
Summary. The discovery of dental stem cells received
extensive attention because of its significance for the
development of novel cellular therapies in dentistry.
However, dental stem cells are also excellent for studies
about cellular processes during dental tissue
development or regeneration. Multipotent un-
differentiated cells in the dental follicle (DFCs) are one
example of dental stem cells. These cells have been used
on studies about cellular processes during the
differentiation into alveolar osteoblasts and
cementoblasts. This review article summarizes current
knowledge about the influence of signaling pathways,
transcription factors and extracellular matrix proteins on
the osteogenic differentiation of DFCs. 
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Introduction

Periodontitis is generally associated with the
degradation of the periodontium and often culminates in
tooth loss. For more than a decade dental stem/
progenitor cells have opened new opportunities for
regenerative dentistry (Volponi et al., 2010; Inanç and

Elçin, 2011). Adult dental stem cells as natural oral
tissue precursors are an ideal option for tissue
engineering or cellular therapies. Good examples for
dental stem cells are precursor cells of the dental follicle
(DFCs) (Morsczeck et al., 2013). DFCs are plastic
adherent and colony forming cells (Morsczeck et al.,
2005a, 2010). These neural crest derived cells have a
high osteogenic differentiation potential and achieve a
similar phenotype to jaw osteoblasts (Honda et al.,
2010). After the osteogenic differentiation a PDL-like
tissue surrounds the mineralized clusters and typical
markers for the periodontal ligament and for the
cementum were expressed such as collagen type XII and
the cementum attachment protein (CAP), respectively
(Morsczeck et al., 2005a). Recently, it was demonstrated
that porcine DFCs were capable of forming a tooth-root-
like structure in combination with enamel organ cells
under in vivo conditions in the omentum of
immunocompromised rats (Honda et al., 2010). 

While dental tissue regeneration is a worthwhile
goal for dental stem cell biology, DFCs are also a useful
tool for molecular analyses on the development of the
tooth attachment apparatus. Differentiated DFCs as
precursor cells for alveolar osteoblasts might become
nearly indistinguishable from osteoblasts and osteocytes
of craniofacial tissues. To identify molecular
mechanisms of cell differentiation, previous studies
investigated DFCs during the osteogenic differentiation
(Morsczeck et al., 2009a; Saugspier et al., 2010;
Felthaus et al., 2012; Viale-Bouroncle et al., 2012).
These studies utilized proteomics or transcriptomics to
reveal molecular processes in DFCs. They are
summarized and discussed previously (for review
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(Morsczeck and Schmalz, 2010)). Following studies
with DFCs revealed molecular processes during the
differentiation into alveolar osteoblasts or cementoblasts
(Morsczeck et al., 2009a; Saugspier et al., 2010; Viale-
Bouroncle et al., 2011; Felthaus et al., 2012; Silvério et
al., 2012; Liu et al., 2014). Here molecular processes are
sometimes different to that in bone marrow derived
mesenchymal stem cells (MSCs) (Felthaus et al.,
2014a,b), which have been published previously in
different review articles (Franceschi et al., 2003; James,
2013). However, this article summarizes in the following
sections the influence of signaling pathways,
transcription factors and extracellular matrix proteins on
the osteogenic differentiation of DFCs. 
Signaling pathways

Investigations about signaling pathways are very
helpful to understand the complex development of
somatic tissues such as that of the tooth (Diekwisch,
2001; Tucker and Sharpe, 2004; Thesleff et al., 2007;
Tummers and Thesleff, 2009). By in vitro studies with
mesenchymal stem cells the role of signaling pathways
have been evaluated during osteogenic differentiation.
Here, the integration of the bone morphogenetic proteins
(BMP) pathway, the canonical WNT (wingless-type
MMTV integration site family member) signaling
pathway and the NOTCH signaling pathway is among
others crucial for the osteogenic differentiation of
mesenchymal stem cells (Lin and Hankenson, 2011;
Chen et al., 2012). Recent studies about the
transcriptome and proteome have revealed the same
signaling pathways for the osteogenic differentiation of
DFCs (Morsczeck and Schmalz, 2010). This section
summarizes the current knowledge about BMP, WNT
and NOTCH signaling pathways during osteogenic
differentiation in DFCs. 
BMP-pathway

BMPs are osteogenic growth factors and, especially,
BMP2 and BMP7 offer a high potential for stimulating
osteogenic differentiation or cementogenic differentia-
tion in DFCs (Zhao et al., 2002; Kemoun et al., 2007).
The canonical BMP signaling pathway is induced after
binding of BMP growth factors to BMP receptors type 1
and type 2. This serine/threonine receptor kinase
phosphorylates intracellular proteins SMAD1/5/8 that
translocate into the nucleus and induces gene expression
of transcription factors such as DLX3 or Runt-related
transcription factor (RUNX)2, which are important for
the osteogenic differentiation of DFCs (Viale-Bouroncle
et al., 2012, 2015a); see below for more details about
BMP signaling and the transcription factor DLX3. The
growth factor BMP2 is frequently used for the induction
of the mineralization process in mesenchymal progenitor
cells or stem cells (Popowics et al., 2005). BMPs are
involved in the development of skeletal and craniofacial
bone (Zhao et al., 2002; Morsczeck et al., 2005b;

Saugspier et al., 2010) and they will definitely play a
decisive role in combination with somatic stem cell
differentiation in dental tissue engineering (Honda et al.,
2010).

Previous studies investigated the gene expression of
typical osteogenic markers in DFCs during the
differentiation in cell culture media containing
dexamethasone or insulin (Morsczeck et al., 2005a;
Morsczeck, 2006; Morsczeck and Schmalz, 2010;
Saugspier et al., 2010). Here, BMP-2 was differentially
induced after the induction of the differentiation, while
other typical osteogenic differentiation markers were
only slightly increased (Morsczeck and Schmalz, 2010;
Saugspier et al., 2010). Moreover, BMP2 induced
osteogenic differentiation in DFCs similar to that with
dexamethasone (Saugspier et al., 2010). For detailed
information about molecular processes gene expression
profiles were obtained from DFCs after the induction
with BMP2 and dexamethasone (Saugspier et al., 2010).
Here, only 27 genes were significantly regulated with
both osteogenic differentiation protocols. These genes
can be clustered into biological processes such as
“amino acid transport” or “carboxylic acid metabolic
process”. Typical osteogenic differentiation markers
such as RUNX2 were up-regulated in DFCs only after
differentiation with BMP2, but most regulated genes in
BMP2 differentiated DFCs are not associated with the
biological process of osteogenic differentiation
(Saugspier et al., 2010). 

While a essential role of BMP-signaling for the
osteogenic differentiation of DFCs is widely accepted,
recent studies with DFCs suggested also an alternative
molecular process for the osteogenic differentiation of
DFCs (Felthaus et al., 2014a,b). This mechanism
comprises the transcription factor ZBTB16 (see below),
which is expressed independently from the BMP
pathway (Ikeda et al., 2005; Felthaus et al., 2014b).
However, BMP2 induced not only the BMP/SMAD
pathway but also the WNT signalling in DFCs during
osteogenic differentiation (Viale-Bouroncle et al.,
2015a,b). So, investigations about the role of WNT
signalling in DFCs are highly desired. 
The canonical WNT-pathway

The canonical WNT signaling pathway is another
target for molecular studies on osteogenic differentiation
in dental stem cells (Nemoto et al., 2009; Du et al.,
2012; Silvério et al., 2012). The protein β-catenin is the
key-player of the canonical WNT-pathway. After the
activation of the canonical pathway, activated β-catenin
protein translocates into the nucleus and stimulates the
DNA binding of the lymphoid enhancer binding factor/
T cell factor (LEF/TCF1). However, without a stimulus
the intracellular protein complex comprising axin, gene
synthase kinase 3 (GSK3) and adenomatosis polyposis
coli (APC) protein initiates the degradation by the
ubiquitination of β-catenin. This degradation process is
abolished by the activation of the protein disheveled
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after the binding of WNT to its receptors (LRP 5/6 and
FRZ). 

The activation of the canonical WNT signaling
pathway is not only crucial for the differentiation of
mesenchymal stem cells into osteoblasts but it also
inhibits the differentiation into adipocytes and
chondrocytes of committed pre-osteoblasts (Rodda and
McMahon, 2006; Song et al., 2012; D’Alimonte et al.,
2013). WNT3A, which is an inducer of the canonical
WNT pathway, induced the expression of osteogenic
markers and stimulated the BMP pathway in osteogenic
progenitor cell lines (Cho et al., 2012). However,
previous studies showed that an inhibition of the WNT
signaling promoted the differentiation into
cementoblasts/alveolar osteoblasts (Nemoto et al., 2009;
Silvério et al., 2012). The inhibition of WNT signaling
seems to be a key for the regulation of the cementogenic
differentiation of non-dental murine cells (Liu et al.,
2014) and the WNT-inhibitor DKK1 could be an
essential factor for a reliable differentiation protocol of
murine DFCs and non-dental cells into alveolar
osteoblasts and/or dental cementoblasts (Nemoto et al.,
2009; Silvério et al., 2012). Interestingly, a recent study
with human DFCs supported these observations with
murine DFCs (Viale-Bouroncle et al., 2015a).
Nonetheless, in both human and murine DFCs the
expression of β-catenin was mandatory for osteogenic
differentiation (Silvério et al., 2012; Liu et al., 2014;
Viale-Bouroncle et al., 2015a). The BMP-2 growth
factor activates β-catenin and ostoegenic differentiation
via the activation of protein kinase A (PKA) in human
DFCs (Viale-Bouroncle et al., 2015a). In contrast, the
canonical WNT-pathway inhibits both osteogenic
differentiation and PKA activity. Moreover, the
activation of β-catenin via PKA was also mandatory for
the induction of the transcription factor DLX3 in DFCs
(Viale-Bouroncle et al., 2015a). However, the molecular
process for the activation of PKA/β-catenin pathway by
BMP2 remains elusive.
Notch-signaling

In human cells four different NOTCH proteins are
known, which are transmembrane receptors. They
mediate the communication of adjacent cells that express
either one NOTCH receptor or one membrane associated
NOTCH ligand such as Jagged-1. The binding of the
NOTCH ligand triggers the cleavage of NOTCH by γ
secretase. The intracellular domain of NOTCH (NICD)
translocates into the nucleus and activates the
transcription of target genes. For the differentiation of
mesenchymal stem cells, the NOTCH-signaling plays an
important role. It regulates a number of biological
processes (Zhang et al., 2008; Lin and Hankenson, 2011;
Chen et al., 2013).

One NOTCH protein, NOTCH-1, is a well-known
marker of human DFCs (Morsczeck et al., 2005b).
Genome wide expression profiles in DFCs during
osteogenic differentiation revealed differentially

expressed genes that are linked to the NOTCH signaling
pathway (Morsczeck and Schmalz, 2010; Morsczeck et
al., 2009a,b). Moreover, NOTCH signaling is activated
in DFCs during osteogenic differentiation (Viale-
Bouroncle et al., 2014a). The induction of NOTCH-
signaling with a recombinant NICD did not only impair
osteogenic differentiation but also the activation of the
BMP-signaling pathway and the expression of the
transcription factor DLX3 (Viale-Bouroncle et al.,
2014a). Interestingly, NOTCH supports proliferation and
self-renewal in human DFCs (Chen et al., 2013) and also
inhibits the differentiation of dental pulp stem cells into
odontoblasts (Zhang et al., 2008). These results suggest
that NOTCH signaling inhibits the differentiation into
functional dental tissue cells and sustains self-renewal of
dental stem cells. 
Transcription factors

Downstream from these signaling pathways specific
transcription factors are involved in the regulation of the
differentiation of osteogenic progenitor cells (Franceschi
and Xiao, 2003; Lee et al., 2003a,b; Hassan et al., 2004;
Franceschi et al., 2009). Although transcription factors
RUNX2 and OSTERIX are generally involved in the
process of osteogenic differentiation, they were not
differentially expressed in DFCs during osteogenic
differentiation (Morsczeck, 2006). Recent studies with
human DFCs proposed that RUNX2 and OSTERIX
among other transcription factors are involved in the
differentiation of DFCs (Morsczeck et al., 2009a,b;
Morsczeck and Schmalz, 2010; Saugspier et al., 2010).
This section summarizes the influence of TP53, SP1
ZBTB16, DLX3 and EGR1 for the osteogenic
differentiation of DFCs.
TP53 & SP1 

More than 35% of regulated genes during osteogenic
differentiation have binding sites for the transcription
factors TP53 and SP1 on the promoter (Morsczeck et al.,
2009b). These transcription factors were therefore
investigated during the osteogenic differentiation of
DFCs (Felthaus et al., 2012). The study of Felthaus et al.
(2012) examined DFCs after a transient overexpression
of SP1 and TP53. Here, SP1 influenced the proliferation
of DFCs, while TP53 supported slightly osteogenic
differentiation. However, gene silencing of TP53 and
SP1 showed no effects on investigated biological
processes. These results suggested an indirect role of
TP53 and SP1 for the osteogenic differentiation in DFCs
and/or other biological processes in DFCs. Genome wide
gene expression profiles in DFCs after TP53 and SP1
overepxression revealed biological processes such as cell
motility; wound healing and programmed cell death.
Interestingly, the expression of the osteogenic marker
osteopontin (OPN) correlates with the up- and down-
regulation of TP53 and SP1 in DFCs at day 7 of the
osteogenic differentiation although the role of TP53 and
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SP1 on the expression of this osteogenic marker remains
elusive. 

Recent studies with mesenchymal stem cells and
osteoblast progenitors provided strong evidence that
TP53 and SP1 are involved in osteogenic differentiation.
Niger et al. have shown that the transcriptional activity
of osterix requires the recruitment of SP1 to the
osteocalcin promotor (Niger et al., 2011). Moreover,
SP1, which is highly expressed in proliferating
mesenchymal cells, stimulates the expression of RUNX2
after binding on purine rich DNA sequences on the P1
promoter of RUNX2 (Zhang et al., 2009). While SP1
stimulates the expression of the osteogenic marker
RUNX2, TP53 inhibits both the expression of the
osteogenic transcription factor RUNX2 and the
osteogenic differentiation of mesenchymal stem cells
(He et al., 2015). Moreover, another study showed that
the loss of osteogenic differentiation potential during
senescence is dependent on the expression of TP53
(Despars et al., 2013). In conclusion, both transcription
factors TP53 and SP1 take part in the process of
osteogenic differentiation, but additional studies are
required to disclose their roles in the osteogenic
differentiation of DFCs.
ZBTB16

ZBTB16 (zinc finger and BTB domain containing
protein 16) is a transcription factor of the Krüppel-like
zinc finger type (Zhang et al., 1999). This transcription
factor is involved in different developmental processes
(Fischer et al., 2008) and it also plays a role in limb and
axial skeletal patterning (Barna et al., 2005). ZBTB16 is
upregulated in mesenchymal stem cells from patients
suffering from ossification of the posterior longitudinal
ligament, which is characterized by ectopic bone
formation (Inoue et al., 2006). In bone marrow derived
mesenchymal stem cells, ZBTB16 acts upstream of
Runx2 and is involved in the expression of collagen type
I (COLI), osteocalcin (OCN) and alkaline phosphatase
(ALP) genes (Ikeda et al., 2005). A recent study (Liu et
al., 2013) showed that BMP9 induces expression of
ZBTB16 while BMP2 cannot induce its expression
(Ikeda et al., 2005; Saugspier et al., 2010).

In DFCs ZBTB16 induced the expression of OCN,
but not of RUNX2 and ALP. In contrast, stanniocalcin
(STC)1, which is associated with osteogenic
differentiation, was up-regulated down-stream of
ZBTB16 and vice versa STC1 increased the expression
of ZBTB16 (Felthaus et al., 2014b). STC1 influences
phosphate transport in a variety of mammalian cells
(Johnston et al., 2010) and possibly also processes
during osteogenic differentiation in DFCs, but the
molecular mechanism remains elusive. One possible
mechanism could be its function as a SUMO E3 ligase
(dos Santos et al., 2011). A recent study has shown that
the SUMO-specific isopeptidase SENP3 controls the
osteogenic differentiation of DFCs (Nayak et al., 2014).
The ubiquitin-like SUMO system has a strong influence

on the osteogenic differentiation of DFCs, although its
relation to this biological process was not well
understood until today. Nayak et al have shown that
SENP3 activates the MLL1/MLL2 methyltransferase
complexes, which control the expression of DLX3 and
subsequently the osteogenic differentiation of DFCs
(Nayak et al., 2014). In this context it is interesting to
mention that ZBTB16 induces the expression of BMP2
and it has a binding site on the DLX3 promoter (Viale-
Bouroncle et al., 2012; Felthaus et al., 2014a).

In addition to these observations a ZBTB16 specific
pathway was suggested also for the osteogenic
differentiation in DFCs (Felthaus et al., 2014a). This
pathway seems to be independent of the expression of
RUNX2 and it can be induced only by dexamethasone
based differentiation protocols (Saugspier et al., 2010;
Felthaus et al., 2014a). In DFCs ZBTB16 binds directly
to the promoter region of OSTERIX and it induces genes
that are associated with the biological processes of
osteogenic differentiation. However, interestingly, while
ZBTB16 is associated with the differentiation of DFCs,
this transcription factor has been associated with other
biological processes including the undifferentiated state
of stem cells (Suliman et al., 2012). So, ZBTB16 has
therefore multiple functions and additional studies are
required to evaluate its specific role in a dexamethasone
induced pathway for the osteogenic differentiation of
DFCs.
DLX3

The transcription factor DLX3 is related to the
Distal-less domain of Drosophila and is essential for
embryonic development (Morasso et al., 1999).
Moreover, it is involved in the development of
mineralized tissues (Robinson and Mahon, 1994). In
membranous bones, the expression of DLX3 occurs in
pre-osteoblasts, osteoblasts and osteoid-osteocytes
(Ghoul-Mazgar et al., 2005). Interestingly, a 4-bp
deletion in the DLX3 gene is the cause of the autosomal
dominant Tricho-Dento-Osseous (TDO) syndrome (Choi
et al., 2010). This syndrome is associated with an
increased bone mineral density and thickness in the
craniofacial bones (Choi et al., 2010). Previous studies
have shown a direct involvement of DLX3 in the
expression of osteoblast markers (Hassan et al., 2004).
In osteoblasts, DLX3 together with DLX5 plays a major
role in the transcriptional activity of BGLAP
(osteocalcin) and in the induction of BMP2-mediated
RUNX2 expression (Hassan et al., 2006).

DLX3 influenced directly the cell viability of DFCs,
for example, the amount of apoptotic cells was increased
after DLX3 silencing (Viale-Bouroncle et al., 2012).
Moreover, DLX3 is not only differentially expressed but
it also plays a decisive role in osteogenic differentiation
(Morsczeck, 2006; Viale-Bouroncle et al., 2012). A
BMP2 (BMP signaling) /DLX3 positive feedback loop
supports the osteogenic differentiation of DFCs, where
BMP2 induces the expression of DLX3 and vice versa.
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However, the overexpression of DLX3 did not enhance
osteogenic differentiation and inhibited the expression of
endogenous DLX3 in DFCs in a cell culture medium
with a high concentration of BMP2 (Viale-Bouroncle et
al., 2012). So other signaling pathways probably interact
with the BMP2 and DLX3 positive feedback loop.

A recent study showed that the positive feedback
loop interacts with the WNT/β-Catenin pathway (Viale-
Bouroncle et al., 2015a); see also section about WNT
pathway above. Both BMP2 and DLX3 induced the
canonical WNT/β-Catenin pathway in DFCs and BMP2
activates β-Catenin via protein kinase A (PKA). Here,
BMP2 facilitated the binding of LEF1/SMAD4/β-
Catenin complex to the DLX3 promoter, while WNT3A
acts as a negative regulator. The PKA-dependent
activation of β-Catenin is crucial for both the DLX3
expression and for osteogenic differentiation. In contrast,
WNT3A inhibits both the osteogenic differentiation of
DFCs and DLX3 (Viale-Bouroncle et al., 2015a). 

Adenomatosis Polyposis Coli Down-Regulated
(APCDD) 1 is a known inhibitor of the canonical WNT-
pathway, which can be induced by DLX3 in DFCs
(Viale-Bouroncle et al., 2015b). This membrane protein
APCDD1 is expressed in diverse types of cells such as
hair follicle cells. Here, APCDD1 inhibits the WNT
pathway and its induced expression is associated with
Hypotrichosis simplex, which is an autosomal dominant
form of hair loss (Shimomura et al., 2010). However, the
function of APCDD1 in DFCs is different. A depletion
of APCDD1 in DFCs inhibits the WNT signaling
pathway and the activation of β-Catenin. These results
are in contrast to those obtained with hair follicle cells or
squamous epithelial cells (PCIs) (Shimomura et al.,
2010; Viale-Bouroncle et al., 2015b). In addition, the
depletion of APCDD1 prevents the expression of DLX3
as well as the osteogenic differentiation of DFCs, which
was shown by a decreased ALP activity and matrix
mineralization. So, APCDD1 is expressed downstream
from DLX3 and is significant for the osteogenic
differentiation of DFCs via the activation of β-Catenin.
EGR1

The early growth response protein (EGR)1 is a well
known transcription factor that is activated by the
mitogen-activated protein kinase pathway and serves as
a regulator for several cellular processes such as cell
growth and cell differentiation (Sukhatme et al., 1988;
Cao et al., 1990). Moreover, it plays significant roles in
various developmental and tissue wound-healing
processes such as healing of vessels, cartilages and
bones (Dolce et al., 1996; Reumann et al., 2011a,b;
Guerquin et al., 2013). For example a depletion of EGR1
in mice affects the structure of cortical bones and might
be crucial for general bone characteristics (Reumann et
al., 2011b), so EGR1 expression could be a significant
target for alveolar bone regeneration (Braddock, 2001).

The first evaluations of EGR1 gene expression in
DFCs revealed that this transcription factor is up-

regulated during osteogenic differentiation and after
DLX3 over-expression (Saugspier et al., 2010; Viale-
Bouroncle et al., 2012). A current study investigated the
role of EGR1 during the osteogenic differentiation in
DFCs and in stem cells of the apical papilla (SCAP)
(Press et al., 2015). Here, an over-expression of EGR1
promotes the osteogenic differentiation of dental stem
cells (Press et al., 2015). Moreover, while EGR1 did not
change the activation of the BMP signaling pathway
during osteogenic differentiation the expression level of
EGR1 correlates with that of the osteogenic factors
DLX3 and BMP2 (Press et al., 2015). These results
support the hypothesis that EGR1 supports directly the
osteogenic differentiation of dental stem cells via the
BMP2/DLX3 positive feed-back loop (Press et al.,
2015).
Extracellular matrix proteins

The extracellular matrix (ECM) proteins and their
mechanical properties play vital roles in the proliferation
and differentiation of somatic stem cells (Hynes, 2009;
Holle and Engler, 2011; Watt and Huck, 2013). Recent
studies have shown that the ECM induces intracellular
signaling pathways and regulates differentiation in
osteogenic progenitor cells (Jikko et al., 1999; Salasznyk
et al., 2004; Klees et al., 2005; Jadlowiec et al., 2006;
Kundu and Putnanm, 2006). Here, ECM proteins such as
collagan typ I direct the expression of specific
osteogenic differentiation markers by individual
pathways such as the Extracellular-signal Regulated
Kinases (ERK) pathway or the Focal Adhesion Kinase
(FAK) pathway (Viale-Bouroncle et al., 2014b). This
section summarizes recent studies on the influence of
ECM proteins and integrins on the osteogenic
differentiation of DFCs.
Laminin

Laminins are a large family of heterotrimeric
multidomain proteins that contribute to the structure of
the ECM (Domogatskaya et al., 2012). These ECM
proteins contain growth factor like domains that bind to
cell membrane receptors and this signaling can alter
intracellular signaling pathways (Schenk et al., 2003).
For example, laminin 5 induces the expression of
osteogenic differentiation markers in human
mesenchymal stem cells (Klees et al., 2005). Integrins
are cell membrane receptors for ECM proteins (Hynes,
2002) and it is assumed that integrin binding sites for
extracellular matrices control the differentiation of
mesenchymal stem cells (Volloch and Olsen, 2013).
Specific interactions between an ECM-component and
integrin receptors determine the induction of diverse
signaling pathways and consequently regulate cellular
processes such as the differentiation of precursor cells. It
was reported for example that laminin-5 binds integrin-
α3/-β3 and induces the osteogenic differentiation of
bone marrow derived mesenchymal stem cells through
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activation of the FAK/ERK signaling pathway (Klees et
al., 2005; Salasznyk et al., 2007). Moreover, another
study showed that the collagen receptor integrin-α2/-β1,
which is also a cell membrane receptor for laminins
(Stupack and Cheresh, 2002), regulates the early
osteoblast differentiation induced by BMP 2 (Jikko et al.,
1999).

Some regulated genes in DFCs during osteogenic
differentiation encoded for extracellular matrix proteins
of the group of laminins (Morsczeck et al., 2009a;
Saugspier et al., 2010). Therefore the impact of laminin
on the differentiation into cementogenic and/or alveolar
osteoblast like cells was investigated. Whereas the gene
expression of the early osteogenic differentiation marker
ALP was not affected, the activity of ALP was
significantly decreased on laminin. However, laminin
strongly induced the expression of late osteogenic and
cementogenic markers such as OPN and CP23 and
stimulated mineralization. Interestingly, mineralization
nodules appeared locally in DFC long-term cultures on
laminin without an os-teogenic inductor (Viale-
Bouroncle et al., 2014c). Moreover, it was shown that
integrin-α2/-β1 and down-stream the FAK/ERK
signaling pathway, were involved in this process. The
inhibition of the activity of ALP could be reverted with a
specific integrin-α2 antibody (Viale-Bouroncle et al.,
2014c). 
Collagen type I

Previous results of a microarray study suggested that
collagen type I (Morsczeck et al., 2009a) is not only a
major part of mineralized tissues but is also involved in
molecular processes during osteogenic differentiation of
DFCs. Moreover, a study with porcine DFCs showed
that a treatment of the cell culture surface with collagen I
supported osteogenic differentiation (Tsuchiya et al.,
2008). In human DFCs collagen type I induced the
expression of osteogenic markers during osteogenic
differentiation. Here, different signaling pathways

regulated early (ALP) and late osteogenic markers
(OPN) (Viale-Bouroncle et al., 2014b). The FAK/ERK
signaling pathway is crucial for the induction of
differentiation in different kinds of mesenchymal stem
cells (Salasznyk et al., 2004; Klees et al., 2005). In
DFCs an inhibition of FAK repressed the expression of
osteogenic markers (Viale-Bouroncle et al., 2014b).
However, collagen I activated ERK independently from
FAK in DFCs. While the activation of FAK is obligatory
for the induction of the early osteogenic marker ALP, the
activation of ERK is required for the expression of late
markers such as OPN (Viale-Bouroncle et al., 2014b).
The ERK signaling cascade is essential for the
osteogenic differentiation of MC3T3-E1 cells (Xiao et
al., 2002) and is also induced during the osteogenic
differentiation of human DFCs (Morsczeck and
Schmalz, 2010).
Conclusion

Recent studies have advanced our knowledge of the
molecular processes of the osteogenic differentiation in
DFCs. Figure 1 summarizes results about molecular
processes in DFCs. The BMP signaling pathway and the
transcription factor DLX3 are key factors in this draft
and the BMP2/DLX3 feedback loop is obviously a
central process during the osteogenic differentiation of
DFCs. Its relations to other signaling pathways or
molecular processes such as NOTCH signaling or
protein SUMOylationor methylation provide complex
mechanisms. Additional studies on the influence of
NOTCH, WNT or BMPs on the osteogenic
differentiation are required. These new results will not
only help to develop a more sophisticated model of the
BMP2/DLX3 feedback loop, but will also disclose
additional new pathways of the osteogenic
differentiation in DFCs. The above predicted ZBTB16
dependent signaling pathway for example and its
relation to the BMP2/DLX3 feedback loop remains
elusive and could offer new mechanisms during the
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osteogenic differentiation of DFCs. 
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