Mol Cell Biochem (2015) 406:199-204
DOI 10.1007/s11010-015-2437-8

=
@ CrossMark

The AKT signaling pathway sustains the osteogenic differentiation

in human dental follicle cells

S. Viale-Bouroncle' - C. Klingelhoffer' - T. Ettl' - C. Morsczeck”

Received: 10 February 2015/ Accepted: 6 May 2015/ Published online: 16 May 2015

© Springer Science+Business Media New York 2015

Abstract Signaling transduction pathways are estab-
lished by interactions between growth factors, protein ki-
nases, and transcription factors, and they play a crucial role
in tooth development. Precursor cells of the dental follicle
(DFCs) are used for in vitro studies about molecular
mechanisms during periodontal development. Previous
studies have already shown that the growth factor BMP2
and the transcription factor EGR1 are involved in the os-
teogenic differentiation in DFCs while interactions with
protein kinase-based pathways remain elusive. In this
current study, we investigated the role of the AKT kinase
signaling pathway for the osteogenic differentiation in
DFCs. The AKT signaling pathway was activated in DFCs
after the induction of the osteogenic differentiation by
BMP2. The inhibition of AKT in DFCs repressed the dif-
ferentiation and the expression of the transcription factor
EGRI. Interestingly, EGRI bound to the phosphorylated
form of SMAD1/5 (pSMAD). The binding of pSMAD to
EGR1 was increased after the induction with BMP2.
Moreover, the overexpression EGRI1 increased the os-
teogenic differentiation of DFCs. Our results suggest that
the AKT signaling pathway submits the BMP2-dependent
osteogenic differentiation in DFCs via the expression of the
transcription factor EGRI1.
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Introduction

Signaling pathways such as the BMP pathway control the
spatial and temporal regulation of the development of
mineralized tissues [1,2]. Cultivated cells from the dental
follicle (DFCs) contain precursor cells for alveolar os-
teoblasts and cementoblasts and cell cultures with DFCs
are valuable for investigations under in vitro conditions
about molecular mechanisms during the development of
mineralizing periodontal tissues [3,4].

Recently, we reported that the BMP2/DLX3 pathway
control partially the osteogenic differentiation in human
DECs [5]. Previous studies have shown that DLLX3, which is
an essential transcription factor for skeletal development, is
induced not only by BMP2 but also through post-tran-
scriptional modifications such as phosphorylation by the
serine/threonine protein kinase AKT1 [5-7]. The phospho-
rylation of DLX3 by AKT1 enhances the function of DLX3
for the osteogenic differentiation by supporting protein
stability and transcriptional activity [7]. AKT1 is part of the
phosphatidylinositol 3 kinase (PI3K)/AKT signaling path-
way and similar to DLX3 this pathway regulated the pro-
liferation and differentiation of mineralizing cells [5,8].

The relevance of multipathway kinase signatures for the
osteogenic differentiation was recently shown in bone
marrow-derived multipotent stromal cells (MSCs) [9] and
particular the activation of the (PI3K)/AKT signaling
pathway is required for differentiation into osteoblast [10].
Here, BMP2 induces the (PI3K)/AKT signaling pathway
that regulates the BMP2-specific SMAD function during
osteoblast differentiation [10].
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Recently, we showed that DLX3 induces the expression
of the transcription factor early growth response gen
(EGR)1 in DFCs [5]. Interestingly, this transcription factor
is also regulated through diverse signaling pathways such
as the mitogen-activated protein (MAP) kinase and AKT
[11,12] and participates in multiple biological processes
including cell proliferation and differentiation [13,14].
Moreover, we have already shown that EGR1 supports the
osteogenic differentiation of dental stem cells [15], but an
interaction between BMP2, AKT, and EGR1 has not been
shown for the osteogenic differentiation of dental stem
cells. In this study, we showed for the first time an inter-
action between BMP2, AKT, and EGR1, and the relevance
of this signal for the osteogenic differentiation of dental
stem cells.

Materials and methods
Cell culture

Human dental follicle cells (DFCs) were isolated as de-
scribed previously [5,15]. Briefly, the dental follicle was
minced and digested in a solution of collagenase type I,
hyaluronidase (Sigma-Aldrich, Munich, Germany), and
DNase I (Roche, Mannheim, Germany). The digested tis-
sue suspension was seeded into cell culture flasks in stan-
dard culture medium (Sigma-Aldrich, Munich, Germany)
at 37°C in 5 % CO,. The standard culture medium
(DMEM) consists of Dulbecco’s Modified Eagle Medium
(Sigma-Aldrich) supplemented with 10 % fetal bovine
serum, FBS (Sigma-Aldrich), and 100 pg/mL Penicillin/
Streptomycin. For experiments, DFCs were used at cell
passage 6.

Osteogenic differentiation

DFCs were cultivated until subconfluence (>80 %) in
standard cell culture medium before they were stimulated
with BMP2 (10 ng/ml) comprised Dulbecco’s Modified
Eagle Medium (Sigma-Aldrich) supplemented with 1 %
fetal bovine serum (Sigma-Aldrich), 100 pmol/l ascorbic
acid 2-phosphate, 10 mmol/l KH,PO,, 1 x 10~% mol/L
dexamethasone sodium phosphate (Sigma-Aldrich),
HEPES (20 mmol/l), and 100 pg/ml Penicillin/Strepto-
mycin. For inhibition of AKT the AKT inhibitor, IV
(Calbiochem) was added to DMEM or BMP2 (10 ng/ml) at
a final concentration of 1.25 uM, respectively.

Transfection experiments

Two days before transfection, DFCs were seeded at a cell
density of 7 x 10° cm® For transfection, the cells were
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grown until subconfluence and cultivated in DMEM-con-
taining antibiotics. DFCs were transiently transfected with
the EGR1 expression plasmid, pPCMV6-EGR1 (pEGR1)
(OriGen, Rockville, MD). The transfection was performed
using the FUGEN HD Transfection Reagent (Roche) ac-
cording to the manufacturer’s instructions. Reaction com-
plexes were formed from the combination of FUGEN HD
and the plasmid diluted in DMEM in a ratio of 5:1.5 (5§ pl
FUGEN HD per 1.5 pg DNA).

As control, the empty vector without an insert,
pCDNA3.1 (+ ) (Invitrogen) (pEV) was used. The ex-
pression of EGR1 in DFCs was determined by quantitative
reverse transcription polymerase chain reaction (RT-qPCR)
after 48 h.

Measurement of alkaline phosphatase (ALP) activity

For evaluation of the osteogenic differentiation, potential of
DFCs was quantified the ALP activity after 10 days of cul-
tivation in BMP2 (10 ng/ml) or standard culture medium
(DMEM). DFCs were washed with PBS buffer, disrupted by
freezing —80 °C, and thereafter 60 ul of each sample was
mixed with 60 pl of 1.5 M alkaline buffer (Sigma) and
100 pl of 100 mM p-nitrophenylphosphate (Sigma). The
reaction was stopped after 60 min incubation at 37 °C by
adding 300 pl of 0.3 M NaOH. The liberated p-nitrophenol
was measured spectrophotometrically at 405 nm. ALP ac-
tivity values were normalized to total DNA concentration
determined by Quant-iT PicoGreen dsDNA Assay (Invitro-
gen). At least three biological replicates were analyzed for
each condition, and the data were presented as the mean-
s + S.E. (o/\/n).

Quantitative reverse transcription polymerase chain
reaction (RT-qPCR)

Total RNA was isolated from cell using RNA isolation kit
(Qiagen). The cDNA synthesis was performed using
500 ng total RNA and QuantiTect Reverse Transcriptase
Kit (Qiagen). Quantitative RT-PCR (RT-qPCR) was con-
ducted with the Fast Start DNA Master SYBR® Green I kit
(Roche) or the Light Cycler TagMan kit (Roche) and the
Light Cycler PCR System (LightCycler 480 II, Roche). For
normalization was used the mean of the control group gene
expression and as the housekeeper control was used
GAPDH. Primer pairs used for RT-qPCR are listed in
(Table 1).

Immunoblotting
DFCs were washed with PBS at indicated points in time

and harvested by scraping after 5 min incubation on ice
with lysis buffer (20 mM Tris, 48 mM NaF, 150 mM
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Table 1 Real-time PCR primers
Gene Foreward 5" — 3’ Reverse 5 — 3 Accession Probe
number number
Alkaline phosphatase (ALP) CAACCCTGGGGAGGAGAC GCATTGGTGTTGTACGTCTTG NM_000478.3 19
Early growth response 1 (EGR1) AGCCCTACGAGCACCTGAC GGTTTGGCTGGGGTAACTG NM_001964.2 SYBR
Green
Glyceraldehyde-3-phosphate- AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC NM_002046 SYBR
dehydrogenase (GAPDH) Green
NaCl, 2 mM Na-Orthovanadate, 1 % NP-40 and 10 % = 250 1 AKT-Signaling
Glycerol) and freshly added protease (Roche) and phos- ? 200 s
phatase (Sigma) inhibitor cocktail. An aliquot of 20 g E 150 - xx
protein extract was denatured and reduced by boiling in S 1004
lithium dodecyl sulfate (LDS) sample buffer containing 2 50 4
DTT, separated by SDS—polyacrylamide electrophoresis in DC‘. 0
® ® . . . b
NuPAGE™ Novex™ 4-12 % Bis-Tris gels (Invitrogen) and D S B B S D S D D R
transferred to nitrocellulose membranes. The membranes @e}\ {&@z \v\\{l’ @Q}b‘ Q‘\{b (\‘\(\ fibb\q/ Qp? \%@"‘ o
were blocked with skimmed milk and incubated for 60 min Q;bt’ Ogl‘ v%g £ \?{5 §+° (\@‘5‘ /\O<2~@ (\«b:\q/ kb'\‘:\
at room temperature followed by incubation with primary & v Q@@\ <& ee:\\ ~l~'\<\
. . . . @
antibody at 4 °C overnight. The used antibodies are as & Q;p“ €
O
follows: EGR1 (15F7), phosphoAKT(S473) (D9E), phos- on% Q,\Q%
phoSMAD1/5 (41D10), LaminA/C, pmTOR(S2481) (Cell P
Signaling, Beverly, MA), and B-Actin (AC-15) (Novus oDMEM = BMP2

Biologicals).

After washing, the membranes were incubated either
with a biotinylated anti-mouse IgG or a biotinylated anti-
rabbit IgG for 60 min followed by incubation with avidin-
conjugated horseradish peroxidase (HRP). Detection was
performed by chemiluminescence (Pierce). For quantita-
tion, X-ray films were scanned and the program Imagel
version 1.47 (public domain; http://imagej.nih.gov/ij/) was
used for the evaluation of protein band intensities. For
calculation of relative pixel intensities of protein bands, the
measured intensities were normalized to the intensities of
the housekeeping protein f-Actin.

For nuclear and cytoplasmic protein partition, the NE-
PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific) were used according to the manufac-
turer’s instructions. Solutions for protein extraction contain
Protease Inhibitor tablets (complete mini, Roche) to mini-
mize protein degradations.

The activation of the AKT signaling pathway was as-
sayed using the PathScan AKT Signaling Antibody Array
Kit (Cell Signaling), chemiluminescent signals were de-
tected with the imaging system, and ChemiDoc (PEQLAB)
and the spot intensities were quantified using the Imagel
software.

Immunoprecipitation

Immunoprecipitation assays were performed using the
Protein G Agarose Immunoprecipitation Kit (Abnova,

Fig. 1 AKT pathway array. Protein lysates of the DFCs after 3 days
of osteogenic induction with BMP2 or in DMEM for control were
assayed using the PathScan AKT Signaling Antibody Array Kit. The
pixel density of the control (DFCs in DMEM) was used for
calibration. All values are means plus standard error (a/\/n) of three
biological replicates. Significant differences are shown with the
Student’s ¢ test (**p < 0.0125 and ***p < 0.005)

Walnut, USA) and following the protocol described by
the manufacturers. DFCs were lysed in buffer containing
150 mM NaCl, 50 mM Tris, 1 % tritonX-100 together
with freshly added protease Inhibitor (Roche), and phos-
phatase inhibitor cocktail (Sigma-Aldrich). Cleared cell
lysates were incubated overnight at 8 °C with a specific
antibody against EGR1 (Cell Signaling). To capture an-
tibody protein complex, protein G beads were added and
incubated by shaking the tubes for 1 h at 8 °C. After
washing four times in lysis buffer, immunoprecipitates
were eluted by boiling the beads with 1X SDS-PAGE
loading buffer for 5 min and assayed by Western blotting
as above.

Results
Analyses with the PathScan AKT Signaling Antibody Ar-

ray Kit and Western blots discovered an increased phos-
phorylation (activation) level of proteins of the AKT
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Fig. 2 Influence of AKT inhibitor on the phosphorylation of AKT,
SMAD1/5, and mTOR and the expression of the transcription factor
EGRI1. A As indicated by immunoblotting, a specific AKT inhibitor
(AKT Inh) hampers the phosphorylation of AKT at Serin 473 after
6 h supplementation; for quantitation supplemental Fig. 2. B Western
blot analyses of DFCs nuclear extracts using specific antibodies for
phospho-mTOR (S2481), EGRI1, phospho-SMADI1/5, f-Actin as
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Fig. 3 AKT influences alkaline phosphatase (ALP) expression and
activity. A RT-qPCR of ALP in DFCs treated with BMP2 or BMP2
and AKT inhibitor (AKT Inh) at day three of osteogenic differen-
tiation. All values are means of three biological replicates &= SEM.
B Alkaline phosphatase (ALP) activity after 10 days osteogenic

signaling pathway after the induction of the osteogenic
differentiation with BMP2 (Fig. 1, Fig. S1). Furthermore,
the phosphorylation/activation of proteins such as AKT and
SMADI1/5 was decreased using a specific inhibitor for
AKT (AKT Inh) (Fig. 2). The AKT inhibitor repressed the
BMP2-induced expression of EGR1 and the activation
(phosphorylation) of mammalian target of rapamycin
mTOR (S481) after 3 days induction with BMP2 (Fig. 2B).
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control after 3 days osteogenic differentiation induced with BMP2 or
BMP2 and AKT Inh or in DMEM; for quantitation supplemental
Fig. 3. C RT-qPCR of EGR1 in DFCs treated with BMP2 (Ctr.) or
BMP2 and AKT inhibitor (AKT Inh) at day three of osteogenic
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differentiation with BMP2 or BMP2 and AKT Inh of DFCs. For
calibration, DFCs in DMEM were used. All values are means &= SEM
of at least four biological replicates. Significant differences are shown
with the Student’s ¢ test (***p < 0.005)

The AKT inhibitor inhibited the expression of EGR1 in
DFCs (Fig. 2C) and the osteogenic differentiation of DFCs
(Fig. 3). Interestingly, the interaction of the phosphorylated
form of SMAD1/5 with the transcription factor EGR1 in-
creased after the induction of the osteogenic differentiation
with BMP2 (Fig. 4). These results lead to the assumption
that the AKT signaling pathway, which is induced by
BMP2, supports the osteogenic differentiation in DFCs via
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Fig. 4 EGRI interacts with the phosphorylated form of SMADI/5.
Immunoprecipitation (IP) assay with an EGR1 antibody with cell
lysates from DFCs in DMEM or DFCs induced three days with
BMP2. Immunoprecipitates were analyzed with specific antibodies
against phospho-SMAD1/5 and EGR1. IPs with an unspecific rabbit
IgG were used as negative control. The Diagram shows relative pixel
intensities of pPSMAD1/5 after EGR1 immunoprecipitation. Protein
band pixel intensities of pSMADI] were normalized to pixel
intensities of EGR1 protein bands
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Fig. 5 EGRI overexpression induces the alkaline phosphatase (ALP)
activity in DFCs. A Western blot analyses with whole lysates of DFCs
after 72 h transfection with the EGR1 plasmid (pEGR1) or an empty
vector (pEV) in DFCs and specific antibodies against EGR1 and f-
Actin, which was used as loading control. Diagram shows the relative
pixel intensities of EGR1 normalized to the loading control.

the transcription factor EGR1. To evaluate the influence of
EGR1 on the osteogenic differentiation in DFCs, this
transcription factor was overexpressed (Fig. 5A). The
overexpression of EGRI1 induced significantly the ALP
activity in DFCs (Fig. 5B).

Discussion

Intracellular protein kinase-based signaling pathways such
as the FAK/ERK pathway play important roles in the
regulation of the osteogenic differentiation of DFCs [16,17].
Although the regulation of other protein kinases such as
AKT was reported for the osteoblastic differentiation [8,10],
almost nothing was known about the role of AKT during the
osteogenic differentiation of dental stem cells.

We showed that DFCs express a number of phospho-
rylated proteins of the AKT signaling pathway. The
phosphorylation level of AKT pathway-associated proteins
was increased after the induction of the osteogenic differ-
entiation. Previous studies have already shown that the
activation of the AKT kinase was required for the BMP2-
induced differentiation of osteoblasts and the activation of
mTOR downstream from AKT was associated also with the
osteogenic differentiation of human MSCs [10,18,19]. In
our study, the inhibition of AKT with a specific inhibitor
(AKT inh) prevents the activity of ALP in DEFCs.

ALP
350

0o ®BMP2
250
200
150 -
100

50

pEV pEGR1

B Alkaline phosphatase (ALP) activity of DFCs after 48 h transfec-
tion with the EGR1 plasmid (pEGR1) or an empty vector (pEV) and
10 days osteogenic differentiation with BMP2. For calibration, pEV-
transfected DFCs in BMP2 were used. All values are means £ SEM
of at least four biological replicates
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Moreover, we could show that inhibition of AKT prevents
the phosphorylation of SMADI/5 after the induction with
BMP2. Similar to this observation, Ghosh-Choudhury and
co-workers reported that a dominant-negative AKT inhib-
ited both the BMP/SMAD pathway and the osteogenic
differentiation of human MSCs [10].

EGRI is involved in the osteogenic differentiation of
dental stem cells and induced by BMP2 at early time points
of the osteogenic differentiation in DFCs [15]. Our new
results showed that an EGR1 overexpression increased the
ALP activity of DFCs, which is in agreement with our
previous results after the inhibition of EGR1 in DFCs with
a specific siRNA [15]. Here, however, the overexpression
of EGR1 in stem cells from the dental apical papilla did not
increase the expression of ALP [15]. Additional studies are
required to investigate the role of EGR1 during the os-
teogenic differentiation of DFCs, but EGR1 is probably
involved in the regulation of genes, which are induced by
BMP2 [5, 15, 20].

Our results propose that BMP2 induces the osteogenic
differentiation in DFCs by the induction of the AKT kinase
and the expression of EGR1 downstream from AKT. Our
results indicate furthermore that the AKT signaling path-
way supports the BMP2-induced activation of SMAD,
which is not only required for the induction of transcription
factors including EGRI1 but also for the osteogenic differ-
entiation of DFCs [15, 21]. Our assumption that a pathway
of BMP2/AKT does partly control the differentiation of
DFCs via transcription factor EGR1 is in coherence with
the results of previous studies with human MSCs [10,18],
although further studies have to investigate the activation
of PI3K by BMP2. Interestingly, Gu et al. have shown that
the PI3K/AKT signaling pathway inhibits the expression of
osteogenic differentiation markers such as ALP in MC3T3-
El preosteoblast [8]. Nevertheless, further studies must
investigate the regulation of transcription factors such as
DLX3 downstream from the PI3K/AKT pathway.
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