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Background:Dentin phosphoprotein (DPP), responsible for toothmineralization, is also present in nonmineralizing tissues
like kidney, lung, and salivary glands.
Results: DPP binds annexin 2 and 6 and plays a role in calcium influx in rat ureteric bud cells.
Conclusion: DPP plays different roles in mineralizing and nonmineralizing tissues.
Significance: This is the first report showing a possible function for DPP in nonmineralizing tissues.

Dentin phosphoprotein (DPP) is the most abundant noncol-
lagenous protein in the dentin, where it plays amajor role in the
mineralization of dentin. However, we and others have shown
that in addition to being present in the dentin, DPP is also pres-
ent in nonmineralizing tissues like the kidney, lung, and salivary
glands, where it conceivably has other functions such as in cal-
cium transport. Because annexins have been implicated as cal-
cium transporters, we examined the relationships between DPP
and annexins. In this report, we show that DPP binds to annexin
2 and 6 present in a rat ureteric bud cell line (RUB1). Immuno-
fluorescence studies show that annexin 2 and DPP colocalize in
these cells. In addition, DPP and annexin 2 colocalize in the
ureteric bud branches of embryonic metanephric kidney. In the
RUB1 cells and ureteric bud branches of embryonic kidney,
colocalization was restricted to the cell membrane. Studies on
calcium influx into RUB cells show that in the presence of anti-
DPP, there was a 40% reduction of calcium influx into these
cells. We postulate that DPP has different functions in the kid-
ney as compared with the odontoblasts. In the odontoblasts, its
primary function is in the extracellularmineralization of dentin,
whereas in the kidney it may participate in calcium transport.

Dentin phosphoprotein (DPP),2 a major noncollagenous
protein of dentin, is a highly phosphorylated serine- and aspar-
tic acid-rich protein (1–3). DPP from various species contain
35–45 residue % aspartic acid and 40–55 residue % serine, of
which asmany as 90% of the serine residues are phosphorylated
(4, 5). Because of its high phosphate content, net negative
charge, and avid binding to Ca2� ions, DPP has been linked to
dentin mineralization (6, 7). Although present in the dentin
matrix as an essential macromolecule, DPP is synthesized as a

part of a larger precursor protein, dentin sialophosphoprotein
(DSPP) (8) that in vivo is rapidly processed by scission of a
central sequence freeing the amino-terminal domain, dentin
sialoprotein, and the carboxyl-terminal domain DPP (9–11),
plus a central connecting peptide sequence (12). Dentin sialo-
protein and DPP belong to a family of proteins now known as
small integrin-binding ligand N-linked glycoproteins (SIB-
LINGs) (13). The SIBLING family includes DSPP, osteopontin,
bone sialoprotein, dentin matrix protein 1 (DMP1), and matrix
extracellular phosphoglycoprotein (14). They are characterized
by common exon-intron features, the presence of the integrin
binding tripeptide, Arg-Gly-Asp (RGD), and several conserved
phosphorylation and N-glycosylation sites (13). The SIBLING
genes are clustered together on human chromosome 4 and
mouse chromosome 5 (14). Having been first isolated from
bone or tooth, expression of the SIBLINGs in adults was gener-
ally thought to be limited to mineralizing tissues and to playing
a role in mineralization. However, recent reports have shown
that various members of this family, such as DMP1, osteopon-
tin, and DPP, are present in other tissues where they conceiv-
ably modulate additional biological processes including signal-
ing (15–22). DPP has been implicated to be a coactivator in
BMP2 signaling (18) and has also been shown to modulate cell
differentiation through integrin signaling and activation of p38,
ERK1/2, and JNK, three components of the MAPK pathway
(17) and the Smad pathway (23). We have also shown that the
developing kidney metanephroi exposed in culture to anti-
DMP2 or antisense oligonucleotides have elongated ureteric
bud branches but with reduced branching arborization (24).
There was also a reduction in the number of glomeruli. Quan-
titative analysis confirmed that there was a �50% decrease in
the number of glomeruli after the treatment with the anti-
DMP2. Also, analysis of a DSPP�/� null mouse at embryonic
day 13.5 showed a delayedmaturation of the nephron elements
and fewer ureteric buds as compared with wild type DSPP�/�.
Delay in thematuration of the nephronswas reflected by overall
smaller size of the metanephros and less polarized epithelial
layers in the nephrons (24). Recent studies have shown that
kidney development is regulated by the presence of calcium
ions (25, 26).
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BecauseDPP has been implicated in signaling, it was of inter-
est to see whether DPP exerts its function by interacting with
another protein. In this report we show that DPP binds annexin
6 and annexin 2 in a rat ureteric bud cell line (RUB1). Further-
more, in these cells and in rat embryonic kidney, DPP and
annexin 2 colocalize along the cell membrane. We also show
that calcium influx into RUB1 cells was reduced in the presence
of anti-DPP antibody.

EXPERIMENTAL PROCEDURES

Expression of DPP in Baculovirus—Based on the known
sequences present in theGenBankTM, primerswere designed to
PCR DPP from mouse genomic DNA. The primers used were
designedwith a BamHI site and anEcoRI site at the 5� end of the
gene-specific sequences (bold letters) to facilitate directional
cloning. The mouse DPP cDNA amplified started from the
amino acids NSES and included the RGD binding site. This
corresponds to amino acid number 469 of the DSPP gene (8).
The primers used were 5�-CGCGTGGATCCAACTCTGAA-
AGCGCCAATGAGAGTGGC-3� (forward) and 5�-CGA-
TGAATTCCTAATCATCACTGGTTGAGTGGTTAC-3�
(reverse). Following the PCR, the amplified band was gel-
purified, digested with BamHI and EcoRI, and cloned in the
baculovirus transfer vector pAcG2T (Pharmingen). This vector
expresses the protein as a GST fusion protein. The resulting
vector pAcG2T-DPP was then sequenced to verify that DPP
was indeed present in frame with the GST protein. The
pAcG2T-DPP vector was then cotransfected with BaculoGold
linearized baculovirus DNA (Pharmingen) into Sf9 insect cells.
5 days after transfection, the supernatant was serially diluted,
and the cells producing the recombinant virus were identified
by plaque assay. The virus was then amplified and used to infect
fresh Sf9 cells to produce the recombinant protein GST-DPP.
The Sf9 cells have the capability to carry out the extensive post-
translational phosphorylation, which is the hallmark of DPP.
The cells infected with recombinant virus were harvested 3
days postinfection. The cells were then spun down at 2,500 � g
for 5min. The cell pellet was resuspended in ice-cold insect cell
lysis buffer (Pharmingen) containing reconstituted protease in-
hibitormixture at a concentration of 1ml of lysis buffer per 2�
107 cells. The cells were lysed on ice for 45 min, and the lysate
was cleared of cellular debris by centrifuging at 40,000 � g for
45 min. The clear supernatant containing GST-DPP recombi-
nant protein was analyzed on SDS-PAGE gel. The GST-DPP
recombinant protein was then purified on a glutathione-
Sepharose column (Amersham Biosciences) according to the
manufacturer’s instructions. The purified DPP was then bound
to CNBr-activated Sepharose to generate a DPP-Sepharose af-
finity column.
Cell Culture—The rat ureteric bud (RUB1) cell line, a gift

from Dr. Perantoni (NCI, National Institutes of Health) was
grown inDMEM/F-12mediumwith 10% fetal bovine serum, 10
ng of TGF�, with 1% antibiotic-antimycotics. After reaching
50% confluence, the cells were then cultured in the original
medium or in the presence of 1 mM EDTA for 14 h.
Isolation of DPP-binding Proteins—Crude cell membrane

fractions were obtained from rat ureteric bud (RUB1) cell lines
using a Mem-PER eukaryotic membrane protein extraction

reagent kit (Pierce) according to the manufacturer’s instruc-
tions. The cells (5 � 106) were centrifuged at 850 � g for 2 min,
and the pellet was lysed with a proprietary detergent from the
kit. A second proprietary detergent was added to solubilize the
membrane proteins. The samples were centrifuged at 10,000�
g for 3min at 4 °C. The supernatant was removed, incubated for
10 min at 37 °C, and centrifuged for 2 min at 10,000 � g to
separate the hydrophobic proteins (bottom layer) from the
hydrophilic proteins (top layer) through phase partitioning.
The hydrophobic fractionwas dialyzed against three changes of
binding buffer containing Tris-HCl, pH 7.5, 150 mmol/liter
NaCl, 1 mmol/liter MgCl2, 1 mmol/liter CaCl2, and 0.1%
sodium deoxycholate for 24 h at 4 °C. Following dialysis, the
solubilizedmembrane fraction was individually incubated with
the DPP-Sepharose gel or GST-Sepharose gel (control) over-
night with gentle end over end mixing. The next day the resins
were poured into columns, and the columns were washed with
binding buffer and subsequently eluted with 1-ml aliquots of
elution buffer containingTris-HCl, pH7.5, 0.1% sodiumdeoxy-
cholate, 20 mmol/liter EDTA, 20 mmol/liter EGTA, and 150
mmol/liter NaCl. The materials eluted from the DPP affinity
and GST columns were concentrated and separated by 12%
SDS-polyacrylamide gel electrophoresis under reducing condi-
tions. The gels were either stained with Coomassie Blue or
transferred to nitrocellulose membranes. The membranes were
incubatedwith anti-annexin2mousemonoclonal antibody (Invit-
rogen). The primary antibodies were diluted 1:1000. Antibody-
reactive material was detected with alkaline phosphatase-con-
jugated anti-mouse antibody (1:30,000) and visualized by anAP
detection kit (Bio-Rad).
Coimmunoprecipitation—The RUB1 cell line was grown in

DMEM/F-12 medium as described above. After reaching 80%
confluence, the cells were lysed with 50 mM Tris-HCl, pH 7.4,
containing 0.1% Nonidet P-40, 0.1% sodium deoxycholate, and
1mmol/liter CaCl2. This was then centrifuged, and the clarified
supernatant was incubated with either anti-annexin 2 or non-
specific IgG and rotated at 4 °C overnight. The next day 50�l of
protein A-Sepharose was added to the solution, and incubation
was carried on for an additional 2 h at room temperature. The
reaction was centrifuged at 10,000 � g for 5 min at 4 °C, and
the pellet was then washed four times with PBS. After the
final wash, the pellet was suspended in 50 �l of Laemmli
buffer and separated by 10% SDS-polyacrylamide gel electro-
phoresis under reducing conditions. The gels were trans-
ferred to nitrocellulose membranes. The membranes were
incubated overnight with anti-DPP antibody diluted 1:1000.
Antibody-reactive material was detected with alkaline phos-
phatase-conjugated anti-rabbit antibody (1:30,000) and visual-
ized by an AP detection kit (Bio-Rad).
Protein Sequencing Using Mass Spectrometry—SDS-PAGE

analysis of the DPP-Sepharose column identified two major
protein bands, at�75 and 40 kDa. Therewere no bands present
in the GST-Sepharose column eluate. Each of these bands iso-
lated from the DPP-Sepharose column were excised from the
gel and subjected to in-gel proteolytic digestion with trypsin.
The recovered peptides were separated and analyzed using an
LTQ mass spectrometer to obtain MS/MS spectra at the Chi-
cago Biomedical Consortium Proteomics facility at University
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of Illinois at Chicago. The sequences of the peptides were
inferred by matching the MS/MS spectra to protein sequence
data bases using the Sequest and Mascot database search
engines.
Phosphostaining—Detection of the phosphorylated state of

the recombinant GST-DPP was accomplished using Pro-Q
Diamond phosphoprotein gel stain, as described by the manu-
facturer (Molecular Probes; Invitrogen). SDS-PAGE gels were
stained with the Pro-Q Diamond phosphoprotein stain and
scanned immediately following three washes to reduce back-
ground using a TyphoonTrio Imager (AmershamBiosciences).
The scanned images were then analyzed by ImageQuant soft-
ware (version 6.0; Amersham Biosciences).
Immunostaining—For immunostaining, RUB1 cells were

grown on chamber slides overnight. Adherent cells were rinsed
with PBS, fixed, and permeabilizedwithmethanol at�20 °C for
30 min. The cells were then blocked with 5% BSA and 3% nor-
mal goat or donkey antibody in PBS for 4 h at room tempera-
ture. Sections of embryonic kidney were deparaffinized and
rehydrated through graded alcohol solutions followed bywash-
ingwith PBS. The cells or sectionswere then incubatedwith the
anti-DPP (1:200) and anti-annexin 2 (1:200) primary antibody
overnight at 4 °C in a humidified chamber. For controls, the
primary antibody was omitted. After washing extensively with
PBS, the cells and sections were incubated for 1 h at room tem-
perature with the appropriate secondary antibody. All of the
secondary antibody incubations were performed in the dark to
minimize loss of fluorescent signal caused by photo bleaching.
The cells and tissues were then washed extensively in PBS.
Immunoreactive areas were visualized using the 100� oil
immersion lens of an Olympus series 120Q microscope.
Intracellular Calcium Measurements—The cells were har-

vested by treatment with 0.1% trypsin, 0.02% EDTA in phos-
phate buffered saline, washed in DMEM/F-12 medium with
10% fetal bovine serum, and suspended in a loading buffer (145
mM NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, and 1%
bovine serum albumin adjusted to pH 7.4). The cells were
loaded with 2 �M Fluo-3/AM (Invitrogen) by gentle shaking for
45min in loading buffer at room temperature. After 45min, the
cells were centrifuged, washed with loading buffer, and resus-
pended in 22 ml of loading buffer at a concentration of �5 �
105 cells/ml. The cells were divided into three tubes containing
�7ml each. In tube 1, 50�l of anti-DPP antibody was added; in
tube 2, 50 �l of nonspecific IgG was added. Tube 3, with no
addition, served as control. A PerkinElmer Life Sciences LS5
luminescence spectrophotometer was used for fluorometric
determination. The excitation wavelength was set at 505 nm,
and the emission wavelength was set at 530 nm. For measure-
ment of calcium influx, 2 ml of cell suspension was added to a
cuvette and after a 1.5-min base line recording, 10 �l of a 1 mM

solution of ionomycinwas added to give a final concentration of
5 �M. This was followed by the addition of 4 �l of a 1 M calcium
chloride solution at 3.5 min to give a final calcium concentra-
tion of 2 mM. The cell suspension in the cuvette was stirred
continuously during the experiment. In other experiments,
cells preincubated with nonspecific IgG (control) or cells pre-
incubatedwith anti-DPPwere treatedwith 2mMcalcium,with-
out the prior addition of ionomycin.

RESULTS

Expression of Phosphorylated DPP in Baculovirus—Supple-
mental Fig. S1 shows the Stains-All and phosphostaining for
baculovirus-expressed (lanes 2 and 3) and purified GST-DPP
(lane 4). DPP expressed in baculovirus shows the characteristic
blue-purple metachromatic staining with Stains-All (lane 4).
Phosphostaining of the purified GST-DPP shows that DPP
expressed in baculovirus is phosphorylated (lane 5). DPP is a
highly acidic protein consisting of many repetitive aspartic
acid-serine and aspartic acid-serine-serine motifs, with the
majority of the serine residues being phosphorylated in vivo.
Identification of Annexin 2 and 6 as DPP-binding Proteins—

The phosphorylated GST-DPP isolated from baculovirus was
linked to Sepharose to generate aDPP-Sepharose affinity column.
To identify DPP-binding proteins, the total membrane protein
lysates from RUB cells were incubated with the DPP-Sepharose
affinity column in the presence of calcium and magnesium. The
columns were then eluted with EDTA and EGTA to isolate the
proteins that bound to the column in the presence of calcium and
magnesium. The eluted proteins from the columnwere separated
on a SDS-PAGEgel. Fig. 1 shows that twomajor bands at�76 and
40 kDawere isolated from theRUB1 cellsmembrane fraction that
was passed over aDPP-Sepharose column.Noprotein bandswere
isolated when the same extracts were passed over a GST-Sephar-
ose column, confirming the specificity of the interaction.The ratio
of the two proteins 76 kDa:40 kDa was 1:4. There seems to be a
greater amount of the 40-kDa band present in the eluate from the
RUB cells. These two bands were excised from the gel and sub-
jected to in-gel trypsindigestion andMS/MSanalysis.The75-kDa
bandwas identifiedasannexin6withgreater than95%accuracyby
Mascot. The number of peptidematches above identity threshold
was 103 with a false discovery rate of 0.97%. The peptides isolated

FIGURE 1. Isolation of two major protein bands from RUB cell solubilized
membranes by DPP-Sepharose affinity chromatography. Results of SDS-
PAGE analysis of proteins eluted from the DPP-Sepharose column are shown.
Two major bands of �75 and 40 kDa were isolated. Note that the amount of
the 40-kDa band is much greater than the 75-kDa band.
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covered 46% of the protein. The 40-kDa band was identified as
annexin 2with greater than95%accuracy byMascot. Thenumber
of peptide matches above identity threshold was 411 with a false
discovery rate of 0.49%. The peptides isolated covered 59% of the
protein. Fig. 2 shows the peptides isolated (highlighted in yellow)
for annexin6 (Fig. 2A) andannexin2 (Fig. 2B).Theannexin2band
was four times more intense than the annexin 6 band.
DPP is a calcium-binding protein, and annexin 2 has been

identified as a calcium and ion transport protein in kidney (27)
and lung airway cells (28), both places where we have shown
DPP to be expressed. For these reasons, we decided to concen-
trate our studies on annexin 2. To confirm that the band iso-
lated from the DPP-Sepharose column was indeed annexin 2,
the eluates from theDPP-Sepharosewere separated on an SDS-
PAGE gel, transferred to nitrocellulose, and subjected toWest-
ern blot analysis using anti-annexin 2 (Fig. 3). Western blot
analysis confirmed that the 40-kDa protein band bound and
eluted from theDPP-Sepharose columnwas annexin 2. To con-
firm that annexin 2 and DPP are associated within the cells, we
checked whether they would coimmunoprecipitate. Annexin 2
was immunoprecipitated with anti-annexin 2 antibody and
protein A-Sepharose. The immunoprecipitate was then run on
a 10% polyacrylamide gel and transferred to nitrocellulose
membrane and subjected to Western blot analysis using anti-
DPP antibody.Western blot analysis confirmed the presence of
DPP in the immunoprecipitates brought down by the anti-an-
nexin 2 antibody (Fig. 4). There was onemajor band seen in the
immunoprecipitatewith anti-annexin 2 (lane 3, arrow) thatwas
absent in the immunoprecipitate with nonspecific IgG control
(lane 2). The two faint lower molecular mass bands also seen in
lane 3 could be degradation products of DPP because they are
not seen in the control.
Immunofluorescence Analysis of RUB1 Cells—Because DPP

binds annexin 2, it was of interest to seewhether they colocalize
within the cells, using immunofluorescence. The anti-DPP
antibody used has been shown by us previously to be specific to
DPP and does not react with any other protein in the kidney
(24). Immunofluorescence analysis of RUB1 cells with anti-

DPP (Fig. 5C) and anti-annexin 2 (Fig. 5B) antibodies indicate
that both are present in the cells. Merging of the two images
(Fig. 5D) indicates that DPP and annexin 2 colocalized within
the cells. In the RUB1 cells (Fig. 5), in addition to the nucleus
and the cytosol, DPP showed a punctate staining along the cell

FIGURE 2. MS/MS analysis identified the two bands to be annexin 2 and 6. A, annexin 6 showing the peptides isolated from the 75-kDa band. The peptides
obtained from the 75-kDa band are highlighted in yellow. The 75-kDa band was identified as annexin 6 with greater than 95% accuracy by Mascot. The number
of peptide matches above the identity threshold was 103, with a false discovery rate of 0.97%. The peptides isolated covered 46% of the protein. B, annexin 2
showing the peptides isolated from the 40-kDa band. The peptides obtained from the 40-kDa band are highlighted in yellow. The 40-kDa band was identified
as annexin 2, with greater than 95% accuracy by Mascot. The number of peptide matches above the identity threshold was 411, with a false discovery rate of
0.49%. The peptides isolated covered 59% of the protein. Residues in green were identified as modified during the process.

FIGURE 3. Western blot analysis confirming that the protein eluted from
the DPP-Sepharose column is annexin 2. The proteins eluted from the DPP-
Sepharose column were run on a SDS-polyacrylamide gel and transferred to
nitrocellulose. The membranes were then probed with annexin 2 antibodies.
The first lane shows molecular mass standards (Std). The second lane is solu-
bilized membranes of RUB1 cells bound and eluted from the DPP-Sepharose
columns.
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membranes (Fig. 5C, arrows), where it colocalizedwith annexin
2 (Fig. 5D, arrows). Annexin 2 was seen mainly along the cell
membranes. DPP could also be seen present in the nucleus (Fig.
5C) where annexin 2 is absent. However, in the RUB1 cells, DPP
is present alongwith annexin 2 along the cell membrane, where
it could possibly associate with annexin 2 and presumably be
involved in calcium transport. Omission of anti-DPP or anti-
annexin as controls gave absolutely no immunofluorescence
(supplemental Fig. S2). Because the in vitro binding of annexin
2 to DPP was calcium-dependent, it was of interest to see
whether this was also the case within the cells. Also, the associ-
ation of annexins with lipid rafts on the membrane has been
shown to be calcium-dependent. To test this hypothesis, cells
were cultured in the presence of 1 mM EDTA for 14 h. The
change in DPP localization was striking when cells were cul-
tured in the presence of 1 mM EDTA (Fig. 6). Under these con-
ditions, there was absolutely no association of DPP with
annexin 2. In the presence of 1 mM EDTA, DPP was present
exclusively in the nucleus and cytosol with little or no staining
in the plasma membrane.
Immunofluorescence Analysis of Embryonic Kidney—Having

shown that DPP and annexin 2 are present in the same location
in the rat ureteric bud cell (RUB1) lines, the next step was to see
whether this also occurs within the developing rat tissues. As
reported earlier, DPP was exclusively found in the ureteric bud
of the developing kidney (24). Immunofluorescence of embry-
onic day 14.5 rat embryonic kidney showed the presence ofDPP
along the developing ureteric bud, (Fig. 7, A and D), where it

colocalized with annexin 2 (Fig. 7,C and F). In the ureteric bud,
as in the RUB1 cells, DPP colocalized with annexin 2 along the
cell membrane. In the RUB1 cells, an appreciable amount of
DPP could be seen in the cytosol (Fig. 5). However, in the
embryonic kidney, DPPwas predominantly present as punctate
staining along the membrane of the developing ureteric bud
(Fig. 7).
Calcium Influx Studies—We investigated the role of DPP on

the transport of calcium into RUB1 cells. The cells were sus-
pended in calcium-free flux buffer loaded with Fluo-3/AM and
measured for calcium influx as described under “Experimental
Procedures.” After an initial 1.5-min base-line recording, iono-
mycin was added to give a final concentration of 5 �M. The
addition of ionomycin in the absence of extracellular calcium
resulted in a slight increase of [Ca2�]i followed by a slow
decline, suggesting a depletion of intracellular stores. There
was no difference between regular cells and cells treated with
anti-DPP. At 3.5 min, calcium was added to the cell suspension
to give a final concentration of 2 mM. The addition of 2 mM

calcium to the suspension resulted in a sustained increase in
[Ca2�]i resulting from an influx of calcium into the cells. This
increase eventually plateaued. Responses of cells treated with
nonspecific IgG were no different from those of control
untreated cells in two separate experiments (Fig. 8A). The
increase in calciumwas lower in cells that were pretreated with
anti-DPP (Fig. 8B). This difference between untreated cells and
cells treated with anti-DPP was consistently observed in four
separate experiments. Table 1 shows the fluorescence values for
control and anti-DPP-treated cells. The mean fluorescence
value for control cells was 13.3 � 0.42 (n � 4), whereas that for
cells treated with antibody was 8.1 � 0.58. (n � 4). Inclusion of
anti-DPP antibody resulted in a 40% reduction in the amount of
calcium influx into the cells.
We next decided to see whether the RUB1 cells were capable

of taking up calcium in the absence of ionophore stimulation.
To do this, RUB1 cells, in two separate experiments, were pre-
treated with either nonspecific IgG or anti-DPP antibody and
then treated with 2 mM calcium without ionomycin treatment.
As seen in Fig. 9, treatmentwith 2mMcalcium resulted in a slow
but steady rise in intracellular calcium, which was once again
reduced when the cells were treated with anti-DPP antibody.

DISCUSSION

DPPwas first identified in the tooth, where it has been shown
to play a role in the mineralization of dentin because of its
ability to bind to calcium (1, 29–31). Subsequently, we and
others have shown DPP to be present in other nonmineralizing
tissues, in which they may conceivably modulate other biolog-
ical processes (19–21, 24). We have previously shown that in
addition to the odontoblasts in developing incisors, DPP is also
found in the ureteric bud branches of embryonic metanephric
kidney, alveolar epithelial buds of the developing lung, and hair
follicles (24). DPP has also been shown to have a signaling role,
signaling through the MAP kinase (17) and Smad kinase path-
ways (23) possibly by interaction with integrins. In an attempt
to elucidate its role in nonmineralizing tissues, we searched for
DPP-binding proteins in a rat ureteric bud cell line (RUB1). In
this report, we show that DPP binds to annexin 2 and annexin 6

FIGURE 4. DPP is present in the immunoprecipitate complex brought
down by anti-annexin 2 and protein A-Sepharose. Immunoprecipitates
with either nonspecific IgG or anti-annexin 2 were resolved on SDS-PAGE,
transferred to nitrocellulose, and probed with anti-DPP. Lane 1, molecular
mass standards; lane 2, the immunoprecipitate brought down with nonspe-
cific IgG; lane 3, the immunoprecipitate brought down with anti-annexin 2.
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in this cell line.Upon gel electrophoresis of the proteins binding
to DPP from the RUB cell extract, the annexin 2 band was four
times greater in intensity than the annexin 6. This could reflect
either a greater affinity or a greater amount of annexin 2 in this
cell line. The binding of annexins to DPP was specific, because
a column of GST-Sepharose failed to isolate any annexins. It is
possible that the high concentration of DPP on the columnwas
responsible for DPP displacing the other binding partners of
annexin 2. Annexin 2 has been shown to form complexes with
other proteins (27, 28, 32–36). As seen in Fig. 2, there are other
minor bands present in the elution. These minor bands could
be either other proteins bound to DPP or proteins bound to
annexin 2. Our current data do not allow us to differentiate
between these two possibilities. DPP could be bound to annexin
2 alone or could be a part of a complex.We do not propose that
all the annexin 2 present in the cell is bound to DPP because, as
mentioned above, annexin 2 has been shown to have a number
of other binding partners. Also not all the DPP present in the
cell is bound to annexin 2. In the RUB1 cell line, DPP was pres-
ent in the nucleus, in the cytosol, and also along the cell mem-
brane. DPP has also been shown by others to be present in the
cytosol and also in the nucleus in odontoblastic cell lines (37,
38). We now show that in addition to the cytosol and the
nucleus, DPP is also present along the cell membrane in RUB1
cells. Annexin 2 was localized in these cells in the cytosol and
along the cell membrane where it colocalized with DPP. DPP is
present in the nucleus, where annexin 2 is absent (Figs. 6 and 7),
and in the cytosol where it most likely is not bound to annexin.
It is only the DPP present along the cell membrane that associ-
ates with annexin 2. We believe that the interaction between
DPP and annexin 2 occurs on the cell membrane and not the
extracellular matrix because annexin 2 is not an extracellular
matrix protein and is present mainly on the membranes. Fur-
ther, because we have shown that DPP is involved in calcium

uptake and this uptake was inhibited by the addition of anti-
DPP, the calcium-binding sites of DPP should be exposed on
the outside of the plasma membrane. Interestingly, the anti-
DPP antibody showed a punctate staining along the cell mem-
brane, whereas annexin 2 was uniform along the membrane.
This might reflect the greater amount of annexin 2 along the
membrane and our proposal that not all annexin 2 is bound to
DPP. Because DPP does not contain a membrane-spanning
region, we propose that the presence of DPP along the cell
membrane is due to its association with annexin 2. The binding
of DPP to annexin 2 is physiological, because immunoprecipi-
tation of annexin 2 also brings down DPP in the complex.
DPP and annexin 2 were also colocalized in the ureteric bud

branches of embryonicmetanephric kidney. In the ureteric bud
of the metanephric kidney and the RUB1 cell line, the colocal-
ization was seen along the cell membrane. Annexins 2, 5, and 6
form calcium channels in the plasma membrane of terminally
differentiated growth plate chondrocytes and mediate calcium
influx into these cells (39). Annexin 2 has been described as a
cell surface receptor for extracellular matrix molecules such as
tenascin-C and proteolytic enzymes including tissue plasmino-
gen activator and cathepsin B (40–42). DPP is a highly acidic
protein and does not have any membrane-spanning regions.
Therefore its association with the membranes in the rat ure-
teric bud branches and the RUB cell line is probably through
interaction with another protein. In this report, we have shown
that the presence of DPP along the plasma membrane may be
by virtue of its binding to annexin 2. The binding of DPP to
annexin 2 was calcium-dependent. In the in vitro studies,
annexin 2 was bound to DPP in the presence of calcium and
then eluted from the column in the presence of EDTA and
EGTA. In the cell culture studies, culturing the cells for 14 h in
the presence of EDTA completely abolished the binding of DPP
to annexin 2. DPPwas then no longer associatedwith themem-

FIGURE 5. Annexin 2 and DPP colocalize on the cell membrane. Immunofluorescence of rat ureteric bud cells is shown. A, DAPI staining to visualize the
nucleus. B and C, RUB1 cells were grown on chamber slides, fixed, permeabilized, and reacted with anti-annexin 2 (B) and anti-DPP (C) antibodies. D, merging
the DAPI, annexin 2, and DPP images indicates that DPP and annexin 2 colocalized at the cell plasma membrane. The arrows in C and D show the plasma
membrane. Omission of primary antibody in the reaction gave no immunofluorescence signals. Bar, 10 �m.
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FIGURE 6. Culturing cells in the presence of EDTA disrupts colocalization of annexin 2 and DPP. Immunofluorescence rat ureteric bud cells grown in the
presence of 1 mM EDTA is shown. A, DAPI staining to visualize the nuclei. B and C, RUB1 cells were grown on chamber slides in the presence of 1 mM EDTA, fixed,
permeabilized, and reacted with anti-annexin 2 (B) and anti-DPP (C) antibodies. D, merging the annexin 2 and DPP images indicates that there is no colocal-
ization between DPP and annexin 2 at the cell plasma membrane. Bar, 100 �m.

FIGURE 7. Annexin 2 and DPP colocalized in 14.5-day embryonic kidney. Immunofluorescence of 14.5-day rat embryonic kidney is shown. The area shown
contains the developing ureteric bud. A and D are stained with anti-DPP. B and E are stained with anti-annexin 2. C and F are overlays of the two. In A–C, the the
scale bars indicate 50 �m. D–F are 5-fold higher magnifications of the boxed area in C, and the scale bars indicate 10 �m.
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brane and could be seen predominantly in the cytoplasm and
nucleus of these cells. Thus, the localization ofDPP in theRUB1
cells appears to be dependent on the calcium environment.
Interestingly, like DPP, the annexins have also been shown to

bind to calcium. Calcium is recognized as an important regula-
tory element for many cellular processes. An increase in the
cytosolic calcium concentration, which occurs in many cell
types after stimulation by hormones, controls a diverse range of
cell functions including adhesion, motility, gene expression,
and proliferation. Calcium ions have also been shown to play a
role in kidney development (25, 26).
Several studies have implicated annexins in complex with

S100 proteins in the regulation of trafficking and function of
several ion channels. The annexin 2-S100A10 complex binds

directly to several plasmamembrane ion channels, and this cor-
relates with their incorporation into the plasma membrane.
The tetrodotoxin-resistant sodium channel Nav 1.8 and the 2P
domain potassium channel TASK-1 form complexes with
annexin 2 (44, 45). In addition, the annexin 2-S100A10 complex
also interacts with the epithelial calcium channels TRPV5 and
TRPV6. The functions of these channels are dependent on their
interaction with the annexin 2-S100A10 complex (27).
Transient receptor potential channels TRPV5 and TRPV6

have an important function in Ca2� uptake by kidney (27).
These channels are constitutively active at low intracellular
Ca2� and physiological membrane potential and have a high
selectivity for Ca2�. They are regulated by associated proteins,
including calmodulin, 80K-H, Rab11a, Na�/H� exchanger
regulatory factor 2, and the annexin A2-S100A10 complex (46).
Also annexins 2, 5, and 6 form calcium channels in the plasma
membrane of terminally differentiated growth plate chondro-
cytes andmediate calcium influx into these cells (39). Annexins
2, 5, and 6 are major components of matrix vesicles that min-
eralize, whereas they are absent in vesicles that do not mineral-
ize (47). Also, it has been demonstrated that these annexins
form calcium channels in matrix vesicles, enabling the influx of
calcium (47).
Because annexin 2 has been shown to bind as a complex to

calcium transporters andDPP is a calcium-binding protein, this
led us to examine whether DPPmight be another protein asso-
ciatedwith the annexin 2 complex and play a role inCa2� trans-
port in these nonmineralizing tissues. After depletion of intra-
cellular stores of calcium, the addition of 2 mM calcium led to a
sustained rise in intracellular calcium, which eventually pla-
teaued. The rise in intracellular calcium was lower when the
cells were preincubated with anti-DPP antibodies. The rise in
intracellular calcium was indistinguishable from control cells
when preincubated with nonspecific IgG. Preincubation of the
cells (with or without ionomycin treatment) with anti-DPP
antibody resulted in a 40 � 5% reduction in calcium influx,
which was consistently observed in six different experiments,
proving that DPP does play a role in calcium transport in the

FIGURE 8. Incubation of cells with anti-DPP lowers calcium uptake. Cal-
cium uptake in RUB1 cells is shown. [Ca 2�]i was measured as described under
“Experimental Procedures.” RUB1 cells were loaded with Fluo-3/AM, washed,
and suspended in calcium- and magnesium-free flux buffer and then stimu-
lated with 5 �M ionomycin and 2 mM calcium at the time points indicated. A
shows calcium influx by cells alone (black trace) and cells treated with non-
specific IgG (red trace). B shows calcium influx by cells alone (black trace) and
cells treated with anti-DPP (red trace).

TABLE 1
Fluorescence values for control and anti-DPP-treated cells
Maximum fluorescence obtained when cells loaded with 2 �M Fluo-3/AM were
treated with 5 �M ionomycin followed by 2 mM calcium. The cells were suspended
in calcium-free flux buffer and loaded with Fluo-3/AM as described under “Exper-
imental Procedures.” They were either used as such (control cells) or treated with
anti-DPP antibody. In experiment 4, control cells were treatedwith nonspecific IgG.
The table shows the maximum fluorescence values obtained after the addition of 5
�M ionomycin followed by the addition 2 mM calcium chloride.

Relative fluorescence
Independent replicates Control cells Anti-DPP-treated cells

Experiment 1 14 7.7
Experiment 2 13.2 8.1
Experiment 3 13.1 9
Experiment 4 12.9 7.5
Mean 13.3 8.1
Standard deviation 0.4 0.6

FIGURE 9. Calcium uptake in the absence of ionophore stimulation. Cal-
cium uptake in RUB1 cells is shown. [Ca 2�]i was measured as described under
“Experimental Procedures.” RUB1 cells were loaded with Fluo-3/AM, washed,
and suspended in calcium- and magnesium-free flux buffer and then stimu-
lated with 2 mM calcium at 1.5 min. The black trace shows calcium influx by
cells treated with nonspecific IgG, whereas the red trace shows calcium influx
by cells treated with anti-DPP.
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kidney. The rise in intracellular calcium, although not com-
pletely inhibited, was always lower when cells were treatedwith
the anti-DPP antibody. This lack of total inhibition is expected
because DPP would be only one of the many calcium channels
present on the cell membrane. Treatment of cells with ionomy-
cin prior to the addition of calcium resulted in a jump in intra-
cellular calcium, which eventually plateaued. However, when
cells were treated with calcium in the absence of ionomycin
treatment, there was a slow steady rise in intracellular calcium.
One explanation for this difference could be that ionomycin
depletes intracellular calcium stores, resulting in the opening of
all the calcium channels to give a rapid rise in calcium influx.
However, in both cases, with or without ionomycin treatment,
preincubation with anti-DPP resulted in an inhibition of cal-
cium uptake.
We have previously shown that inclusion of anti-DPP anti-

bodies in organ culture of metanephroi harvested from embry-
onic day 13.5 mice resulted in a decrease in the ureteric bud
iterations and a marked dysmorphogenesis of their branches
(24). This is pertinent in light of recent reports that kidney
development is controlled by calcium ions (25, 26). The failure
to completely abolish the rise in intracellular calcium could also
explain the differences seen in organ culture of the meta-
nephroi and the DSPP�/� knock-out mouse. In the more
stressful and acute condition of the organ culture, we see dys-
morphogenesis of the kidney, whereas in the DSPP�/� knock-
out mouse we see only a retardation in kidney maturation (24).
In the DSPP�/� knock-out mouse, presumably other calcium
channels compensate for the lack of DPP, leading to only a
retardation in maturation. Finally, it is worth pointing out that
in the adult kidney, DPP is present in the proximal and distal
convoluted tubule (20, 22), both sites known to be involved in
calcium transport (48).
In conclusion, we have shown that DPP associates with

annexin 2 on the cell membrane in the ureteric bud branches of
embryonic metanephric kidney and the RUB1 cell line. In the
RUB1 cell line, DPP also plays a role in calcium influx. In the
odontoblasts, DPP functions in the mineralization of dentin.
However, in nonmineralizing tissues like the kidney, DPP may
play a role in the transport of calcium. Based on the observa-
tions reported here, we conclude that DPP has different func-
tions in different tissues and, depending upon the local circum-
stances, is processed differently in its route to the cell surface
and extracellular matrix.
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