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Mesenchymal stem cells (MSCs) have been identified in human dental tissues. Dental pulp stem cells (DPSCs) were classified
within MSC family, are multipotent, can be isolated from adult teeth, and have been shown to differentiate, under particular
conditions, into various cell types including osteoblasts. In this work, we investigated how the differentiation process of DPSCs
toward osteoblasts is controlled. Recent literature data attributed to the nuclear receptor related 1 (NURR1), a still unclarified
role in osteoblast differentiation, while NURRI is primarily involved in dopaminergic neuron differentiation and activity. Thus,
in order to verify if NURRI1 had a role in DPSC osteoblastic differentiation, we silenced it during all the processes and compared
the expression of the main osteoblastic markers with control cultures. Our results showed that the inhibition of NURRI
significantly increased the expression of osteoblast markers collagen I and alkaline phosphatase. Further, in long time cultures,
the mineral matrix deposition was strongly enhanced in NURRI-silenced cultures. These results suggest that NURRI plays a
key role in switching DPSC differentiation toward osteoblasts rather than neuronal or even other cell lines. In conclusion,
DPSCs represent a source of osteoblast-like cells and downregulation of NURRI strongly prompted their differentiation toward
the osteoblastogenesis process.

the reparative dentin is deposed as a protective barrier for the
pulp as a consequence of trauma or cavity [4, 5]. DPSCs are
normally quiescent, but, following injuries that cause odon-

The regenerative medicine is increasing its interest in using
adult stem cells for the regeneration of mineralized tissues.
Specifically, wide variety of postnatal MSCs have been identi-
fied in the dental tissues in the past decade. In particular,
DPSCs can be isolated from the dental pulp of adults, a tissue
containing the progenitors of the dentinogenic lineage and
thus physiologically involved in the reparative processes
of dentin [1-3]. Although the regenerative process of the
dentin/pulp complex is not well understood, it is known that

toblast death, they can resume their biological activity. Thus,
in response to stimuli located on pulp-dentin interface,
DPSCs are recruited at the site of the lesion and differentiate
into odontoblasts synthesizing reparative dentin and pre-
serving tooth vitality. Previous works showed that DPSCs
can be considered odontoblast/osteoblast precursors because
they express osteogenic markers and are responsive to many
growth factors for osteo/odontogenic differentiation [6-8].
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In addition, dental pulp cells are capable of forming mineral
matrix nodules [2, 9-11]. Actually, it has been demonstrated
that DPSCs can differentiate toward multiple cell lineages;
hence, when stimulated with the appropriate culture media,
they showed the capacity to differentiate into chondrocyte-
like, adipocyte-like, and osteoblast-like cells [12-17]. Consis-
tently, more studies showed that DPSCs, when properly
stimulated, can be induced to differentiate into neuronal-
like and glial cells expressing the typical markers nestin and
glial fibrillary acidic protein (GFAP) [18-21]. In addition,
DPSCs showed to differentiate into osteoblast-like cells,
express the main bone matrix protein collagen I (Coll), the
typical osteoblast enzyme alkaline phosphatase (ALP), and
form nodules of mineralized matrix [2, 15, 22-24]. This sug-
gests the presence of different niches of progenitors/stem
cells in the pulp with a multipotency of differentiation that
can be intercepted and altered by the appropriate stimuli.
Morphological characteristics of DPSCs were compared to
those of mesenchymal stem cells (MSCs) from bone marrow;
the comparison showed many similarities [2, 13]; it is also
relevant that gene expression profiles of the two cell
populations were very similar [25-27]. The finding of the
differentiation potential of DPSCs led the scientists to con-
sider them as an alternative source of postnatal stem cells.
In particular, the ability to differentiate into osteoblast-like
cells, which are able to deposit a mineralized matrix, has
revolutionized the dental research and opened new per-
spectives for reconstructive surgery and calcified tissue
bioengineering. The literature data on dental stem cells
are so promising that American companies, with the
approval by the Food and Drug Administration (FDA),
provide a service of isolation and preservation of these
cells where the onset of disease would make their use
beneficial in therapy. Although the plasticity of DPSCs
and their ability to generate many different cell lines are
already known, what genes are involved in the multilineage
differentiation ability of these cells and in their osteoblastic
differentiation process remains unclear and needs to be
deeply investigated, since osteoblastogenesis is influenced
by many cytokines and genes [28, 29]. We have reported in
a previous work that DPSCs express the nuclear receptor
NURRLI in basal and in osteogenic conditions [23], a surpris-
ing finding, considering that NURRI is a member of the
nuclear steroid/thyroid receptor superfamily, expressed pri-
marily in the central nervous system, essential for the survival
and development function of dopaminergic neurons of the
ventral nuclei of the brain [30]. Indeed, the expression of
NURRI was already described in DPSCs and SHEDs, but a
role for the receptor was mostly attributed during the differ-
entiation toward a neuronal phenotype [19, 31-33]. Actually,
a couple of works reported, in mice calvarial osteoblast and
MC3T3-El, that NURRI increased the expression of osteo-
blastic markers [34, 35]. Conversely, a more recent work
described a cross talk between NURRI and f-catenin where
NURRI inhibited f-catenin-mediated expression and f-
catenin was capable of inhibiting the transcriptional activity
of NURRI [36]. So far, NURRI is expressed in DPSCs, but
its role in the osteogenic differentiation is still controversial
and needs more investigations. Thus, having established that
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DPSCs are an excellent model for studying the osteoblast
differentiation [2, 15, 22-24], in this work, we knock
down NURRI in DPSCs, by using the gene silencing tech-
nology, and elucidated the effect and the role of Nurrl in
osteoblast differentiation.

2. Results

2.1. Osteogenic Trigger Inhibits Neuronal Markers Expression
in DPSCs. To confirm that DPSCs, following the osteogenic
differentiation treatment, commit to osteoblastic lineage
and lose their multipotency, we analyzed the expression of
the neuronal protein nestin and the astrocytes marker GFAP.
The cells were cultured in presence of osteogenic media, and
the total cell lysates were collected at different time points
(T0, 4, 8, and 12 days) to be analyzed by Western blotting.
Figure 1 shows that both nestin and GFAP are expressed
during the first phases of osteogenic differentiation, but their
expression became dramatically reduced after 8 days of
culture. These results demonstrated that, during the first days
(4-8) of osteogenic differentiation, DPSCs continue to
maintain neural potentials, or perhaps not all the cells are
already committed while, after 8 days of culture in osteogenic
medium, the neuronal potential of DPSCs appeared
completely suppressed.

2.2. NURRI Expression Was Knocked Down in DPSCs. Our
previous work, showing that NURRI was expressed in
DPSCs in basal conditions and still present when the cells
differentiated into osteoblast-like cells [23], prompted us
to deeper investigate the role of NURRI in DPSCs during
the differentiation toward osteoblastic lineage. To this pur-
pose, we used siRNA to knock down NURRI expression in
DPSCs from time zero (T0) during the whole differentia-
tion process. The cells were seeded in osteogenic medium
and the silencing sequences NURR1 (SIL) or scramble
(CTR) were added every 48hrs in order to keep NURRI1
downregulated. All cell lysates were collected and subjected
to qPCR showing a dramatic reduction of Nurrl mRNA in
silenced samples relative to CTR at the all analyzed time
points (2, 4, 6, and 8 days) (Figure 2(a)). Detection of
NURRI protein levels was performed by Western blotting,
confirming the decrease of the protein in NURRI silenced
cells (Figure 2(b)).

2.3. NURRI Downregulation Favors the Osteogenic
Differentiation of DPSCs. Once verified that NURRIlex-
pression was silenced during the osteoblastic differentia-
tion of DPSCs, we analyzed how NURRI1 knockdown
could influence the osteogenic differentiation of DPSCs.
Osteoblastic markers such as ALP, Coll, Runx-2, osteo-
protegerin (OPG), osteopontin (OPN), and osteocalcin
(OCN) were studied by qPCR: a schematic panel of the
results is shown in Table 1.

However, the osteogenic markers that were significantly
influenced by NURR1 downregulation have been described
in details below. The expression of the typical osteoblast early
markers Coll and ALP was determined by qPCR (Figure 3).
Coll mRNA level increased in the CTR cells, along the
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FIGURE 1: Expression of GFAP and nestin during osteogenic differentiation of DPSCs. Immunoblots show the protein expression trend
of GFAP and nestin in DPSCs cultivated in osteogenic conditions for 4, 8, and 12 days. Both proteins were expressed during the first
phases of osteogenic differentiation (4-8 days), but their expression dramatically dropped after 8 days of culture. Data are presented as
means + SE of 3 independent donors. *P < 0.01 compared to TO. Statistics: unpaired Student’s ¢-test.

analyzed differentiation steps (Figure 3(a)), as well as ALP
(Figure 3(b)), confirming that DPSCs cultivated in osteo-
genic medium acquired the typical osteoblastic features.
Intriguingly, the expression of Coll significantly increased
in NURRLI silenced cells compared to CTR cells with a sig-
nificant trend at 6 and 8 days, as did ALP at 8 days, sug-
gesting that NURR1 downregulation favors the osteogenic
differentiation of DPSCs. The expression trend of Coll
was further confirmed, in NURRI silenced and CTR cells,
by Western blot analysis. As shown in Figure 3(c), Coll
protein level increased in NURRI silenced cells if compared
with CTR cells at 2-6 days, thus confirming the mRNA
data. The molecular result of ALP trend was further sup-
ported by the histochemical evaluation of ALP expression.
The histochemical assay was performed on DPSCs CTR
and siNURRI after 8 days of osteogenic differentiation
(Figure 4(a)). As revealed by the purple staining, ALP
expression was significantly more abundant in siNURRI
cells compared to CTR cells (~150%) corroborating the idea
that NURRI expression must be downregulated to prompt
the cells to osteogenic lineage.

2.4. Downregulation of NURRI in DPSCs Favors the Mineral
Matrix Deposition Ability. To further investigate the role of
NURRI in osteoblast differentiation of DPSCs, we cultured
CTR and NURRI silenced cells in mineralizing conditions.
The silencing sequences (siNURR1) or scramble (CTR)
were added every 48 hrs in order to keep NURRI downreg-
ulated. A histochemical assay was used to analyze how

NURRI knockdown could influence the ability of DPSCs
to mineralize. As showed in Figure 4(b), the capacity of
DPSCs to mineralize was highly enhanced in NURRI
silenced cells compared to CTR cells (200%). These results
are in agreement with the increased expression of osteo-
blast markers Coll and ALP and confirmed the finding
that NURRI is expressed in undifferentiated DPSCs, but
down levels of the receptor prompt the differentiation of
the cells toward the osteoblastic lineage and mineral
matrix deposition.

3. Discussion

So far, NURRI has been considered primarily involved in
dopaminergic neurons differentiation and activity. Inter-
estingly, a key role for the receptor was attributed during
the differentiation of DPSCs toward a neuronal phenotype
[19, 31-33]. Indeed, NURRI is crucial for dopaminergic
neuron function [37] and its malfunction has been correlated
with neurological and inflammatory disease [38, 39]. By con-
trast, literature data about NURRI role in osteoblasts are
controversial: studies in mice highlighted an effect in increas-
ing the osteoblastic phenotype of primary culture and osteo-
blastic cell lines [34, 35], while a more recent work indicated
that NURRI downregulated the main osteoblastic differenti-
ation pathway, involving f3-catenin, in a human osteoblastic
cell line [36]. In addition, we found that MSCs such as DPSCs
express NURRI in basal and osteogenic conditions [23].
Thus, NURRI is expressed in DPSCs, with a prominent role
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F1cure 2: Effect of NURRI short-interfering knockdown. (a) qPCR of DPSCs differentiated in osteogenic conditions and transfected with
NURRI-specific siRNA (black bars) or scrambled sequences as control (white bars) showed the effective knockdown of NURRI mRNA. A
time course demonstrated that NURRI expression remained downregulated along the culture. Expression was normalized to GAPDH.
*P<0.01 compared to CTR. (b) NURR]I mRNA downregulation was confirmed and validated by Western blotting indicating that
NURRI protein was knocked down. Each graph represents means+SE of 3 independent donors. *P <0.01 compared to CTR.

Student’s t-test was used for single comparison.

in neuronal differentiation, but its role in the osteogenic dif-
ferentiation needs more investigations. Consistent with the
essential role played by NURRI in nervous tissue, we specu-
lated if the molecule could, in some way, influence the DPSC

differentiation toward the osteoblastic phenotype and, more
precisely, if NURRI inhibition could interfere with DPSC
osteoblastogenesis. Primarily, we studied the neuronal
marker nestin and the neuroglia marker G-Fap during DPSC
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TaBLE 1: Osteogenic markers in DPSC cultures: NURRI silenced
versus CTRs.

2 days 4 days 6 days 8 days
ALP UN + ++ ++
Coll UN ++ ++ ++
Runx-2 + UN + -
OPG UN - - ++
OPN + - - UN
OCN NF NF + +

The table reports the osteogenic markers analyzed at 2, 4, 6, and 8 days
of differentiation in NURRI silenced and CTR cultures. The symbols
indicate the ratio of NURR1 SIL compared to CTR cultures (expressed as
%). + corresponds to an increase 10-50%; ++ corresponds to an increase
higher than 50%; — corresponds to a decrease 10-50%; UN indicates a not
significant variation; NF indicates a not relevant detection of the marker.

osteogenic process. Both markers were expressed in DPSCs
during the first phases of osteogenic differentiation, perhaps
the cells still retaining a neuronal potency, but dramatically
decreased after 8 days of culture, indicating the expected
result that osteoblast differentiation triggers decreased DPSC
neuronal potential. Tissue regeneration, based on adult stem
cells approach, is still facing with strategies directed to
control and increase their differentiation capacity; thus, the
discovery of target molecules to modulate, in order to address
the desired commitment, is still an open challenge [40].
Mainly, MSC multipotency has the problem in regeneration
therapy to drive cell differentiation to the correct lineage,
reconstructing the expected mature tissue. The role of
NURRLI in osteoblast differentiation is not yet clearly estab-
lished and is intriguing, since it is expressed in MSCs during
osteoblastogenesis [23, 34, 36], but it is also involved in
neuronal differentiation [19, 41]. To unambiguously estab-
lish the role of this receptor in osteogenic differentiation of
MSCs, we inhibited NURR1 during all the processes submit-
ting DPSCs to a repeated multistep silencing treatment.
Primarily, we checked the successful of NURRI silencing
treatment at each time of the experiment. Hence, the main
osteogenic markers were studied. Coll expression indicated
that DPSCs acquired the capacity to secrete the main bone
matrix protein and we found that NURRI silencing increased
both mRNA and protein expression. ALP mRNA levels dra-
matically increased in silenced cells and the histochemical
assay confirmed the different enzyme quantities, indicating
that NURRI downregulation had a strong effect on the
expression of the molecule crucial for osteoblast during the
matrix deposition. The final crucial step in the bone regener-
ative process is the inorganic matrix formation [42]. Thus,
mature osteoblasts, after the secretion of organic matrix
components, begin the mineralization phase. MSCs from
dental tissues have been demonstrated to correctly undergo
to mineralization process [43]: some substances such as
vitamin D could increase the mineral matrix deposition
[44]; we found that inhibiting NURRI enhanced DPSC min-
eralization. In summary, NURRI is expressed in DPSCs, but
to pursuit the cells toward a greater matrix deposition, proper
of mature osteoblast, the receptor can be downregulated.
MSC differentiation fate can be artificially modulated,

in vitro, by the appropriate culture conditions and com-
pounds. Apparently, the epigenetic science indicates that
different stimuli can interfere with gene expression; in vivo,
this issue regards also cell differentiation. In conclusion,
our results showed the expression of nestin and GFAP in
DPSCs confirming their neural potential. In addition, we
demonstrated that such neural and glial markers are still
present during the first steps of osteogenic differentiation,
suggesting that DPSCs still maintain quite a multipotency
or perhaps not all the cells in the culture are yet committed
to osteogenic lineage. After 8 days, the expression of these
markers dramatically decreased, suggesting that the cells lose
their neural potential. In the same way, we found that
NURRLI is expressed in DPSCs, but keeping down its expres-
sion during the osteogenic differentiation, the expression of
typical osteoblastic markers is increased, culminating in
higher production of mineralized matrix. We demonstrated
that one of the mechanisms regulating MSC plasticity,
influencing their phenotype, is NURRI1 expression; in
particular, its inhibition promotes osteoblastogenesis and
enhances mineral matrix deposition. Discovering an appro-
priate in vivo method for inhibiting NURRI during MSC
osteogenic differentiation could improve an adult stem cell
based tissue engineering, enhancing bone tissue regeneration.

4. Patients, Materials, and Methods

4.1. Cell Cultures. Human pulp tissues were collected from
the third molars of twenty healthy young adults aged between
eighteen and twenty-six years. The study was approved by
the Institutional Review Board of the Department of Dental
Science and Surgery—Unit of Periodontology, University of
Bari; the patients gave written informed consent. Once the
teeth were extracted, the pulp tissues were dissected, enzy-
matically digested, and filtered to obtain single-cell suspen-
sions. DPSCs harvested were seeded and expanded as
previously described [2, 23, 45, 46]. For differentiation
toward osteogenic lineage, cell culture medium was supple-
mented with 107 M dexamethasone and 50 yg/ml ascorbic
acid (Sigma Aldrich, Milan, Italy). For induction of matrix
mineralization, we supplemented the cell culture medium
with 10°*M dexamethasone, 50 yg/ml ascorbic acid, and
10 mM p-glycerophosphate.

4.2. Short-Interfering RNA Knockdown. DPSCs were trans-
fected with NURR1-specific siRNA or scrambled sequences
as control (50nM) (Life Technologies) using RNAi Max
Lipofectamine (Life Technologies). Both specific and control
sequences were added on each medium change every 2 days,
until the end of the culture, in order to keep the protein
downregulated, reaching an optimal knockdown of NURRI
mRNA and protein (Figures 2(a) and 2(b)).

4.3. Real-Time RT-PCR. Total RNA was isolated using spin
columns (RNasy, Qiagen, Hilden, Germany) according to
the manufacturer’s instructions and reverse transcribed
(2 pg) using the Superscript First-Strand Synthesis System
kit (Invitrogen Life Technologies, Carlsbad, CA, USA); the
resulting cDNA (20ng) was subjected to quantitative PCR
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as described. Real-time PCR analysis of mRNA was per-
formed using a BioRad CFX96 Real Time System using the
SYBR green PCR method according to the manufacturer’s
instruction (BioRad iScript Reverse Transcription Supermix
cat. 170-8841). The mean cycle threshold value (Ct) from
triplicate samples was used to calculate gene expression,
and PCR products were normalized to GAPDH levels for
each reaction.

4.4. Immunoblotting. Total cell lysates were obtained as
previously described [44, 45]. Total protein concentration
was measured using the Bio-Rad Protein Assay kit, and cell
lysates were separated by SDS-PAGE before transfer onto
nitrocellulose membranes (Invitrogen, Carlsbad, CA). After
immunoblotting with the appropriate antibodies, immune
complexes were visualized by incubation with IRDye-labeled
secondary antibodies (680/800CW) (LI-COR Biosciences,
NE). For immunoblotting, the Odyssey infrared imaging
system was used (LI-COR Corp., Lincoln, NE).

4.5. Alkaline Phosphatase (ALP). The levels of the biochemi-
cal marker for the osteoblast activity, ALP, was tested in
DPSC cultures differentiated with osteogenic factors, using
the Leukocyte Alkaline Phosphatase Kit (Sigma Aldrich).
Cells were fixed, gently washed with deionized water, and
stained with ALP solution according to the manufacturer’s
instructions for 15 After incubation, the cells were rinsed
with water, air-dried, and then analyzed under the micro-
scope. ALP-positive cells show a purple color. ALP quantifi-
cation was performed by Image], analyzing the number of
colored pixels corresponding to the positive stained cells.

4.6. Alizarin Red Staining (ARS). The capacity of differenti-
ated DPSCs to produce calcium-rich deposits was analyzed
by using alizarin red staining. The cells were gently rinsed
with PBS, fixed with 10% formalin at room temperature for
10 minutes, and then rinsed again with deionized water.
The staining was performed by adding 1% of ARS solution
at room temperature for 10 minutes. After discarding the
ARS solution, the wells were rinsed twice with deionized
water and air-dried. Calcium-rich deposits appeared red
stained. As previously described, the dye was extracted from
the stained cell layer and assayed for quantification at 405 nm
[46, 47]. Briefly, 10% acetic acid was added for 30 min at
room temperature with shaking, the solution incubated
10min at 85°C and then kept on wet ice for 5min. Before
reading the optical density at 405nm, 10% ammonium
hydroxide was added to neutralize the acid. The results were
evaluated for statistical analysis.
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