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Abstract Odontoblasts differentiate from dental mesenchyme
during dentin formation and mineralization. However, the mo-
lecular mechanisms controlling odontoblast differentiation re-
main poorly understood. Here, we show that expression of
testicular acid phosphatase (ACPT) is restricted in the early
stage of odontoblast differentiation in proliferating dental mes-
enchymal cells and secretory odontoblasts. ACPT is expressed
earlier than tissue-nonspecific alkaline phosphatase (TNAP)
and partly overlaps with TNAP in differentiating odontoblasts.
In MDPC-23 odontoblastic cells, expression of ACPT appears
simultaneously with a decrease in (3-catenin activity and is
abolished with the expression of Phex and Dsp. Knockdown
of ACPT in MDPC-23 cells stimulates cell proliferation togeth-
er with an increase in active (3-catenin and cyclin D1. In con-
trast, the overexpression of ACPT suppresses cell proliferation
with a decrease in active [3-catenin and cyclin D1. Expression
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of TNAP, Osx, Phex and Dsp is reduced by knockdown of
ACPT but is enhanced by ACPT overexpression. When
ACPT is blocked with IgG, alkaline phosphatase activity is
inhibited but cell proliferation is unchanged regardless of
ACPT expression. These findings suggest that ACPT inhibits
cell proliferation through 3-catenin-mediated signaling in den-
tal mesenchyme but elicits odontoblast differentiation and min-
eralization by supplying phosphate during dentin formation.
Thus, ACPT might be a novel candidate for inducing odonto-
blast differentiation and mineralization for dentin regeneration.

Keywords ACPT - Localization - Odontoblasts -
Proliferation - Differentiation

Introduction

Dentin is a calcified tissue produced by odontoblasts, which
form a continuous single-cell layer at the periphery of the
dental pulp. The functional odontoblast has a columnar shape
with a long cellular process and its major function is to secrete
matrix and regulate dentin mineralization (Ruch et al. 1995).
As is well known, Wnt signaling promotes the proliferation of
dental mesenchymal cells and dental pulp stem cells and in-
hibits their differentiation and mineralization (Scheller et al.
2008; Zhang et al. 2014; Bae et al. 2015). However, the reg-
ulatory mechanism involved in the transition from prolifera-
tion to differentiation during dentinogenesis is unclear.
Biomineralization is important for the formation and function
of mineralized tissues. Inorganic phosphate (Pi) is essential for
extracellular matrix mineralization and plays an important role in
the development and activity of osteogenic, odontoblastic and
cementoblastic cells (Tada et al. 2011). The enzyme tissue-
nonspecific alkaline phosphatase (TNAP), which is encoded by
the ALPL gene, is one of the most intensively studied
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phosphatase molecules in mineralized tissues (Hessle et al. 2002;
Millan 2013). TNAP hydrolyzes pyrophosphate to phosphate in
mineralized tissue cells including osteoblasts, odontoblasts and
cementoblasts (Rodrigues et al. 2012). The catalytic mechanism
involves the formation of a serine phosphate at the active site that
reacts with water at alkaline pH to release inorganic phosphate
from the enzyme (Holtz and Kantrowitz 1999). Mutations in the
ALPL gene result in hypophosphatasia, characterized by irregular
dentin calcification, an enlarged pulp chamber and dysplasia or
aplasia of the cementum (Olsson et al. 1996; Liu et al. 2010;
Foster et al. 2015). Thus, the proper induction of TNAP is im-
portant for mineralizing tissue formation in development and
regeneration processes (Liu et al. 2014; Zweifler et al. 2015;
Foster et al. 2008).

Testicular acid phosphatase (ACPT), which is highly ho-
mologous to prostatic and lysosomal acid phosphatase, be-
longs to the acid phosphatase family (Yousef et al. 2001).
One unique aspect of acid phosphatases is its optimum cata-
lytic activity in acid media (Romas et al. 1979). The expres-
sion of ACPT is regulated by steroid hormones; ACPT has
been shown to be up-regulated by androgens and down-
regulated by estrogens in the prostate cancer cell line
LNCaP. Its expression is significantly lower in testicular can-
cer tissues than in normal testicular tissues. In addition, ACPT
has been reported to act as a tyrosine phosphatase to modulate
signals that are mediated by ErbB4, which are important for
neuronal development and synaptic plasticity (Fleisig et al.
2004). However, the expression and biological activity of
ACPT are largely unknown in mineralized tissues. Here, we
investigate the localization and functional characteristics of
ACPT in odontoblast differentiation and dentin formation in
order to understand its roles in odontoblast differentiation and
mineralization.

Materials and methods
Animals and tissue preparation

Mandibles were dissected from C57BL6J mice at postnatal
day 1 and 7 (P7). The tissues were fixed in 4 % paraformal-
dehyde (PFA) and decalcified in 10 % EDTA solutions for
1 week at 4 °C. The decalcified tissues were dehydrated
through a graded ethanol series, embedded in paraffin and
sectioned at a thickness of 5 um. All experimental procedures
were approved by the Animal Welfare Committee of Chonbuk
National University.

Immunohistochemistry
Immunohistochemistry was performed as described previous-

ly (Kim et al. 2013). Briefly, sections were treated with 3 %
hydrogen peroxide and incubated with rabbit polyclonal
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antibodies against ACPT (1:200; Bioss, Woburn, Mich.,
USA), TNAP (1:50; Protein Tech, Chicago, Ill., USA), Dsp
(1:200; Santa Cruz Biotechnology, Dallas, Tex., USA) and
Ki-67 (1:200; Novus Biologicals, Littleton, Colo., USA).
Histostain Plus rabbit primary (DAB) kit (Zymed
Laboratories, San Francisco, Calif., USA) was used according
to the manufacturer’s instructions.

Cell cultures

MDPC-23 and ODI1 cells, a dental papilla cell line and a
mouse odontoblast cell line, respectively, were used for
in vitro analyses (Hanks et al. 1998). MDPC-23 and OD11
cells were maintained in Dulbecco’s modified Eagle medium
(DMEM,; Invitrogen, New York, N.Y., USA) with 10 % fetal
bovine serum (FBS; Invitrogen) and 100 IU/ml penicillin-
100 pg/ml streptomycin (Invitrogen). For primary dental pulp
cells, the pulp of mandibular first molars from 5- to 7-day-old
mice was isolated and digested in a solution of 3 mg/ml col-
lagenase type I (Worthington Biochemical, Freehold, N.J.,
USA) and 4 mg/ml dispase (Boehringer, Mannheim,
Germany) in the serum-free alpha modification of Eagle’s
medium (x-MEM; Invitrogen) for 1 h at 37 °C. Single cell
suspensions were obtained by passing the cells through a
70-um strainer (BD Labware, Franklin Lakes, N.J., USA)
and cultured in a growth medium of a-MEM with 10 %
FBS and 100 IU/ml penicillin-100 pg/ml streptomycin
(Invitrogen) at 37 °C under 5 % CO,. An osteoblast cell line,
MC3T3-El, was purchased from the American Type Culture
Collection (Manassas, Va., USA) and was maintained in o-
MEM with 10 % FBS and 100 IU/ml penicillin-100 pg/ml
streptomycin at 37 °C under 5 % CO,. To induce cell differ-
entiation and mineralized nodule formation of MDPC-23 and
OD11, 80-90 % confluent cells were cultured in osteogenic
medium (OM) consisting of growth media supplemented with
50 pg/ml ascorbic acid (Sigma Aldrich, St. Louis, Mo., USA)
and 10 mM (3-glycerophosphates (Sigma Aldrich) for up to
6 days. The cells were treated with polyclonal rabbit anti-
ACPT IgG or normal rabbit IgG (2 pg/ml) in the medium
for the indicated duration.

DNA constructs and transfection

A full-length open reading frame of mouse Acpt (accession
no. NM_001195034), cloned into the pCMV6 vector, was
purchased from OriGene Technologies (Rockville, Md.,
USA). The clone was engineered to express the complete
ACPT protein with a C-terminal FLAG. A green fluorescent
protein (GFP) construct was also transfected for a control.
Transfection experiments were performed with
Lipofectamine LTX and PLUS reagent (Invitrogen) according
to the manufacturer’s instructions. After 24 h, transfected cells
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were harvested for whole-cell lysate preparation or cultured
with OM for further differentiation.

RNA interference

Cells were seeded onto a 24-well plate and grown to 60-70 %
confluence. They were transiently transfected with 20 nM
ACPT short interfering RNA (siRNA; Ambion, Carlsbad,
Calif., USA) targeting exon 6 of Acpt and control siRNA
(Ambion) for 6 h by using Lipofectamine RNAIMAX reagent
(Invitrogen) according to the manufacturer’s instructions.
After 48 h, transfected cells were harvested for whole-cell
lysate preparation or cultured with OM for mineralization.

Proliferation assay

Proliferation rates of MDPC-23 were measured by using the
Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions. In brief,
cells were cultured in 24-multiwell plates and transfected with
siRNA and Acpt constructs for 6 h; they were then treated with
the kit solution at 10 ul/well after a 48-h incubation.
Absorbance was measured spectrophotometrically at 450 nm.

Activity of alkaline phosphatase and acid phosphatase

Quantitative alkaline phosphatase activity was determined by an
assay based on the hydrolysis of p-nitrophenylphosphate (p-
NPP) to p-nitrophenol (p-NP). Cell layers were washed twice
with ice-cold phosphate-buffered saline (PBS) and lysed in
50 mM TRIS-HCI buffer (pH 7.0) containing 1 % (v/v) Triton
X-100 (Sigma Aldrich) and 1 mM phenylmethane sulfonyl-
fluoride (Sigma Aldrich). Whole-cell lysates were assayed by
adding 1 mg/ml p-NPP as a substrate in 0.1 M glycine buffer
(pH 10.4) containing 1 mM ZnCl, (Sigma Aldrich) and 1 mM
MgCl, (Sigma Aldrich) to each tube for 15 min at 37 °C.
Reactions were stopped by adding NaOH (final concentration
of 0.6 N) and absorbance was read spectrophotometrically at
405 nm. Enzyme activity was expressed as OD 405/min per
milligram of protein. Quantitative acid phosphatase activity
was determined by means of the Acid Phosphatase Activity
Colorimetric Assay Kit (BioVision, Milpitas, Calif., USA) ac-
cording to the manufacturer’s instructions. The concentration of
protein in each cell lysate was measured by using a DC Protein
Assay (Bio-Rad Laboratories, Hercules, Calif., USA).

Mineralization induction and alizarin red S staining

To induce cell differentiation and mineralized nodule formation
of MC3T3-E1 and dental pulp cells, 95 % confluent cells were
cultured in OM consisting of «-MEM with 10 % FBS, 50 pg/ml
ascorbic acid, 10 mM p-glycerophosphates and 10 nM dexa-
methasone (Sigma Aldrich) for up to 3 weeks. Mineral nodule

formation was observed by staining the cells with 40 mM alizarin
red S (pH 4.2) after fixation with 4 % PFA for 10 min. The
amount of alizarin red S that bound to the minerals was quanti-
fied by destaining the samples in 10 mM sodium phosphate
containing 10 % cetylpyridinium chloride (pH 7.0) for 15 min
at room temperature. The amount of alizarin red S in the
destaining solution was measured at OD 562 nm.

Western blot analysis

Proteins (30 pg) were dissolved in sample buffer and electropho-
resis was carried out at a current of 25 mA for 2 h. The protein
bands were transferred from the gels onto nitrocellulose mem-
branes (Schleicher & Schuell, Dassel, Germany). Membranes
were blocked for 1 h with 5 % nonfat dry milk in PBS containing
0.1 % Tween-20 (PBS-T) and incubated overnight with anti-
rabbit ACPT (1:500; Bioss), active 3-catenin (1:1000, Cell sig-
naling, Beverly, Mass., USA), Dsp (1:200, Santa Cruz
Biotechnology), Phex (phosphate regulating endopeptidase ho-
molog, X-linked, 1:500; Bioss), cyclin D1 (1:500, Abcam), {3-
actin (1:10000; Santa Cruz Biotechnology), Osx (1:500; Abcam,
Cambridge, Mass., USA) and anti-mouse FLAG IgG diluted
(1:2000; Sigma Aldrich) in PBS-T buffer at 4 °C. After being
washed, the membranes were incubated with anti-rabbit or
mouse-IgG (1:5000 dilution) conjugated to horseradish peroxi-
dase (Santa Cruz Biotechnology) for 1 h. Labeled protein bands
were detected by using an enhanced chemiluminescence (ECL)
system (Amersham Biosciences, Buckinghamshire, UK). Protein
expression levels were analyzed with the ImageQuanT TL 1D gel
analysis program (Amersham Biosciences).

Statistical analysis

Data are presented as means+standard errors from three or
more separate experiments, as indicated. Normal data with
equal variance were analyzed by using Student’s #-test (for
single comparison) or one-way analysis of variance with
Tukey’s procedure (for multiple comparisons). Significance
was assigned at P<0.05 as indicated.

Results

Temporo-spatial localization of ACPT during tooth
development

In the mandibular incisor of neonatal mice, ACPT was restricted
to early differentiating odontoblasts (Fig. 1a); it was not
expressed in mature secretory odontoblasts or in proliferating
cells in the dental mesenchyme near the cervical loop.
Interestingly, TNAP, the other phosphatase, was localized to late
differentiating odontoblasts and mature secretory odontoblasts
but was not expressed in either proliferating cells in the dental
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mesenchyme or in early differentiating odontoblasts in which
ACPT exhibited limited localization (Fig. 1b). For comparison,
we performed immunohistochemistry with the cell proliferation

Fig. 1 Temporo-spatial localization of testicular acid phosphatase (4CPT) in
developing mouse incisors. a, b ACPT is locally restricted in the early stage of
differentiating odontoblasts but not in mature secreting odontoblasts or in
proliferating cells in the dental mesenchyme. In contrast, tissue-nonspecific
alkaline phosphatase (TNAP) is localized in the late stage of differentiating
odontoblasts and matured secreting odontoblasts. ¢, d Ki67 is detected in the
proliferating cells in the dental mesenchyme near the cervical loop, whereas
Dsp localizes in the mature secreting odontoblasts. e-h In frontal sections,
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marker, Ki67 (van Oijen et al. 1998) and the odontoblast differ-
entiation marker, Dsp (Suzuki et al. 2009). Ki67-positive cells
were mainly found in the inner enamel epithelium of the cervical
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localization of ACPT overlaps with that of TNAP in differentiating
odontoblasts of neonatal mice. i-1 At P7, ACPT is not localized in the
odontoblasts but appears in the dental follicle. In contrast, TNAP is
localized in the odontoblasts and in the stratum intermedium (black
arrowheads initiation point of expression, red arrowheads end point of
expression, AB alveolar bone, Od differentiated odontoblasts, 4Am
ameloblasts, S/ stratum intermedium, P pulp, DF dental follicle, asterisk
cervical loop). Bars 200 um (a—d), 50 um (e-1)
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loop. Cells in the dental mesenchyme near the cervical loop were
also positive for Ki67 (Fig. 1c). However, Dsp occurred in ma-
ture secretory odontoblasts and late differentiating odontoblasts
(Fig. 1d). In the frontal section of the mandible of neonatal mice,
ACPT was specifically localized only in the odontoblasts
(Fig. le, g). In contrast, TNAP was localized in the cells of the
stratum intermedium and subodontoblast layers and in the odon-
toblasts (Fig. 11, h). Interestingly, ACPT was weakly expressed in
alveolar bone, whereas TNAP was strongly localized in the al-
veolar bone around the mandibular incisor. In P7 mouse man-
dibular incisors, no ACPT expression was found in the odonto-
blasts (Fig. 1i) but TNAP was still strongly expressed (Fig. 1j).
In addition, ACPT was expressed in the cells of the dental follicle
adjacent to the cells of the stratum intermedium (Fig. 1k), where
TNAP was also strongly expressed (Fig. 11). The temporo-spatial
localization of ACPT strongly suggests that ACPT is involved in
early odontoblast differentiation during tooth development.

Expression of ACPT protein in vitro

To determine the functional role of ACPT in the physiology of
odontoblast differentiation, we employed the MDPC-23 cell line
derived from mouse dental papilla. MDPC-23 expresses both
ACPT and odontoblast differentiation markers including Dsp
and Phex (Ruchon et al. 2000; Suzuki et al. 2009). The level of

ACPT protein gradually increased during differentiation (over
10-fold at day 4 of differentiation) but disappeared at the later
stages of differentiation, which was demonstrated by the strong
expression of Dsp and Phex at day 6 (Fig. 2a, b). However, active
[3-catenin, which is not phosphorylated by glycogen synthase
kinase 33, gradually decreased over the differentiation period.
The level of ACPT protein was further compared in mouse pri-
mary pulp cells, odontoblastic OD11 cells and osteoblastic
MC3T3-E1 cells. ACPT expression increased in all of those cells
with OM treatment (Fig. 2c). Unexpectedly, the expression of
ACPT protein was largely increased by OM exposure in primary
cultured mouse pulp cells and MC3T3-E1, as a lower expression
of ACPT was demonstrated in dental pulp and alveolar bone by
immunohistochemistry (Fig. 1).

ACPT inhibits odontoblast proliferation

To investigate whether altered ACPT protein expression con-
tributes to the physiology of odontoblasts, we investigated
alterations in the gene expression of ACPT in MDPC-23 cells
by using RNA interference and overexpression of Acpt via
gene transfection technologies. The alteration of ACPT ex-
pression was confirmed by Western blot analysis (Fig. 3a)
and was shown to affect gross acid phosphatase activity in
MDPC-23 cells (Fig. 3b). We examined the proliferation rate
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Fig. 2 Expression of ACPT protein in vitro. a MDPC-23 cells were
treated with osteogenic medium (OM) for the indicated time to induce
odontoblastic differentiation. Protein levels of MDPC-23 treated with
OM were determined by Western blot analysis with specific antibodies
as indicated (3-Cat (3-catenin). b Data from Western blot analysis were
quantified by densitometry after normalizing bands to (3-actin levels and

are presented as fold-change (means+standard errors; n>3). P-values
were analyzed by one-way analysis of variance with Tukey’s procedure
for multiple comparisons. **P<0.001, *P<0.05 vs. Day 0. ¢ Protein
levels in mouse primary pulp cells, OD11 and MC3T3-El treated with
OM for 7, 4 and 7 days, respectively, were determined by Western blot
analysis with specific antibodies as indicated
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Fig. 3 ACPT inhibits odontoblast proliferation. a MDPC-23 cells were
transfected with short interfering RNA (siRNA) as a negative control
(NC), with ACPT and a control green fluorescent protein (GFP) vector,
or with the vector driving expression of ACPT fused with FLAG (ACPT-
FLAG) and protein expression was confirmed by Western blot analysis. b
MDPC-23 cells were transfected with siRNA and vectors for GFP or
ACPT for 6 h and after 36 h, acid phosphatase activity in MDPC-23
cells was analyzed by using an Acid Phosphatase Activity Colorimetric

of MDPC-23 cells with altered ACPT expression.
Interestingly, the reduction of ACPT protein by RNA interfer-
ence significantly increased the proliferation of MDPC-23
cells (P=0.031), whereas ACPT overexpression significantly
decreased it (P<0.001; Fig. 3c). To examine whether molec-
ular change in proliferation-associated proteins followed the
same pattern as ACPT expression, Western blot analysis was
performed for active 3-catenin and cyclin D1 (Fig. 3d). Active
[3-catenin was significantly increased upon ACPT siRNA
transfection and decreased with ACPT overexpression.
Similar results were obtained with cyclin D1, a marker of cell
proliferation (Datta et al. 2007) and a known [3-catenin down-
stream target. Collectively, the levels of active 3-catenin and
cyclin D1 demonstrated a negative correlation with ACPT
expression.

ACPT induces odontoblast differentiation

Based on the negative correlation of ACPT expression with
cell growth in MDPC-23 cells, we hypothesized that ACPT
might induce odontoblast differentiation for later matrix secre-
tion and further mineralization. To investigate our hypothesis,
we analyzed the activity of alkaline phosphatase (ALP), a
well-known marker for osteogenic activity (Harrison et al.
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Assay Kit. ¢ MDPC-23 cells were transfected under the same conditions
as in b and cell proliferation was analyzed by using Cell Counting Kit-8.
Data are presented as percentages (means=+standard error; n>3). P-values
were analyzed by Student’s #~test and are indicated in b, ¢. d MDPC-23
cells were transfected under the same conditions as in b and protein
levels were determined by Western blot analysis with specific
antibodies as indicated

1995) in response to knockdown or overexpression of
ACPT in MDPC-23 cells. Interestingly, ACPT siRNA signif-
icantly decreased ALP activity, whereas ACPT overexpres-
sion increased it (p<0.001) (Fig. 4a), demonstrating a clear
correlation between ACPT expression and ALP activity in
MDPC-23 cells. We determined whether this ALP-inducing
ability of ACPT affected later mineralization of MDPC-23
cells. A significant correlation of ACPT expression with min-
eralization was also shown by alizarin red staining of OM-
treated MDPC-23 cells with altered ACPT expression
(Fig. 4b). Furthermore, we examined matrix proteins and dif-
ferentiation markers of odontoblasts at the molecular level by
Western blot analysis. The protein levels of osterix (Osx), a
differentiation marker of odontoblasts and of TNAP were de-
creased by ACPT siRNA but were increased by ACPT over-
expression in OM-treated MDPC-23 cells. The expression of
Dsp and Phex were also changed in the same manner after
OM treatment (Fig. 4c).

Extracellular catalytic activity of ACPT is important
in odontoblast differentiation

Based on the location of ACPT at the cellular membrane with-
in the extracellular catalytic domain, we treated MDPC-23
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cells with polyclonal anti-ACPT IgG to neutralize the extra-
cellular domain, thus blocking ACPT catalytic activity. ACPT
IgG treatment did not have any effect on proliferation
(Fig. 5a), suggesting that the extracellular catalytic domain is
not involved in cellular proliferation. To examine whether the
extracellular catalytic domain of ACPT is involved in ALP
activity, MDPC-23 cells were cultured for 4 days in OM con-
taining ACPT IgG. Polyclonal anti-ACPT IgG treatment sig-
nificantly decreased the ALP activity of MDPC-23 cells
(Fig. 5b), which is in contrast to the effect of ACPT on prolif-
eration. These results indicate that the extracellular domain of
ACPT is involved in odontoblast differentiation but not in
odontoblast proliferation. In addition, the activation of ALP
by ACPT overexpression was completely blocked by ACPT
IgG treatment (Fig. 5c), which strongly suggests that the ex-
tracellular catalytic activity of ACPT might be responsible for
odontoblast differentiation through ALP activation.

Discussion

The molecular and cellular events required for odontoblasts to
produce mineralized dentin are only partially known, whereas
the temporal and spatial coordination of events are even less
well understood. In this study, we investigated the functional
significance of ACPT in odontoblast differentiation
during tooth development. Our investigation was specifically
focused on the significance of ACPT expression during odon-
toblast differentiation as a possible mechanism that may

temporally coordinate cellular and molecular events switching
cell proliferation to odontoblastic differentiation for dentin
formation.

Reciprocal- and functionally-coupled relationships occur
between the decline in proliferative activity and the subse-
quent induction of genes associated with matrix secretion
and maturation during mineralized tissue development (Stein
et al. 1990). Our immunohistochemical data in mouse man-
dibular incisors revealed lower ACPT expression in mature
secretory odontoblasts and in proliferating cells in the
dental mesenchyme near the cervical loop but this is locally
restricted in early differentiating odontoblasts. The reciprocal
relationship between proliferation and differentiation is sup-
ported by a temporal sequence of events in which enhanced
expression of alkaline phosphatase occurs immediately after
the proliferative period, as indicated by Ki67 staining (van
Oijen et al. 1998) and later as increased expression of Dsp at
the onset of dentin matrix secretion and maturation. Based on
these findings, we believe that ACPT expression follows the
early expression of Ki67 and the later expression of TNAP in
the odontoblasts of the developing mouse incisor; the
temporo-spatial expression of ACPT seems to be locally re-
stricted in the transition from proliferation to differentiation of
odontoblasts during tooth development. From these results,
we hypothesized that ACPT is involved in the transition
from proliferation to differentiation for further matrix secre-
tion and mineralization. In our in vitro experiments, MDPC-
23 cells follow similar paths of differentiation and matrix se-
cretion to the odontoblast differentiation model by exhibiting
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Fig. 5 Extracellular catalytic domain of ACPT is important for
odontoblast differentiation. a MDPC-23 cells were treated with
polyclonal anti-ACPT IgG or normal IgG (2 pg/ml) in medium for
24 h and cell proliferation was analyzed by using Cell Counting Kit-8.
b MDPC-23 cells were treated with polyclonal anti-ACPT IgG or normal
IgG (2 pg/ml) with OM for 4 days and ALP activities were analyzed as
described. ¢ MDPC-23 cells were transfected with vectors for GFP or
ACPT for 6 h and treated with polyclonal anti-ACPT IgG or normal IgG

a similar pattern and time frame of protein expression.
Another odontoblastic cell line, OD11 and primary dental
pulp cells and osteoblastic MC3T3-El cells also express
ACPT upon differentiation by OM, implying that ACPT plays
a common role in both osteogenesis and odontogenesis.
In vitro cell-based assays involving the alteration of ACPT
expression by RNA interference-mediated knockdown and
overexpression of ACPT in MDPC-23 cells strongly suggest
that ACPT acts as a regulator that promotes the switch from
proliferation to differentiation in odontogenesis. The conse-
quent alteration of active (3-catenin and cyclin D1, one of
the Wnt/3-catenin-responsive genes required for cell cycle
progression (Datta et al. 2007), by ACPT expression also sup-
ports our hypothesis with regard to the functional role of
ACPT as a negative regulator of cell proliferation.
Furthermore, we also specifically linked the induction
of ACPT to the inhibition of cell proliferation and the enzy-
matic activity of alkaline phosphatase, which results in the
elevation of matrix secretion and further mineralization in
MDPC-23 cells. Currently, no reliable method is available
for analyzing ACPT-specific activity. Thus, our in vitro sys-
tem has not elucidated whether phosphate elevated by ACPT
has a direct role in the inhibition of cell growth and ALP
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(2 nug/ml) in the medium for 24 h and ALP activities were analyzed as
described. P-values were analyzed by Student’s #-test and are indicated. d
ACPT induces odontoblast differentiation by inhibition of cell
proliferation and ALP activation for further matrix secretion and dentin
formation. Cell proliferation is inhibited by ACPT through inhibition of
{3-catenin signaling; the extracellular catalytic activity of ACPT is
important for ALP activation in the odontoblastic differentiation process

activation. The complete blockage of induction of ALP activ-
ity together with the masking of the catalytic domain by treat-
ment with ACPT-specific IgG in osteogenic media, implies
that the phosphate generated by ACPT is involved in the dif-
ferentiation process. However, proliferating MDPC-23 cells
treated with ACPT-specific IgG do not show a significant
change in cell proliferation, implying no involvement of the
phosphate generated by ACPT or an alternative inhibitory
mechanism for cell proliferation. Taken together, our results
suggest that elevated phosphate from ACPT catalytic activity
might have a role in ALP activation; meanwhile, proliferation
is inhibited by ACPT, regardless of its activity through the
inhibition of (3-catenin signaling and the generation of inor-
ganic phosphate by ACPT might be more important for the
differentiation process than actual hydroxyapatite formation,
which occurs later (Fig. 5d).

Interestingly, the gap junction protein, pannexin 3 (Panx3),
has been reported to have similar roles to ACPT in the induc-
tion of osteoblast differentiation. Panx3 is involved in the
transition from proliferation to differentiation of
osteoprogenitors by regulating multiple signaling pathways
through its hemichannel, endoplasmic reticulum channel and
gap junctional activities (Ishikawa et al. 2011, 2014).
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Transient expression of ACPT might be associated with such a
cellular process. For a full understanding of the mechanism by
which ACPT might regulate cell proliferation and odontoblas-
tic differentiation, further investigation is needed. A more
complete comprehension of ACPT regulation of functionality
leading to hard tissue development might be defined in a
knockout animal model.

In conclusion, ACPT inhibits cell proliferation and elicits
odontoblast differentiation and mineralization during tooth
development. These findings contribute to the further under-
standing of the molecular mechanisms underlying odontoblast
differentiation and dentin formation, with the aim of improv-
ing dentin regeneration.

References

Bae CH, Kim TH, Ko SO, Lee JC, Yang X, Cho ES (2015) Wntless
regulates dentin apposition and root elongation in the mandibular
molar. J Dent Res 94:439-445

Datta NS, Pettway GJ, Chen C, Koh AJ, McCauley LK (2007) Cyclin D1
as a target for the proliferative effects of PTH and PTHrP in early
osteoblastic cells. ] Bone Miner Res 22:951-964

Fleisig H, El-Din El-Husseini A, Vincent SR (2004) Regulation of ErbB4
phosphorylation and cleavage by a novel histidine acid phosphatase.
Neuroscience 127:91-100

Foster BL, Tompkins KA, Rutherford RB, Zhang H, Chu EY, Fong H,
Somerman MJ (2008) Phosphate: known and potential roles during
development and regeneration of teeth and supporting structures.
Birth Defects Res C Embryo Today 84:281-314

Foster BL, Sheen CR, Hatch NE, Liu J, Cory E, Narisawa S, Kiffer-
Moreira T, Sah RL, Whyte MP, Somerman MJ, Millan JL (2015)
Periodontal defects in the A116T knock-in murine model of
odontohypophosphatasia. J Dent Res 94:706-714

Hanks CT, Sun Z, Fang DN, Edwards CA, Wataha JC, Ritchie HH, Butler
WT (1998) Cloned 3T6 cell line from CD-1 mouse fetal molar
dental papillae. Connect Tissue Res 37:233-249

Harrison G, Shapiro IM, Golub EE (1995) The phosphatidylinositol-
glycolipid anchor on alkaline phosphatase facilitates mineralization
initiation in vitro. J Bone Miner Res 10:568-573

Hessle L, Johnson KA, Anderson HC, Narisawa S, Sali A, Goding JW,
Terkeltaub R, Millan JL (2002) Tissue-nonspecific alkaline phos-
phatase and plasma cell membrane glycoprotein-1 are central antag-
onistic regulators of bone mineralization. Proc Natl Acad Sci U S A
99:9445-9449

Holtz KM, Kantrowitz ER (1999) The mechanism of the alkaline phos-
phatase reaction: insights from NMR, crystallography and site-
specific mutagenesis. FEBS Lett 462:7—-11

Ishikawa M, Iwamoto T, Nakamura T, Doyle A, Fukumoto S, Yamada Y
(2011) Pannexin 3 functions as an ER Ca(2+) channel, hemichannel,
and gap junction to promote osteoblast differentiation. J Cell Biol
193:1257-1274

Ishikawa M, Iwamoto T, Fukumoto S, Yamada Y (2014) Pannexin 3
inhibits proliferation of osteoprogenitor cells by regulating Wnt
and p21 signaling. J Biol Chem 289:2839-2851

Kim TH, Bae CH, Lee JC, Ko SO, Yang X, Jiang R, Cho ES (2013) (3-
Catenin is required in odontoblasts for tooth root formation. J Dent
Res 92:215-221

LiuH, LiJ, Lei H, Zhu T, Gan Y, Ge L (2010) Genetic etiology and dental
pulp cell deficiency of hypophosphatasia. J Dent Res 89:1373-1377

Liu J, Nam HK, Campbell C, Gasque KC, Millan JL, Hatch NE (2014)
Tissue-nonspecific alkaline phosphatase deficiency causes abnormal
craniofacial bone development in the Alpl(—/—) mouse model of
infantile hypophosphatasia. Bone 67:81-94

Millan JL (2013) The role of phosphatases in the initiation of skeletal
mineralization. Calcif Tissue Int 93:299-306

Oijen MG van, Medema RH, Slootweg PJ, Rijksen G (1998) Positivity
of the proliferation marker Ki-67 in noncycling cells. Am J Clin
Pathol 110:24-31

Olsson A, Matsson L, Blomquist HK, Larsson A, Sjodin B (1996)
Hypophosphatasia affecting the permanent dentition. J Oral Pathol
Med 25:343-347

Rodrigues TL, Foster BL, Silverio KG, Martins L, Casati MZ, Sallum
EA, Somerman MJ, Nociti FH Jr (2012) Hypophosphatasia-
associated deficiencies in mineralization and gene expression in cul-
tured dental pulp cells obtained from human teeth. ] Endod 38:907—
912

Romas NA, Rose NR, Tannenbaum M (1979) Acid phosphatase: new
developments. Hum Pathol 10:501-512

Ruch JV, Lesot H, Begue-Kirn C (1995) Odontoblast differentiation. Int J
Dev Biol 39:51-68

Ruchon AF, Tenenhouse HS, Marcinkiewicz M, Siegfried G, Aubin JE,
DesGroseillers L, Crine P, Boileau G (2000) Developmental expres-
sion and tissue distribution of Phex protein: effect of the Hyp muta-
tion and relationship to bone markers. ] Bone Miner Res 15:1440—
1450

Scheller EL, Chang J, Wang CY (2008) Wnt/f3-catenin inhibits dental
pulp stem cell differentiation. J Dent Res 87:126-130

Stein GS, Lian JB, Owen TA (1990) Relationship of cell growth to the
regulation of tissue-specific gene expression during osteoblast dif-
ferentiation. FASEB J 4:3111-3123

Suzuki S, Sreenath T, Haruyama N, Honeycutt C, Terse A, Cho A, Kohler
T, Muller R, Goldberg M, Kulkarni AB (2009) Dentin sialoprotein
and dentin phosphoprotein have distinct roles in dentin mineraliza-
tion. Matrix Biol 28:221-229

Tada H, Nemoto E, Foster BL, Somerman MJ, Shimauchi H (2011)
Phosphate increases bone morphogenetic protein-2 expression
through cAMP-dependent protein kinase and ERK1/2 pathways in
human dental pulp cells. Bone 48:1409-1416

Yousef GM, Diamandis M, Jung K, Diamandis EP (2001) Molecular
cloning of a novel human acid phosphatase gene (ACPT) that is
highly expressed in the testis. Genomics 74:385-395

Zhang Z, Guo Q, Tian H, Lv P, Zhou C, Gao X (2014) Effects of
WNT10A on proliferation and differentiation of human dental pulp
cells. J Endod 40:1593-1599

Zweifler LE, Patel MK, Nociti FH Jr, Wimer HF, Millan JL, Somerman
M, Foster BL (2015) Counter-regulatory phosphatases TNAP and
NPP1 temporally regulate tooth root cementogenesis. Int J Oral Sci
7:27-41

@ Springer



	Testicular acid phosphatase induces odontoblast differentiation and mineralization
	Abstract
	Introduction
	Materials and methods
	Animals and tissue preparation
	Immunohistochemistry
	Cell cultures
	DNA constructs and transfection
	RNA interference
	Proliferation assay
	Activity of alkaline phosphatase and acid phosphatase
	Mineralization induction and alizarin red S staining
	Western blot analysis
	Statistical analysis

	Results
	Temporo-spatial localization of ACPT during tooth development
	Expression of ACPT protein in�vitro
	ACPT inhibits odontoblast proliferation
	ACPT induces odontoblast differentiation
	Extracellular catalytic activity of ACPT is important in odontoblast differentiation

	Discussion
	References


