMKII promotes osteo-
genic differentiation. The involvement of CaMKII was sought
after stimulation of C3H10T1/2 cells and HMSCs with rDPP
for 30 min, 60 min and 2 h followed by Western blot analysis.
Results in Fig. 3A show increased phosphorylation of CaMKII
with time in C3H10T12 cells, although in HMSCs maximum
phosphorylation was observed at 60 min when compared with
the 2 h unstimulated control cells (Fig. 3B). Treatment of cells
with BAPTA-AM reduced the phosphorylation levels in
C3H10T1/2 cells (Fig. 3C).We next examined if KN-62, a selec-
tive cell-permeable pharmacological inhibitor of calcium/cal-
modulin-dependent kinase II, had an effect on DPP-mediated
intracellular Ca2� release. Results from this study showed that
the rise in intracellular Ca2� induced by DPPwas unaffected by
KN-62 (Fig. 3D). However, lower levels of phosphorylated
CaMKII were observed in the presence of KN-62 in
C3H10T1/2 (Fig. 3E) and HMSCs (Fig. 3F).
CaMKII-mediated Smad1 Phosphorylation in C3H10T1/2

and HMSCs—It is known that activated CaMKII can phosphor-
ylate multiple downstream targets. Therefore, we examined if
Smad1 is phosphorylated by CaMKII. Western blot analysis in
Fig. 4, A and B, shows that DPP stimulation can activate the
phosphorylation of Smad1 as early as 30min.Maximum level of
activation was observed at 2 h when compared with the 2 h of
unstimulated control C3H10T1/2 and HMSCs. Equal loading
of proteins was confirmed by stripping the blot followed by
re-probing with tubulin.
To determine whether intracellular Ca2� was necessary for

activation of Smad1, cells were pre-treated with BAPTA-AM
and then stimulated with DPP for the specified time points.
Western blot analysis in Fig. 4, C and D, showed lower phos-
phorylation levels of Smad1 indicating a role for intracellular
Ca2� in phosphorylation of Smad1. To assess the role of acti-
vated CaMKII in phosphorylating Smad1, cells were then
treatedwithKN-62 followed by stimulationwithDPP. Interest-
ingly, KN-62 like BAPTA-AMhad the same inhibition effect on
Smad1 phosphorylation (Fig. 4, E and F). Strong inhibition of
Smad1phosphorylationwas seen from30min to 2 h. To further
confirm the specificity of the results obtained with KN-62 and
BAPTA-AM, C3H10T1/2 cells were transfected with adenovi-
rus wild type (WT) and constitutively active and dominant neg-
ative CaMKII. Dominant negative adenovirus CaMKII inhib-
ited the phosphorylation of Smad1 when compared with the
cells transduced with the viral particles carrying the WT and

FIGURE 3. A, DPP activates CaMKII in C3H10T1/2 cells. C3H10T1/2 cells were stimulated with rDPP (500 ng/ml), and Western blotting was performed. Experi-
ments were done in triplicate. *, #, and [caret], p � 0.05 as compared with untreated cells. B, DPP activates CaMKII in HMSCs. C3H10T1/2 cells were stimulated
with rDPP (500 ng/ml), and Western blotting was performed with Abs against CaMKII. Experiments were done in triplicate. *, #, and [caret], p � 0.05 as
compared with untreated cells. C, DPP-mediated activation of CaMKII can be inhibited by the treatment with BAPTA-AM. C3H10T1/2 cells were pretreated with
BAPTA-AM (50 �M) followed by stimulation with rDPP for the indicated time points, and Western blotting was performed with Abs against CaMKII. Experiments
were done in triplicate. *, #, and [caret], p � 0.05 as compared with untreated cells. D, CaMKII inhibitor KN-62 inhibits DPP-induced [Ca2�]i release in C3H10T1/2
cells. DPP-induced [Ca2�]i was measured in confluent C3H10T1/2 cells loaded with 10 �M KN-62 for 30 min prior to the addition of Fura-2AM. Fura-2AM-loaded
cells were washed three times, placed in Ca2�- and Mg2�-free HBSS, and then stimulated with rDPP (500 ng/ml). The experiment was repeated four times, and
a representative plot is shown. Picture images display DPP-induced [Ca2�]i release in KN-62-pretreated C3H10T1/2 cells at 250 s. E, KN-62 inhibits CaMKII
activation in C3H10T1/2 cells. Treatment of C3H10T1/2 cells with KN-62 (10 �M) inhibits CaMKII activation. Total proteins were isolated, and Western blots were
developed with CaMKII antibody and anti-phospho-CaMKII antibody. Equal protein loading was confirmed by stripping the blot followed by probing it with
tubulin antibody. Experiments were done in triplicate. *, #, and [caret], p � 0.05 as compared with untreated cells. F, KN-62 inhibits DPP-mediated phosphor-
ylation of CaMKII in HMSCs. Total proteins were isolated from DPP-stimulated HMSCs, and immunoblots were performed with CaMKII antibody and anti-
phospho-CaMKII antibody. Experiments were done in triplicate. *, #, and [caret], p � 0.05 as compared with untreated cells. C, control.
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constitutively active forms of CaMKII (Fig. 4G). All Western
blots were re-probed for tubulin that served as loading control.
Calcium and CaMKII-dependent Nuclear Translocation of

Phosphorylated Smad1—A hallmark of the noncanonical BMP
signaling is stabilization and nuclear accumulation of Smad1.
Phosphorylated Smad1 translocates from the cytoplasm to the
nucleus in DPP-stimulated C3H10T1/2 cells (Fig. 5B). In
marked contrast, untreated cells displayed predominant cyto-
plasmic localization of p-Smad1 (Fig. 5A). Interestingly, pre-
dominant cytoplasmic localization and reduced nuclear accu-
mulation of phosphorylated Smad1 were observed in cells
treated with DPP and BAPTA-AM (Fig. 5D). Cells treated with
BAPTA-AM by itself served as a control and did not have an
effect on the translocation of p-Smad1 (Fig. 5C). These data
support our hypothesis that release of intracellular calcium by
DPP is required for the activation of Smad1 in pluripotent stem
cells.

We next tested if Smad1 phosphorylated by activated
CaMKII translocates to the nucleus. For this, C3H10T1/2 cells
were treated with rDPP or KN-62 or both for 1 h, respectively.
Confocal images clearly show unstimulated cells having dif-
fused cytoplasmic staining for phosphorylated Smad1 (Fig. 6A).
Cells stimulated with rDPP for 60 min showed distinct nuclear
translocation of p-Smad1 (Fig. 6B). However, cells pretreated
with KN-62 inhibitor and upon DPP stimulation abolished
nuclear translocation of p-Smad1 (Fig. 6D). Cells pretreated
with KN-62 inhibitor alone, which served as control, showed
similar cytoplasmic localization as in untreated cells (Fig. 6C).
Nuclear and cytoplasmic proteins isolated from DPP-stimu-
lated C3H10T1/2 cells demonstrate greater amounts of
p-Smad1 in the nuclear fraction at 60minwhen comparedwith
the cytoplasmic fraction (Fig. 6E). Results from the immuno-
blot clearly show that KN-62 inhibited nuclear localization of
p-Smad1. These results suggest that Smad1 is phosphorylated
by CaMKII, as the inhibitor KN-62 abolished CaMKII activa-
tion and Smad1 phosphorylation.
Phosphorylated Smad1 Activates Shnurri-2 and Nfatc1—We

then examined whether activated Smad1 was responsible for
inducing the expression of downstreamSmad targets. Real time
PCR results showed an enhanced expression of Smad1, Smad5
(supplemental Fig. S1), Shnurri-2, and NFATc1 (Fig. 7) mRNA
levels at 4 and 24 h in C3H10T1/2 and HMSCs. Expression
levels were reduced when cells were pretreated with either
BAPTA-AM or KN-62 followed by DPP stimulation for 4 and
24h (Fig. 7 and supplemental Fig. S1). These results suggest that
DPP could play a pivotal role in potentially mediating a cross-
talk between CaMKII and the Smad signaling pathway to initi-
ate osteoblast differentiation.
FunctionalAnalysis toDemonstrate TerminalDifferentiation

of Osteoblasts—Tomonitor terminal differentiation of the plu-
ripotent stem cells to functional osteoblasts, an in vitro nodule
formation assay was performed. Nodule formation due to
secretion of extracellular matrix proteins in the presence of
phosphate ions and ascorbic acid has been considered to be an
important feature for mineralization and precedes mineraliza-
tion. Therefore, nodule formation assays were performed in the
presence of DPP. Osteogenic differentiation was observed at 7,
14, and 21 days. The presence of phosphate in the calcified
nodules, seen as dark deposits in the extracellular matrix, was
high at 14 and 21 days of DPP-stimulated culture (Fig. 8, A and
B). In contrast, cells grown in mineralization media for 21 days
in the absence of DPP showed no staining (Fig. 8A). No miner-
alized nodules were observed in cells treated with KN-62 alone
(Fig. 8B) or in cells treated with KN-62 and DPP (Fig. 8B). Ter-

FIGURE 4. Activation of Smad1/5/8 in C3H10T1/2 and HMSCs by DPP can be inhibited by the treatment with BAPTA-AM and KN-62. A, C3H10T1/2 cells
were stimulated with rDPP (500 ng/ml), and Western blotting was performed with Abs against Smad1/5/8. *, #, and (), p � 0.05 as compared with control cells.
B, HMSCs were stimulated with rDPP (500 ng/ml), and Western blotting was performed with Abs against Smad1/5/8. *, #, and (), p � 0.05 as compared with
control cells. C, C3H10T1/2 cells were pretreated with BAPTA-AM (50 �M) followed by stimulation with rDPP for the indicated time points, and Western blotting
was performed with Abs against Smad1/5/8. *, #, and (), p � 0.05 as compared with control cells. D, HMSCs were treated with BAPTA-AM (50 �M) followed by
stimulation with rDPP, and Western blotting was performed with Abs against Smad1/5/8. *, #, and (), p � 0.05 as compared with control cells. E, treatment of
C3H10T1/2 cells with KN-62 (10 �M) inhibits Smad1/5/8 activation. Total proteins were isolated, and Western blots were developed with anti-Smad1/5/8
antibody and anti-phospho-Smad1/5/8 antibody. Equal loading of the proteins was confirmed by stripping the blot followed by probing it with tubulin.
*, #, and (), p � 0.05 as compared with control cells. F, inhibition of Smad1/5/8 in KN-62-treated HMSCs, and Western blotting was performed with Abs against
Smad1/5/8. *, #, and (), p � 0.05 as compared with control cells. G, C3H10T1/2 cells were transduced with wild type (WT), constitutively active (CA), and
dominant negative (DN) CaMKII and then stimulated with rDPP. Western blotting was performed with Abs against Smad1/5/8. C, control.

FIGURE 5. Nuclear localization of p-Smad1 in C3H10T1/2 cells stimulated
by DPP and abrogated by BAPTA-AM. C3H10T1/2 cells were stimulated
with rDPP (500 ng/ml) or BAPTA-AM (50 �M) for 1 h. The cells were fixed and
immunostained for p-Smad1 (red). Control cells exhibited diffused staining
throughout the cells for p-Smad1 (A). Upon stimulation with DPP for 1 h,
nuclear translocation of p-Smad1 was observed. Arrows indicate nuclear
localization of p-Smad1 (B). Cells treated with BAPTA-AM alone displayed
cytoplasmic staining of p-Smad1 (C). However, DPP-stimulated and BAPTA-
AM-pretreated cells failed to show nuclear translocation of p-Smad1 (D). DAPI
(blue) was used to stain the nucleus. Bar, 10 �m.
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minal differentiation of C3H10T1/2 cells into osteogenic line-
age was further confirmed by Alizarin Red S and alkaline phos-
phatase staining. Alizarin Red staining showed the presence of
calcium deposits in the mineralized matrix at 21 days (Fig. 8A).
Alkaline phosphatase stainingwas observed at 14 and 21 days in
DPP-treated cells grown under osteogenic conditions (Fig. 8A).
Interestingly, no staining was detected in control cells grown in
the absence of DPP for 21 days. In addition, quantitative anal-
ysis of the alkaline phosphatase assay showed an increase in the
alkaline phosphatase activity at 14 and 21 days in DPP-treated
cells when compared with the control cells (Fig. 8C).
Together, these results suggest that DPP can stimulate the
terminal differentiation of C3H10T1/2 cells into fully func-
tional osteoblasts.

DISCUSSION

Pluripotent stem cells such as C3H10T1/2 and HMSCs have
the capacity to undergo commitment to muscle, bone, adipose,
or cartilage lineages. Our findings in this study show that treat-
ment of pluripotent stem cells with dentin phosphophoryn
gives rise to osteoblasts. Although it is well established thatDPP
promotes extracellular matrix mineralization, however, its role
in signaling has only been recently described (15, 19). The func-
tion of DPP as a signaling molecule has been demonstrated in
humanmesenchymal stem cells via theMAPKpathway and the
Smad pathway; however, no mechanisms were reported (12,
20). Understanding the precise mechanism by which DPP ini-
tiates signaling from the ECM is unknown. Accordingly, the
central goal of this study was to identify specific components of
the signaling cascade mediated by DPP during commitment of
pluripotent stem cells to the osteogenic lineage.
We first identified that DPP stimulates intracellular calcium

release in embryonic mesenchymal cells. This depletion of cal-
cium from the endoplasmic reticulum evokes a number of
downstream responses. Furthermore, we demonstrate that
stimulation by DPP leads to Smad1 phosphorylation and sub-

FIGURE 6. DPP-mediated nuclear localization of p-Smad1 in C3H10T1/2 is abrogated in the presence of KN-62. C3H10T1/2 cells were stimulated with
rDPP (500 ng/ml) for 1 h. Cells were fixed and immunostained for p-Smad1. Immunofluorescence shows p-Smad1 predominantly located in the cytoplasm of
untreated cells (A). With DPP stimulation, the predominant nuclear localization of p-Smad1 is observed. Arrows indicate nuclear localization of p-Smad1 (B).
Diffused cytoplasmic staining of p-Smad1 was observed in cells pretreated with KN-62 alone (C). However, C3H10T1/2 cells stimulated with rDPP and KN-62
prevented nuclear localization of p-Smad1 (D). Bar, 10 �m. Nuclear and cytoplasmic proteins were extracted from C3H10T1/2 cells stimulated with DPP, and Western
blotting was performed with anti-p-Smad1/5/8 and Smad1/5/8 antibody. The blots were stripped and reprobed with lamin A/C and tubulin (E). C, control.

FIGURE 7. DPP activates Smad pathway-related gene expression.
C3H10T1/2 and HMSCs were stimulated with rDPP (500 ng/ml) or KN-62 (10
�M) or BAPTA-AM (50 �M) for 4 and 24 h, respectively. Total RNA was
extracted, and expression levels of NFATc1 and SHN2 were estimated based
on real time PCR. Upon stimulation with DPP, expression levels of these genes
increased from 4 to 24 h. Lower expression levels were observed with KN-62
and BAPTA-AM pretreatment. Experiments were performed in triplicate.
* and #, p � 0.05. C, control.
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sequent translocation to the nucleus. The prevention of Smad1
phosphorylation and nuclear translocation by the CaMKII
inhibitor KN-62 and the intracellular calcium chelator
BAPTA-AM shows the important role played by both intracel-
lular calcium flux and ubiquitously expressed Ca2�-calmodu-
lin-dependent CaMKII in Smad1 phosphorylation and subse-
quent nuclear localization. Thus, in this study we have
uncovered a novel interaction between the CaMKII and the
Smad1 signaling pathway stimulated by DPP in undifferenti-
ated mesenchymal cells.
CaMKII is a serine/threonine multifunctional kinase. It is

activated in response to Ca2� signals and phosphorylates sev-
eral downstream proteins. The role of CaMKII in osteoblast
differentiation has been reported, and�-CaMKII, an isoform of
CaMKII, has specifically been shown to be a critical regulator of
osteoblast differentiation (24). In osteoblasts, stretch-depen-
dent Ca2� influxwas shown to activate TGF-�-activated kinase
1 via CaMKII to induce IL-6 expression (25). Furthermore,
�-CaMKII was shown to control different signaling pathways,
namelyCREB/ATF,MAPK, aswell as AP-1 transcription factor
activity, by regulating the expression of c-fos (26).
In this study, we have shown that the Smad1 function can be

directly controlled by the cytoplasmic CaMKII in response to
DPP stimulus. To elucidate the specificity of this enzyme, we

have used KN-62, a specific and selective calcium-CaM-depen-
dent protein kinase inhibitor. KN-62 has been shown to inhibit
both the substrate phosphorylation and autophosphorylation
of CaMKII, with the calmodulin-independent activity of the
enzyme suggesting that KN-62 affects the enzyme and calmod-
ulin interactions directly. This inhibitor functions by binding to
the calmodulin binding region of CaMKII (21, 22). The inhibi-
tory role of KN-62 has been established previously. Published
results show that KN-62 strongly inhibited the activation of
MAPK/c-Myc and autocrine keratinocyte proliferation (23). In
our study, use of KN-62 not only abrogated the phosphoryla-
tion and nuclear translocation of Smad1 following DPP stimu-
lation but also resulted in reduced osteogenic gene expression
levels and abrogated mineralized nodule formation. Further-
more, expression of dominant negative CaMKII significantly
reduced the phosphorylation of Smad1. This confirms the role
of CaMKII in regulating the Smad1/5/8 pathway followingDPP
stimulation in mouse pluripotent stem cells.
Smad signaling pathway plays an essential role in transmit-

ting and regulating activin, BMP, and TGF-� signals from the
cell surface to the nucleus, thus regulating the expression of
target genes during osteogenesis (27–30). Recently, it has
become apparent that Smads are also extensively regulated by
direct input from a variety of receptor signaling pathways. One

FIGURE 8. DPP stimulates mineralized nodule formation. C3H10T1/2 cells were cultured in mineralization media for 30 days either with rDPP (500 ng/ml) or
KN-62 (10 �M) or both. von Kossa, Alizarin Red S, and alkaline phosphatase staining were performed (A). Terminal differentiation and mineralized nodule
formation were observed when cells were stimulated with rDPP. However, untreated control cells, cells treated with inhibitor alone, and cells treated with the
inhibitor in the presence of DPP did not show evidence of mineralized nodule formation (B). Arrows point to the mineralized nodule formed. Alkaline
phosphatase activity was highly expressed at 14 and 21 days in DPP-treated cells (C). *, #, and [caret], p � 0.05 as compared with control cells. Bar, 20 �m.
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example of such a pathway other than BMP/TGF-� is the
MAPK pathway (31, 32). In another study, functional interac-
tion of Smad2 with CaMKII inhibited TGF-� signaling (33). In
the environment of the complex signaling network, Smads have
begun to appear as a central junction that receives input from
different signaling pathways to thereby interpret cues from the
ECM. Thus, Smads play a crucial role in ECM-mediated cell
differentiation and tissue remodeling process.
In this study, we show that DPP activates Smad1, indepen-

dent of the known ligands via CaMKII. Nuclear translocation of
phosphorylated Smad1 results in directly affecting gene
responses. It was apparent from our studies that DPP stimula-
tion led to a significant fold increase in the expression ofRunx2,
Osterix, dentinmatrix protein 1 (DMP1), BSP, andOCN.Treat-
ment with KN-62 followed by DPP stimulation significantly
reduced the mRNA expression of these genes. Increase in the
expression of Runx2was particularly interesting as it is a “mas-
ter” transcription factor for osteoblast differentiation, matura-
tion, and bone formation. Furthermore, Runx2 can regulate the
expression of several extracellular matrix proteins required for
mineralized matrix formation (34). Other genes of interest that
were expressed in response to DPP stimulation are Schnurri2
(SHN-2) and NFATc1. SHN-2 is a zinc finger protein, and lack
of SHN-2 expression reduced bone remodeling by suppressing
both osteoblastic bone formation and osteoclastic bone resorp-
tion activities in vivo. Thus, SHN-2 is a novel regulator of osteo-
blasts and modulates the expression of factors required for
osteoblast function like Osterix, NFATc1, and OCN (35).
Expression of NFATc1 is particularly interesting as activated
NFATc1was shown to activateWnt signaling components nec-
essary for directing osteoblast proliferation (36).
Mineralized nodule formation confirmed that DPP stimula-

tion favored terminal differentiation of osteoblasts. Interest-
ingly, inhibition of CaMKII by KN-62 abrogated mineralized
nodule formation, demonstrating the pivotal role played by
CaMKII in the process of osteoblastic differentiation of
C3H10T1/2 cells stimulated by DPP.

Previously, DPP has been shown to activate theMAPK path-
way, and in this study we show that DPP activates the Smad
signaling pathway. Thus, it is possible that DPP activates both
the Smad and the MAPK pathway similar to the BMPs. From
this, it appears that during bone formation the cells usemultiple
pathways to decipher signals from the ECM. Signaling by DPP
could be one such signaling network that the ECM utilizes to
regulate the function during tissue morphogenesis.
In summary, this study identifies a novel mechanism by

which DPP plays a functional role in activating Smad signaling
through cytoplasmic CaMKII. Translocation of phosphory-
lated Smad1 then regulates target gene expression and facili-
tates osteoblastic differentiation of pluripotent stem cells
thereby validating our proposed hypothetical model (Fig. 9).
Thus, DPP facilitates a cross-talk between calcium-CaMKII
signaling and the Smad signaling pathway to initiate osteogenic
differentiation in pluripotent stem cells.
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