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Abstract

Pulp capping, or placing dental materials directly onto the vital pulp tissues of affected teeth, is a dental procedure that aims to regenerate
reparative dentin. Several pulp capping materials are clinically being used, and calcium ion (Ca®*) released from these materials is known
to mediate reparative dentin formation. ORAII is an essential pore subunit of store-operated Ca* entry (SOCE), which is a major
Ca® influx pathway in most nonexcitable cells. Here, we evaluated the role of ORAII in mediating the odontogenic differentiation
and mineralization of dental pulp stem cells (DPSCs). During the odontogenic differentiation of DPSCs, the expression of ORAI/
increased in a time-dependent manner. DPSCs knocked down with ORAIl shRNA (DPSC/ORAIIsh) or overexpressed with dominant
negative mutant ORAII5'%? (DPSC/E106Q) exhibited the inhibition of Ca®" influx and suppression of odontogenic differentiation and
mineralization as demonstrated by alkaline phosphatase (ALP) activity/staining as well as alizarin red S staining when compared with
DPSCs of their respective control groups (DPSC/CTLsh and DPSC/CTL). The gene expression for odontogenic differentiation markers
such as osteocalcin, bone sialoprotein, and dentin matrix protein | (DMP/) was also suppressed. When DPSC/CTL or DPSC/EI06Q
cells were subcutaneously transplanted into nude mice, DPSC/CTL cells induced mineralized tissue formation with significant increases
in ALP and DMPI staining in vivo, whereas DPSC/E106Q cells did not. Collectively, our data showed that ORAII plays critical roles in
the odontogenic differentiation and mineralization of DPSCs by regulating Ca>* influx and that ORAII may be a therapeutic target to
enhance reparative dentin formation.

Keywords: calcium, store-operated calcium entry (SOCE), reparative dentin formation, calcium release-activated calcium (CRAC)
channels, pulp capping, odontogenic mineralization

Introduction nonexcitable cells, Ca>" influx is tightly regulated by the store-
operated Ca®" entry (SOCE) pathway and is mediated through
store-operated Ca”" release—activated Ca”" (CRAC) channels
(Prakriya et al. 2006). Clinical studies showed that mutations
in components of CRAC channels including ORAI1 and its
associating protein, STIM1, are associated with clinical syn-
dromes such as immunodeficiency, myopathy, and ectodermal
dysplasia with defective dentition (McCarl et al. 2009; Picard
et al. 2009), suggesting that Ca>" regulation is also important in
craniofacial regions including dentition.

One of the major goals in restorative dentistry after deep caries
removal is to enhance pulpal wound healing by regenerating
reparative dentin, which will function as a physical barrier
from dental materials to protect the underlying pulp tissues.
Several dental materials including calcium hydroxide
(Ca(OH),), mineral trioxide aggregate (MTA), and Biodentine
(Septodont, Lancaster, PA, USA) are often used in clinics to
induce reparative dentin formation by odontoblast-like dental
pulp stem cells (DPSCs) (Hilton et al. 2013). Although these
materials are different in nature and clinical outcomes, they all
share some common properties that are believed to be impor-
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ORAI1 is an essential pore subunit of SOCE, which is a
major Ca’” influx pathway in most nonexcitable cells (Feske
et al. 2006). Upon stimulation, the cells release Ca’" from the
endoplasmic reticulum (ER), followed by extracellular Ca**
influx through SOCE. This pathway not only refills the
depleted ER Ca®" stores but also provides a direct Ca** signal
to activate downstream responses including the nuclear factor
of activated T cells (NFAT) signaling pathway (Parekh and
Putney 2005). ORAII has been extensively studied in immu-
nology as NFAT is the transcription factor that is necessary for
the activation, differentiation, and effector functions of T cells
(Srikanth and Gwack 2013). Yet, the role of ORAI1 in func-
tions of other cell types is not clear.

Recent studies showed the importance of ORAII in bone
formation (Hwang et al. 2012; Robinson et al. 2012). Bone-
forming osteoblasts are similar to dentin-forming odontoblasts
in that they both undergo secretion of the extracellular matrix
and formation of mineralized hydroxyapatite (HA) (Gronthos
et al. 2000; Gronthos et al. 2002). When the layer of odonto-
blasts at the dentin-pulpal interface becomes breached due to
physical trauma such as direct pulp exposure, odontoblast-like
pulp stem cells such as DPSCs are recruited and mediate pulpal
wound healing by regenerating reparative dentin (Lin and
Rosenberg 2011; Simon et al. 2011). However, the role of
ORAII in the odontogenic differentiation of DPSCs is yet to be
determined. Therefore, we hypothesized that ORAI1 might
play critical roles in the odontogenic differentiation and miner-
alization of DPSCs by regulating Ca®" influx.

Materials and Methods
Cell Cultures

Primary DPSCs were isolated from extracted human teeth as
described previously (Gronthos et al. 2002; Mehrazarin et al.
2011; Kim et al. 2013; Williams et al. 2013). Extracted teeth
were obtained according to the protocol approved by the insti-
tutional review board (protocol #14-000270). From the primary
cultures, multicolony-derived DPSCs were obtained and main-
tained in the basal medium containing 10% fetal bovine serum
(FBS) in a-MEM (Life Technologies, Grand Island, NY, USA).
To induce these cells to undergo differentiation and mineraliza-
tion, cells (<5 passages) were cultured in the induction medium
containing 10% FBS, 100 pM ascorbic acid 2-phosphate,
10 mM B-glycerophosphate, and 1.8 mM KH PO, (Sigma-Aldrich
Inc., St. Louis, MO, USA) in a-MEM (Life Technologies).

Retroviral and Lentiviral Vector Construction
and Transduction of Cells

DPSCs were transduced with lentiviruses capable of knocking
down ORAIl or retroviruses capable of overexpressing
ORAII*'%?, 3 dominant negative mutant that has a point mutation
in the negatively charged residues (Prakriya et al. 2006; Gwack
etal. 2007). The pLKO.1 and pLKO.1-ORAIlsh lentiviral vec-
tors (Sigma-Aldrich Inc.) and the pMSCV-CITE-eGFP-Puro

(MO70) and MO70-ORAI1®'*? retroviral vectors (Gwack
et al. 2007) were used to prepare viruses as described previ-
ously (Kim et al. 2010). These vectors were transfected into
GP2-293 universal packaging cells (Clonetech, Mountain View,
CA, USA) along with the pVSV-G envelope plasmid using
Lipofectamine 2000 (Life Technologies). Two days after trans-
fection, the virus supernatant was collected and concentrated by
ultracentrifugation. The virus pellet was suspended in serum-
free a-MEM (Life Technologies) and was used for immediate
infections or stored at —80 °C for later use. DPSCs at passage 2
or 3 were infected with viruses containing pLKO.1, pLKO.1-
ORAI1sh, MO70, and MO70-ORAI1/E106Q in the presence of
6 pg/mL polybrene for 3 h, and these cells were denoted as
DPSC/CTLsh, DPSC/ORAIlsh, DPSC/CTL, and DPSC/
E106Q, respectively. All of these viruses consistently gave
more than 90% of infection efficiency (Kim et al. 2010). The
drug selection of cells began at 48 h after the infection with
1 pg/mL puromycin. The drug-resistant cells were maintained
in subcultures as described above.

Single-cell Intracellular Free Ca®* Imaging

Cells were plated on ultraviolet-sterilized coverslips 1 d prior
to imaging. The next day, cells were loaded with 1 mM Fura-
2AM for 45 min at 25 °C. Intracellular [Caer]i measurements
were performed using essentially the same methods as previ-
ously described (Kim et al. 2011). Briefly, cells were mounted
in an RC-20 closed bath flow chamber (Warner Instrument
Corp., Hamden, CT, USA) and analyzed on an Olympus IX51
epifluorescence microscope (Olympus, Center Valley, PA,
USA) with SlideBook (Intelligent Imaging Innovations Inc.,
Denver, CO, USA) imaging software. Cells were perfused with
Ca**-free Ringer solution, and Ca®* stores were passively
depleted with 1 pM thapsigargin. Fura-2 emission was detected
at 510 nm with excitation at 340 and 380 nm, and the Fura-2
emission ratio (340/380) was acquired at every 5-s interval
after subtraction of the background. For each experiment, 50 to
100 individual cells were analyzed using OriginPro (OriginLab
Corp., Northampton, MA, USA) analysis software. Acquisition
and image analysis including measurement of the Pearson cor-
relation coefficient was performed using SlideBook (Intelligent
Imaging Innovations Inc.) software, and graphs were plotted
using OriginPro 8.5 (OriginLab Corp.).

Quantitative Real-time Polymerase Chain
Reaction (qRT-PCR)

Total RNA was isolated, and cDNA was created as described
previously (Kim et al. 2013). qRT-PCR was performed in trip-
licate for each sample with LC480 SYBR Green I master mix
(Roche, Indianapolis, IN, USA) using universal cycling condi-
tions on LightCycler 480 (Roche). A total of 55 cycles were
performed, and the second derivative Cq value determination
method was used to compare fold differences. The primer
sequences are available upon request.



1562

Journal of Dental Research 94(11)

E 4 o Day 0
] 0.008 O Day4
[a @Day7
— < m Day 10
g (D 0.006
59
§ 8 0.004
x N
E E 0.002
|-
[=]
P 0
S’
ORAI1 ORAI2 ORAI3 STIM1 STIM2

Figure I. Gene expression levels of ORAI and STIM. Dental pulp stem
cells (DPSCs) were induced to undergo odontogenic differentiation.
Cells were collected at 0, 4, 7, and 10 d, and quantitative real-time
polymerase chain reaction was performed to examine the expression of
ORAIl, ORAI2, ORAI3, STIMI, and STIM2.

Alkaline Phosphatase (ALP) Staining/Activity
and Alizarin Red S (ARS) Staining

ALP staining/activity was performed 7 d after induction using
an ALP staining kit (86R-1KT; Sigma-Aldrich Inc.) according
to the manufacturer’s protocol. ARS staining was performed
3 wk after odontogenic induction. For ARS staining, cells were
fixed with 1% formalin/phosphate buffered saline (PBS) for
10 min and stained with 2% ARS solution (pH of 4.1-4.3 with
10% ammonium hydroxide) for 30 min at room temperature.
The ARS solution was removed, and cells were washed with
ddH ,0. The plates were photographed using both a microscope
and camera. For the quantification of ARS staining, stained
cells were destained in 10% acetylpyridinium chloride (Sigma-
Aldrich Inc.) and measured at 562 nm using a microplate
reader.

Subcutaneous Transplantation in Nude Mice

Subcutaneous transplantation of the cell mixture was per-
formed using nude mice as previously described (Fan et al.
2009) according to guidelines approved by the Chancellor’s
Animal Research Committee (ARC# 2004-031). Briefly,
approximately 2.0 x 10° of DPSC/CTL or DPSC/E106Q cells
in 40 pL of medium were mixed with 40 mg of HA/tricalcium
phosphate (TCP) ceramic particles (Zimmer, Carlsbad, CA,
USA). The mixture was incubated at 37 °C for 2 h with gentle
shaking and then transplanted subcutaneously into the dorsal
suprascapular regions of 10-wk-old immunocompromised
nude mice that were randomly assigned (nu/nu; n = 4 per
group) (Charles River Laboratories, Wilmington, MA, USA).
The mice were housed in the pathogen-free UCLA vivarium
under daily monitoring by veterinarians. Eight weeks after
transplantation, the transplants were harvested. Half of the tis-
sues were used to prepare cryosections, and the other half were
used to prepare formalin-fixed paraffin-embedded (FFPE) sec-
tions. This animal study is in compliance with the ARRIVE
guidelines.

Mineralized Tissue Quantification
and Immunohistochemical Staining

Half of the tissues were fixed with 4% paraformaldehyde in
PBS (pH 7.4) at 4 °C overnight and stored in 70% ethanol solu-
tion. These tissues were decalcified with 5% EDTA and 4%
sucrose in PBS (pH 7.4). Decalcification continued for 2 wk at
4 °C, and the decalcification solution was changed daily. Tissue
samples were sent to the UCLA Translational Pathology Core
Laboratory and processed for FFPE sections. Sectioned slides
were stained using hematoxylin and eosin. Four images were
taken from each section under a microscope (x40) (Model
DP72; Olympus), and quantitative analysis of mineralized tis-
sues was performed using ImageJ (National Institutes of
Health, Bethesda, MD, USA). Immunohistochemistry staining
was performed with anti-DMP1 (MABDI19; Millipore,
Billerica, MA, USA) on 4-um-thick sections according to the
manufacturer’s protocol. The samples were counterstained
with hematoxylin, and photographs were taken under a
microscope.

Cryostat Sectioning and ALP Staining

The other half of the tissues was snap-frozen in hexane using
liquid nitrogen and 2-methylbutane and embedded in a 5% car-
boxymethyl cellulose gel. Five-micrometer-thick sections
were prepared using the Kawamoto film method (Cryofilm
transfer kit; Finetec, Tokyo, Japan). The sections were fixed in
ice-cold 5% acetic acid in ethanol and subjected to ALP stain-
ing using an ALP staining kit (86R-1KT; Sigma-Aldrich Inc.)
according to the manufacturer’s protocol.

Statistical Analysis

The outcome measurements from the experiments were dis-
played as the mean + standard deviation. To compare the
means of outcome measurements, the Student’s ¢ test was con-
ducted with a significance level of 0.05 using SPSS v18.0 soft-
ware (IBM Corp., Armonk, NY, USA).

Results

Expression of ORAI and STIM during
Odontogenic Differentiation

To examine whether CRAC channels are involved in odonto-
genic differentiation, we screened for the gene expression of
ORAII, ORAI2, and ORAI3, as well as STIM1 and STIM?2, dur-
ing odontogenesis in DPSCs. We found that all of these genes
were strongly induced in a time-dependent manner as DPSCs
undergo odontogenic differentiation (Fig. 1A—E). In particular,
ORALI1 expression was more significantly induced, suggesting
that among different ORAIl family members, ORAIl may
play an important role during the odontogenic differentiation
of DPSCs.
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Knockdown of ORAII Expression in DPSCs
Inhibits Odontogenic Differentiation
and Mineralization In Vitro

DPSCs infected with retroviruses expressing ORAI1 shRNA
were able to knock down endogenous ORAII up to 70% (Fig.
2A). SOCE is impaired in DPSC/ORAI1sh cells, indicating that
ORAII knockdown functionally inhibited Ca** influx (Fig.
2B). When DPSC/CTLsh cells were grown in the odontogenic
medium, these cells underwent odontogenic differentiation and
mineralization as demonstrated by increased ALP staining/
activity and ARS staining; however, DPSC/ORAIlsh cells
exhibited diminished ALP staining/activity and ARS staining
(Fig. 2C, D). Similarly, qRT-PCR revealed the suppressed
expression of odontogenic markers including osteocalcin (OC),
bone sialoprotein (BSP), and dentin matrix protein 1 (DMPI)
(Fig. 2G-J). Collectively, these data indicate that ORAII is
essential in odontogenic differentiation and mineralization.

Dominant Negative Mutant ORAI | *'%¢2

Inhibits Odontogenic Differentiation
and Mineralization In Vitro

To examine whether the function of ORAII is directly associ-
ated with impaired odontogenic differentiation, we overex-
pressed the dominant negative mutant, ORAI1*'"?, in DPSCs
(Fig. 3A). Compared with DPSC/CTL cells, DPSC/E106Q
cells showed impaired store-operated Ca®" influx (Fig. 3B) and
suppressed ALP staining (Fig. 3C). ALP expression was sig-
nificantly suppressed when DPSC/E106Q cells were induced
to undergo odontogenic differentiation (Fig. 3D). The time-
dependent suppression of odontogenic markers such as OC,
BSP, and DMP1I was also observed (Fig. 3E-H), indicating
that abrogation of the ORAI1 function also inhibits odonto-
genic differentiation.

Dominant Negative Mutant ORAI %962
Inhibits Odontogenic Differentiation
and Mineralization In Vivo

To examine whether ORAII plays an important role in odonto-
genic differentiation and mineralization in vivo, we trans-
planted DPSC/CTL or DPSC/E106Q cells in nude mice
subcutaneously. After 8 wk, all mice survived without any
notable health conditions, and the harvested tissues did not
show any gross differences in size (data not shown).
Histological examination revealed significant formation of
mineralized tissues in the mass of DPSC/CTL cells, whereas
no mineralized tissues were formed in the mass of DPSC/
E016Q cells (Fig. 4A, B). ALP staining on cryosections
revealed significant amounts of ALP enzymatic activity in
DPSC/CTL cells compared to none in DPSC/E106Q cells (Fig.
4C). Furthermore, consistent with the in vitro qRT-PCR results,
immunohistochemistry staining for DMP1 showed notable
staining patterns in the mass of DPSC/CTL cells, whereas no

staining was shown in the mass of DPSC/E016Q cells nor from
controlled isotypes (Fig. 4D and Appendix Fig.). These data
indicate that abrogating functions of ORAII also suppressed
odontogenic differentiation and mineralization in vivo.

Discussion

ORALI1 is a CRAC channel that plays an important role in reg-
ulating Ca®" influx in most nonexcitable cells (Prakriya et al.
2006). Here, we found that ORAI1 is required for the odonto-
genic differentiation and mineralization of DPSCs both in vitro
and in vivo. To the best of our knowledge, this is the first study
reporting an essential role of ORAI1 in the odontogenic dif-
ferentiation and mineralization of DPSCs.

Recent studies showed that ORAII plays an important role
in mediating osteogenic differentiation and mineralization in
osteoblasts. Orail”~ mice exhibited osteoporosis phenotypes,
and bone marrow—derived stromal cells (BMSCs) from Orail ™
mice showed diminished ALP and ARS staining in vitro
(Hwang et al. 2012). Interestingly, Robinson et al. (2012)
observed that these Orail”~ mice exhibited smaller teeth with
thin enamel. In line with these findings, our study showed that
ORALI1 plays an important role in the differentiation and min-
eralization of DPSCs. We demonstrated this by nullifying Ca*"
influx through knocking down ORAII expression or by over-
expressing the dominant negative form of ORAI1®? in vitro
(Figs. 2 and 3). We further showed that DPSCs expressing
ORAI1"'"? exhibited the suppressed formation of mineralized
tissues in vivo (Fig. 4). Our study, along with others using
BMSCs, demonstrated the indispensable functions of ORAII
not only in bone but also in tooth homeostasis.

Historically, Ca(OH), has been used as a direct pulp cap-
ping material for many years, and it is generally believed that
high pH due to the OH™ group is largely responsible for repara-
tive dentin formation in vivo by creating an alkaline environ-
ment that promotes the mineralization process (Kohn et al.
2002; Ferracane et al. 2010; Luca et al. 2010). However,
increasing lines of evidence support a notion that Ca*" released
from these direct pulp capping materials may actively partici-
pate in reparative dentin formation (Sangwan et al. 2013;
Natale et al. 2015). Indeed, a recent study comparing Ca(OH) 5
and MTA demonstrated that, although both materials release
Ca®" over 28 d, Ca released from Dycal containing Ca(OH) ,
was significantly lower than MTA (Natale et al. 2015).
Biodentine (Septodont), another form of direct pulp capping
material composed of tricalcium silicate that induces repara-
tive dentin formation, also has been shown to release signifi-
cant amounts of Ca>" (Nowicka et al. 2013; Camilleri 2014).

It is noteworthy that calcium phosphate ceramics such as
HA and B-TCP are commonly used as bone grafting materials.
A previous study showed that, between 2 materials, B-TCP is
more potent in inducing bone formation (Yuan et al. 2010), and
such a difference was shown to be associated with more Ca*"
release in B-TCP when compared with HA (Barradas et al.
2013). The free form of Ca®* is known to induce mineralization
(Nakamura et al. 2010; Cheng et al. 2013), and osteoblasts are
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Figure 2. Knockdown of ORAII in dental pulp stem cells (DPSCs) inhibits odontogenic differentiation and mineralization in vitro. (A) DPSCs were
infected with lentiviruses containing ORAII shRNA. (B) Intracellular Ca™ imaging assay was performed to confirm ORAII function. TG, thapsigargin.
(C, D) DPSC/CTLsh and DPSC/ORAI I sh cells underwent odontogenic differentiation for 7 d. Alkaline phosphatase (ALP) staining was performed,
and ALP activity was measured. (E) Alizarin red S (ARS) staining was performed 3 wk after odontogenic differentiation. (F) ARS staining was
quantified. (G-l) Cells were harvested at 0, 3, and 7 d, and quantitative real-time polymerase chain reaction was performed for osteocalcin (OC), bone
sialoprotein (BSP), and dentin matrix protein | (DMP[). *P < 0.05, **P < 0.05, and ***P < 0.005.

known to propagate the Ca®" signaling pathway (Jergensen
et al. 2000). In human pulp cells, increased extracellular Ca*"
was shown to alter the expression of bone-related genes

including BMP-2 (Rashid et al. 2003; Tada et al. 2010).
Therefore, it is tempting to speculate that, among all the other
known odontogenic factors (e.g., high pH) in direct pulp
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Figure 3. The dominant negative mutant ORAII®'% inhibits the odontogenic differentiation and mineralization of dental pulp stem cells (DPSCs) in

vitro. (A) DPSCs were infected with retroviruses containing ORAII¥'%2, and expression was confirmed using green fluorescence. (B) Intracellular Ca**
imaging assay was performed to further confirm the ORAII function. TG, thapsigargin. (C) DPSC/CTL and DPSC/E106Q cells underwent odontogenic
differentiation for 7 d. Alkaline phosphatase (ALP) staining was performed. (D-G) Cells were harvested at 0, 4, 7, and 10 d, and quantitative real-time
polymerase chain reaction was performed for ALP, osteocalcin (OC), bone sialoprotein (BSP), and dentin matrix protein | (DMPI). *P < 0.05, **P < 0.05,

and *¥P < 0,005.

capping materials, Ca®" released from Ca(OH),, MTA, or
Biodentine (Septodont) may be the main component in induc-
ing reparative dentin formation.

Our study demonstrated that ORAI1 plays a key role in
odontogenic differentiation by mediating Ca’>" influx. Ca*"
channels other than ORAI1 such as the L-type voltage-gated
Ca®" channel (L-VGCC) are known to be involved in the min-
eralization process (Barradas et al. 2012; Koori et al. 2014). In
particular, periodontal ligament cells were recently shown to
have the capacity to undergo osteogenic differentiation upon
Ca’" treatment in an L-VGCC—dependent manner as demon-
strated by suppressed osteogenic differentiation using

nifedipine, a known L-VGCC inhibitor (Koori et al. 2014). In
contrast, Barradas et al. (2012) did not see a notable difference
when treating with nifedipine. Recently, Ju et al. (2015) reported
that Cal2 of the L-VGCC plays an essential role in the odon-
togenic and neural differentiation of DPSCs, which might be
mediated through the regulation of distal C-terminus levels in
DPSCs. Further studies should be performed to define a pre-
dominant role of the L-VGCC or ORAII in the odontogenic
differentiation and mineralization of DPSCs.

In summary, we have demonstrated the important role of
ORAI1 in the odontogenic differentiation and mineralization
of DPSCs both in vitro and in vivo. Our study suggests that
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Figure 4. The dominant negative mutant ORAII¥'%? inhibits the odontogenic differentiation
and mineralization of dental pulp stem cells (DPSCs) in vivo. (A) DPSC/CTL and DPSC/EI06Q
cells were transplanted subcutaneously into the dorsal suprascapular regions of 10-wk-old
immunocompromised nude mice. The nodules were harvested after 8 wk, and the formalin-
fixed paraffin-embedded (FFPE) section was prepared for hematoxylin and eosin staining. HA,
hydroxyapatite scaffolds; MT, mineralized tissue. (B) The mineralized tissues were quantified (n =
4). (C) The cryosection was subjected to alkaline phosphatase staining. (D) The FFPE section was
subjected to immunohistochemistry using DMP| antibody. The bar represents 100 ym.
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