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Vitamin D (Vit D) by means of its biological active form, 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), has a protective effect on the
skeleton by acting on calcium homeostasis and bone formation. Furthermore, Vit D has a direct effect on mesenchymal stem cells
(MSCs) in stimulating their osteogenic differentiation. In this work, we present for the first time the effect of 1,25(OH)2D3 on MSC
adhesion. Considering that cell adhesion to the substrate is fundamental for cell commitment and differentiation, we focused on the
expression of αVβ3 integrin, which has a key role in the commitment of MSCs to the osteoblastic lineage. Our data indicate that Vit
D increases αVβ3 integrin expression inducing the formation of focal adhesions (FAs). Moreover, we assayed MSC commitment in
the presence of the extracellular matrix (ECM) glycoprotein fibronectin (FN), which is able to favor cell adhesion on surfaces and
also to induce osteopontin (OPN) expression: this suggests that Vit D and FN synergize in supporting cell adhesion. Taken
together, our findings provide evidence that Vit D can promote osteogenic differentiation of MSCs through the modulation of
αVβ3 integrin expression and its subcellular organization, thus favoring binding with the matrix protein (FN).

1. Introduction

Vitamin D (Vit D) is well known to be important for bone
health, although its mechanism of action, direct or indirect,
is still a matter of debate; its effects on bone tissue and bone
cells have not yet been completely clarified.

Several studies speculated on the role of Vit D in the
differentiation of osteoblasts and, more recently, on mesen-
chymal stem cells (MSCs), which are known for their abilities
in promoting bone repair and regeneration in cell recon-
structive therapies [1–3].

1,25(OH)2D3, the most active form of Vit D [4],
has been identified as osteoinductive, being able to

promote in vitro the differentiation of human MSCs into
osteoblasts [5, 6].

Although MSCs from bone marrow represent an ideal
source of stem cells for bone regenerative therapies, their
harvesting is comprehensibly complicated for patients; that
is why in recent years numerous less invasive alternatives
of MSCs have been proposed. Among them, multipotent
stem cells from dental tissues (DSCs) have been tested as
reliable candidates in tissue repair, primarily because they
can be obtained from unnecessary organs such as the third
molars [7–9].

Our cell model is represented by dental bud stem cells
(DBSCs): postnatal MSCs isolated from the immature form
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of the wisdom tooth, the dental bud (DB), in children (8–12
years old). DBSCs meet all the standards to be considered
MSCs, expressing more than 95% of mesenchymal stem cell
markers; they can differentiate into osteoblast-like cells if
cultured in an osteogenic medium (OM) [10], and this pro-
cess is favored by the downregulation of the nuclear receptor
NURR1 [11]; furthermore, these cells show a pattern of adhe-
sion molecules comparable to the one described for MSCs
[12]. Thus, DBSCs represent an optimal model of MSCs
useful to study bone formation processes.

We have recently demonstrated that the active metabolite
of Vit D, 1,25(OH)2D3, is able to stimulate the osteoblastic
differentiation of DBSCs by inducing the expression of the
typical osteoblastic markers and determining a higher miner-
alization rate in vitro. Moreover, the action of this molecule
was particularly evident in the early stages of differentiation,
decreasing over time.We concluded that Vit D acts onMSCs,
driving the early phases of cell commitment toward the oste-
oblastic lineage [13].

Cell adhesion to the substrate is of fundamental impor-
tance for proliferation, commitment, and differentiation of
MSCs [14]; no data are available at present in the literature
concerning the effect of Vit D on cell adhesion molecules in
MSCs, but there are evidences that the use of titanium
substrates and Vit D has an additive effect in regulating the
integrin expression of human osteoblast-like cells [15]; more-
over, a crosstalk between the two signals, the integrin one and
that induced by Vit D in promoting osteoblastic differentia-
tion, has been hypothesized [16].

In light of this, we hypothesized that Vit D drives MSC
commitment by affecting cell adhesion.

Integrins, heterodimeric transmembrane adhesion recep-
tors, are fundamental for the extracellular matrix (ECM)
assembly and, interacting with numerous extracellular and
intracellular ligands, are crucial for cell fate control. As a mat-
ter of fact, as shown in different studies, the ECM contains
molecules able to provide signals which on the one hand
guide cell adhesion, growth, proliferation, and migration
and on the other hand can define cell differentiation through
the activation of integrin subunits [17–20].

Integrins, by using signaling proteins, are able to modu-
late both focal adhesion dynamics and cellular functions [21].

Although the specific contribution of these receptors dur-
ingMSC commitment is still unclear, integrins αvβ3 and α5β1
have been proven to possess key functions for bone biology:
β1 integrin subfamily is predominant in osteoprogenitor
cells and osteoblasts [22]; the activation of these integrins
is at the basis of many processes needed for bone develop-
ment on substrates, such as the formation of focal adhe-
sions [23–25], force sensing, and mechanotransduction
[26], and osteogenesis [27, 28].

αvβ3 integrin adhesion and the signals triggered by this
receptor might be necessary for osteoblastic differentiation
process, as proposed by Schneider et al. [20]. The expression
levels of both αv and β3 subunits, as well as their assembling
to form the functional receptor, are enhanced during DBSC
osteogenic differentiation [12].

It has been shown that α5β1 integrin and its interaction
with fibronectin (FN), an adhesive ECM glycoprotein, are

necessary for preosteoblast adhesion to the ECM and their
subsequent differentiation into mature osteoblasts [29].

Hamidouche et al. [19] showed that the expression of
α5 integrin is upregulated in MSCs under osteogenic condi-
tions and that activation of this subunit is sufficient to induce
osteoblastic differentiation. These observations also implicate
α5β1 integrin in the control of osteoblastogenesis.

Although there are many findings supporting an involve-
ment of these adhesion molecules in osteoblastic differentia-
tion process, the topic is still under debate [17].

In this study, we investigated whether Vit D can influence
the expression and subcellular localization of integrins in
MSCs, so defining the cell fate and consequently the acquisi-
tion of osteoblastic features.

We focused on the specific expression of αvβ3 integ-
rin in DBSCs cultured on fibronectin (FN) in presence
of Vit D treatment.

1.1. Patients, Materials, and Methods

1.1.1. Materials. 1α,25-Dihydroxyvitamin D3, ascorbic acid,
dexamethasone, poly-L-lysine (PLL), and fibronectin (FN)
were from Sigma Aldrich, St. Louis, MO, USA.

Antibody anti-αVβ3 clone LM609 was from Millipore;
antibodies anti-integrin αV and β3 were from BD Bioscience;
anti-RUNX2 antibody was from Abnova.

The following primer pairs were used for the RT-PCR
amplification: sense Coll I (COL1A1) 5′-CGTGGCAGTGA
TGGAAGTG-3′; antisense Coll I 5′-AGCAGGACCAGCGT
TACC-3′; sense RUNX2 5′-GGAATGCCTCTGCTGT
TATG-3′; antisense RUNX2 5′-TTCTGTCTGTGCCTTC
TGG-3′; sense OPN (SPP1) 5′-CTGATGAATCTGATGA
ACTGGTC-3′; antisense OPN 5′-GTGATGTCCTCGTCTG
TAGC-3′; sense β-actin (ACTB) 5′-AATCGTGCGTGACA
TTAAG-3′; antisense β-actin 5′-GAAGGAAGGCTGGA
AGAG-3′; sense β2 microglobulin (B2M) 5′-ATGAGTATG
CCTGCCGTGTGA-3′; antisense β2 microglobulin 5′-GGCA
TCTTCAAACCTCCATG-3′.

1.2. Patients and Cell Cultures. The dental buds (DBs) were
collected from the third molars of 10 healthy pediatric
patients aged between 8 and 12 years.

The study was approved by the Institutional Review
Board of the Department of Clinical and Experimental Med-
icine, University of Foggia, and patients’ parents gave written
informed consent.

The central part of DB was cut into small pieces in a
culture dish under laminar flow hood by using a sterile
scalpel. Subsequently, enzymatic digestion was performed
under stirring, for 1 hour at 37°C, using a 3mg/ml solution
of type I collagenase plus 4mg/ml of dispase (Gibco Ltd.,
Uxbridge, UK). Single cell suspension, obtained by filtering
the cells through a 70μm BD Falcon filter (Falcon) (Becton
Dickinson, Sunnyvale, CA), was centrifuged at 1300 rpm
for 5min.

The resulting pellet was resuspended in a mesenchymal
stem cell culture medium supplemented with 5% fetal bovine
serum (FBS), 100U/ml penicillin-G, 100μg/ml streptomycin
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(Gibco Limited, Uxbridge, UK). Cells seeded at a density of
5× 103 cells/cm2 were cultured at 37°C and 5% CO2, renew-
ing the medium every 3 days.

To examine Vit D effect on cell adhesion during the oste-
oblastic differentiation process, 3000 cells/cm2 were seeded
and cultured in an osteogenic medium made up of α-MEM
supplemented with 2% FBS, 10−8M dexamethasone and
50μg/ml ascorbic acid (Sigma Aldrich, St. Louis, MO, USA).

1,25(OH)2D3 (Sigma Aldrich, St. Louis, MO, USA) was
reconstituted at 10−4M in 95% ethanol and stored at −20°C.

The cells were grown in replicate using 1,25(OH)2D3 as
treatment and an equivalent concentration of 95% ethanol
as vehicle (VHC).

1.3. ECM Glycoproteins and Coating Procedure. Tissue
culture-treated polystyrene surfaces were coated with
fibronectin (FN, human plasma, 5μg/cm2, Sigma) diluted
in 1×phosphate buffered saline (PBS, pH7.2, PAA,
Cölbe, Germany) according to the manufacturers’ sugges-
tions. Poly-L-lysine (PLL, 2μg/cm2, Sigma) was used as
control (CTR).

These amounts ensure the complete coating of the sur-
face with the ECM protein (FN). The surfaces were incubated
with FN solution for 30 minutes at 37°C then washed twice
with PBS and blocked with bovine serum albumin (BSA,
Sigma) at 1% in PBS for 10 minutes at RT. Then surfaces
were sterilized in UV light for 30 minutes. The protein con-
tent of the coating solution was measured by micro-BCA
assay, to ensure the correct coating adsorption and to quan-
tify the residual protein content in the solution.

In addition, coatings were confirmed by fluorescence
microscopy using labeled proteins (data not shown).

1.4. Immunofluorescence. A defined amount of cells was
seeded and cultured on glass coverslips with the osteogenic
differentiation medium, and then the cell fixation in 4%
(PFA)/PBS is followed. Subsequently, the cells so treated
were washed with PBS and blocked in a solution of 1% BSA
and 5% normal goat serum in PBS for 20 minutes. The sam-
ples were incubated with the αVβ3 antibody (clone LM609
antibody) and washed; the bound antibody was detected
using 2μg/ml of fluorescently labeled goat anti-mouse sec-
ondary antibody (Alexa Fluor 488, Invitrogen); cytoskeleton
was counterstained with phalloidin (Invitrogen). A multi-
spectrum confocal microscope Leica TCS SP5 was used to
visualize and photograph the cells.

1.5. Real-Time PCR. The extraction of total RNA was carried
out utilizing spin columns (RNeasy, Qiagen, Hilden,
Germany) and then in the amount of 2μg was reverse tran-
scribed (RT) by using SuperScript First-Strand Synthesis
System kit (Invitrogen Life Technologies, Carlsbad, CA,
USA). An amount of 20 ng of the synthesized cDNAwas sub-
jected to quantitative PCR. Real-time PCR analysis was
performed using a BioRad CFX96 Real-Time System with
the SYBR Green PCR method as described by the manufac-
turer’s protocol (BioRad iScript Reverse Transcription
Supermix cat. 170-8841). The mean cycle threshold value
(Ct) from triplicate samples was used to calculate gene

expression, and cDNA was normalized to the average of β-
actin and β2 microglobulin (B2M) levels for each reaction.

1.6. Western Blot. Revelation of αV and β3 integrin subunits
and osteoblastic markers as protein levels was performed
using SDS-PAGE gel electrophoresis and Western blot
analysis. Cells were lysed after 12 days of osteogenic differ-
entiation, the lysates were centrifuged at 13000 rpm for 15
minutes at 4°C, and then a protein assay (BIORAD) was
used to determine the total protein concentration of the
supernatant. Proteins were separated by SDS-PAGE and
then transferred to nitrocellulose membranes (Invitrogen,
Carlsbad, CA). After incubation with primary and second-
ary antibodies, the Odyssey Infrared Imaging System of
LI-COR (LI-COR Biotechnology Lincoln, Nebraska, USA)
was used for immunodetection.

1.7. Statistical Analyses. Statistical analyses were performed
by Student’s t-test with the Statistical Package for the Social
Sciences (spssx/pc) software (SPSS, Chicago, IL, USA). The
results were considered statistically significant for p < 0 05.

2. Results

2.1. Vitamin D Treatment Induces Focal Adhesion via αVβ3
Subcellular Distribution. To investigate how Vit D can influ-
ence the early stages of cell adhesion to the substrate defining,
as a result, the cell fate, and consequently the acquisition of
osteoblastic features, DBSCs were cultured on coated
surfaces in osteogenic conditions and treated with
1,25(OH)2D3. Cells were analyzed by immunofluorescence
for the subcellular distribution of αVβ3 integrins.

Since DBSCs reach confluency after few days in
culture-forming multilayers, the αVβ3 subcellular organiza-
tion was monitored after the first steps of osteogenic
differentiation (3–7 days).

Vit D treatment induced a different integrin organization
that appeared to be more clustered and localized in the basal
part of the cell if compared to its distribution in the untreated
cells (Vehicle, VHC). This effect was evident after 3 and
7 days of differentiation (Figure 1).

αVβ3 integrin was distributed throughout the cell in
undifferentiated cells cultured for 3 days without Vit D; after
7 days of differentiation, it seemed to have a mild presence in
focal adhesion sites (Figure 1(c)), although to a lesser extent
compared to treatment with Vit D. In cells with Vit D, the
integrin was clearly present and organized in FAs both at
day 3 and 7 (Figures 1(b)–1(d)), with the formation of elon-
gated clusters after one week of differentiation (Figure 1(d)).

2.2. Vitamin D Treatment Increases αVβ3-Mediated Focal
Adhesions on Fibronectin-Coated Surfaces. In order to mimic
the interaction of integrins with their ECM partners, as it
occurs in the bone microenvironment, we seeded DBSCs on
a coating of the major cell adhesion glycoprotein: fibronectin
(FN). Indeed, interaction of integrins with ECM proteins
significantly induces DBSC differentiation toward osteoblas-
tic lineage; this differentiation was enhanced when cells were
grown on ECM glycoproteins containing the integrin-
binding sequence, the so-called “RGD motif” [12].
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To understand how Vit D treatment could affect cell
adhesion in the presence of ECM glycoproteins, we prepared
surfaces coated with poly-L-lysine (PLL), as control (CTR)
and FN. Cells were seeded and cultured on these surfaces in
osteogenic conditions for 7 or 12 days, in the presence or
not of Vit D treatment, and then focal adhesion formation
was analyzed looking at αVβ3 subcellular distribution.

The first observation was that a higher number of cells
uniformly colonized the FN-coated surface after 24 hours
compared to the CTR (data not shown); furthermore, the
cells seeded on FN coating showed a clustered organization
of αVβ3 into focal adhesions, which was sporadic in the
CTR. In addition, we observed that the treatment with
Vit D was able to assist the effect of the FN coating in
the formation of focal adhesions. Indeed, as shown in

Figure 2, the cells treated with Vit D displayed highly vis-
ible elongated clusters (typical pattern of αVβ3 in FAs) if
compared with untreated cells.

Furthermore, we evaluated the expression trend of αv and
β3 single subunits at protein level by Western blot analysis.
As shown in Figure 3, Vit D treatment highly induced the
protein expression of αv, which appears to be almost doubled
compared to the VHC; the same is observed with respect to
β3, although with a lower effect. It is clear that FN did not
affect the protein expression amount while the treatment with
Vit D determines a strong increase in protein expression.

2.3. Vitamin D Treatment Increases Osteoblast Markers
Expression on Fibronectin-Coated Surfaces. In previous work
[13], we demonstrated that Vit D induced the osteoblastic

(a) (b)

(c) (d)

VitDVHC

3 days

7 days

Number of FAs per cell Area of FA (square pixels)
VHC 3 days 3.16 ± 1
VHC 7 days 5.3 ± 2
Vit D 3 days 20.7 ± 3
Vit D 7 days 15.67 ± 3

25.1 ± 6.4
52.68 ± 8.3

116.83 ± 18.4
148.53 ± 21.8

�훼V�훽3

DAPI

10 �휇m 10 �휇m

10 �휇m10 �휇m

Figure 1: Vit D induces a clustered localization of αVβ3. Midsection confocal microscopy images show the expression of integrin αVβ3 (green)
in DBSCs differentiated for 3 and 7 days; (a-b) show that at 3 days, the integrin was distributed in multiple sites in the cells. After 7 days of
differentiation, αVβ3 is localized on the periphery of the cell where the focal adhesion sites are present (c-d). Vit D treatment seemed to
produce a different integrin organization leading to the formation of typical strings particularly evident after 7 days of culture. Blue for
nuclei, green for αVβ3. The table shows the FA quantification performed with ImageJ software. The data is presented as average± standard
error. Number of FAs per cell = total number of FAs identified in one cell. Area of FA= area of a single FA.
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differentiation of DBSCs by increasing the expression of the
typical osteoblastic markers. To determine if FN could influ-
enceDBSC osteoblastic features, we differentiated the cell cul-
tures in the opportune conditions and performed a RT-PCR
to evaluate the main osteoblastic markers mRNA expression.

Cells were seeded and cultured on the above-mentioned
surfaces in osteogenic conditions for 12 days, in the presence
or not of Vit D treatment.

Figure 4 shows that Coll I and RUNX2 mRNA levels
greatly increased in the cells treated with Vit D, on control
surfaces as well as on FN coating, corroborating that Vit D
is able to determine the acquisition of the typical osteoblastic
features in DBSCs cultured in osteogenic medium.

The effect of FN emerged by looking at the untreated
samples; indeed, a significant induction of Coll I and RUNX2
mRNA expression was also observed on FN coating, when
compared to CTR.

Obviously, due to the prominent effect of Vit D, the
inductive influence of FN, emerged in the untreated samples,
was quenched when the cells were treated with Vit D, result-
ing in no significant differences.

A similar trend to the one described for RUNX2 mRNA
was observed at the protein level. Western blot analysis,
performed after 12 days of culture, showed an increase in
RUNX2 expression due to the action of Vit D, but no
appreciable variation in response to FN substrate (Figure 3).

(a) (b)

(c) (d)

VitDVHC

CTR

FN

�훼V�훽3
DAPI

Number of FAs per cell Area of FA (square pixels)
VHC CTR 6.5 ± 2 88.53 ± 11.5
VHC FN 16.4 ± 3 134.65 ± 18.7
Vit D CTR 16 ± 3 109.18 ± 23.1
Vit D FN 21 ± 3 152.25 ± 19.5

10 �휇m

10 �휇m 10 �휇m

10 �휇m

Figure 2: Vit D effect on αVβ3 clustering is enhanced on FN-coated surfaces. Confocal images showing the expression of integrin αVβ3
(green) after 7 days of osteogenic differentiation. (a-b) show the integrin distribution in cells cultured on PLL coating (CTR); in the case of
untreated cells (vehicle (VHC)), αVβ3 appeared to be present homogeneously in the whole cell, while Vit D treatment induced an
accumulation of the receptor in the focal contacts (b–d). αVβ3 clustering was increased on FN coating (c-d), more evident in Vit D
treatment (d) compared to the VHC (c). Blue for nuclei and green for αVβ3. The table shows the FA quantification performed with
ImageJ software.
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Contrary to what was observed for Coll I and RUNX2,
the increase in protein expression levels of osteopontin
(OPN) can be attributed to the coating with FN and only to
a lesser extent to the Vit D treatment. OPN expression in
untreated cells on FN showed a 4-fold increase relative to
CTR and upregulation, even more in presence of Vit D,
showing more than 5-fold increase compared to CTR
(Figure 3). These results are in line with those obtained in

our previous report [13], according to which no particular
effect on OPN expression may be attributed to the vitamin.

3. Discussion

There are not many data in the literature about the influence
of Vit D in cell adhesion, but it is well known that interac-
tions between cells and surfaces are involved in the activation
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Figure 3: Protein expression of osteogenic markers. Immunoblots showing the expression profile of αV, β3, RUNX2, and Coll I in DBSCs
cultured for 12 days in osteogenic medium with vehicle (−) and 1,25(OH)2D3 (+), on PLL-coated surfaces (CTR) or FN-coated surfaces
(FN). Each graph represents means± SEM of 3 independent experiments.
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of a series of signals that in turn are responsible for cell com-
mitment and differentiation. Thus, a recent in vivo study
indicated that Vit D administration decreased the serum
levels of the intracellular adhesion molecules L-CAM-1 and
V-CAM-1 in hemodialysis patients [30]. Since the few data
available are referred only to osteoblast-like cells [15, 16],
we tried to determine if Vit D might, or not, have a role also
in cell adhesion mechanisms of MSCs.

In this work, we analyzed the effect of Vit D on αVβ3
integrin expression and subcellular organization in DBSCs
during their osteogenic differentiation. Moreover, the effect
of the molecule was evaluated on cells growing on the ECM
glycoprotein FN.

We first cultured DBSCs on normal surfaces, under dif-
ferentiating conditions, in the presence or not of Vit D, with
the purpose to investigate whether this factor could have an

effect on this integrin that has been already demonstrated
to be involved in the osteogenic commitment of MSCs [12].

In this previous work, we determined that the interaction
of DBSCs with ECM glycoproteins increased the osteogenic
commitment and we showed that αVβ3 integrin assumed a
key role in this result; in fact, the perturbation of this receptor
led to a reduction of both the alkaline phosphatase (ALP)
expression and the mineralization process. In the light of this
knowledge, we focused our attention on αVβ3 distribution in
DBSCs cultured in the presence of Vit D.

Our data indicated that αvβ3 was expressed in DBSCs
cultured under osteogenic conditions, and its localization
underwent changes with the advancement of the osteogenic
differentiation in untreated cells, but the Vit D treatment,
interestingly, enhanced αvβ3 accumulation in clusters corre-
sponding to the adhesion sites represented by FAs (Figure 1).

Although there are many different types of integrins with
specificity to different ECM proteins, a large number of
cellular and biophysical studies have focused on α5β1 and
αvβ3 integrins and some of them identified in αvβ3 a valid
substitute to α5β1 for fibronectin binding [31–33]. We cul-
tured our cell model of MSCs on FN-coated surfaces and
studied the effects of Vit D on these integrin-glycoprotein
interactions during osteogenic differentiation. DBSCs created
a uniform monolayer after few days of culture, but we
observed that the cells seeded on FN exhibited a more
flattened morphology and seemed to be more numerous
compared to the CTR (data not shown).

Integrins bind the ECM through their extracellular
domains. Subsequently, their cluster and their short cyto-
plasmic tails interact with intracellular molecules for signal
transduction pathway [34], giving rise to focal adhesions
(FAs) [35].

Stable FAs were highlighted by immunofluorescence with
αvβ3 antibody. After 7 days in culture, DBSCs treated with
Vit D on FN-coated surfaces showed large and discrete
αvβ3-positive clusters while a lower number of αvβ3-contain-
ing complexes could be seen in untreated cells (Figure 2).

Our findings revealed a high adhesive interaction
between MSCs and FN, as also observed in other researches,
confirming the mesenchymal features of DBSCs [25, 36–39].

Thus, these results are consistent with a recent study in
which it has been proven that FN coating can be considered
able to induce αvβ3 integrin expression in MSCs [40]. Our
study goes forward identifying in Vit D a further support to
the effect of FN by increasing FA formation. Our data
confirmed that FN is capable of organizing αvβ3 integrin in
FAs and, above all, they indicated that Vit D leads to a signif-
icant enhancement in the receptor subunit expression,
contributing to its organization in clearly visible strips.

This detail is highly relevant because it is known that
effective adhesion is strictly connected with cell differentia-
tion: in particular, osteogenesis needs a large number of
FAs, while both adipogenesis and chondrogenesis are pro-
moted when the formation of strong FAs is prevented [41].

It has been previously demonstrated that DBSC osteo-
genic differentiation is increased by Vit D, [13]: we hypothe-
sized that the effect of Vit D in inducing osteoblastic
differentiation in our cell model could have been mediated
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Figure 4: mRNA expression of osteogenic markers. qPCR analysis
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osteogenic differentiation using a medium with vehicle (−) and
1,25(OH)2D3 (+), on PLL-coated surfaces (CTR) or FN-coated
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∗p < 0 01 and #p < 0 05.
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by an effect of the vitamin on cell adhesion. Thus, we inves-
tigated FA aspect during DBSC osteoblastic differentiation
in cultures incubated with Vit D: in particular, we studied
its ability to act on the expression of αvβ3 integrin which
plays a pivotal role during the commitment of MSCs to
osteoblast lineage. Vit D prompts the expression of αvβ3
integrin in turn favoring the formation of FAs, peculiar for
MSC commitment and osteogenic differentiation: this find-
ing is supported by the increased expression of RUNX2 and
collagen I, two of the main early osteoblastic markers.

In conclusion, our results identified αvβ3 integrin as the
possible mediator of Vit D effect on MSC commitment into
osteoblast-like cells further demonstrating that Vit D
enhanced the interaction of αvβ3 with its ECM partner FN.

The nature of FN action towards αvβ3 in MSCs is just to
promote cell adhesion; in fact, FN induces integrin clustering
but has no effect on its expression.

Indeed, Vit D is responsible for the αvβ3 integrin pro-
tein expression, and this is the point of force of our work:
Vit D determines MSC commitment to the osteogenic
lineage precisely through a modulation of the integrin recep-
tor expression, resulting in the binding to its corresponding
matrix protein.

Conflicts of Interest

The authors declare no conflicting financial or other
competing interests.

Authors’ Contributions

Francesca Posa and Adriana Di Benedetto contributed
equally to this work.

Acknowledgments

This work was partially awarded from Ministero dell’Istru-
zione, dell’Università e della Ricerca—PRIN 20098KM9RN,
PI Giorgio Mori (Progetto di Ricerca d’Interesse Naziona-
le—Grant 2009). The author Adriana Di Benedetto has
received funding from the Fondo di Sviluppo e Coesione
2007‑2013, APQ Ricerca Regione Puglia ‘Programma regio-
nale a sostegno della specializzazione intelligente e della
sostenibilità sociale ed ambientale‑Future In Research.’ The
article has been published with the contribution of 5x1000
IRPEF funds in favor of the University of Foggia, in the mem-
ory of Gianluca Montel.

References

[1] S. P. Bruder, D. J. Fink, and A. I. Caplan, “Mesenchymal stem
cells in bone development, bone repair, and skeletal regenera-
tion therapy,” Journal of Cellular Biochemistry, vol. 56, no. 3,
pp. 283–294, 1994.

[2] A. I. Caplan, “Mesenchymal stem cells: cell–based recon-
structive therapy in orthopedics,” Tissue Engineering,
vol. 11, no. 7-8, pp. 1198–1211, 2005.

[3] J. Shao, W. Zhang, and T. Yang, “Using mesenchymal stem
cells as a therapy for bone regeneration and repairing,” Biolog-
ical Research, vol. 48, no. 1, p. 62, 2015.

[4] S. Geng, S. Zhou, Z. Bi, and J. Glowacki, “Vitamin D metabo-
lism in human bone marrow stromal (mesenchymal stem)
cells,” Metabolism Clinical and Experimental, vol. 62, no. 6,
pp. 768–777, 2013.

[5] P. Liu, B. O. Oyajobi, R. G. Russell, and A. Scutt, “Regulation of
osteogenic differentiation of human bone marrow stromal
cells: interaction between transforming growth factor-β and
1,25(OH)2 vitamin D3in vitro,” Calcified Tissue International,
vol. 65, no. 2, pp. 173–180, 1999.

[6] M. van Driel, M. Koedam, C. J. Buurman et al., “Evidence that
both 1α,25-dihydroxyvitamin D3 and 24-hydroxylated D3
enhance human osteoblast differentiation andmineralization,”
Journal of Cellular Biochemistry, vol. 99, no. 3, pp. 922–935,
2006.

[7] E. Giorgini, C. Conti, P. Ferraris et al., “FT-IR microscopic
analysis on human dental pulp stem cells,” Vibrational
Spectroscopy, vol. 57, no. 1, pp. 30–34, 2011.

[8] G. Mori, G. Brunetti, A. Oranger et al., “Dental pulp stem cells:
osteogenic differentiation and gene expression,” Annals of the
New York Academy of Sciences, vol. 1237, no. 1, pp. 47–52,
2011.

[9] G. Mori, M. Centonze, G. Brunetti et al., “Osteogenic proper-
ties of human dental pulp stem cells,” Journal of Biological Reg-
ulators and Homeostatic Agents, vol. 24, no. 2, pp. 167–175,
2010.

[10] G. Mori, A. Ballini, C. Carbone et al., “Osteogenic differentia-
tion of dental follicle stem cells,” International Journal of
Medical Sciences, vol. 9, no. 6, pp. 480–487, 2012.

[11] A. Di Benedetto, F. Posa, C. Carbone et al., “NURR1 downreg-
ulation favors osteoblastic differentiation of MSCs,” Stem Cells
International, vol. 2017, 10 pages, 2017.

[12] A. Di Benedetto, G. Brunetti, F. Posa et al., “Osteogenic differ-
entiation of mesenchymal stem cells from dental bud: role of
integrins and cadherins,” Stem Cell Research, vol. 15, no. 3,
pp. 618–628, 2015.

[13] F. Posa, A. Di Benedetto, G. Colaianni et al., “Vitamin D effects
on osteoblastic differentiation of mesenchymal stem cells
from dental tissues,” Stem Cells International, vol. 2016,
Article ID 9150819, 9 pages, 2016.

[14] Y. K. Wang and C. S. Chen, “Cell adhesion and mechanical
stimulation in the regulation of mesenchymal stem cell differ-
entiation,” Journal of Cellular and Molecular Medicine, vol. 17,
no. 7, pp. 823–832, 2013.

[15] P. Raz, C. H. Lohmann, J. Turner et al., “1α,25(OH)2D3
regulation of integrin expression is substrate dependent,” Jour-
nal of Biomedical Materials Research Part A, vol. 71, no. 2,
pp. 217–225, 2004.

[16] Z. Schwartz, B. F. Bell, L. Wang, G. Zhao, R. Olivares-
Navarrete, and B. D. Boyan, “Beta-1 integrins mediate sub-
strate dependent effects of 1α,25(OH)2D3 on osteoblasts,”
The Journal of Steroid Biochemistry and Molecular Biology,
vol. 103, no. 3-5, pp. 606–609, 2007.

[17] S. L. Cheng, C. F. Lai, S. D. Blystone, and L. V. Avioli, “Bone
mineralization and osteoblast differentiation are negatively
modulated by integrin αvβ3,” Journal of Bone and Mineral
Research, vol. 16, no. 2, pp. 277–288, 2001.

[18] S. F. El-Amin, M. Attawia, H. H. Lu et al., “Integrin expression
by human osteoblasts cultured on degradable polymeric
materials applicable for tissue engineered bone,” Journal of
Orthopaedic Research, vol. 20, no. 1, pp. 20–28, 2002.

8 Stem Cells International



[19] Z. Hamidouche, O. Fromigue, J. Ringe et al., “Priming integrin
alpha5 promotes human mesenchymal stromal cell osteoblast
differentiation and osteogenesis,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 106,
no. 44, pp. 18587–18591, 2009.

[20] G. B. Schneider, R. Zaharias, and C. Stanford, “Osteoblast
integrin adhesion and signaling regulate mineralization,” Jour-
nal of Dental Research, vol. 80, no. 6, pp. 1540–1544, 2001.

[21] S. H. Kim and S. H. Kim, “Antagonistic effect of EGF on FAK
phosphorylation/dephosphorylation in a cell,” Cell Biochemis-
try & Function, vol. 26, no. 5, pp. 539–547, 2008.

[22] S. Gronthos, K. Stewart, S. E. Graves, S. Hay, and P. J. Simmons,
“Integrin expression and function on human osteoblast-like
cells,” Journal of Bone and Mineral Research, vol. 12, no. 8,
pp. 1189–1197, 1997.

[23] B. Geiger, J. P. Spatz, and A. D. Bershadsky, “Environmental
sensing through focal adhesions,” Nature Reviews Molecular
Cell Biology, vol. 10, no. 1, pp. 21–33, 2009.

[24] M. R. Morgan, A. Byron, M. J. Humphries, and M. D. Bass,
“Giving off mixed signals—distinct functions of α5β1 and
αvβ3 integrins in regulating cell behaviour,” IUBMB Life,
vol. 61, no. 7, pp. 731–738, 2009.

[25] E. H. Schwab, M. Halbig, K. Glenske, A. S. Wagner,
S. Wenisch, and E. A. Cavalcanti-Adam, “Distinct effects of
RGD-glycoproteins on integrin-mediated adhesion and osteo-
genic differentiation of human mesenchymal stem cells,”
International Journal of Medical Sciences, vol. 10, no. 13,
pp. 1846–1859, 2013.

[26] P. Roca-Cusachs, N. C. Gauthier, A. del Rio, and M. P. Sheetz,
“Clustering of α5β1 integrins determines adhesion strength
whereas αvβ3 and talin enable mechanotransduction,” Pro-
ceedings of the National Academy of Sciences of United States
of America, vol. 106, no. 38, pp. 16245–16250, 2009.

[27] O. Fromigué, J. Brun, C. Marty, S. Da Nascimento, P. Sonnet,
and P. J. Marie, “Peptide-based activation of alpha5 integrin
for promoting osteogenesis,” Journal of Cellular Biochemistry,
vol. 113, no. 9, pp. 3029–3038, 2012.

[28] C. F. Lai and S. L. Cheng, “Alphavbeta integrins play an
essential role in BMP-2 induction of osteoblast differentia-
tion,” Journal of Bone and Mineral Research, vol. 20, no. 2,
pp. 330–340, 2005.

[29] C. Damsky, “Extracellular matrix–integrin interactions in
osteoblast function and tissue remodeling,” Bone, vol. 25,
no. 1, pp. 95-96, 1999.

[30] A. E. Naeini, F. Moeinzadeh, S. Vahdat, A. Ahmadi, Z. P.
Hedayati, and S. Shahzeidi, “The effect of vitamin D adminis-
tration on intracellular adhesion molecule-1 and vascular cell
adhesion molecule-1 levels in hemodialysis patients: a pla-
cebo-controlled, double-blinded clinical trial,” Journal of
Research in Pharmacy Practice, vol. 6, no. 1, pp. 16–20, 2017.

[31] E. H. J. Danen, P. Sonneveld, C. Brakebusch, R. Fässler, and
A. Sonnenberg, “The fibronectin-binding integrins α5β1 and
αvβ3 differentially modulate RhoA–GTP loading, organiza-
tion of cell matrix adhesions, and fibronectin fibrillogenesis,”
Journal of Cell Biology, vol. 159, no. 6, pp. 1071–1086, 2002.

[32] K. Wennerberg, L. Lohikangas, D. Gullberg, M. Pfaff,
S. Johansson, and R. Fiissler, “Beta 1 integrin-dependent
and -independent polymerization of fibronectin,” Journal
of Cell Biology, vol. 132, no. 1, pp. 227–238, 1996.

[33] J. T. Yang and R. O. Hynes, “Fibronectin receptor functions in
embryonic cells deficient in alpha 5 beta 1 integrin can be

replaced by alpha V integrins,” Molecular Biology of the Cell,
vol. 7, no. 11, pp. 1737–1748, 1996.

[34] M. A. Schwartz, “Integrin signaling revisited,” Trends in Cell
Biology, vol. 11, no. 12, pp. 466–470, 2001.

[35] A. Shekaran and A. J. Garcia, “Extracellular matrix-mimetic
adhesive biomaterials for bone repair,” Journal of Biomedical
Materials Research Part A, vol. 96A, no. 1, pp. 261–272,
2011.

[36] S. Gronthos, P. J. Simmons, S. E. Graves, and P. G. Robey,
“Integrin-mediated interactions between human bone marrow
stromal precursor cells and the extracellular matrix,” Bone,
vol. 28, no. 2, pp. 174–181, 2001.

[37] R. F. Klees, R. M. Salasznyk, K. Kingsley, W. A. Williams,
A. Boskey, and G. E. Plopper, “Laminin-5 induces osteogenic
gene expression in human mesenchymal stem cells through
an ERK-dependent pathway,” Molecular Biology of the Cell,
vol. 16, no. 2, pp. 881–890, 2005.

[38] S. Lavenus, P. Pilet, J. Guicheux, P. Weiss, G. Louarn, and
P. Layrolle, “Behaviour of mesenchymal stem cells, fibroblasts
and osteoblasts on smooth surfaces,” Acta Biomaterialia,
vol. 7, no. 4, pp. 1525–1534, 2011.

[39] A. Ode, G. N. Duda, J. D. Glaeser et al., “Toward biomimetic
materials in bone regeneration: functional behavior of
mesenchymal stem cells on a broad spectrum of extracellular
matrix components,” Journal of Biomedical Materials Research
Part A, vol. 95A, no. 4, pp. 1114–1124, 2010.

[40] H.-S. Hung, C.-M. Tang, C.-H. Lin et al., “Biocompatibility
and favorable response of mesenchymal stem cells on
fibronectin-gold nanocomposites,” PLoS One, vol. 8, no. 6,
article e65738, 2013.

[41] P. S. Mathieu and E. G. Loboa, “Cytoskeletal and focal adhe-
sion influences on mesenchymal stem cell shape, mechanical
properties, and differentiation down osteogenic, adipogenic,
and chondrogenic pathways,” Tissue Engineering Part B:
Reviews, vol. 18, no. 6, pp. 436–444, 2012.

9Stem Cells International



Hindawi
www.hindawi.com

 International Journal of

Volume 2018

Zoology

Hindawi
www.hindawi.com Volume 2018

 Anatomy 
Research International

Peptides
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Journal of 
Parasitology Research

Genomics
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Neuroscience 
Journal

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Cell Biology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Biochemistry 
Research International

Archaea
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Genetics 
Research International

Hindawi
www.hindawi.com Volume 2018

Advances in

Virolog y Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Enzyme 
Research

Hindawi
www.hindawi.com Volume 2018

International Journal of

Microbiology
Hindawi
www.hindawi.com

Nucleic Acids
Journal of

Volume 2018

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijz/
https://www.hindawi.com/journals/ari/
https://www.hindawi.com/journals/ijpep/
https://www.hindawi.com/journals/jpr/
https://www.hindawi.com/journals/ijg/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/abi/
https://www.hindawi.com/journals/jmb/
https://www.hindawi.com/journals/neuroscience/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/ijcb/
https://www.hindawi.com/journals/bri/
https://www.hindawi.com/journals/archaea/
https://www.hindawi.com/journals/gri/
https://www.hindawi.com/journals/av/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/er/
https://www.hindawi.com/journals/ijmicro/
https://www.hindawi.com/journals/jna/
https://www.hindawi.com/
https://www.hindawi.com/

