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Abstract Recently, osteogenic precursor cells were iso-
lated from human dental follicles, which differentiate into
cementoblast- or osteoblast-like cells under in vitro
conditions after the induction with dexamethasone or
insulin. However, mechanisms for osteogenic differentia-
tion are not understood in detail. In a previous study, real-
time RT-PCR results demonstrated molecular mechanisms
in dental follicle cells (DFCs) during osteogenic differen-
tiation that are different from those in bone-marrow-
derived mesenchymal stem cells. We analysed gene
expression profiles in DFCs before and after osteogenic
differentiation with the Affymetrix GeneChip® Human
Gene 1.0 ST Array. Transcripts of 98 genes were up-
regulated after differentiation. These genes could be
clustered into subcategories such as cell differentiation,
cell morphogenesis, and skeletal development. Osteoblast-
specific transcription factors like osterix and runx2 were
constitutively expressed in differentiated DFCs. In con-
trast, the transcription factor ZBTB16, which promotes the

osteoblastic differentiation of mesenchymal stem cells as
an up-stream regulator of runx2, was differentially
expressed after differentiation. Transcription factors
NR4A3, KLF9 and TSC22D3, involved in the regulation
of cellular development, were up-regulated as well. In
conclusion, we present the first transcriptome of human
DFCs before and after osteogenic differentiation. This
study sheds new light on the complex mechanism of
osteogenic differentiation in DFCs.
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Introduction

The human dental follicle is an ectomesenchymal tissue
surrounding the developing tooth germ and containing
progenitor cells of the periodontium [1]. As the supporting
tissue of the tooth, the periodontium is composed of the
periodontal ligament (PDL), alveolar bone, and the miner-
alized bone-like cementum covering the tooth root surfaces
[2]. The PDL is a specialised connective tissue whose fibres
are embedded in the cementum and the alveolar bone,
providing the attachment for the tooth [1]. Recently,
precursor cells were isolated from extracted human
third molars, and were capable of differentiation into
periodontium-like tissues [3]. These dental follicle cells
(DFCs) have the capacity to differentiate into calcified
tissue similar to bone-marrow-derived mesenchymal stem
cells under in vitro conditions, albeit the osteogenic cell
differentiation in DFCs is less complete and the mecha-
nisms are poorly understood. Recently, we reported a
differential gene expression of DLX-3 during osteogenic
differentiation in DFCs, which promotes osteoblast differ-
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entiation in precursor cells. Histochemical investigations
furthermore revealed that the expression of alkaline
phosphatase and the formation of calcified tissues in DFCs
after differentiation. BMP-2, an important indicator of
osteogenic differentiation, was also up-regulated during
differentiation [4]. Today, it is obvious that the osteogenic
differentiation of dental follicle-derived precursors is
controlled by a network of regulatory molecules including
growth factors like BMP-2 and BMP-7 [3–5]. However,
important factors for osteogenic differentiation such as
MSX-2, DLX-5, runx-2 or osterix and osteoblast markers
like osteocalcin or bone sialoprotein, were almost constitu-
tively expressed in differentiated DFCs [6]. Here, gene
expression profiles were recorded before and after osteo-
genic differentiation in DFCs to elucidate the mechanisms
of biomineralisation in DFCs. Our analysis demonstrated
98 up-regulated and 52 down-regulated genes. They are
functionally classified and their role is discussed in
osteogenic differentiation.

Materials and methods

Cell culture

Dental follicle cells were isolated as described previously
[3]. Briefly, an impacted human third molar was surgically
removed and collected from a 20-year-old patient with
informed consent. The attached dental follicle was separat-
ed from the mineralized tooth. The follicle tissues were
cleaned and then digested in a solution of collagenase type
I, hyaluronidase (Sigma-Aldrich, Munich, Germany) and
DNAse I (Roche, Mannheim, Germany) for 1 h at 37°C.
Digested tissues were seeded into T25 flasks in Mesen-
chymStem Medium (PAA, Pasching, Austria) at 37°C in
5% CO2. Non-adherent cells were removed after medium-
change. Osteogenic differentiation was induced after culti-
vation in alpha-MEM (PAA) supplemented with 10%
foetal bovine serum (PAA), 100µmol/L ascorbic acid 2-
phosphate, 2.8 mmol/l KH2PO4, 1×10

−7mol/l dexametha-
sone sodium phosphate (Sigma-Aldrich) and HEPES
(20 mmol/L). We substituted dexamethasone with insulin
(5µg/ml final concentration) for the insulin-based differen-
tiation protocol. Stainings of differentiated cells with
alizarin was described previously. Alkaline phosphatase
(ALP) activity was detected with naphthol and fast red
violet [4, 6].

Microarray analysis

For osteogenic differentiation, DFCs were stimulated with
dexamethasone for 28 days. Total RNAs were extracted
using the kit NucleoSpin® RNA II kit (Macherey Nagel,

Düren, Germany) and quality-controlled using the RNA
6000 Nano LabChip (Agilent Technologies, Santa Clara,
CA, USA). DNA microarray analyses were carried out with
Affymetrix Human Gene 1.0 ST arrays according to the
Affymetrix standard protocol. Four microarrays were per-
formed with RNA from independent cultures of osteogenic
differentiated DFCs, and two microarrays were performed
with RNA from independent cultures of undifferentiated
DFCs. Microarray hybridizations was carried out at the
“Centre of Excellence for Fluorescent Bioanalytics” of the
University of Regensburg. Data analyses were performed
using the ChipInspector software (Genomatix Software
GmbH, Munich, Germany), applying a significance analysis
of microarrays at a false discovery rate below 0.5% and a
minimum log2 ratio of 2.0 (fold change of 4.0). The database
for Annotation, Visualisation, and Integrated Discovery
(DAVID; http://niaid.abcc.ncifcrf.gov/) and the Bibliosphere
Software tool (Genomatix) were used for annotations of
significant regulated transcripts after differentiation.

Real-time RT-PCR

Total RNA was isolated from cells with NucleoSpin® RNA
II. In order to digest contaminating genomic DNA, RNA
was treated with DNAse I. The cDNA synthesis was
performed using 400 ng total RNA and the RevertAid™
M-MuLV Reverse Transcriptase Kit (Fermentas, St. Leon-
Rot, Germany). Real-time PCR was performed with
TaqMan® Fast Universal PCR Master Mix (Applied
Biosystems, Foster City, USA). Sequences for primers and
probes can be obtained from the authors. Real-time RT-
PCR (qRT-PCR) was performed with the 7900 HT Fast
Real-time PCR System (Applied Biosystems). The Applied
Biosystems’ RQ manager 1.2 software was used for
estimation of threshold cycles (Ct-value). GAPDH gene
expression was chosen for normalisation of each sample
(housekeeper gene). Quantification was done with the delta/
delta calculation method as described by Winer et al. [7].
For calibration, total RNA was used from cells before the
induction of cell differentiation (relative gene expression=1).

Results and discussion

Differentiation of DFCs with dexamethasone

Cultured DFCs were osteogenic differentiated using dexa-
methasone, a member of the glucocorticoid class of steroid
hormones. To improve osteogenic differentiation the con-
centration of dexamethasone (1×10−7°M) was increased in
comparison to our previous studies (1×10−8M) [3, 4, 6].
The induction of osteogenic differentiation in DFCs was
evaluated by gene expression of osteogenic markers and
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alkaline phosphatase activity (ALP) after 14 days of
differentiation. We compared DFCs cultivated in two
different cell culture media that were supplemented either
with or without dexamethasone (Fig. 1). After 14 days of
cultivation DFCs demonstrated strong alkaline phosphatase
activity in cell culture medium with dexamethasone, but
almost no alkaline phosphatase activity in medium without
dexamethasone (Fig. 1a). In contrast to previous studies [4,
6] runx2 was higher expressed in medium with dexameth-
asone than without dexamethasone (Fig. 1b). Moreover the
expression of the transcription factor osterix was elevated in
dexamethasone-treated cells (Fig. 1b). These results dem-
onstrate that dexamethasone has a positive effect on the
initiation of osteogenic differentiation in DFCs, although
markers for osteogenic differentiation are also expressed in
DFCs without dexamethasone treatment. In contrast to our
previous studies [4, 6], we identified an up-regulation of
runx2 and osterix at day 14 of differentiation, which is
probably being caused by the new concentration of
dexamethasone.

Microarray analysis of osteogenic differentiated DFCs

To analyse the gene expression profile of osteogenic
differentiated cells, DFCs were cultivated in 1×10−7M
dexamethasone, L-ascorbate-2-phosphate, and KH2PO4 for
4 weeks. After 4 weeks, long-term cultures of DFCs grown
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Fig. 1 DFCs after 14 days of cultivation in cell culture medium with
dexamethasone (differentiation) and without dexamethasone (control).
a Alkaline phosphatase activity (ALP) of DFCs with and without
dexamethasone treatment. b Real-time RT-PCR with specific PCR
primers for markers of osteogenic differentiation. For calibration total
RNAs of DFCs were cultivated without dexamethasone (rel. gene
expression=1). PCRs were performed with three biological replicates
+/−SEM. Abbreviation: runx2 runt-related transcription factor 2
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Fig. 2 Differentiation potential of DFCs in vitro. a Alizarin Red
staining as a measure of calcium accumulation (Alizarin) and alkaline
phosphatase activity staining (ALP) in 4-week-old long-term cultures
differentiated with dexamethasone and insulin. All figures have the
same magnification. b Real-time RT-PCR analysis with primers for
osteoblast markers after 4 weeks of osteogenic differentiation. The
real-time RT-PCRs confirmed the DNA microarray data. Total RNAs
from DFCs before the induction of cell differentiation (undifferenti-
ated) were used for calibration of real-time RT-PCRs (relative gene
expression=1). Each bar of undifferentiated DFCs (light grey bar) and
differentiated cells with dexamethasone (black bar) and insulin (white
bar) represents the mean of three biological replicates +/−SEM. Dark
grey bars represent the mean of gene expression measured by
Affymetrix microarray analysis. Abbreviations ALP alkaline phospha-
tase, BMP-2 bone morphogenic protein 2, DLX-5 distal-less homeo-
box 5, MSX-2 Msh homeobox 2, runx2 runt-related transcription
factor 2
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in the presence of dexamethasone demonstrated the
capacity to form Alizarin Red-positive areas with high
levels of calcium, indicating osteogenic differentiation
(Fig. 2a). No calcium accumulation was observed in long-
term cultures without dexamethasone (data not shown). A
high level of ALP activity was visible in dexamethasone-
treated DFCs (Fig. 2a), but no ALP activity was detected in
undifferentiated DFCs (data not shown). Previous studies
have also demonstrated the occurrence of osteogenic
differentiation in DFCs at this point in time [3, 4, 6]. The
calcium deposits were scattered throughout as single
mineralized zones. The formation of membrane-like struc-
tures with mineralized foci, which is a typical feature of
differentiated DFCs, was also described previously [3, 4, 6].
We suppose that DFCs form membrane-like structures at an
early stage of osteogenic differentiation. In previous experi-
ments we grew long-term cultures for 5 weeks [3] and longer
(own unpublished observations). Here, more complete
mineralization was detectable after alizarin red staining. We

therefore concluded that the differentiation process of DFCs
is not completed after 4 weeks. However, this is an excellent
time point to evaluate molecular mechanisms during osteo-
genic differentiation in DFCs, because differentiation has
started but not finished. At this point in time, we would
expect up-regulation of genes that are involved in the
molecular process of osteogenic differentiation. In previous
studies we also induced osteogenic differentiation by insulin
treatment [4, 6]. In this study, we have also induced
osteogenic differentiation with insulin as a control (Fig. 2).
Although the gene expression of osteogenic markers was up-
regulated after 4 weeks of differentiation with insulin, the
osteogenic phenotype of differentiated DFCs, estimated by
ALP activity and Alizarin Red staining, was similar to or
weaker than that of dexamethasone-treated DFCs [4, 6]. We
obtained similar results for DFCs differentiated with an
insulin-based protocol (Fig. 2a) and made use of insulin-
differentiated DFCs to evaluate differentially expressed
genes identified with the microarray analysis by real-time

Table 2 Functional annotation clustering (DAVID) of up-regulated genes (Enrichment score >1)

Functional group Genes (official symbol)

Extracellular region, cell adhesion CFH, IGFBP2, SERPING1, IGF2, APOB, PTGDS, INHBB, C3, IGFBP5, GPX3, TIMP4, FMOD,
STC1, MFAP4, PLAT, PIP, LAMA1, DLL1, MMP1, EFEMP1, GPC3, NTN1, SPON1, APOD,
TNFSF15, DPT, SGCG, FRZB, PRELP, SEPP1, PROS1, ASPN, RARRES2, PDGFD, PTGS1,
ROBO2, NRCAM, ROR2, EDNRB, ACVRL1, CTSK, GPRC5B, CD14, PTGFR, TRPA1, CORIN,
MAN1C1, ABCA6, ENTPD1, GPM6B, SLC40A1, ABCA8, RAB27B, ADH1A, ADH1C, ADH1B, MAOA

Multicellular development CFH, SERPING1, PTGS1, IGF2, CYP26B1, ROBO2, PTGDS, APOB, TRPA1, INHBB, C3,
CORIN, NRCAM, ROR2, EFHD1, PLAT, PRDM1, EDNRB, CYP39A1, DLL1, KLF9, LAMA1,
MMP1, SPRY1, RDH10, GLUL, SHC3, EFEMP1, ZBTB16, GPC3, ENTPD1, NTN1, GPM6B,
SPON1, ACVRL1, CRABP2, SGCG, NR4A3, FRZB, GPRC5B, PRELP, SEPP1, PROS1, MAOA,
IGFBP2, BIRC3, IGFBP5, FAM107A, SLC40A1, TNFSF15, PTK2B, CD14

Netrin-related proteins FRZB, TIMP4, C3, NTN1

Cell signalling, communication RAB27B, IGFBP2, BIRC3, IGF2, CYP26B1, JUP, PTGFR, APOB, INHBB, RASL11A, C3,
IGFBP5, AKAP12, FMOD, ROR2, STC1, MFAP4, RASD1, PLAT, EDNRB, DLL1, KLF9,
GLUL, SPRY1, SHC3, GPC3, ENTPD1, NTN1, ACVRL1, TNFSF15, CRABP2, FRZB,
GPRC5B, PTK2B, CD14, MAOA

Selenium-binding proteins GPX3, DIO2, SEPP1

Coagulation and complement CFH, SERPING1, STC1, ROBO2, PROS1, PLAT, INHBB, CD14, C3, ENTPD1, ACVRL1,
PTGS1, TRPA1, GPX3, PTK2B, SEPP1, SHC3, PTGDS, TNFSF15, MAOA

Table 1 Functional Annotation Clustering (DAVID) of down-regulated genes (Enrichment score >1)

Functional groups Genes (official symbol)

Extracellular region, cell adhesion ELN, SEMA3D, WNT2, NRG1, PENK, IL7R, PSG5, MFAP5, ADAM12, TGFBI, BDNF, GREM2,
POSTN, HAPLN1, PSG1, LIF, CXCL12, PSG9, SULF1, FGF2, UGCG, PHGDH

Multicellular development NPTX1, ELN, SEMA3D, CDH6, WNT2, NRG1, ADAM19, LSAMP, ID3, IL7R, ITGA8, ADAM12,
CLDN11, BDNF, FGF2, POSTN, PHGDH, LIF, KCNH1, UGCG, ID1, LDB2, PENK, TGFBI,
TPM1, BDKRB2, CXCL12, DHRS3, SULF1

Aminoacid biosynthesis PSAT1, MTHFD2, PHGDH, ASNS, FGF2, SLC7A5, PCK2, UGCG

Growth factor NRG1, BDNF, FGF2, LIF, CXCL12, NPTX1, PENK, WNT2, CLDN11, DLG7, TGFBI, GREM2,
BDKRB2, TPM1, PHGDH, SLC7A5, HIST1H1B
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RT-PCR (see below). For the microarray study, DFCs were
osteogenic differentiated with dexamethasone for 4 weeks.
Primary microarray data of DFCs before and after cell
differentiation were compared with the ChipInspector soft-
ware [8, 9]. We obtained 98 up-regulated and 52 down-
regulated genes in differentiated cells (Supplemental Table).
Interestingly, typical markers for osteogenic differentiation
were expressed, but only alkaline phosphatase (ALP) and
bone morphogenic protein (BMP)-2 were clearly up-
regulated after differentiation (Fig. 2b). Although the gene
expression of ALP and BMP-2 was up-regulated with
microarray raw data (Fig. 2b) these genes were not
significantly up-regulated after a statistical analysis. ChipIns-
pector filtered out these genes, based on statistical criteria. In
our analysis, we identified significantly regulated genes.
Unlike ALP and BMP-2, some osteoblast markers were
down-regulated (collagen type I) or constitutively expressed
(osteocalcin, OCN) after differentiation (Fig. 2b). These gene
expression results also fit with previous data [4, 6]. In
Fig. 2b, we compared microarray hybridization data with the
real-time RT-PCR analysis. The real-time RT-PCR data and
microarray data were comparable, which demonstrates the
reliability of our microarray analysis.

Bioinformatic annotation of regulated genes

To evaluate the cellular localization of regulated genes, we
used the programmes DAVID and Bibliosphere [8–10].

Gene products of both up- and down-regulated genes were
predominantly localised in the extracellular region; espe-
cially in the proteinaceous extracellular matrix (Tables 1, 2).
The Bibliosphere tissue filter demonstrated that transcripts
present in various tissues such as the kidney, colon, nervous
system, or epididymis were significantly overrepresented in
up-regulated genes (data not shown). We assume that these
transcripts are generally expressed in differentiated cells of
various tissues. Genes that were overrepresented in down-
regulated transcripts are found in immortalised cell lines or
embryonic tissues (data not shown). These genes are
probably involved in the maintenance of undifferentiated
DFCs.

Regulated genes were further clustered with Gene
Ontology (DAVID) and the functional annotation tool of
DAVID. More than 50% of down-regulated genes and 30%
of up-regulated genes are involved in multicellular devel-
opment (Fig. 3; Tables 1 and 2). Interestingly, 10% of
down-regulated genes are involved in amino acid biosyn-
thesis and reproductive processes (Fig. 3). These genes are
probably important for maintenance and proliferation of
undifferentiated DFCs, and a reduction in gene expression
must be important for osteogenic differentiation. Addition-
ally, gene clusters for cell morphogenesis, skeletal devel-
opment and cell differentiation were found in up-regulated
genes (Fig. 3). Two small but significantly overrepresented
clusters of up-regulated genes were found. These clusters
are netrin-related proteins, a class of proteins involved in
axon guidance, and selenium-binding proteins, which are
important for multiple enzymatic reactions [11, 12]. These
genes are probably involved in the differentiation of DFCs,
but their functions are unknown.

Intriguingly, transcripts of complement and coagulation
genes were significantly overrepresented in up-regulated
genes (Table 1). Although genes of this cluster are
associated with the immune response, many of them are
also associated with developmental processes (Table 1).
Abdallah et al. observed an up-regulation of immune
response-related genes upon the inhibition of cell differen-
tiation in mesenchymal stem cells [13]. In contrast, our
investigation demonstrated the up-regulation of immune
response-related genes after differentiation (Tables 2 and 3).
We do not know how these genes are associated with the
osteogenic differentiation process in DFCs. Interestingly,
paracrine effects are suggested for the success of current
clinical treatments based on mesenchymal stem cells
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Fig. 3 Gene ontology for biological processes of up- and down-
regulated genes. The analyses were done with DAVID

Term p value Genes

Focal adhesion 0.095 LAMA1, CCND2, PDGFD, BIRC3, SHC3,

Arachidonic acid metabolism 0.083 GPX3, PTGS1, PTGDS,

Complement & coagulation cascades 0.0029 CFH, SERPING1, PROS1, PLAT, C3,

Table 3 KEGG (Kyoto
encyclopaedia of genes and
genomes) pathway analysis of
up-regulated genes (p values<
0.05: strongly enriched in the
annotation categories)
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[14, 15]. The secretion proteome of mesenchymal stem
cells contains a high number of immune response-related
proteins like interleukins and chemokines. These proteins
are probably involved in the regulation of endogenous stem
cell differentiation [15]. Additional studies will elucidate
the function of immune response-related genes in cell
differentiation of DFCs.

Single up-regulated genes in DFCs after osteogenic
differentiation, such as IGF-2 or CD14 are known to be
involved in skeletal development (Table 4), and mutations
of these genes are associated with bone density diseases
(Table 5). However, these genes are not typical markers for
bone or dental tissues, and it is difficult to speculate on their
functions in the context of our study.

The dental follicle is also involved in osteoclast
recruitment, which is required for tooth eruption. Interest-
ingly, genes involved osteoclastogenesis (like RANKL and
osteoprotegerin) are not significantly regulated in differen-
tiated DFCs. In contrast, TNFSF15, which is related to
RANKL, was differentially expressed and belongs to the
tumour necrosis factor (TNF) ligand family. It can activate
NF-kappaB and MAP kinases, and acts as an autocrine
factor to induce apoptosis in endothelial cells [16].

Transcription factors regulated by osteogenic differentiation

Important information about osteogenic differentiation in
DFCs can be obtained from regulated transcription factors
(Table 6). Six and four transcription factors were signifi-
cantly up- and down-regulated, respectively, after osteo-
genic differentiation. A real-time RT-PCR analysis verified
the obtained microarray data (Fig. 4). Interestingly, similar
results were obtained for gene expression of FOXM1, ID1,

ID3, KLF9, NR4A3, PRDM1 and ALF after differentiation
with insulin. However, TSC22D2 and LDB2 were consti-
tutively expressed in insulin-differentiated cells (Fig. 4).
Although known osteoblast-specific transcription factors
like runx2 or osterix were not regulated, known differen-
tially expressed transcription factors are involved in cell
proliferation and/or differentiation. In the following sec-
tions, we will discuss current knowledge about these
identified transcription factors.

The transcription factor NR4A3 is strongly up-regulated
after osteogenic differentiation of DFCs and is known to be
implicated in the senescence of fibroblast cells [17].
Abrogation of NR4A3 leads to development of acute
myeloid leukaemia. It has been suggested that NR4A3 is
a tumour suppressor of myeloid leukaemogenesis and may
functions as a homeostatic regulator of proliferation,
apoptosis and differentiation [18]. However, there is no
known connection between NR4A3 and osteogenic differ-
entiation. Tsc22d3 is an up-regulated transcription factor
containing a glucocorticoid-induced leucine zipper (GILZ).
It was initially identified as a dexamethasone-responsive
gene involved in the control of T-lymphocyte activation and
apoptosis [19]. Recently, it was demonstrated that GILZ
directly interacts with Ras in vitro and in vivo and that
silencing of GILZ leads to an inhibition of dexamethasone
antiproliferative effects [19]. We assume that the up-
regulation of Tsc22d3s is due to the use of the glucocor-
ticoid dexamethasone in the course of differentiation. This
was also suggested by the real-time RT-PCR analysis of
insulin-differentiated DFCs (Fig. 4). Therefore, it is highly
probable that Tsc22d3 has no direct influence on the
osteogenic differentiation of DFCs. Another up-regulated
transcription factor is encoded by the gene PRDM1. Being

Skeletal development

GENE_SYMBOL

IGF2 Insulin-like growth factor 2 (somatomedin a)

FRZB Frizzled-related protein

ROR2 Receptor tyrosine kinase-like orphan receptor 2

PRELP Proline/arginine-rich end leucine-rich repeat protein

ZBTB16 Zinc finger and BTB domain containing 16

Table 4 Gene ontology for
biological processes (DAVID)
revealed a cluster of up-
regulated genes involved in
skeletal development

Bone density

MMP1 MATRIX METALLOPEPTIDASE 1 (INTERSTITIAL COLLAGENASE)

CTSK CATHEPSIN K (PYCNODYSOSTOSIS)

ROR2 RECEPTOR TYROSINE KINASE-LIKE ORPHAN RECEPTOR 2

CD14 CD14 ANTIGEN

ADH1A, ADH1C, ADH1B ALCOHOL DEHYDROGENASE 1A (CLASS I), ALPHA POLYPEPTIDE

Table 5 Genes associated with
bone density diseases in the
group of up-regulated genes
(DAVID)
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a transcriptional repressor, it is considered to be a master
regulator for multipotent progenitor cell populations in the
posterior forelimb, caudal pharyngeal arches, secondary
heart field and sensory vibrissae, maintaining key signalling
centres at these diverse tissues sites [20]. However, further
investigations are required to reveal a possible role of this
general transcription factor in osteogenic cell differentia-
tion. One transcription factor, the TFIIA alpha/beta-like
factor (ALF), is germ cell-specific, and there is no
suggestion of a possible role in somatic cell differentiation
[21]. The last two up-regulated transcription factors,
encoded by genes ZBTB16 und KLF9, have important
functions in somatic tissue development. KLF9, for
example, is an important regulator of cell migration and
proliferation of intestinal cells, but the function of KLF9 in
osteogenic differentiation is unknown [22]. Interestingly,

ZBTB16, also known as the promyelotic leukaemia zinc
finger transcription factor, promotes osteogenic differentia-
tion of human mesenchymal stem cells as an up-stream
activator of runx2 and collagen type I [23]. However, gene
expression of runx2 and collagen type I was not up-
regulated in DFCs after 4 weeks of differentiation. The
differentially expression of BMP-2, which stimulates
osteogenic differentiation in DFCs [5], can be regulated
by ZBTB16 in DFCs. However, in mesenchymal stem cells
the expression of BMP-2 was not regulated by ZBTB16,
and BMP-2 did not induce the expression of ZBTB16 [23].
Thus further investigations of the role of ZBTB16 in DFCs
will be important for our knowledge about osteogenic
differentiation in DFCs.

Four different transcription factors were significantly
down-regulated after differentiation, FOXM1, ID1, ID3 and
LDB2. A previous study indicated that the LDB2 protein
plays an important role in the homeostasis of corneal
epithelium and it seems to have an important function in the
maintenance of hair follicle stem cells [24]. ID1 and ID3
are transcription factors without a DNA-binding domain,
but they can form heterodimers with members of the basic
helix–loop–helix family of transcription factors. IDs
have multiple functions. For example, they can inhibit
neurogenesis, and control endothelial progenitor cell for-
mation and the growth of vascular cells [25–27]. FoxM1
has been reported to regulate mitotic entry and prevent
spindle defects in neural precursors [28]. Summarised,
these down-regulated transcription factors are mainly
involved in stem cell maintenance and cell proliferation.
Therefore, we suppose that down-regulation of these factors
supports the molecular process of osteogenic differentiation
in DFCs.

Conclusion

Transcripts of 98 genes were up-regulated after differenti-
ation in DFCs. These genes could be clustered into
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Fig. 4 Gene expression analysis of down-regulated (LDB2, FOXM1,
ID1, ID3) and up-regulated (KLF9, NR4A3, PRDM1, ALF, TSC22D3)
transcription factors after osteogenic differentiation. Total RNAs from
cells before the induction of cell differentiation (undifferentiated
DFCs) were used for calibration (relative gene expression=1). Insulin-
differentiated DFCs were used for a comparison with dexamethasone-
differentiated cells. Bars represent the mean of three biological
replicates +/−SEM. Gene expression of the up-regulated transcription
factor ZBTB16 is not shown, because transcripts of this transcription
factor were not expressed in undifferentiated DFCs. However, they
were significantly expressed after osteogenic differentiation (data not
shown)

Gene Symbol Gene name log2 ratio

NR4A3 Nuclear receptor subfamily 4, group A, member 3 2,523

KLF9 Kruppel-like factor 9 2,611

ALF TFIIA alpha/beta-like factor 2,002

TSC22D3 TSC22 domain family, member 3 3,108

PRDM1 PR domain containing 1, with ZNF domain 2,527

ZBTB16 Zinc finger and BTB domain containing 16 3,874

FOXM1 Forkhead box M1 −2,029
ID1 Inhibitor of DNA binding 1, dominant negative helix–loop–helix protein −2,642
ID3 Inhibitor of DNA binding 3, dominant negative helix–loop–helix protein −2,727
LDB2 LIM domain binding 2 −2,029

Table 6 Transcription
factors regulated by osteogenic
differentiation
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subcategories such as cell proliferation, cell differentiation,
cell morphogenesis and skeletal development. In contrast to
mesenchymal stem cells, DFCs did not up-regulate
osteoblast-specific transcription factors like osterix and
runx2 after 4 weeks of osteogenic differentiation. However,
these markers were up-regulated after 14 days of osteogenic
differentiation. However, six up-regulated transcription
factors including ZBTB16, which promotes the oste-
oblastic differentiation of mesenchymal stem cells, were
identified in our study as new top candidates for the
regulation of osteogenic differentiation in DFCs. It is
important to note that DFCs are also progenitors of PDL
fibroblasts and that some differentially expressed genes
are important for the differentiation of DFCs into PDL
fibroblasts. Further studies will evaluate the role of these
transcription factors in the process of osteogenic differen-
tiation in DFCs. ZBTB16 in particular will be a target for
further investigations.
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