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Background: Regulation of bone remodeling during orthodontic tooth movement.
Results: Tensile stress induces ephrin-B2 expression in PDL fibroblasts, and ephrin-B2-EphB4 interactions induce osteoblas-
togenesis in osteoblasts of the alveolar bone.
Conclusion: Ephrin-B2-EphB4 signaling between PDLF and osteoblasts of the alveolar bone might contribute to bone remod-
eling during orthodontic tooth movement.
Significance: Understanding the regulation of bone remodeling during orthodontic tooth movement is a prerequisite for
pharmacological interventions.

During orthodontic tooth movement, the application of ade-
quate orthodontic forces allows teeth to be moved through the
alveolar bone. These forces are transmitted through the peri-
odontal ligaments (PDL) to the supporting alveolar bone and
lead to deposition or resorption of bone, depending on whether
the tissues are exposed to a tensile or compressive mechanical
strain. Fibroblasts within the PDL (PDLF) are considered to be
mechanoresponsive. The transduction mechanisms from
mechanical loading of the PDLF to the initiation of bone remod-
eling are not clearly understood. Recently, members of the eph-
rin/Eph family have been shown to be involved in the regulation
of bone homeostasis. For the first time, we demonstrate that
PDLF exposed to tensile strain induce the expression of eph-
rin-B2 via a FAK-, Ras-, ERK1/2-, and SP1-dependent pathway.
Osteoblasts of the alveolar bone stimulated with ephrin-B2
increased their osteoblastogenic gene expression and showed
functional signs of osteoblastic differentiation. In a physiologi-
cal setting, ephrin-B2-EphB4 signaling between PDLF and
osteoblasts of the alveolar bone might contribute to osteogene-
sis at tension sites during orthodontic tooth movement.

Teeth are moved through alveolar bone during orthodontic
tooth movement by the application of adequate orthodontic
forces. The applied mechanical stress must then be communi-
cated to the alveolar bone via the periodontal ligaments (PDL).2
Mechanosensitive cells of the PDL, the PDL fibroblasts (PDLF),
are able to transduce mechanical strain into intracellular sig-
nals. This information is then transmitted to other cells like
osteoblasts of the alveolar bone. This initiates fundamental pro-

cesses leading to a profound remodeling of mineralized and
nonmineralized periodontal tissues. The sequence of events
from the application of mechanical forces to the complex bio-
chemical events commanding the tightly controlled accom-
plishment of osteogenesis at tension sides and osteoclastogen-
esis at compressive sides is not completely understood.
Some effectors of physiological bone remodeling have been

identified and characterized. Of paramount importance for
bone remodeling is the receptor activator of nuclear factor
�B/receptor activator of nuclear factor �B ligand/osteoprote-
gerin signaling pathway (1, 2). For the differentiation and func-
tion of osteoblasts, a member of the Runx (Runt-related pro-
tein) family of transcription factors, Runx2, is of leading
importance. Runx2 binds to the promoter regions of osteoblas-
tic genes and activates, among others, the expression of alkaline
phosphatase (ALPL), osteocalcin, bone sialoprotein (BSP-1),
and collagen 1A1 (COL1A1), which include hallmarks of osteo-
blast differentiation.
Ephrins and Ephs are involved in various developmental pro-

cesses during embryogenesis (3, 4) and have been characterized
for their roles in neuronal development, during which they
mediate patterning of hindbrain rhombomeres, guidance of
migrating neural precursor cell axon guidance (5, 6), and phys-
iological and pathological angiogenesis (7, 8). The Eph recep-
tors include the largest known group of receptor tyrosine
kinases. Although they share a conserved domain structure,
sequence homology analysis and binding preferences served as
criteria for subdividing the 14 mammalian Ephs into two
groups: 8 EphA- (EphA1–8) and 6 EphB receptors (EphB1–6).
The EphA receptors bind preferentially to the glycosylphos-
phatidylinositol-linked ephrin-A ligands (ephrins A1–5),
althoughthe EphB receptors bind the transmembrane ephrin-B
ligands (ephrins B1–3). Ephs, like other receptor tyrosine
kinases, initiate signal transduction through autophosphoryla-
tion after ligand-receptor engagement, referred to as “forward
signaling.” However, in contrast to other soluble ligands for
receptor tyrosine kinases, the ephrins possess a unique feature

1 To whom correspondence should be addressed. Tel.: 49-6221-56-6580; Fax:
49-6221-56-5753; E-mail: ralf.erber@med.uni-heidelberg.de.

2 The abbreviations used are: PDL, periodontal ligament; PDLF, periodontal
ligament fibroblasts; ALPL, liver/bone/kidney-type alkaline phosphatase;
FA, focal adhesion; FA, focal adhesion; FAK, focal adhesion kinase; fw, for-
ward primer; GPI, glycosylphosphatidylinositol; p-FAK, phosphorylated
focal adhesion kinase; qRT-PCR, quantitative real time PCR; rv, reverse
primer; t-FAK, total focal adhesion kinase; ECM, extracellular matrix.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 43, pp. 37651–37664, October 28, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

OCTOBER 28, 2011 • VOLUME 286 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 37651



as follows. Ephrins are membrane-bound and capable of recep-
tor-like active signaling (“reverse signaling”), resulting in bi-
directional cell-to-cell communication (reviewed in Refs. 6, 9).
Major functions of the ephrin/Eph system are within the regu-
lation of cellular motility and alteration in adhesions to the
extracellular matrix. Ephrin/Eph interactions frequently mod-
ulate cellular repulsion or attraction, indicating a causal rela-
tion between ephrins, Ephs, the ECM, and the cytoskeleton.
However, the strain that alters the interaction of cells with the
ECM and/or influences the organization of the cytoskeleton
has an impact on the function and expression ofmembers of the
ephrin/Eph family (10, 11).
Recently members of the ephrin/Eph family have been

shown to be involved in the regulation of bone homeostasis.
Zhao et al. (12) reported an NFATc1-dependent ephrin-B2
expression during the receptor activator of nuclear factor �B
ligand-induced differentiation of osteoclasts. Moreover, Zhao
et al. (12) could show that osteoblasts expressed the EphB4
receptor, and the bi-directional activation of the ephrin-B2-
EphB4 signaling pathway on osteoclasts and osteoblasts led to
the suppression of osteoclast differentiation with a concurrent
stimulation of osteoblastogenesis and in consequence to bone
formation (12, 13).
The mechanism for osteogenesis at tension sites in tooth

movement is not well understood. Mechanical forces during
orthodontic tooth movement are initially transmitted to the
PDL. Fibroblasts within the PDL are the first cellular recipients
of mechanical strain. Under cyclic strain, PDL fibroblasts in
vitro increased their osteogenic gene expression (14). An in vivo
model of tooth movement indicated enhanced expression of
Runx2 and the phosphorylation of extracellular signal-regu-
lated kinases 1/2 (pERK1/2) under tension (15). Based on their
involvement in bone remodeling, their causal relation between
ECM and the cytoskeleton, and also their modulation by
mechanical stress, it is tempting to speculate that ephrins and
Ephs are modulated by cellular strain in PDLF and/or osteo-
blasts of the alveolar bone. The anatomical localization of PDLF
in proximity to osteoblasts of the alveolar bone would allow cell
to cell signaling via ephrin/Eph interactions andmight contrib-
ute to cellular responses leading to osteogenesis at sites of cel-
lular strain. Besides the interplay between PDL fibroblasts and
osteoblasts of the alveolar bone via ephrin/Eph interactions,
bi-directional signaling between ephrins and Ephs may also
occur within PDLF and osteoblast populations themselves. The
communication between ephrin-B2 and EphB4 has recently
been shown to be involved in the initiation of osteoblast differ-
entiation within the osteoblast lineage (16). We recently
showed at compression sites during orthodontic tooth move-
ment that ephrin-A2 is up-regulated in PDLF and that this up-
regulation leads to an attenuated osteogenesis in the alveolar
bone (17).
In this study, we provide evidence that ephrin-B2-EphB4 sig-

naling links mechanical strain on PDLF with osteoblastic gene
expression in osteoblasts of the alveolar bone. We also investi-
gated the molecular mechanism by which mechanical strain
regulates ephrin-B2 gene expression in PDLF. In vitro, eph-
rin-B2 stimulated osteoblastogenic gene expression, ALP activ-
ity, and mineralization in osteoblasts, suggesting that strain-

induced ephrin-B2 up-regulation in PDLF contributes to
osteogenesis at tension sites of orthodontic tooth movement.
Moreover, we have shown that ephrin-B2-EphB4 signaling in
PDLF led to the induction of osteoblastogenic gene expression,
indicating a dual role for ephrin-B2-EphB4 signaling in osteo-
genesis at tension sites by stimulating the osteoblastic differen-
tiation of osteoblasts and PDL fibroblasts. Together, these find-
ings establish a role for this ligand/receptor system in
osteogenesis during orthodontic tooth movement.

EXPERIMENTAL PROCEDURES

Primary Cell Cultures—Primary PDLF were obtained from
juvenile patients (12–20 years) following premolar extraction
during orthodontic treatment. Alveolar bone tissue was
obtained from patients following osteotomy of third molars.
The Ethics Committee (Medical Faculty, University of Heidel-
berg; Vote S147/2010) has approved the harvest of the tissues,
and informed consent was obtained from the patients following
explanation of the study.
Small tissue fragments were established as explant cultures

inDMEM(Invitrogen) supplementedwith 10% fetal calf serum,
2 mM L-glutamine, and antibiotics (penicillin, 100 units/ml,
streptomycin 100�g/ml, kanamycin 50mg/ml) and antimycot-
ics (amphotericin, 2.5 �g/ml). After reaching 80% confluence,
primary PDLF and osteoblasts were used for the experiments.
Primary cells were used between passages 3 and 9.
Application of Mechanical Strain—Mechanical strain was

carried out according to the method described by Hasegawa et
al. (18). Briefly, 3.5 � 103/cm2 PDLF or osteoblast cells were
seeded on flexible bottomed dishes (Greiner Bio-One, Fricken-
hausen, Germany), coated with 20 �g/ml collagen type-I (IBM,
Leipzig, Germany) and 10 �g/ml fibronectin (Biomol, Ham-
burg, Germany), and grown until 80% confluence. The bottom
of each dish was strained by induction of a continuous average
strain of 2.5% for 2min to 72 h. The exact durations are given in
the figures, representing the individual experiments.
Stimulation with Ephrin-B2-Fc—To test for putative func-

tional consequences of ephrin-B2-dependent EphB4 receptor
stimulations, we have used ephrin-B2-Fc chimeras (recombi-
nant ephrin-B2 fused with Fc; R&D Systems, Wiesbaden, Ger-
many). For appropriate signaling, soluble ephrin ligands
require preclustering with anti-Fc antibodies (19). Ephrin-
B2-Fc was preclustered with anti-human IgG-Fc (1:10 stoichi-
ometry) in cell medium for 30 min at room temperature. Anti-
human IgG-Fc alone in cell medium served as a control.
Pharmacological Treatment—U0126 (Merck), a selective

inhibitor of MEK1/2, was used to block the MAPK/ERK cas-
cade pathway. Cells were incubated with the concentrations of
UO126 indicated in the experiments or with the appropriate
amount of DMSO.
siRNA Analyses—Validated siRNAs (FlexiTube Gene Solu-

tion) designed to knock down the endogenous expression of
FAK and EphB4 and scrambled siRNA as a negative control
were purchased from Qiagen (Hilden, Germany). Transfec-
tions of siRNA to PDLF or osteoblasts were carried out with
HiPerfect reagent (Qiagen). Transfections were performed on
4 � 105 cells with 500 ng of each siRNA and 20 �l of HiPerfect
reagent in 60-mm dishes. At 12 h post-transfection, cells were
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subjected to cellular strain. Knockdown of the mRNA for FAK
and EphB4 was monitored using qRT-PCR and for FAK addi-
tionally using Western blotting.
Ras Activity Assay—Ras activity (GTP-Ras) was evaluated

using a commercially available Ras activation assay (Millipore,
Schwalbach, Germany) according to the manufacturer’s
instructions.
RT-PCR—RT-PCR was used to evaluate the expression of

ephrin-A1, ephrin-A2, ephrin-B1, ephrin-B2, ephrin-B3,
EphA2, EphA5, EphB2, EphB3, and EphB4 mRNA. Total RNA
was isolated from PDLF and osteoblasts using the RNeasy kit
(Qiagen; Hilden, Germany) and subjected to reverse transcrip-
tion using poly(dT) primers. Single-stranded cDNA was used
for PCR amplification, according to standard protocols (for
annealing temperatures and MgCl2 concentrations, see the
primer list) to detect the expression of receptors and ligands.
PCR products were separated on 1.5% agarose gels and stained
with ethidium bromide. The RT-PCR experiments were per-
formed in triplicate. The primer sequences were as follows:
ephrin-A1 (human ephrin-A1), fw, CTG GCCAGG CCC CGC
GCT AT, and rv, CAA CCT CAA GCA GCG GTC TT, 55 °C,
1.5 mM; ephrin-A2 (human ephrin-A2), fw, TGC GAC TGA
AGG TGT ACG TG, and rv, CGG GCT GCT ACA CGA GTT
AT, 55 °C, 1.5 mM; ephrin-B1 (human ephrin-B1), fw, CAG
AGC AGG AAA TAC GCT TT, and rv, CAC CGA CAG CCG
CGA ACA AT, 55 °C, 1.5 mM; ephrin-B2 (human ephrin-B2),
fw, TCC CAA TGC TCA GCG CTT AA, and rv, TAC TTC
CTA GTC TAC GGT TC, 55 °C, 1.5 mM; ephrin-B3 (human
ephrin-B3), fw, CCG CTC GCA CCA CGA TTA CT, and rv,
GCC CGC CGT CTC CGC CAA CA, 55 °C, 1.5 mM; EphA2
(human EphA2), fw, GGGGTGAAGAGCCCCGTATG, and
rv, GTGTGC AAGGCA TCGACG CT, 55 °C, 1.5 mM; EphA5
(human EphA5), fw, GTAGAGGAAGGCTATCGTCT, and
rv, GAA AAT CTC TGT ATA CCGGC, 55 °C, 2.0 mM; EphB2
(human EphB2), fw, GCC ATT GAG CAGGAC TAT CG, and
rv, GAT CAT CTT GTC TAG CGT GT, 66 °C, 1.5 mM; Eph3
(human EphB3), fw, CTC TGC CGC CTC GTT ATG CG, and
rv, GCT TCC TGAGGCAGACGATA, 55 °C, 1.5 mM; EphB4
(human EphB4), fw, CCT TCC TGC GGC TAA ACG AC, and
rv, GTT GAC TAG GAT GTT GCG AG, 66 °C, 1.5 mM.
qRT-PCR Analysis—Total RNAwas isolated from cells using

the RNeasy kit (Qiagen; Hilden, Germany). RNA integrity was
monitored by capillary electrophoresis (Experion System, Bio-
Rad) according to the manufacturer’s instructions.
Total RNA was subjected to reverse transcription using

poly(dT) primers. Single-stranded cDNA was used for qRT-
PCR analyses. qRT-PCRwas done using theTaqMan chemistry
(Applied Biosystems, Darmstadt Germany) or the SYBR Green
chemistry (Bio-Rad) on an iCycler Instrument (Bio-Rad). To
ensure equal amplification efficiencies, we used predesigned
TaqMan gene expression assays (Applied Biosystems) for
quantitative detection of EphB4, ephrin-B2, GAPDH, and
TATA box-binding protein or RT2 qRT-PCR primer assays
(Qiagen, Hilden, Germany) for ALP, Runx2, and GAPDH. For
the quantitative detection of FAK and GAPDH, Quantitect
primer assays (Qiagen, Hilden, Germany) were used. The assay
IDs (TaqMan) were as follows: ephrin-B1, Hs00270004_m1;
ephrin-B2, Hs00187950_m1; ephrin-B3, Hs00154861_m1;

ephrin-A1, Hs00358886_m1; ephrin-A2, Hs01023290_m1;
EphB2, Hs01031827_m1; EphB3, Hs00177903_m1; EphB4,
Hs00174752_m1; EphA2, Hs00171656_m1; EphA5,
Hs00300724_m1; and GAPDH, Hs03929097_g1 together with
TATAbox-binding protein, Hs00300806_m1, as the reference/
housekeeping gene. The following RT2 qRT-PCR primer assays
were used: Runx2, PPH01897B; ALP, PPH01311E, and
GAPDH, PPH00150E. The following Quantitect primer assay
was used: FAK, QT00057687; GAPDH, QT01192646. The
amplification efficiencies were evaluated and found to be com-
parable and reproducible. Therefore, in stretch and ephrin-B2
stimulation experiments, the relative gene expression, com-
pared with untreated control cells, was determined using the
��CTmethod. To determine the ephrin-Eph expression in dif-
ferent PDLF and osteoblast populations, the expression was
determined using the Qgene software (20).
Immunofluorescence—After strain application, the cells were

washed with ice-cold PBS, fixed for 5 min with methanol/ace-
tone (1:1, �20 °C), and air-dried. For immunostaining, mem-
branes of the flexible bottomed dishes were cut in parts. Incu-
bation with primary antibodies (anti-FAK, 1:50, Abcam,
Cambridge,UK; anti-p-FAK (Tyr576), 1:50, SantaCruzBiotech-
nology, Heidelberg, Germany; anti-�-actinin, 1:200, Sigma)
was performed overnight at 4 °C. After washing, membranes
were incubated with the appropriate fluorochrome-conjugated
antibodies for 1 h at room temperature. Membranes were
mounted in Mowiol with DAPI as a counterstain.
Microphotographs were taken using a Leica DMRE micro-

scope equipped with a digital camera (DFC300 FX, Leica, Ben-
sheim, Germany). Image acquisition and processing were done
using the Leica application suite software (Leica, Bensheim,
Germany).
Immunoprecipitation andWestern Blotting—Cell lysates (50

�g/ml) containing protease inhibitor mixture (Roche Diagnos-
tics) were incubated overnight at 4 °Cwith EphB4-Fc (5�g/ml).
50 �l of immobilized protein A (Trisacryl GF-2000, Pierce)
were added and incubated 2 h at room temperature. Precipi-
tates were washed, lysed, and run on 4–12% NuPAGE gels
(Invitrogen).Western-blotted gels were processed as described
below.
Protein lysates were obtained by lysis with ice-cold RIPA

buffer, supplemented with protease inhibitor mixture (Roche
Diagnostics). 25 �g of proteins were separated on 4–12%
NuPAGE gels (Invitrogen). The separated proteins were trans-
ferred onto PVDF membranes (Invitrogen). Membranes were
probed with antibodies against EphB4 (1 �g/ml, H-200, Santa
Cruz Biotechnology), anti-phosphotyrosine (1:2000; Cell Sig-
naling/New England Biolabs, Frankfurt, Germany), FAK
(1:1000, Abcam, Cambridge, UK), phospho-specific FAK
(Tyr576) (1:500, Santa Cruz Biotechnology), ERK1/2, p-ERK1/2
(Thr202/Tyr204) (1:2000 and 1:1000, both Cell Signaling/New
England Biolabs, Frankfurt, Germany). The Western Breeze
Chromogenic Immunodetection System (Invitrogen) was used
for visualization. Blots were scanned, and densitometric analy-
sis was performed (where appropriate) using ImageJ (National
Institutes of Health, Bethesda).
Chromatin Immunoprecipitation—After cross-linking the

cells with 1% formaldehyde at room temperature for 10 min,
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cells were harvested, centrifuged, and resuspended in lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) supple-
mented with a protease inhibitor mixture (Roche Diagnostics)
and then sonicated (four times for 10 s). Supernatants were
diluted 1:10 in dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris, pH 8.1) supple-
mented with protease inhibitor mixture. 20 �l of each sample
was reserved as a positive control (“input”). Immunoprecipita-
tion was performed overnight with a specific antibody against
Sp1 (Millipore, Schwalbach, Germany) at 4 °C. Then protein
A-agarose/salmon sperm DNA (50% slurry) was added and
incubated for 1 h at 4 °C. Protein A beads were pelleted by
centrifugation and washed sequentially with the following buf-
fers: low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
150 mM NaCl, and 20 mM Tris, pH 8.1), high salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl, and 20 mM

Tris, pH 8.1), and LiCl wash buffer (0.25 mM LiCl, 1% IGEPAL-
CA630, 1% sodiumdeoxycholate, 1mMEDTA, and 10mMTris,
pH 8.1). Bead precipitates were washed twice with Tris-EDTA
buffer (1mMEDTA and 10mMTris, pH 8.0) and elutedwith 1%
SDS, 0.1 M NaHCO3. Eluates were heated for 4 h at 65 °C to
reverse the formaldehyde cross-linking. Supernatants were
incubated for 1 h at 45 °C with 20 �g/ml proteinase K, and
genomic DNA fragments were recovered. PCR was performed
with the primers amplifying the part of the ephrin-B2 promoter
containing the Sp1-binding site, 5�-ACCCAATGTCGGGAG-
GGGATG-3� and 5�-AGCGAGGAGCTGCGCACGCAG-3�
(11).
ALP Activity Assay—Cells were lysed in lysis buffer (0.2%

Triton X-100). Lysates were incubated at 37 °C for 30 min with
p-nitrophenyl phosphate (alkaline phosphatase substrate,
Sigma) in reaction buffer (0.15 M Tris, 0.1 M NaCl, pH 8.5). The
reactionswere stopped by adding 1 NNaOH.Absorbance at 405
nm was read using a multiwell spectrophotometer (Tecan,
Crailsheim,Germany). ALP activity was normalized to the total
protein concentration.
Alizarin Red Staining—Cellswere fixedwith neutral buffered

formalin and stained with 2% Alizarin Red, pH 4.3, for 5 min.
Cells were rinsed with distilled water and mounted with glyc-
erol gelatin.
Statistics—Results are presented asmeans� S.D.Differences

between groups were compared using one-way analysis of vari-
ance followed by the appropriate post-hoc test. All statistics
were performed using SigmaStat software (SPSS Inc., Chicago).
Results were considered significant with a p value � 0.05.

RESULTS

Eph Receptors and Ephrin Ligands Are Expressed by PDLF
andOsteoblasts of theAlveolar Bone—To study the relevance of
ephrins and Ephs in the context of bone remodeling during
orthodontic tooth movement, we started our examinations
with an expression analysis of ephrin and Eph mRNAs in
human primary periodontal cells. PDLF and osteoblasts of the
alveolar bone were tested by standard RT-PCR for the presence
of five ephrin ligands (ephrin-B1, ephrin-B2, ephrin-B3, eph-
rin-A1, and ephrin-A2) and five Eph receptors (EphB2, EphB3,
EphB4, EphA2, and EphA5) (Fig. 1A). In PDLF and osteoblasts,
we detected the mRNA expression of ephrin-B1, ephrin-B2,

and ephrin-B3. We could not detect the expression of mRNAs
for ephrin-A1 and ephrin-A2. Of the Eph receptors analyzed,
EphB2, EphB3, EphB4, EphA5, and EphA2 were detected in
osteoblasts of the alveolar bone and in PDLF (Fig. 1A).

To gain amore detailed insight into the expression profiles of
selected ephrins and Ephs in PDLF and osteoblasts, we have
conducted a qPCR analysis using TaqMan chemistry on the
three individual PDLF and osteoblast cell lines used in this
study. The results are summarized in Fig. 1B for PDLF and Fig.
1C for osteoblasts. The quantitative analysis revealed a specific
expression profile of ephrins and Ephs in PDLF and osteoblasts.
Both cell types were characterized by high level expressions of
ephrin-B1 and EphB2. PDLF displayed higher expressions of
ephrin-B2 and ephrin-B3, as compared with osteoblasts. The
expression of EphB3 was low in both cell types. EphB4, EphA2,
and, unlike the results obtained by standard RT-PCR, EphA5
were present in both PDLF and osteoblasts. We have only
detected minimal amounts of ephrin-A2 and ephrin-A5 by
means of TaqMan qRT-PCR.
We have found ephrin-B2 expression in PDLF, which has

previously not been reported. A possible function has not been
investigated yet.Wehave found ephrin-B2 in osteoblasts; this is
line with previous findings (12). The prominent expression of
ephrin-B1, which we observed, is in line with its known func-
tion during embryonic cell differentiation and bone formation
as mutations of ephrin-B1 in humans result in craniofrontona-
sal syndrome.
Mechanical Strain to PDLF Leads to Spatial Redistribution of

FAK and �-Actinin and to Sustained FAK Activation—Me-
chanical forces applied to the PDLF regulate cellular events via
interactions between the ECM and integrin receptors that are
located at focal adhesions (FA). Amajor component of FA is the
nonreceptor protein-tyrosine kinase FAK. FAK plays a pivotal
role in signaling pathways initiated by integrins. �-Actinin
facilitates FA formation and physically links integrin-associ-
ated FA complexes with the cytoskeleton (21).
PDLF were subjected to mechanical strain and immunos-

tainings for FAK, and p-FAK and �-actinin were performed to
elucidate a possible involvement in mechanotransduction in
PDLF. Mechanical loading caused changes in the cellular dis-
tribution of FAK and �-actinin in PDLF (Fig. 2). The applica-
tion of tensile stress induced lamellipodial protrusions at the
cell peripherywithin 15minwithout a preferential direction. By
1 h, FAK was recruited to FAs under the lamellipodial protru-
sion (arrowheads in Fig. 2, C–F; 1–72 h).
In static control cells, �-actinin was primarily localized to

regions near the end of actin bundles (Fig. 2A). After exposure
to cellular strain, stress fibers formed, and �-actinin was more
evenly distributed throughout the cells and along the stress
fibers (Fig. 2, A–F).
We have used a phospho-FAK-specific antibody to localize

tyrosine-phosphorylated FAK (Tyr576) during the application
of cellular strain. Static control cells and cells stretched for 15
min showedmainly perinuclear staining for p-FAK. During the
course of cellular strain, we observed an increase in p-FAK
staining in the cellular periphery (e.g. lamellipodia), suggesting
a redistribution of phosphorylated/activated FAK.
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The expression and activation of FAK were further analyzed
usingWestern blotting with antibodies specific for FAK (total-
FAK, t-FAK) and for the Tyr576-phosphorylated and -activated
state of FAK (p-FAK) (Fig. 3A). The expression of t-FAK and
p-FAK was normalized for �-actin. Densitometric analysis of
t-FAK intensities did not reveal a significant impact on the
expression of t-FAK (data not shown). Tyr576-phosphorylated
FAK, indicating FAK activity, was slightly elevated after 15 min
increasing to 18.3% after 30min. Interestingly, phosphorylation
was sustained between 24 and 72 h, peaking at 44.7% elevation
(24 h), as compared with static control cells. Nevertheless, FAK
phosphorylation did not reach significance during the course of
the experiment. These findings suggested a slight but sustained
FAKactivation throughout the application ofmechanical strain
in PDLF.
Mechanical Strain on PDLF Activates ERK1/2 Signaling in a

Ras-dependent Manner—MAPKs play an important role in the
signaling pathway ofmechanotransduction in osteoblastic cells
and PDLF (22). Downstream signaling events emerged by FAK
activation are directly associated with members of the Rho
small GTPase family, including RhoA, Cdc42, and Rac (23, 24).
FAK is involved in the regulation of cell growth and survival
through activation mainly to different pathways, PI3K/PKD1/
Akt/PKB and Grb2/SOS/Ras/Raf-1/MEK/ERK. We have
focused on the Ras/ERK pathway because of its known involve-
ment in signal transduction events associated with fibroblast/
osteoblast differentiation (25, 26).

Therefore, we next sought to study stretch-mediated MAPK
activation. First, we investigated whether Ras, an upstream
mediator of ERK1/2 activation, is critical forMAPK signaling in
mechanically stretched osteoblasts. We performed Ras activa-
tion assays based on the affinity of the Ras-binding domain of
the Ras effector kinase Raf1 for GTP-Ras, whichwe used for the
affinity purification of GTP-Ras from cell lysates of stretched
PDLF (Fig. 3B). Ras was activated 15 min after the onset of
mechanical strain. A statistically significant activation was found
after 24 h of mechanical strain. We concluded that mechanical
strain in PDLF leads to a sustained activation of Ras.
Next, we examined stretch-mediated MAPK activation. The

presence of active ERK1/2 and their phosphorylated forms
(p-ERK1/2) in PDLF was monitored by Western blotting.
Induction of ERK1/2 phosphorylationwas first detected 15min
after the onset of mechanical stress, being in line with the tem-
poral onset of Ras activation, and remained detectable during
the course of the experiment (Fig. 3C). These findings indicate
that in PDLF mechanical strain leads to a Ras-dependent
ERK1/2 activation.
Ephrin-B2 Expression Increases in PDLF Exposed toMechan-

ical Strain—To determine whether ephrin-B2 is modulated by
mechanical strain in PDLF, we analyzed the expression of eph-
rin-B2 and its receptor EphB4. qRT-PCR analysis revealed an
increased ephrin-B2 expression in PDLF starting from 1 h after
the onset of strain. Significant overexpression was demon-
strated after 24 h and was sustained until 72 h, as compared

FIGURE 1. Ephrin and Eph receptor expression analysis. A, standard RT-PCR expression analysis of ephrin ligands and Eph receptors in primary human PDLF
(upper panel) and primary human osteoblasts (lower panel). B and C, qRT-PCR analysis (TaqMan chemistry) for ephrin ligands and Eph receptors in primary
human PDLF (B) and primary human osteoblasts (C). Data represent the summarized results of the analysis of the three PDLF and three osteoblast cell lines used
in this study. Data are presented as mean � S.D., n � 3. All experiments were performed in triplicate.

Ephrin-B2 Contributes to Osteogenesis

OCTOBER 28, 2011 • VOLUME 286 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 37655



with static control cells (Fig. 4A). To rule out any compensatory
activationof theEphB4receptor inPDLF,wehavealsochecked for
the expression of EphB4 mRNA in PDLF. EphB4 was not signifi-
cantly altered during the course of the experiment (Fig. 4B). As a
consequence, we could rule out that possible effects of up-regu-

lated ephrin-B2 on PDLF for the communication with other cell
types (e.g. osteoblasts of the alveolar bone) are compensated for by
the up-regulation of the EphB4 receptor on PDLF themselves.
To link the data on the strain-dependent activation of a FAK-

dependent pathway involving Ras and ERK1/2 in PDLF (Fig. 3,

FIGURE 2. Mechanical strain leads to spatial redistribution of FAK and �-actinin and to sustained FAK activation at focal adhesions in PDLF. PDLF were
subjected to longitudinal cellular strain (2.5%) for 15 min and 1, 4, 24, and 72 h. The cellular distribution of FAK and �-actinin was assessed by means of
immunofluorescent staining, and tyrosine-phosphorylated proteins were stained using an anti-phosphotyrosine-specific antibody. The application of
mechanical stress induced lamellipodial protrusions at the cell periphery within 15 min. By 1 h, FAK was recruited to focal adhesions (arrowheads in FAK, C–F,
1–72 h) under the lamellipodial protrusion. In static control cells, �-actinin was primarily localized to regions near the end of actin bundles (�-actinin, A). After
exposure to cellular strain, stress fibers formed, and �-actinin was more evenly distributed throughout the cell and along the stress fibers (�-actinin, A–F). p-FAK
staining increased in the cellular peripheries (e.g. lamellipodia) with the prolonged application of cellular strain. Unstrained PDLF after 72 h in culture are
presented as an inset in the p-FAK 72-h strained microphotograph for comparison. Strain directions are indicated (arrows). Scale bar, 10 �m.
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A–C) and the strain-dependent up-regulation of ephrin-B2
mRNA expression in PDLF (Fig. 4A), we have used an siRNA
approach to knock out FAK in PDLF. Validated siRNAs (Qia-
gen) against FAKwere transfected into PDLF. The effectiveness
of the FAK knockdown was monitored using q-PCR (Fig. 4E)
andWestern blotting against FAK (Fig. 4F) and tubulin, which
served as a loading control. FAK expression was significantly
reduced on themRNA level already 12 h post-transfection, and
it remained suppressed up to 72 h after transfection. Thiswas of
importance as 72 h also represented the maximum duration of
strain application on PDLF. Western blotting confirmed the
FAK knockdown also on the protein level (Fig. 4F). PDLF with
siRNA-attenuated FAK expression were subjected to mechan-
ical strain for 1–72 h, and the ephrin-B2mRNA expression was
monitored at discrete time points using qRT-PCR. The knock-
down of FAK in PDLF impeded the strain-dependent up-regu-
lation of ephrin-B2 (Fig. 4G), which had been observed in WT
PDLF (Fig. 4A). These results suggest role for FAK in the strain-
dependent regulation of ephrin-B2 expression in PDLF.

Ephrin-B2 Expression Increases in Osteoblasts Exposed to
Mechanical Strain—Recently, the communication between
ephrin-B2 and EphB4 within the osteoblast lineage has been
reported, suggesting a paracrine role for ephrin-B2 and EphB4
signaling in osteoblast differentiation (16). It is also known that
osteoblasts are responsive to mechanical stimuli. To evaluate
possible paracrine relations of ephrin-B2 and EphB4 in osteo-
blasts of the alveolar bone, we have subjected osteoblasts to
mechanical strain and tested for the transcription of ephrin-B2
and EphB4 by means of qRT-PCR (Fig. 4, C and D). We
observed an increase in both ephrin-B2 and EphB4 expression.
It is noteworthy that the expression of ephrin-B2 in osteoblasts
peaked at 1 h and decreased over time. This particular temporal
expression pattern was reciprocal to the temporal ephrin-B2
expression pattern observed in PDLF. This suggests a dual role
for ephrin-B2 for the onset of osteogenesis in the alveolar bone;
paracrine stimulation within the osteoblasts appears to be an
early effect, whereas paracrine stimulation between PDLF and
osteoblasts may exert a long term effect on osteogenesis.

FIGURE 3. Ephrin-B2 transcription in PDLF is activated via a Ras- and ERK1/2-dependent pathway. Immunostaining for p-FAK suggested an increased
phosphorylation status of FAK at sites of FA. Therefore, FAK was further analyzed using immunoblotting against t-FAK and for phosphorylated (Tyr576) FAK (A).
t-FAK and p-FAK were normalization for the expression of �-actin (data not shown). Densitometric analysis revealed the p-FAK elevation beginning after 15 min
of strain and increasing to 18.3% after 30 min. Phosphorylation was sustained between 24 and 72 h, peaking at 44.7% (24 h) elevation, as compared with static
control cells. B, Ras activation assay. PDLF were subjected to mechanical strain. Ras was activated 15 min after the onset of mechanical strain, and a statistically
significant activation was found after 24 h. C, Western blotting for total ERK1/2 and phosphorylated ERK1/2 (p-ERK1/2). Induction of ERK1/2 phosphorylation
was first detected 15 min after the onset of mechanical stress, being in line with the temporal onset of Ras activation. D, ChIP assays were performed to study
the interactions between Sp1 and the ephrin-B2 promoter. Sp1 binding to the ephrin-B2 promoter was detected 4 h after the onset of mechanical strain and
sustained until the end of the observation period (72 h). Values are represented as mean � S.D.

Ephrin-B2 Contributes to Osteogenesis

OCTOBER 28, 2011 • VOLUME 286 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 37657



FIGURE 4. Ephrin-B2 expression increases in PDL fibroblasts and decreases in osteoblasts exposed to mechanical strain. qRT-PCR analyses for ephrin-B2
(A) and EphB4 (B) expression after the application of mechanical strain in PDLF. Mechanical strain was applied for 1–72 h at 2.5% elongation. Significant
overexpression for ephrin-B2, as compared with static control cells, was demonstrated after 24 h and sustained until 72 h (A). EphB4 was not significantly
altered during the course of the experiment. Ephrin-B2 and EphB4 interactions might be evident within the osteoblast lineage. Therefore, osteoblasts were
subjected to mechanical strain and tested for the transcription of ephrin-B2 and EphB4 by means of qRT-PCR (C and D). Ephrin-B2 and EphB4 expression was
increased. It is noteworthy that temporal expression pattern of ephrin-B2 in osteoblasts was reciprocal to the temporal ephrin-B2 expression pattern observed
in PDLF. Values are represented as mean � S.D. *, p � 0.05 versus control, n � 3. qRT-PCR experiments were performed in triplicate. FAK might be a prominent
mediator of mechano-induced alterations of ephrin-B2 expression in PDLF. siRNA against FAK was used to knock down FAK expression in PDLF. siRNA against
FAK and a scrambled control siRNA were transfected to PDLF, and FAK expression was monitored on the mRNA level using qRT-PCR. E, siRNA against FAK
attenuated FAK expression in PDLF after 12 h and attenuation remained significant up to 72 h. FAK attenuation mediated by siRNA was also monitored on the
protein level using Western blotting against FAK (F), and probing for tubulin served as a loading control. Western blotting confirmed the siRNA-mediated
knockdown of FAK in PDLF. PDLF attenuated for FAK using siRNA were subjected to mechanical strain for 1–72 h (G), and ephrin-B2 expression was assessed
at discrete time points using qRT-PCR. Unlike WT PDLF, siRNA-transfected PDLF did not show an up-regulation of ephrin-B2 upon the application of mechanical
strain.
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Transcription Factor Sp1 Is Involved in the Strain-dependent
Activation of Ephrin-B2 Transcription in PDLF—ChIP assays
were performed to study the interactions between Sp1 and the
ephrin-B2 promoter. Chromatin extracts from static or
mechanically stressed PDLF were immunoprecipitated with an
antibody against Sp1. The immunoprecipitates were subjected
to PCR with primers directed against the ephrin-B2 promoter
region containing the Sp1 consensus sequence. The ephrin-B2
promoter interacted with Sp1. Sp1 binding to the ephrin-B2
promoter was detected 4 h after the onset of mechanical strain
and was sustained during the course of the experiment (Fig.
3D).
The results of the ChIP assays suggested that Sp1 binding to

its consensus sequence in the ephrin-B2promoter is involved in
the mechanical stress-dependent activation of ephrin-B2 tran-
scription in PDLF. The induction of Sp1 binding to its consen-
sus sequence in the ephrin-B2 promoter upon the application
ofmechanical strain to PDLF is likely to be regulated via a path-
way involving FAK, Ras, and ERK1/2 (Fig. 3, A–C).
Ephrin-B2-Fc Activates Runx2 and ALP Transcription in

Osteoblasts of the Alveolar Bone in a Ras- and ERK1/2-depen-
dent Manner—Based on our studies on PDLF, we sought to
further investigate the function of PDLF ephrin-B2 signaling on
osteoblasts of the alveolar bone. Osteoblasts express the EphB4
receptor, and bi-directional signaling of ephrin-B2 on PDLF
and EphB4 on osteoblasts of the alveolar bonemight contribute
to the onset of osteogenesis after the application of mechanical
strain.
Osteoblasts of the alveolar bone were stimulated with 1

�g/ml ephrin-B2-Fc for 2–10 min. Whole cell lysates were
immunoprecipitated with antibodies against EphB4 and
probed for EphB4 and for phosphotyrosine. Tyrosine phospho-
rylation of the EphB4 receptorwas detected after 5min andwas
sustained through the course of the experiment (Fig. 5A).
On whole cell lysates, we performed Ras activation assays

based on the Ras-binding domain of the Ras effector kinase
Raf1. Ras was transiently activated after ephrin-B2-Fc stimula-
tion (2 min) (Fig. 5B). To obtain more insight in downstream
events of EphB4 signaling in osteoblasts of the alveolar bone, we
probed whole cell lysates of stimulated osteoblasts of the alve-
olar bone with antibodies against ERK1/2 and pERK1/2. An
increase in phosphorylated ERK1/2 was detected 5 min after
stimulation, gradually decreasing to nearly base-line phospho-
rylation after 60 min (Fig. 5C).
To gain insight in the possible functional consequences of

ephrin-B2-dependent stimulation of osteoblasts of the alveolar
bone, we analyzed osteoblast-specific gene expression in stim-
ulated osteoblasts. Hallmarks of osteoblast differentiation are
the expression of Runx2, the pivotal transcription factor in
osteoblast differentiation, and ALP, a downstream target of
Runx2.
Osteoblasts of the alveolar bonewere stimulatedwith 2 and 4

�g/ml ephrin-B2-Fc for 6 days. qRT-PCR revealed the signifi-
cant induction of Runx2 as well as of ALP (Fig. 5D).
Unlike the other promiscuous receptors in the Eph family,

the EphB4 receptor exhibits specificity for a single ligand, eph-
rin-B2, while binding only very weakly to both ephrin-B1 and
ephrin-B3. Nevertheless, ephrin-B2 can bind to several recep-

tors within the EphB-receptor class (27). To confirm that the
observed activation of Runx2 and ALP in osteoblasts upon
stimulation with ephrin-B2 was dependent on EphB4 activa-
tion, we have applied an siRNAapproach to knock downEphB4
expression in osteoblasts. Validated siRNAs (Qiagen) against
EphB4 were transfected into osteoblasts (500 ng/each, 4 � 105

cells, 60-mm dishes). Effectiveness of the siRNA knockdown
wasmonitored using qRT-PCR. Knockdown on themRNAwas
evident, and the suppression remained effective for up to 96 h;
this was of importance as the stimulation with ephrin-B2 was
conducted for 96 h as well. Osteoblasts were transfected with
siRNA directed against EphB4 or a scrambled siRNA as a con-
trol. Stimulation with 2 or 4 �g/ml ephrin-B2 was conducted
for 4 days, and ALP and Runx2 mRNA expression was moni-
tored using qRT-PCR. Unlike WT osteoblasts (Fig. 5D),
siRNA-transfected osteoblasts did not reveal an ephrin-B2-de-
pendent up-regulation of ALP and Runx2 (Fig. 5, F and G).
Therefore, we could rule out the involvement of an EphB4-
independent pathway leading to ALP and Runx2 activation
upon ephrin-B2 stimulation.
We have found ERK1/2 activation upon stimulation with

ephrin-B2 in osteoblasts. To confirm the involvement of the
ERK1/2 pathway in the signaling events leading to the up-reg-
ulation of Runx2 and ALP, we have used a specific inhibitor of
MEK1/2, UO126. MEK1/2 are the directly upstream-located
kinases of ERK1/2 and activate ERK1/2 through phosphoryla-
tion of Thr202/Tyr204. Osteoblasts were stimulated with 2 or 4
�g/ml ephrin-B2 in the absence of UO126 and the presence of
10-40�MUO126. Stimulation with ephrin-B2 in the absence of
UO126 confirmed our previous results (Fig. 5,H–K) leading to
an induction of Runx2 and ALP expression. UO126 already at
10 �M inhibited the ephrin-B2-dependent activation of Runx2
and ALP expression in osteoblasts, independently of the
amount of ephrin-B2 (Fig. 5,H–K). The application of a specific
MEK1/2 inhibitor circumvented the ephrin-B2-dependent
induction of Runx2 and ALP in osteoblasts, suggesting an
involvement of an ERK1/2-dependent pathway in the ephrin-
B2-dependent activation of Runx2 and ALP in osteoblasts.
To test for functional consequences of the increased ALP

transcription, we performed an ALP activity assay on lysates of
stimulated osteoblasts. Stimulation with 1 �g/ml ephrin-B2-Fc
already led to a significant increase of ALP activity in osteo-
blasts of the alveolar bone. Stimulation with 2 �g/ml further
increased the ALP activity, whereas 4 �g/ml did not exert an
additional effect (Fig. 5L). Alizarin Red staining for calcified
nodules in stimulated osteoblasts further confirmed the osteo-
blastogenic effects of ephrin-B2-Fc stimulation (Fig. 5M).
Together, the results of these experiments suggest that eph-

rin-B2 leads to a Ras and ERK1/2-dependent activation of the
osteoblastogenic transcription factor Runx2 and its down-
stream target ALP in osteoblasts of the alveolar bone. The acti-
vation had functional consequences, as the ALP activity of the
cells significantly increased, and the release of calcified matrix
was also stimulated. The findings suggest a profound effect of
ephrin-B2-Fc via EphB4 receptor activation and Ras/ERK1/2-
dependent pathways on the functional properties of osteoblasts
of the alveolar bone.
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FIGURE 5. Ephrin-B2 activates Runx2 and ALPL transcription in osteoblasts of the alveolar bone via a Ras- and ERK1/2-dependent pathway. To prove
that ephrin-B2-Fc causes EphB4 receptor phosphorylation in osteoblasts of the alveolar bone, osteoblasts were stimulated with 1 �g/ml ephrin-B2-Fc for 5– 60
min. Tyrosine phosphorylation of the EphB4 receptor was detected after 5 min and sustained through the course of the experiment (A). To elucidate a putative
signaling pathway linking ephrin-B2-Fc stimulation and downstream events, osteoblasts of the alveolar bone were stimulated with 1 �g/ml ephrin-B2-Fc for
2–10 min, and Ras activation was monitored. Ras was transiently activated after ephrin-B2-Fc stimulation (2 min) (B). Ras might transmit downstream signals
via ERK1/2. To reveal a possible ERK1/2 dependence of ephrin-B2 downstream signaling, protein lysates of osteoblasts of the alveolar bone stimulated with
ephrin-B2-Fc (1 �g/ml) for 5– 60 min were probed with antibodies against ERK1/2 and pERK1/2. An increase in phosphorylated ERK1/2 was detected 5 min after
stimulation, gradually decreasing to nearly base-line phosphorylation after 60 min (C). To detect further downstream effects of ephrin-B2-dependent signaling
in osteoblasts of the alveolar bone, osteoblasts were stimulated with 2 and 4 �g/ml, respectively, of ephrin-B2-Fc for 6 days. qRT-PCR revealed the significant
induction of Runx2, as well as ALPL in a dose-dependent manner (D). Although EphB4 is the only EphB receptor exhibiting a binding specificity for a single
ligand, ephrin-B2 has binding affinity for other receptors of the EphB-class. To rule out the involvement of other EphB receptors for the ephrin-B2-dependent
activation of Runx2 and ALP mRNA expression, we have used siRNA to knock down EphB4 in osteoblasts. siRNA against EphB4 effectively suppressed EphB4
expression in osteoblasts for up to 96 h (E). Stimulation of osteoblasts with 2 and 4 �g/ml ephrin-B2 in the presence of siRNA against EphB4 did not result in an
up-regulation of Runx2 (F) or ALP (G) expression as observed in WT osteoblasts (D). The activation of ERK1/2 in osteoblasts upon ephrin-B2 stimulation (C)
suggested the involvement of an ERK1/2-dependent pathway in the induction of osteoblastogenic gene expression after ephrin-B2 stimulation. We have used
a specific MEK1/2 inhibitor, UO126, to block ERK1/2 activation in osteoblasts. Osteoblasts were stimulated with 2 or 4 �g/ml ephrin-B2 in the absence or
presence of different concentrations of UO126. Runx2 (H and I) and ALP (J and K) were monitored by means of qRT-PCR. Already at a concentration of 10 �M,
UO126 attenuated the ephrin-B2-dependent activation of Runx2 and its downstream target ALP in osteoblasts. These results suggested an involvement of an
ERK1/2-dependent pathway in the ephrin-B2-dependent regulation of Runx2 in osteoblasts. Increased ALP transcription was accompanied by an increase in
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Ephrin-B2-Fc Induces Runx2 and ALPL Transcription in
PDLF—Subpopulations of PDLF have been reported to be able
to express osteoblast-specific genes (14) and might contribute
to osteogenesis at tension sites in orthodontic toothmovement.
Here, we showed that mechanical strain in PDLF induces the

expression of ephrin-B2. Ephrin-B2-EphB4 signaling in PDLF
might have comparable effects, as they have been proposed for
the osteoblastic lineage. To find out whether PDLF in our set-
ting might also contribute to osteogenesis, we have tested for
the induction of the expression of Runx2 and ALP after stimu-

ALP activity (L). Alizarin Red staining for calcified nodules in osteoblasts stimulated for 6 days with ephrin-B2-Fc (2 and 4 �g/ml) further confirmed the
osteoblastogenic effects of ephrin-B2-Fc stimulation. An untreated control is shown as an inset. Scale bar, 20 �m (M). Subpopulations of PDLF might contribute
to osteogenesis at tension sites in orthodontic tooth movement. Therefore, we have tested for the expression of Runx2 and ALP in PDLF after stimulation with
ephrin-B2-Fc by means of qRT-PCR. Both ALP and Runx2 transcription were up-regulated in a dose-dependent manner in PDLF (N). Up-regulation of ALPL and
Runx2 transcription reached significance after stimulation with 4 �g/ml of ephrin-B2-Fc. Values are represented as mean � S.D. *, p � 0.05 versus control,
n � 3.

FIGURE 5—continued
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lation with ephrin-B2-Fc by means of qRT-PCR. ALP and
Runx2 transcription were up-regulated in a dose-dependent
manner in PDLF after stimulation with ephrin-B2-Fc and
reached significance after stimulation with 4 �g/ml ephrin-
B2-Fc (Fig. 5N).

These results suggest that a subpopulation of PDLF might
contribute to osteogenesis via the induction of osteoblastogenic
gene expression. Moreover, this effect might be controlled by
themechanodependent induction of ephrin-B2 in PDLF, which
might stimulate osteogenic gene expression in a paracrine
manner through ephrin-B2-EphB4 signaling.

DISCUSSION

Teeth are moved through the alveolar bone by the applica-
tion of orthodontic forces. These forces are then transmitted
through the PDL to the supporting alveolar bone leading to
deposition or resorption of bone, depending on whether the
tissues are exposed to a tensile or compressive mechanical
strain.
The first cellular recipients of mechanical strain are mecha-

noresponsive PDLF. The mechanism for osteogenesis at ten-
sion sites is not clearly understood.
The ephrin/Eph system has initially been characterized for

its involvement in the regulation of cellular motility and alter-
ation in adhesions to the ECM. Ephrin/Eph interactions fre-
quently modulate cellular repulsion or attraction, indicating a
causal relation between ECM, the cytoskeleton, and the ephrin/
Eph system. Furthermore, mechanical forces, which alter the
interaction of the cells with the ECMand/or influence the orga-
nization of the cytoskeleton, have an impact on the function
and expression of members of the ephrin/Eph family, at least in
endothelial cells (10, 11). These data qualify the ephrin-B2-
EphB4 system as a putative regulator of osteogenesis at tension
sites in orthodontic tooth movement.
Ephrin-B2-EphB4 signaling at tension sites might play a dual

role in promoting osteogenesis. (i) Ephrin-B2-EphB4 signaling
might link the initial recipients of the applied mechanical
forces, PDLF, to the neighboring osteoblasts of the alveolar
bone and might have consequences for the regulation of osteo-
genesis. (ii) The interplay between ephrin-B2 and EphB4within
the PDLF population itself might have an impact on the contri-
bution to osteogenesis of this cell type.
Therefore, we first set out to study the function of ephrin-B2-

EphB4 signaling in an in vitromodel for cellular strain onPDLF.
Second, we evaluated functional consequences of ephrin-B2-
EphB4 interactions in osteoblasts of the alveolar bone.
In orthodontic tooth movement, relatively low static forces

are applied during the course of the treatment, and profound
effects on tooth positioning might be obvious only after weeks
of treatment. The durations used in our experiments were
adjusted to represent the effects of a long term treatment on the
PDLF and osteoblasts, as well as to elucidate whether initial
signaling events are triggered by the applied forces.
Ephrin-B2 is being significantly up-regulated on the tran-

scriptional level in PDLF upon the application of longitudinal
cellular strain. In the physiological anatomical setting, PDLF
are neighbors of osteoblasts of the alveolar bone, allowing for

cell-cell contact between PDLF and osteoblasts of the alveolar
bone, a prerequisite for ephrin/Eph interactions.
To test for functional consequences of ephrin-B2-EphB4

interactions on osteoblasts of the alveolar bone, we have stim-
ulated osteoblasts with ephrin-B2-Fc chimeras, pre-clustered
with an anti-Fc antibody. Stimulation with ephrin-B2-Fc leads
to an increased expression of Runx2, the pivotal transcription
factor of osteoblastogenic differentiation. Moreover, ALP, a
target gene of Runx2, was found to be up-regulated. In addition,
osteoblasts stimulated with ephrin-B2-Fc exposed higher ALP
activity together with the deposition of calcified nodules (Aliz-
arin Red staining).
These findings qualify the ephrin-B2-EphB4 interaction

betweenPDLF andosteoblasts of the alveolar bone as an impor-
tant regulatory mechanism for the onset of osteogenesis at ten-
sion sites during orthodontic tooth movement. Furthermore,
we revealed a putative mechanism of how mechanical strain
might induce the expression of ephrin-B2 in stretched PDLF.
The most widely used initiators of mechanotransduction are

integrin receptors (28). Integrins are of paramount importance
for mechanotransduction in cells (29, 30). Integrin-mediated
signaling includes the downstream activation of adaptor pro-
teins, e.g. FAK and GTPases of the Ras superfamily. Similar to
FAK, Ras GTPases are sensitive to mechanical stimuli and play
important roles in cellular events in response to these stimuli
through interactions with integrins (31).
Therefore, we hypothesized that the induction of ephrin-B2

transcription is dependent on FAK activation. Immunofluores-
cent staining for FAK and phosphotyrosine revealed a spatial
redistribution of FAK during the application of mechanical
strain, which was accompanied by a redistribution of phospho-
rylated FAK at sites of focal interactions. Western blotting
revealed a slight increase in Tyr576 phosphorylation of FAK,
suggesting the activation of the FAK domain. FAK is a major
mechanosensitive kinase linked to integrin signaling, and its
role in mechanotransduction has been widely studied using
myocytes (32, 33). Given that FAK phosphorylation is corre-
lated with the activation of small GTPases in most of the cell
lines studied, it is conclusive that mechanical strain could acti-
vate Ras-GTPase pathways in PDLF.
Because mechanical stress leads to cellular messages and

outcomes through similar mechanoreceptors and signaling
effectors in many types of cells, it is likely that common signal-
ing mechanisms are involved in mechanotransduction path-
ways. In particular, ERK1/2 is the most prominent kinase acti-
vated by mechanical stimuli in most cells examined (34). Many
studies have shown that RasGTPases and FAK are downstream
mechanosensors of integrins as well as upstream effectors that
induce ERK1/2 phosphorylation in stress-exposed cells (35, 36).
These findings suggested a pivotal role for FAK for the induc-
tion of the signaling pathway leading to ephrin-B2 regulation
upon the induction of mechanical strain in PDLF. To confirm
its role for the induction of ephrin-B2 expression, we have used
an siRNA approach to knock down FAK expression in PDLF.
siRNA attenuated FAK expression on the mRNA and protein
level. In contrast to WT PDLF, siRNA-transfected PDLF did
not respond to mechanical strain with an induction of eph-
rin-B2 expression, thereby suggesting an important role of FAK
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for the mechanodependent regulation of ephrin-B2 in PDLF.
Together, these findings demonstrate a FAK-, Ras- and ERK1/
2-dependent pathway linking mechanical strain and ephrin-B2
up-regulation in PDLF.
The human ephrin-B2 promoter contains an Sp1 consensus

sequence. Sp1 has also been reported to be involved in shear
stress-mediated transcriptional up-regulation of genes, includ-
ing VEGFR-1 and -2 and, via hypoxia-inducible-factor, also
ephrin-B2 (37–39) It is also known that ERK1/2 MAPK phos-
phorylates Sp1 at two threonine residues, Thr453 and Thr739
(40). By using chromatin immunoprecipitation (ChIP), we
could reveal that the Sp1 is bound to its consensus site in the
ephrin-B2 promoter in response to mechanical stress in PDLF.
Therefore, Sp1 might be responsible for the transcriptional
activation of the ephrin-B2 gene upon the application of
mechanical stress in PDLF. However, the molecular mecha-
nisms by which mechanical stress activates Sp1 remained
unclear. Based on our current findings, we propose amechano-
transduction involving FAK, Ras-GTPase, and ERK1/2 leading
to the activation of Sp1 in PDLF. The onset ofmechanical strain
in PDLF leads to the transcriptional activation of ephrin-B2.
Ephrin-B2-EphB4 signaling between PDLF and osteoblasts of
the alveolar bone might then contribute to osteogenesis during
tooth movement.
We could show that osteoblasts of the alveolar bone express

the EphB4 receptor, a prerequisite for a bi-directional signaling
between ephrin-B2 expressing PDLF and EphB4 expressing
osteoblasts of the alveolar bone. In vitro, the stimulation of
osteoblasts with preclustered ephrin-B2-Fc has led to the
induction of osteoblastogenic gene expression and increased
ALP activity alongwith increasedmineralization of osteoblasts.
This is in line with the proposed role for the ephrin-B2-EphB4
interaction between osteoblasts and osteoclasts (12) and with
the proposed communication within the osteoblastic lineage
(16).
The EphB4 receptor is unique in the class of EphB receptors

as it exhibits specificity for a single ligand, ephrin-B2 (27, 41,
42). Binding to both ephrin-B1 and ephrin-B3 is only veryweak.
However, ephrin-B2 can bind to several receptors within the
EphB-receptor class. To rule out, the involvement of other
receptors of the EphB-class for the observed activation of
Runx2 and subsequently ALP in osteoblasts upon stimulation
with ephrin-B2, we have applied an siRNA approach to knock
down EphB4 expression in osteoblasts. EphB4 was effectively
knocked down by siRNA for up to 4 days, the time necessary for
the stimulation with ephrin-B2 for the up-regulation of Runx2
and ALP. When siRNA-transfected osteoblasts were stimu-
lated with 2 or 4 �g/ml, an induction of Runx2 and ALP was no
longer evident. The knockdown of EphB4 in osteoblasts inhib-
ited the ephrin-B2-dependent activation of Runx2 transcrip-
tion that was evident in WT osteoblasts. This result confirmed
the involvement of ephrin-B2-dependent EphB4 signaling for
the activation of Runx2 expression in osteoblasts.
A putative downstream signalingmechanism leading to eph-

rin-B2-dependent activation of Runx2 expression in osteo-
blasts might involve ERK1/2, as we have found increased
ERK1/2 phosphorylation upon ephrin-B2 stimulation in osteo-
blasts. To gather further evidence for an ERK1/2-dependent

pathway, we have used the specific ERK1/2 inhibitor UO126.
The stimulation of osteoblasts with ephrin-B2 in the presence
of UO126 did not yield in the activation of Runx2 expression.
Runx2 levels remained at or below base-line levels. Concomi-
tantly with the inhibition of Runx2 expression, UO126 also led
to the inhibition of ALP expression in UO126-treated ephrin-
B2-stimulated osteoblasts. These results indicate a possible
involvement of an ERK1/2-dependent pathway in the ephrin-
B2-dependent regulation of Runx2 and ALP in osteoblasts.
Stimulation of PDLF with ephrin-B2-Fc led to an increase in

the mRNA for Runx2 and ALP, suggesting that at least a sub-
population of the PDLF might contribute directly to osteogen-
esis at tension sites in tooth movement. This is in line with
previous findings indicating an increase of osteoblastic gene
expression in PDLF after mechanical stress (14, 15). PDLF and
osteoblasts of the alveolar bone might therefore contribute to a
significant extent to the induction of osteogenesis at tension
sites during orthodontic tooth movement.
In conclusion, the results of our study support an important

role for ephrin-B2-EphB4 signaling between PDLF and osteo-
blasts at tension sites of bone remodeling. These results estab-
lish a novel concept in the regulation of bone remodeling dur-
ing orthodontic tooth movement. Intervention with the
function of these molecules may provide novel opportunities
for the development of therapeutic strategies aimed at a phar-
macological manipulation of tooth movement.
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