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Abstract

Highly coordinated regulation of cell proliferation and differentiation contributes to the forma-
tion of functionally shaped and sized teeth; however, the mechanism underlying the switch
from cell cycle exit to cell differentiation during odontogenesis is poorly understood.
Recently, we identified pannexin 3 (Panx3) as a member of the pannexin gap junction pro-
tein family from tooth germs. The expression of Panx3 was predominately localized in preo-
dontoblasts that arise from dental papilla cells and can differentiate into dentin-secreting
odontoblasts. Panx3 also co-localized with p21, a cyclin-dependent kinase inhibitor protein,
in preodontoblasts. Panx3was expressed in primary dental mesenchymal cells and in the
mDP dental mesenchymal cell line. Both Panx3 and p21 were induced during the differentia-
tion of MDP cells. Overexpression of Panx3in mDP cells reduced cell proliferation via up-
regulation of p21, but not of p27, and promoted the Bone morphogenetic protein 2 (BMP2)-
induced phosphorylation of Smad1/5/8 and the expression of dentin sialophosphoprotein
(Dspp), a marker of differentiated odontoblasts. Furthermore, Panx3 released intracellular
ATP into the extracellular space through its hemichannel and induced the phosphorylation
of AMP-activated protein kinase (AMPK). 5-Aminoimidazole-4-carboxamide-ribonucleoside
(AICAR), an activator of AMPK, reduced mDP cell proliferation and induced p21 expression.
Conversely, knockdown of endogenous Panx3 by siRNA inhibited AMPK phosphorylation,
p21 expression, and the phosphorylation of Smad1/5/8 even in the presence of BMP2.
Taken together, our results suggest that Panx3 modulates intracellular ATP levels, resulting
in the inhibition of odontoblast proliferation through the AMPK/p21 signaling pathway and
promotion of cell differentiation by the BMP/Smad signaling pathway.
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Introduction

Cellular communication enabling cross-talk with the extracellular environment, including
neighboring cells and the extracellular matrix, is crucial for coordinating and synchronizing
the pattern and rate of cell division during organ development. Gap junctions, consisting of
the connexin (Cx) and pannexin (Panx) protein families, play a crucial role in cellular commu-
nication by mediating the transfer of ions (K" and Ca**), second messengers ((CAMP, ATP,
and inositol 1,4,5-trisphosphate), and other metabolites (glucose) as specialized transmem-
brane channels [1-3].

Connexins (Cxs) are implicated in a variety of cellular functions including embryonic
development and cellular differentiation as well as proliferation and migration [4]. Cx43, one
of the most prevalent connexin proteins, is widely expressed in neural crest cell lineages that
contribute to a diverse array of structures in the embryo including the peripheral nervous sys-
tem, cranial mesenchyme, and cardiac morphogenesis [5]. Mutations in the Cx43 gene (GJAl)
are associated with oculodentodigital dysplasia (ODDD), an autosomal dominant syndrome
characterized by craniofacial and limb dysmorphology, spastic paraplegia, and neurodegenera-
tion [6]. Mutations in the either Cx26 or Cx30 cause a variety of nonsyndromic congenital
deafness and hyperkeratosis syndromes [7, 8]. In addition, Cx43 knockout mice exhibit neona-
tal lethality due to conotruncal heart defects similar to ODDD [6, 9] and Cx36 knockout mice
show impaired hippocampal gamma oscillations [10]. Thus, each connexin has both specific
and redundant functions in development and cell behavior.

Pannexins, homologous to the invertebrate gap junction innexin proteins, were recently
identified as a second vertebrate gap junction protein family [3]. Although connexins and pan-
nexins share similar morphological structures, they have no sequence homology [11]. Pannex-
ins are comprised of three members, pannexin 1, 2, and 3 (Panxl1, 2, 3). Panxl1 is ubiquitously
expressed, with the highest levels of expression observed in the developing and mature central
nervous system [11]. Panx1 functions as an ATP hemichannel that responds to intracellular
Ca*" levels and lowered O, tension [12, 13]. Panx2 is highly expressed in the central nervous
system [11], while Panx3 is strongly expressed in developing cartilage and bone [14-16]. The
Panx3 ATP hemichannel functions to switch the cell fate of chondrocytes and osteoblasts from
proliferation to differentiation by regulating intracellular ATP/cAMP levels [14-16]. Unlike
connexins, Panx3 acts as an endoplasmic reticulum (ER) Ca** channel that modulates intracel-
lular Ca** signaling during osteoblast differentiation [15]. In addition, Panx3 is induced by
Bone morphogenetic protein 2 (BMP2) and a target gene of Runt-related transcription factor 2
(Runx2), which is a key transcription factor for bone formation [17]. Panx3 knockout mice
evidently demonstrated that Panx3 is essential for normal skeletal development [18, 19]. Thus,
Panx3 plays a crucial role in hard tissue development.

The tooth is a unique hard tissue consisting of enamel and dentin. Tooth development
commences with the invagination of dental epithelial cells into the underlying cranial neural
crest-derived ectomesenchymal cell layer. Subsequently, the ectomesenchymal cells condense
to form the dental papilla. The outer cells of the dental papilla that come in contact with the
basement membrane underlying the dental epithelial cells differentiate into preodontoblasts,
creating a contiguous monolayer in the peripheral cell region of the dental papilla. The base-
ment membrane is then degraded and the preodontoblasts differentiate into dentin-matrix
secreting odontoblasts, which are responsible for the formation and maintenance of the den-
tin. The intercellular communication of odontoblasts mediated via gap junctions is thought to
play an important role in the ordered tubular and layered structure of the dentin. In fact, the
existence of gap junctions between odontoblasts has been demonstrated by freeze fracture
studies [20] and transjunctional flux of fluorescent tracers [21]. Weak expression of Cx32 was
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observed in differentiating odontoblasts [22] and the expression of Cx43 was increased in dif-
ferentiated odontoblasts [22, 23]. These observations suggest that gap junctions between odon-
toblasts coordinate cellular activity. However, the expression and physiological function of
Panx3 in tooth development have not been clearly elucidated.

In this study, we demonstrated that Panx3 is expressed in preodontoblasts and regulates
preodontoblast proliferation and differentiation. The Panx3 ATP hemichannel regulates the
AMP-activated protein kinase (AMPK) signaling pathway and induces cell cycle exit through
the upregulation of p21 expression. Thus, Panx3 plays important roles in the regulation of the
transition stage from proliferation to differentiation in odontoblasts.

Materials and methods
RT-PCR and northern hybridization

Total RNA was extracted from newborn mouse tissues or cells using the Trizol reagent kit
(Invitrogen). Following DNase I (Sigma) treatment, 1 pg of total RNA was used to generate
cDNA, which was used as template for PCR with the following gene-specific primers: Panx3,
5'~GCCCCTGGATAAGATGGTCAAG-3 and 5 ~GCGGATGGAACGGTTGTAAGA-3'; Ambn,
5'~GCGTTTCCAAGAGCCCTGATAAC-3' and 5'~-AAGAAGCAGTGTCACATTTCCTGG-3;
Panxl, 5'-TTTGGACCTAAGAGACGGACCTG-3" and 5'~CGGGAATCAGCAGAGCATACAC-
3’ Dspp, 5'-CTCAGAGAGAATCTGGGTGTACCACC-3' and 5'-CACAGTGGTACATGGAGAG
CTC-3'; Cx43, 5'~CAAGGAGTTCCACCACTTTGGC-3" and 5'~-GAAAATGAAGAGCACCGACA
GC-3'; Gapdh, 5'~ACCACAGTCCATGCCATCAC-3"and 5'~TCCACCACCCTGTTGCTGTA~
3'. PCR reactions were carried out using a Gene Amp PCR system 9700 (Applied Biosystems)
with the following conditions: 94°C for 3 min and 25-33 cycles of 94°C for 30 s, 60°C for 30 s,
and 72°C for 1 min. PCR products were separated by electrophoresis on 1.5% agarose gels,
which were stained with ethidium bromide and photographed. Real-time PCR (RT-qPCR)
amplification was performed using primers with SYBR Green PCR Master Mix and a Ste-
pOne™ real-time PCR System (Applied Biosystems, Foster City, CA, USA). For Northern blot-
ting, 20 pg of total RNA was separated by electrophoresis and transferred to a Nytran
membrane (Schleicher & Schuell), as previously described [24]. cDNA was labeled with
[0->*P] dCTP using Ready-To-Go DNA labeling beads (Amersham Biosciences). The mem-
branes were hybridized with labeled probes at 68°C in QuikHyb (Stratagene), washed first at
65°C in 1x SSC with 0.1% SDS and then at 65°C in 0.1x SSC with 0.1% SDS and then exposed
to autoradiography film (Kodak).

In situ hybridization

Digoxigenin-11-UTP-labeled single-stranded antisense RNA probes for Panx3 and Dspp were
prepared using the DIG RNA labeling kit (Roche Applied Science) according to the manufac-
turer’s instructions. In situ hybridization of the tissue sections was performed according to the
protocol provided with the Link-Label ISH Core Kit II (BioGenex). Frozen tissue sections
were obtained from postnatal day 1 (P1) mouse embryo heads containing molars and incisors
and placed on RNase-free glass slides. The frozen sections were dried for 10 min at room tem-
perature and incubated at 37°C for 30 min then treated with 10 pg/mL proteinase K at 37°C
for 30 min. Hybridization was performed at 37°C for 16 h. Washes were carried out with

2 x SSCat 50°C for 15 min and 2 x SSC containing 50% formamide at 37°C for 15 min. The
sections were then treated with 10 ug/mL RNase A in 10 mM Tris-HCI (pH 7.6), 500 mM
NaCl, and 1 mM EDTA at 37°C for 15 min and then washed. The sections were treated with
2.4 mg/mL Levamisole (Sigma) to inactivate endogenous alkaline phosphatase.
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Immunohistochemistry

Frozen tissue sections were fixed with acetone at -20°C for 2 min or 4% paraformaldehyde at
room temperature for 5 min and then washed three times in PBS for 5 min. Immunobhis-
tochemistry was performed on sections incubated with Universal Blocking Reagent (Bio-
Genex) in 1 x PBS/0.3% Triton X-100 for 7 min at room temperature prior to incubation with
the primary antibody. Antibodies against p21 (C-19; Santa Cruz), Lamb1 (Abcam), and Cx43
(US Biological) were used. A rabbit polyclonal antibody against the Panx3 peptide (residues
90-107) was raised and purified using a peptide affinity column. Primary antibodies were
detected by Cy-3- or Cy-5-conjugated secondary antibodies (Jackson ImmunoResearch Labo-
ratories). Nuclear staining was performed with DAPI (Invitrogen). A fluorescent microscope
(Axiovert 200; Carl Zeiss Microlmaging, Inc., Biozero-8000; Keyence, Japan) was used for
immunofluorescence image analysis. Images were prepared using AxioVision and Photoshop
(Adobe Systems, Inc.).

Electron microscopy

One-day-old ICR mice were perfused with 4% paraformaldehyde in a 0.1M phosphate buffer
(pH7.4) under deep anesthesia by an intraperitoneal injection of chloral hydrate (500 mg/kg).
Following decalcification with a 4.13% EDTA-2Na solution, frozen sections were cut sagittally
at 80 um. For immunohistochemistry at the electron-microscopic level, the sections were pro-
cessed for the Envision+/horseradish peroxidase system (Dako Japan) using anti-Panx3 anti-
body diluted to 1:100. For final visualization of the sections, 0.05M Tris-HCl buffer (pH 7.6)
containing 0.04% 3-3'-diaminobenzidine tetrahydrochloride and 0.0002% H,O, was used.
For transmission electron microscopy, the immunostained tissues were postfixed in 1% OsO,
reduced with 1.5% potassium ferrocyanide, dehydrated through ethanol series, and embedded
in Epon 812 (Taab, Berkshire, UK). Semithin sections were cut at 1 um and stained with 0.03%
methylene blue. Ultrathin sections (70 nm in thickness) were double-stained with uranyl ace-
tate and lead citrate and examined with an H-7650 transmission electron microscope (Hitachi
High-Technologies Corp., Tokyo, Japan).

Cell culturing

For primary cell cultures, first molars were dissected from P3 mice. To separate the dental
epithelium from mesenchymal tissues, the samples were incubated for 10 min in 0.1% collage-
nase, 0.05% trypsin, and 0.5 mM EDTA and then transferred to keratinocyte-SFM supple-
mented with EGF and pituitary gland extract (PGE), according to the manufacturer’s
instructions. The tissues were then micro-surgically separated and then treated with 0.1% col-
lagenase, 0.05% trypsin, and 0.5 mM EDTA for 15 min at 37°C. Dental epithelium specimens
were plated in keratinocyte-SFM with PGE and either 2% FBS or EGF with the addition of 100
units/mL of penicillin and streptomycin and incubated at 37°C in a humidified atmosphere
containing 5% CO,. Dental mesenchymal cells were plated on DMEM with 10% FBS as previ-
ously described [25]. A dental mesenchymal cell line (mDP) and a single cell clone cell derived
from human deciduous tooth pulp cells (SDP11) were cultured in DMEM/F-12 with 10% FBS.
Cells were maintained at 30-60% confluency and the medium was replaced every other day.
For the differentiation of the cells, 200 ng/mL recombinant human Bone morphogenetic pro-
tein 2 (rhBMP2, Wako) was added to the culture medium. Panx3 peptides (HHTQDKAGQYKVK
SLWPH from mouse Panx3 and HHKQDGPGPGQDKMKSIWPH from human Panx3) were used
for inhibition experiments. A peptide with scrambled sequences ("HTKYQVGLDPQHKASHK
for mouse and GMHWPHDPGDKLQKQKSH for human) of the Panx3 peptide were used as a
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control [14]. All animal experiments were approved by the ethics committee of Kyushu Uni-
versity Animal Experiment Center (protocol no. A19-039-0).

Plasmid construction and transfection

The coding sequence of mouse Panx3 cDNA was subcloned into the pEF1/V5-His vector
(pEF1/Panx3) (Invitrogen). An empty pEF1vector was used as a control. For stable transfec-
tion, mDP cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol. Selection was initiated 24 h post transfection, using G418 (Invitrogen) at a
concentration of 600 pg/mL. Genetic recombination experiments were approved by the
Research Center for Genetic Information, Kyushu University (19-105) and Institute for
Genome Research, Tokushima University (25-39). All experiments were performed in accor-
dance with the approved guidelines.

Cell proliferation and bromodeoxyuridine (BrdU) incorporation

Cells were plated at 1 x 10* cells/mL/well in 12-well plates and grown for 72 h. Cell numbers
were determined using a trypan blue dye exclusion method. For the BrdU incorporation assay,
cells were incubated at the same cell density described above for 48 h. BrdU (Sigma) was
added to the plates (10 uM) for 30 min; then, the cells were fixed with cold methanol for 10
min, rehydrated in PBS, and incubated for 30 min in 1.5 M HCL. After three washes with PBS,
the plates were incubated with a 1:50 dilution of fluorescein isothiocyanate-conjugated anti-
BrdU antibody (Roche Applied Science) for 30 min at room temperature. Finally, the cells
were washed three times with PBS and incubated with 10 pg/mL propidium iodide (Sigma) in
PBS for 30 min at room temperature. BrdU-positive cells were examined under a microscope
(Biozero-8000; Keyence, Japan).

Western blotting

Cells were washed three times with PBS containing 1 mM sodium vanadate (Na;VO,), then
solubilized in 100 uL lysis buffer (10 mM Tris-HCI [pH 7.4], 150 mM NaCl, 10 mM MgCl,,
0.5% Nonidet P-40, 1 mM PMSF, and 20 units/mL aprotinin). Lysed cells were centrifuged at
12,000 rpm for 5 min and the protein concentration of each sample was measured using the
Micro-BCA Assay Reagent (Pierce Chemical Co.). The samples were denatured in SDS sample
buffers and loaded on a 12% SDS-polyacrylamide gel. Ten micrograms of protein lysate were
loaded in each lane. Subsequent to SDS-PAGE, the proteins were transferred onto a PVDF
membrane and immunoblotted with antibodies to Panx3, p21 and p27 (Santa Cruz), B-actin
(Abcam), and P-Smad1/5/8, Smad5, phospho-AMPKa, AMPKa, and retinoblastoma (Rb)
(Cell Signaling) and then visualized using an ECL kit (Amersham Pharmacia Biotech). For the
Smad and MAPK experiments, the cells were pretreated with siRNA as described below.

siRNA experiments

Mouse Panx3 (NM_172454) siGenome On-Target plus (LQ-054624-01-0010; Dharmacon)
was used to silence Panx3. ON-TARGET plus siCONTROL nontargeting pool siRNA (D-
001810-10; Dharmacon) was used as a control. mDP cells were transfected with 100 nM
siRNA duplex in regular serum-free culture medium using the Oligofectamine reagent (Invi-
trogen) according to the manufacturer’s protocol.
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ATP flux

ATP flux was determined by luminometry. mDP cells were depolarized by incubation in KGlu
solution (140 mM potassium gluconate, 10 mM KCl, and 5.0 mM TES, pH 7.5) for 10 min to
open the pannexin channels. The supernatant was collected and assayed with luciferase/lucif-
erin (Promega). For inhibition experiments, cells were treated with the Panx3-peptide or
scramble peptide for 30 min prior to incubation in KGlu solution.

Results
Panx3 expression in mouse tissues

We originally identified pannexin 3 (Panx3) from E19.5 mouse molar cDNA microarrays as
preferentially expressed in teeth [24, 26]. To analyze the expression of Panx3 mRNA in mouse
tissues, we first performed RT-PCR and Northern blot analyses using RNA isolated from tis-
sues of newborn mice. RT-PCR showed that Panx3 was strongly expressed in molars and inci-
sors (Fig 1A). Panx3 expression was also detected in long bones but not in other tissues such
as the brain, lung, heart, liver, skin and kidney. Ameloblastin, an enamel matrix marker was

B C

Panx3/ DAPI Panx3

P1 molar

Panx3

| Northem Blotting | | RT-PCR |

pre-od od

O
pre-od — , o iee

P1 incisor

Fig 1. Expression of Panx3 in tooth germ. (A) RT-PCR analysis (upper three panels) and northern blotting analysis (lower three panels) using RNA
from postnatal day 1 (P1) mouse tissues (molar, incisor, brain, lung, heart, liver, skin, kidney, and bone). (B) RT-PCR analysis using the dental epithelium
(DE) and mesenchyme (DM), dissected from P1 mouse tooth germ. (C) Immnostaining with anti-Panx3 antibody (red) and DAPI nuclear staining (blue).
(D) Light microscopy images of semi-thin sections stained with methylene blue forimmunoelectron microscopy. Panx3 is present in the preodontoblasts
(pre-od) but not in the odontoblasts (od). (E) Immunoelectron microscopy images of the Panx3 protein in preodontoblasts from P1 incisors showing
labeling in the preodontoblasts (upper panels) and at the cell-cell contact sites (lower panels). dp; dental papilla, iee; inner enamel epithelium, si; stratum
intermedium, BM; basement membrane.

https://doi.org/10.1371/journal.pone.0177557.9001
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expressed only in molars and incisors. Northern blot analysis showed that Panx3 was
expressed as a single 2.6 kb mRNA band in molars, incisors, and long bones but not in other
tissues (Fig 1A). Thus, the expression of Panx3 mRNA is strong in hard tissues.

To analyze the cellular localization of Panx3 in teeth, Panx3 mRNA expression was first
examined by RT-PCR using RNA from dental epithelium cells and mesenchyme cells prepared
from postnatal day 1 (P1) molars. Panx3 was expressed in the dental mesenchyme but not in
the dental epithelium (Fig 1B). Next, we performed immunostaining (Fig 1C and 1D) and
immunohistochemistry with an electron microscopic (Fig 1E) using a Panx3 specific antibody.
Immunostaining revealed that Panx3 was strongly expressed in preodontoblasts but not in
ameloblasts (Fig 1C and 1D). Panx3 was localized to cell-cell contact regions and cell processes
facing the basement membrane (Fig 1C-1E)). These expression patterns indicate that Panx3
may function as a gap junction and a hemichannel.

Panx3 expression in differentiating odontoblasts

In order to further identify Panx3-expressing cells, we compared the mRNA expression pat-
tern of Panx3 and dentin sialophosphoprotein (Dspp), a maker of terminal differentiated
odontoblasts and ameloblasts in incisors and molars (Fig 2A). The expression pattern of Panx3
mRNA was different from that of Dspp mRNA, indicating that Panx3 mRNA is expressed in
preodontoblasts but not in differentiated mature odontoblasts (Fig 2A).

Preodontoblasts are characterized by proliferation to expand cell population and eventually
stop proliferation for differentiation. Since p21 is considered to be important for cell growth
arrest at the G1/S checkpoint in odontoblasts and ameloblasts [27], we compared the expres-
sion of Panx3 and p21 by immunostaining in incisor sections of P1 mice. In the incisor sec-
tions, we can observe gradual differentiation stages of odontoblasts. p21 expression was
observed in the restricted area of odontoblasts and ameloblasts (Fig 2B). Panx3, but not p21,
was expressed at the early presecretory stage of preodontoblasts, and both Panx3 and p21
expression was observed in the late presecretory stage of preodontoblasts (Fig 2B). These
observations indicate that Panx3 expression slightly precedes the p21 expression in preodonto-
blasts, suggesting that Panx3 may regulate p21 expression.

p21 expression in differentiating odontoblasts

To assess the role of Panx3 in odontoblast development, we used the mDP dental pulp
cell line [28]. mDP cells can differentiate into Dspp-expressing cells in the presence of
Bone morphogenetic protein 2 (BMP2). RT-PCR analysis showed that Panx3 mRNA was
weakly expressed in undifferentiated mDP cells and that the expression of Panx3 and Dspp
mRNA was induced in differentiating mDP cells (Fig 3A). Western blot analysis also
demonstrated that the Panx3 protein was strongly induced during mDP differentiation
(S1 Fig). The Panx3 protein size was approximated as 45-kDa by SDS-PAGE, corresponding
to its predicted molecular weight. The Panx3 protein was not detected in undifferentiated
mDP cells. These results indicate that Panx3 was induced during the differentiation of mDP
cells.

p21 was co-expressed in Panx3-expressing preodontoblasts along with the basement mem-
brane. We next examined whether p21 expression was also induced in mDP cells and mouse
primary dental papilla cells undergoing BMP2-induced differentiation. Western blot analysis
demonstrated that p21, but not p27, was induced by BMP2 treatment in mDP cells (Fig 3B)
and mouse primary papilla cells (Fig 3C). These results demonstrate that p21 expression corre-
lates with odontoblast differentiation.
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Fig 2. Expression of Panx3 mRNA and protein in tooth germ. (A) /n situ hybridization with Panx3and
Dspp probes in postnatal day 1 (P1) incisor or molar semi-serial sections. (B) immunostaining with anti-Panx3
or anti-p21 antibodies (red) or laminin (green) in P1 incisor semi-serial sections. Blue signifies DAPI nuclear
staining. PS; presecretory stage.

https://doi.org/10.1371/journal.pone.0177557.9002

Inhibition of cell proliferation by Panx3

To analyze the function of Panx3 in odontoblast proliferation and differentiation, we estab-
lished mDP cells stably expressing Panx3 (pEF1/Panx3). We first examined whether Panx3
affects cell proliferation. Panx3-transfected mDP cells dramatically inhibited cell numbers in a
three-day culture compared with control cells (Fig 4A). In addition, we analyzed the mDP cell
proliferation using BrdU incorporation. The number of BrdU-positive cells decreased in
Panx3-transfected mDP cells compared to control vector-transfected cells (Fig 4B). These
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Fig 3. Expression of Panx3 and p21 in differentiating mDP cells and mouse primary dental papilla cells. (A) mRNA expression in differentiating
mDP cells. mDP cells were cultured with 200 ng/mL BMP2. Total RNA was extracted from the cells at the indicated time points following BMP2 treatment
and analyzed by RT-PCR. Gapdh, glyceraldehyde-3-phosphate dehydrogenase, was used as a control. p21 expression in differentiating mDP cells (B)
and mouse primary dental papilla cells (C). Both mDP cells and mouse primary dental papilla cells were cultured with or without 200 ng/mL BMP2 for 72 h
and cell extracts were analyzed by western blotting using anti-p21 and anti-p27 antibodies. B-actin was used as a control. Data were pooled from three
independent experiments with error bars designating standard deviation of the mean.

https://doi.org/10.1371/journal.pone.0177557.g003

results indicate that overexpression of Panx3 inhibits mDP cell proliferation, suggesting that
Panx3 inhibits dental mesenchymal cell proliferation in vivo. Since p21 is co-expressed in Pan-
x3-expressing preodontoblasts, we next tested whether Panx3 affects p21 expression. Western
blot analysis demonstrated that p21, but not p27, was significantly induced in Panx3 overex-
pressing mDP cells (Fig 4C). To analyze the function of endogenous Panx3, we knocked down
Panx3 expression using Panx3 siRNA transfection into mDP cells. BMP2-induced Panx3
expression was substantially reduced at the protein level compared to control siRNA trans-
fected cells (S2 Fig). The expression of p21, but not of p27, was significantly reduced by the
knockdown of endogenous Panx3 (Fig 4D). Further, we have used single clone cell derived
from deciduous tooth pulp cells, SDP11 cells [29]. SDP11 cells were cultured with BMP2 and
Panx3 inhibitory peptide. The expression of p21, but not p27, was also significantly reduced by
Panx3 inhibitory peptide (Fig 4E). These results indicate that the upregulation of endogenous
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Fig 4. Inhibition of cell proliferation by Panx3. (A) mDP cells were stably transfected with the empty control vector (pEF1) or with the Panx3 expression
vector (pEF1/Panx3). The cells were cultured for 72 h and cell numbers were counted. The number of Panx3-transfected cells was reduced compared to
the control cells. (B) Cells were cultured for 48 h and BrdU incorporation after 30 min was analyzed using a fluorescence microscope. (C) Cell extracts
were analyzed by western blotting using anti-p21 and anti-p27 antibodies. B-actin was used as a control. (D) mDP cells transfected with either control
siRNA or Panx3siRNA, were cultured with 200 ng/ml BMP2 for 72 h. Western blotting was performed for p21 and p27 expressions. (E) SDP11 cells were
cultured with 200 ng/mL BMP2 and 0.5 pg/ml Panx3 inhibitory peptide or control peptide for 72 h. Western blotting was performed for p21 and p27
expressions. All experiments were repeated at least three times with similar results. Data were pooled from three independent experiments with error bars
designating standard deviation of the mean. Statistical analysis was performed using analysis of variance (* P< 0.01).

https://doi.org/10.1371/journal.pone.0177557.g004

Panx3 expression is required for p21 expression in BMP2-treated mDP cells and SDP11 cells,
suggesting that the p21 expression correlates with the anti-proliferation activity of Panx3.

Panx3 is necessary for Dspp expression

We next examined whether overexpression of Panx3 affects mDP cell differentiation. Panx3-
transfected mDP cells and control vector-transfected cells were cultured with BMP2. Dspp
expression was strongly enhanced in Panx3 overexpressing mDP cells following 12 and 24 h of
culturing. In contrast, the expression of Dspp in control mDP cells gradually increased with 48
h of culturing (Fig 5A). Next, we analyzed whether knockdown of endogenous Panx3 affects
mDP cell differentiation. Suppression of endogenous Panx3 by Panx3 siRNA inhibited
BMP2-induced Dspp expression by approximately 70% (Fig 5B). These results indicate that
Panx3 promotes mDP cell differentiation and is necessary for odontoblast differentiation.
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Fig 5. Increase in BMP2-mediated Dspp induction in mDP cells due to Panx3. (A) mDP cells stably transfected with either control pEF1 or
pEF1/Panx3 were cultured with 200 ng/mL of BMP2 for the indicated time. Total RNA was then extracted and analyzed by RT-PCR. (B) mDP
cells transfected with either control siRNA or Panx3 siRNA were cultured with the addition of 200 ng/mL BMP2 for 48 h. RT-PCR was
performed to examine Panx3and Dspp expression. All experiments were repeated at least five times with similar results. Data were pooled
from three independent experiments with error bars designating standard deviation of the mean. Statistical analysis was performed using
analysis of variance (* P < 0.01).

https://doi.org/10.1371/journal.pone.0177557.9005

Panx3 affects the phosphorylation of Smad1/5/8

Since Panx3 is involved in Dspp expression and the phosphorylation of Smad1/5/8 that consti-
tutes critical downstream targets of BMP2 signaling [30, 31], we examined whether Panx3 is
associated with BMP2-Smad signaling. To investigate the effect of endogenous Panx3 knock-
down on the BMP signaling pathway, we examined phosphorylation levels of Smad1/5/8 in
BMP2-treated mDP cells, which had been pretreated with siRNA or control siRNA. BMP2-in-
duced phosphorylation of Smad1/5/8 was inhibited in Panx3 siRNA treated cells (Fig 6). This
inhibition was also observed in Panx3-specific hemichannel inhibitory peptide-treated cells
(Fig 8C). These results indicate that Panx3 is involved in BMP-Smad signaling. Furthermore,
we examined the effect of Panx3 on the activation of the MAPK superfamily, including JNK,
p38, and ERK. However, the phosphorylation of JNK, p38, and ERK was not affected by the
knockdown of endogenous Panx3 (data not shown).
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Fig 6. Decrease in BMP2-induced Smad1/5/8 phosphorylation due to Panx3 siRNA. Following
transfection with either control siRNA or Panx3 siRNA for 48 h, cells were treated with 200 ng/mL BMP2 for
the time indicated. Protein extracts were analyzed by western blotting using anti-phospho-Smad1/5/8, anti-
Smad5, and anti-B-actin antibodies. Image J 1.33u was used to quantify the protein bands. Data were pooled
from three independent experiments with error bars designating standard deviation of the mean. Statistical
analysis was performed using analysis of variance (¥* P < 0.01).

https://doi.org/10.1371/journal.pone.0177557.g006

p-Smad1/5/8/ Smad5

Panx3 promotes intracellular ATP release and AMPK activation

Since we previously reported that the Panx3 hemichannel releases intracellular ATP into the
extracellular space in chondrocytes and osteoblasts [14, 15], we examined the efflux of ATP in
mDP cells by luminometry. Panx3-transfected cells exhibited elevated ATP release compared
to control vector-transfected cells. This Panx3 activity was inhibited by a Panx3-specific hemi-
channel blocking peptide but not by a control scrambled peptide (Fig 7A). These results sug-
gest that Panx3 functions as an ATP release hemichannel in odontoblasts.

AMP-activated protein kinase (AMPK) is an energy-sensing kinase that plays a role in cel-
lular energy homeostasis and is activated by intracellular ATP levels [32]. We tested whether
the function of Panx3 as an ATP release hemichannel affects the activation of AMPK. Western
blot analysis showed that BMP2 induced the phosphorylation of AMPK (Fig 7B). Furthermore,
BMP2-mediated AMPK phosphorylation was further enhanced by Panx3 overexpression (Fig
7B). Moreover, both Panx3 siRNA (Fig 7C) and Panx3-specific blocking peptide (Fig 7D)
reduced BMP2-induced AMPK phosphorylation. These results indicate that Panx3 regulates
AMPK activation.
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Fig 7. Increased ATP efflux and AMPK phosphorylation in Panx3-transfected mDP cells. (A) Cells were plated at ~50% confluency and ATP levels
in the media were measured by luminometry. Statistical analysis was performed using analysis of variance (* P < 0.01). (B) Time course of AMPK
phosphorylation in control pEF1 or pEF1/Panx3-transfected mDP cells following treatment with or without BMP2 was analyzed by western blotting using
the anti-phospho-AMPK antibody. (C) Western blotting was performed using the anti-phospho-AMPK antibody for mDP cells transfected with either
control siRNA or Panx3siRNA. (D) mDP cells were incubated with the Panx3 peptide or control peptide for 30 min, and then AMPK phosphorylation,
induced by BMP2, was analyzed by western blotting. Data were pooled from three independent experiments with error bars designating standard
deviation of the mean. Statistical analysis was performed using analysis of variance (* P < 0.01).

https://doi.org/10.1371/journal.pone.0177557.9007

Relationship between BMP-Smad and Panx3-AMPK signaling in
odontoblasts

We next addressed whether BMP-Smad signaling is associated with the Panx3-AMPK pathway
by examining the phosphorylation of Smad1/5/8 in the presence of the AMPK inhibitor Ara-a
or the AMPK activator 5-Aminoimidazole-4-carboxamide-ribonucleoside (AICAR). BMP2
induced the phosphorylation of Smad1/5/8 and AMPK (Fig 8A). Ara-a treatment inhibited
BMP2-induced AMPK phosphorylation but not Smad1/5/8 phosphorylation (Fig 8A). While
AICAR induced AMPK phosphorylation, Smad1/5/8 phosphorylation was not induced (Fig
8A and 8B). These results indicate that BMP signaling influences AMPK signaling, but AMPK
signaling does not affect BMP signaling. Furthermore, in Panx3 overexpression, when cells
were treated with the Panx3 hemichannel blocking peptide, Smad1/5/8, but not AMPK
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Statistical analysis was performed using analysis of variance (* P < 0.05).

https://doi.org/10.1371/journal.pone.0177557.9008

phosphorylation were inhibited (Fig 8C). Panx3 functions as an endoplasmic reticulum (ER)
Ca* channel [14, 15]. Akt activates the Panx3 ER Ca?" channel that induces Ca** release from
the ER into the cytosol, which subsequently activates calmodulin (CaM) signaling pathways
including calmodulin-dependent protein kinase IT (CaMKII)-Smad [15]. We investigated the
effects of the CaM inhibitor W-7 (S3 Fig) on BMP2-induced Smad1/5/8 and AMPK phosphor-
ylation in Panx3-transfected mDP cells. W-7 inhibited BMP2-induced Smad1/5/8 phosphory-
lation (Fig 8C). However, AMPK phosphorylation was not inhibited by W7 (Fig 8C). These
results indicate that Panx3 regulates Smad signaling through the CaM signaling pathway in
dental mesenchymal cells.
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Fig 9. Inhibition of cell proliferation by AICAR. mDP cells were cultured in the presence of 0, 0.1, 0.5, or
1.0 mM 5-Aminoimidazole-4-carboxamide-ribonucleoside (AICAR), an AMPK activator, for three days and
cell proliferation was measured using the cell counting kit-8. Data were pooled from three independent
experiments with error bars designating standard deviation of the mean. Statistical analysis was performed
using analysis of variance (* P < 0.01). (B) mDP cells were treated with 1.0 mM AICAR for three days and
analyzed by western blotting using the antibodies of p21 and p27. 3-actin was used as a control.

https://doi.org/10.1371/journal.pone.0177557.9009

Inhibition of cell proliferation by the AMPK activator AICAR

Finally, we examined whether AMPK signaling directly affects cell proliferation. The number
of mDP cells decreased three days following the addition of AICAR in a dose dependent man-
ner (Fig 9A). Moreover, we examined the effect of AICAR on the expression of p21 and p27.
The expression of p21, but not p27, was induced by AICAR treatment (Fig 9B). These findings
suggest that the AMPK pathway may be involved in the suppression of dental mesenchymal
cell proliferation through p21 expression.

Discussion

There are two dynamic and distinct cellular processes, growth arrest, and differentiation, dur-
ing odontogenesis. The gradual differentiation of odontoblasts commences from the periph-
eral cell layer of the dental papilla [33]. Proliferating dental papilla cells eventually stop the cell
cycle to differentiate into odontoblasts. Preodontoblasts are considered to be a regulator for
growth arrest of proliferative dental papilla cells and for differentiation of odontoblasts. How-
ever, the precise function of preodontoblasts in tooth development is not clearly understood.
In this study, we found that pannexin 3 (Panx3) is specifically expressed in preodontoblasts.
Differentiating odontoblasts secrete dentin matrix proteins including type I collagen and non-
collagenous proteins such as Dspp. Dspp is an important molecule for dentin formation and is
abundantly synthesized by differentiating odontoblasts. Dspp-null mice show defective and
reduced dentin mineralization and pulp exposure similar to that of human dentinogenesis
imperfecta III [34]. Dspp mutations demonstrate a direct correlation with human dentinogen-
esis imperfecta IT and with dentin dysplasia II syndromes [35]. Thus, Dspp has been character-
ized as a unique marker of odontoblast differentiation. Here, we compared the expression of
the Panx3 mRNA and Dspp mRNA during tooth development. In situ hybridization revealed
that Panx3 mRNA expression completely differed from Dspp mRNA expression; Panx3
mRNA-expressing cells did not express Dspp mRNA. Also we could not see any Panx3-positive
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signals in proliferating dental papilla cells. Thus, Panx3 mRNA is specifically expressed in
preodontoblasts.

Previously, we have demonstrated that Panx3 inhibits PTH-induced chondrogenic cell pro-
liferation by regulating cAMP/PKA signaling [14]. We also demonstrated that Panx3 inhibits
osteoprogenitor proliferation by inhibiting Wnt/B-catenin and PKA/CREB signaling and pro-
motes cell cycle exit by increasing p21 activity (17). In this study, overexpression of Panx3 sig-
nificantly reduced mDP cell proliferation and induced p21 expression, whereas knockdown of
endogenous Panx3 reduced the expression of p21. Consistent with these findings, co-expres-
sion of p21 and Panx3 by preodontoblasts was observed by immunostaining. These results
suggest that Panx3 may regulate cell proliferation via p21 expression in tooth development.
Thus, Panx3 plays a central role in the regulation of proliferation of the progenitor cells in car-
tilage, bones, and teeth.

Panx3 functions as a hemichannel that releases intracellular ATP into the extracellular
space of chondrocytes and osteoblasts [14-16]. We found that Panx3 also releases intracellular
ATP as a hemichannel in mDP cells. The Panx3 hemichannel blocking peptide inhibited ATP
release, indicating that the Panx3 hemichannel is involved in ATP release in preodontoblasts.
Balancing intracellular ATP consumption and generation is one of the fundamental require-
ments of all cells. AMP-activated protein kinase (AMPK) serves as a highly conserved fuel sen-
sor in all eukaryotic cells and is activated when intracellular ATP decreases. AMPK signaling
plays an important role in many aspects of cellular functions, including cell proliferation [36-
40]. In this study, we found that phosphorylation of AMPK was promoted by Panx3. In addi-
tion, we demonstrated that 5-Aminoimidazole-4-carboxamide-ribonucleoside (AICAR), an
AMPK activator, significantly reduced mDP cell proliferation and induced p21 expression.
These results suggest Panx3 mediates intracellular ATP release, which in turn leads to the acti-
vation of AMPK signaling, resulting in inhibition of cell proliferation by p21 expression in pre-
odontoblasts. However, direct mechanism regulating p21 expression and cell cycle arrest via
AMPK has been clearly defined. Further experiments were needed to resolve this hypothesis.

Panxs and connnexins share similar protein structures that consist of four hydrophobic
transmembrane domains spaced by two extracellular loops, an intracellular loop, and intracel-
lular amino (NH2) and carboxyl (COOH) temini. The gap junction protein features the pro-
tein structure to form a hexameric membrane pore complex and the hemichannel [41].
However, organ-, cell-, or time-specific expression of gap junction proteins are suggesting that
each of gap junction proteins have specific roles and functions. In fact, connexin 43 (Cx43)
plays important roles in osteoblast function and differentiation, but Panx3 deficient mice show
more severe skeletal phenotype than Cx43 deficient mice [19]. This is due to the difference of
channel properties between Panxs and connexins. Unlike connexins, the (endoplasmic reticu-
lum) ER Ca** channel was found in only Panxs [13, 15, 17]. The ER plays a predominant role
in Ca®* storage and regulates intracellular Ca>* levels in many cellular processes, including
osteoblast differentiation. In osteoblasts, Panx3 functions as the ER Ca®* channel that activates
CaMKII-Smad signaling and Osx expression [15, 19]. Tooth development is mediated by vari-
ous growth factors. Bone morphogenetic protein 2 (BMP2), one of the critical growth factors,
is expressed in the primary enamel knot, an epithelial signaling center; BMP2 plays important
roles in odontoblast differentiation involving Dspp expression [42]. We found that overexpres-
sion of Panx3 promoted Dspp expression. In contrast, knockdown of Panx3 reduced BMP2-in-
duced Smad1/5/8 phosphorylation and Dspp expression. These results indicate that Panx3 is
essential for odontoblast differentiation. Since the calmodulin inhibitor W-7 inhibited
BMP2-induced Smad1/5/8 phosphorylation in this study, Panx3 may also function as the ER
Ca" channel to increase intracellular Ca** levels for odontoblast differentiation.
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Fig 10. Role of Panx3 in odontoblast proliferation and differentiation. The Panx3 ER Ca®* channel
promotes BMP-Smad signaling for differentiation. Panx3 is expressed in preodontoblasts, and releases
intracellular ATP to the extracellular space, which may result in an activation of AMPK and subsequent
inhibition of cell proliferation.

https://doi.org/10.1371/journal.pone.0177557.g010

In conclusion, this is the first study to demonstrate that Panx3 is specifically expressed in
preodontoblast cells and regulates odontoblast cell proliferation and differentiation. The
Panx3 hemichannel in preodontoblasts promotes ATP release into the extracellular space,
which results in a reduction of intracellular ATP levels. It may be induced subsequent activa-
tion of AMPK-p21 signaling cascade to inhibit cell proliferation. The Panx3 hemichannel is
also involved in calmodulin-Smad signaling for promotion of cell differentiation (Fig 10). Our
results suggest that the restricted expression of Panx3 in preodontoblasts during odontoblast
differentiation functions as a critical regulator for cell proliferation and differentiation. Further
analysis of the regulatory role of Panx3 in preodontoblasts during odontogenesis may help elu-
cidate the mechanisms underlying tooth development and provide innovative approaches to
dentin regeneration.

Supporting information

S1 Fig. Expression of the Panx3 protein in mDP cells stimulated by BMP2. mDP cells were
incubated in the presence of BMP2 for 48 h. The expression of Panx3 was analyzed by western
blotting using the Panx3 antibody. B-actin was used as a control.

(TIFF)

S2 Fig. Expression of Panx3 protein in mDP cells transfected with Panx3 siRNA. mDP cells
transfected with either control siRNA or Panx3 siRNA were cultured with 200 ng/mL BMP2
for 48 h. The expression of endogenous Panx3 was analyzed by western blotting using the
Panx3 antibody. B-actin was used as a control. Statistical analysis was performed using analysis
of variance (*P < 0.01).

(TIFF)
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$3 Fig. Inhibition of CaMKII phosphorylation by calmodulin inhibitor, W-7. SDP11 cells
were pretreated with W-7 (10 uM) or DMSO as a control, and cultured with BMP2 (200 ng/
mL) for 30 min. Cell extracts were analyzed by western blotting using anti-phospho-CaMKII
antibody. B-actin was used as a control.

(TIFF)
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