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Abstract

Background: It is widely accepted that mechanical load-
ing is necessary to construct the architecture of bone and
to maintain bone mass. However, the molecular mecha-
nisms whereby bone cells respond to mechanical stimuli
remain elusive. The mitogen-activated protein kinase
(MAPK) signaling cascades are known to play a crucial
role in the immediate osteoblast response to a variety of
bone-active agents. An important component of this re-
sponse occurs at the transcriptional level and is executed
by downstream phosphorylation substrates, most notably,
a number of signal-responsive transcription factors. To
identify whether the MAPKs are involved in the mechano-
transduction process and to determine the effect on down-
stream transcription factors, we stimulated human peri-
odontal ligament (hPDL) osteoblast-like cells by mechanical
stretching by employing an established in vitro model of
continuous stretch application.
Materials and Methods: Whole-cell extracts were pre-
pared from cultivated hPDL cells that were exposed 
to short-term, continuous mechanical stretch. In-gel ki-
nase assays were used to assess their kinase activity to-
wards the immediate-early gene products c-Jun and c-Fos
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[constituents of the activator protein-1 (AP-1) transcrip-
tion factor]. Electrophoretic mobility-shift and southwest-
ern experiments utilizing a DNA sequence that contained
a previously undefined atypical AP-1-binding site in the
promoter of the human liver/bone/kidney alkaline phos-
phatase (L/B/K ALP) gene (an early marker for osteoblastic
differentiation) were employed to evaluate their specific
binding capacity.
Results: Selective members of the MAPK family were
rapidly induced by stretching, as manifested by their abil-
ity to enhance phosphorylation of their cognate substrates
c-Jun and, to a lesser extent, c-Fos in the in-gel kinase as-
say. This induction was accompanied by markedly in-
creased, phospho-c-Jun-containing AP-1-binding activity,
as determined by the binding analyses performed with the
relevant sequence from the L/B/K ALP promoter.
Conclusions: In as much as AP-1 is instrumental in reg-
ulating genes activated at the onset of osteoblast differen-
tiation, such as the ALP gene, we pose that an interplay
of distinct MAPKs targeting AP-1 components may dic-
tate the osteogenic response of hPDL cells to mechanical
stimulation.

Introduction
The periodontal ligament (PDL) is a dense connective
tissue situated between the tooth-root cementum and
the alveolar bone that anchors the tooth and main-
tains the structural integrity of these mineralized tis-
sues. It has been regarded as the source of cemento-
blasts and osteoblasts. Cell kinetic experiments
have shown that PDL fibroblasts, the predominant
cells of the PDL, comprise a renewal cell system in
steady-state and the progenitors can generate multi-
ple types of more differentiated, specialized cells
that are involved in the homeostasis of both the
ligament and adjacent bone tissue (1). Indeed, PDL

fibroblasts have been shown to bear an osteogenic
potential (hence osteoblastic fibroblasts) and un-
dergo osteoblastic differentiation or proliferate in
culture, depending on various extracellular stimuli
(2–8). Due to their anatomical location, cells in the
PDL receive mechanical stress by bite force, result-
ing in cell deformation. The ability of these cells to
respond to mechanical load (1,9) suggests that they
have a central role in mediating the osseous remod-
eling that underlies the development, function, and
regeneration of the tooth support apparatus in both
physiological and clinical settings.

A brief period of load application initiates a
complex series of biochemical events in bone cells,
resulting in a substantial rise in bone-forming ac-
tivity (10,11). Considerable work has been done 
to identify the molecules implicated in mechani-
cal sensing, biochemical coupling, and effector re-
sponse for this mechano-transduction. Nevertheless,
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the mechanisms underlying these events, as well as
their biological role have not been resolved. Shyy
and Chien (12) postulated that the integrins consti-
tute a mechano-receptor and that stress fibers are
necessary to transmit the applied forces. The integrin
family of cell-surface receptors are the principal re-
ceptors for extracellular matrix (ECM) proteins and
serve as transmembrane bridges between the ECM
and actin-containing cytoskeletal structures. Integrin-
mediated signaling and signal modulation involves
the productive engagement of integrins with their
ECM ligands, integrin clustering, and the formation
of organized complexes between integrins and cy-
toskeletal proteins (13). The organization of integrin-
associated stress fibers and focal adhesions (i.e., com-
plex mixtures of structural and signaling molecules)
is governed by members of the Rho family of Ras-re-
lated GTPases (13). In addition to their roles in the
assembly of actin cytoskeletal structures, Rho family
members and cooperating proteins [e.g., focal adhe-
sion kinase (FAK)] can induce a multiple kinase cas-
sette, including elements of the mitogen-activated
protein kinase (MAPK) cascades, culminating in ac-
tivation of transcription factors (14).

The MAPK phosphorylation cascades provide a
key link between the membrane-bound receptors
that receive environmental cues and changes in the
pattern of gene expression. At least three such path-
ways that activate different MAPK classes have 
been identified: extracellular signal-regulated ki-
nase (ERK), stress-activated protein kinase/c-Jun N-
terminal kinase (SAPK/JNK), and p38 (originally
isolated as a hyperosmotic stress-induced kinase)
(15,16). Each has varied roles, depending on the cell
type and context, that include transmitting stress,
growth, differentiative, and apoptotic signals to the
nucleus. The best-characterized members of the
MAPK superfamily, with regard to transduction of
bone-active stimuli, are the ERKs (two major iso-
forms, p44ERK1 and p42ERK2) and the JNKs (two
major isoforms, p46JNK1 and p54/55JNK2 al-
though alternative splicing may give rise to as many
as 10 distinct proteins encoded by three genes)
(17–19). These kinases target an overlapping set 
of transcription factors that lead to the differential
activation of rapid response genes, particularly
members of the jun and fos family of immediate-
early genes (20). C-Jun, together with the Fos 
family of proteins (c-Fos, FosB, Fra1/2), are major
components of the AP-1 (activator protein-1) tran-
scription factor, which plays a central role in con-
trolling gene expression early in osteoblast differen-
tiation (21–23). The Jun–Jun/Jun–Fos dimeric AP-1
complex (24) interacts with a nucleotide sequence
motif known as the 12-O-tetradecanoyl-phorbol-
13-acetate (TPA)-response element (TRE; consensus
sequence TGA [C/G]TCA) (25) located in the pro-
moter region of responsive osteoblastic genes (21–
23). Related noncanonical TREs also bind AP-1
complexes (26). The binding affinity for a particular

TRE is dependent on the composition of the AP-1
complex (26), which varies as a function of bone-cell
proliferation and differentiation (27). ERK/JNK
signaling pathways influence AP-1 activity by both
increasing the abundance of AP-1 components and
stimulating their activity directly via phosphoryla-
tion (28).

We previously reported that Rho and other 
Ras-related GTPases are implicated in the response
of human periodontal ligament (hPDL) cells to 
mechanical stretching in a cell-specific manner 
(3). These data, combined with the observations
that: 1) mechanical stimulation of PDL cells alters
ECM protein synthesis (29); 2) ERK MAPK signal-
ing is involved in the stimulation of osteoblast-
specific gene expression by ECM/integrin receptor
mechanostressing (30,31); and 3) mechanical strain
evokes SAPK/JNK activation in other cellular sys-
tems (32,33), prompted us to test the hypothesis that
MAPKs are triggered by stretching forces of phys-
iological magnitude and that their induction insti-
gates AP-1 activity that could be relevant to differ-
entiation of hPDL cells. Using an elaborated system
of specially designed dishes fitted with a flexible
bottom and a simple stretch application device (3),
cultured hPDL cells were exposed to short-term con-
tinuous mechanical stretch and crude protein ex-
tracts were obtained. Their kinase activity against
the immediate-early gene products c-Jun and c-Fos,
was tested in in-gel kinase assays. TRE-binding
capacity was evaluated in binding experiments uti-
lizing a DNA sequence that contained a previously
undefined atypical TRE in the promoter of the hu-
man L/B/K ALP gene, an early marker for osteoblas-
tic differentiation.

Materials and Methods
General

Cell culture media and reagents were obtained from
Gibco/BRL (Eggenstein/Leopoldshafen, Germany);
fetal calf serum (FCS) was bought from Biochrom
(Berlin, Germany). [�-32P]adenosine triphosphate
([�-32P]ATP; specific activity 5,000 Ci/mmol) and
14C-methylated molecular size protein markers were
purchased from Amersham Buchler (Braunschweig,
Germany). Oligonucleotides were synthesized by
the phosphoramidite method in an Applied Biosys-
tems DNA synthesizer (EMBL, Heidelberg, Ger-
many) and used without further purification. T4
polynucleotide kinase and 10� buffer for probe la-
beling were purchased from Boehringer Mannheim
Biochemica (Mannheim, Germany). Rabbit poly-
clonal antibodies to c-Jun, JunB, JunD, c-Fos, FosB,
Fra1, Fra2, and Sp1 were purchased from Santa Cruz
(Heidelberg, Germany). Detergents were bought
from Calbiochem (Bad Soden, Germany). All other
chemicals were provided by Sigma Chemie (Deisen-
hofen, Germany) or Merck (Darmstadt, Germany)
and were of the highest available grade.



Source of Recombinant c-Jun and c-Fos Proteins

The full-length c-Jun and c-Fos proteins used for in-
gel kinase assays (see below) were C- or N-termi-
nally histidine tagged, respectively, and expressed
in bacteria from available pET-derived expression
vectors. The plasmids were transformed into Es-
cherichia coli BL21 (DE3) and the expressed proteins
were purified by nickel-chelate affinity chromatog-
raphy under denaturing conditions as described
(35,36).

In-gel Kinase Assays

Protein extracts from mechanically stretched (for 7–
30 min) and control hPDL cell cultures were
prepared in sodium dodecyl sulphate (SDS) sample
buffer as described (37). In-gel kinase assays were
performed by fractionating equal amounts of extract
proteins (50 �g) onto a routine SDS-10% polyacry-
lamide gel, in which recombinant, full-length c-Jun
or c-Fos protein (100 �g/ml) were embedded. To re-
move SDS, the gel was soaked twice for 30 min in
200 ml 20% 2-propanol, 50 mM N-2-hydroxy-
ethylpiperazine-N�-2-ethane sulfonic acid (HEPES)-
NaOH (pH 7.6) and twice for 30 min in 200 ml buffer
A (50 mM HEPES-NaOH, pH 7.6, 5 mM �-mercap-
toethanol). The gel was then incubated for 1 hr in
200 ml 6 M urea in buffer A at room temperature, fol-
lowed by serial, 20-min incubations with 200 ml
buffer A containing 0.05% Tween 20 and 3, 1.5 or
0.75 M urea, respectively, at 4�C. After five 20-min
washes with 200 ml buffer A containing 0.05%
Tween 20, the gel was preincubated for 20 min at
30�C in 30 ml kinase buffer (40 mM HEPES-NaOH,
pH 7.6, 20 mM [Na2]�-glycerophosphate, 20 mM
[Na2]p-nitrophenylphosphate, 0.1 mM sodium vana-
date, 2 mM dithiothreitol [DTT], 5 mM MgCl2, 2 mM
MnCl2) and subsequently incubated for 1 hr in 20 ml
kinase buffer containing 50 �M ATP, including 
5 �Ci/ml [�-32P]ATP. Finally, the gel was washed ex-
tensively in 5% trichloroacetic acid (pH 5.7), 1%
sodium pyrophosphate, and 2 mM ATP overnight at
room temperature, followed by drying and autoradi-
ography (36).

Electrophoretic Mobility-shift Assays (EMSAs)

The oligonucleotide sequence used as probe or as
competitor was as follows: 5�-GATATGTTGACAGA-
CACAGAG-3� (top strand). This 21-base segment en-
compasses the atypical TRE (TGACAGA) of the hu-
man L/B/K ALP 5�-most promoter (1a) with its
flanking sequences (38). Equimolar amounts of the
above synthetic oligonucleotide and its comple-
mentary (bottom) strand were end-labeled with 
[�-32P]ATP by T4 polynucleotide kinase under stan-
dard conditions, annealed, and the double-stranded
probe was gel-purified on a 20% native polyacry-
lamide gel (39). Crude whole-cell extracts from
mechanically stretched (for 15–30 min) and control
hPDL cultures were prepared as follows. Cells were

Isolation and Culture of Human PDL (hPDL) Cells

HPDL fibroblasts were obtained from explant cul-
tures of PDL tissues dissected from the roots of
healthy teeth extracted for orthodontic treatment
purposes (3). The explant was soaked in chick 
embryo extract, fixed by clotting to culture flasks
with chick plasma clots, and cultured in Dul-
becco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% (volume per volume; v/v)
FCS, nonessential amino acids, and antibiotics 
(100 IU/ml penicillin, 100 �g/ml streptomycin,
0.25 �g/ml amphotericin), henceforth denoted 
standard media, with media changes every 2 or 3
days. Cultures were maintained at 37�C in a 5%
CO2 humidified atmosphere. The outgrowth of 
fibroblastic cells from the explants started 8–10
days after their initial culture. At confluence, the
cells were trypsinized with 0.15% trypsin/0.5 mM
ethylenediaminetetraacetic acid (EDTA), harvested
by centrifugation, washed in phosphate-buffered
saline (PBS), transferred into 75 cm2 flasks contain-
ing the standard media, and cultured until conflu-
ency (passage 0). The cells were then trypsinized 
as before and subcultured at 1:4 split ratio on
Petriperm tissue-culture dishes (Bachofer Ger-
many). Experiments were carried out with cells
from the third to sixth passages.

Exposure of Cultured hPDL Cells to Mechanical Stretch

Approximately 4 � 105 cells were seeded onto 50
mm dishes with a flexible, hydrophilic growth sur-
face (Petriperm; Bachofer, Germany) and culti-
vated, at 37�C in standard media, until they reached
�80% confluency. Subconfluent hPDL fibroblast
cultures were continuously stretched using the
stretching apparatus described previously (3).
Briefly, this apparatus applies physical force de-
forming the bottom of the culture dish, to which 
the hPDL fibroblasts are firmly attached. The bot-
tom of the Petriperm dish can be stretched by plac-
ing a template with a convex surface underneath
and applying a weight on top of the dish cover, thus
forcing the membrane to adapt to the convex sur-
face. The stimulation can be quantitated by calcu-
lating the percent expansion of the membrane
(3,34). For the experiments presented here, a tem-
plate was used that produced a 2.5% increase in
surface area (i.e., percentage of stretch � 2.5%).
This amount of stretching closely resembles the
strain forces exerted on PDL cells in vivo (3). In ear-
lier studies that used identical culture dishes and
similar stretching forces, minimal cell damage and
no evidence of cell detachment were recorded (3,7).
Following continuous stretch application for the in-
dicated times, the medium was carefully aspirated
and the cells were lysed as described below. Con-
trol (unstretched) cultures were incubated under
the same conditions for the maximum period of
stretch application.
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under previously established conditions (3). HPDL
cell cultures were subjected to short-term continu-
ous mechanical stretching on a convex template
with a weight applied on top and producing a
�2.5% degree of stretch (3). To determine if re-
ception of this type of mechanical stretch in hPDL
cells is coupled functionally to the MAPK signal-
ing cascades, we pursued in-gel kinase reactions. 
To this end, recombinant full-length c-Jun or c-Fos
proteins (well-characterized in vitro and in vivo
substrates of MAPKs) (24,40) were fixed in a SDS-
polyacrylamide gel prior to separation of proteins
prepared from control and stretched (7–30 min)
hPDL cells. The lysates were electrophoresed on the
c-Jun/c-Fos-containing gels, and phosphorylation 
of the proteins was assayed by soaking the gel with
[�-32P]ATP after a renaturation step (36). As shown
in Figure 1 (left panel), two sets of bands with dif-
ferent thickness and density and apparent molecular
masses in the range of well-defined MAPKs (42–
55 kDa) (17) were gradually induced in mechani-
cally stretched hPDL cells and augmented the base-
line phosphorylation of c-Jun. The upper two bands
(greater intensity) most likely represent different
JNK isozymes that are expressed in these cells, with
the upmost one (54/55-kDa protein) corresponding
to the Mr of JNK2 (18,19). Interestingly, no activ-
ity of the JNK1 (46-kDa isoform; a poor, compared
with JNK2, c-Jun kinase in vitro) (18,41) was re-
vealed in hPDL cells. The lower two bands (44- and
42-kDa proteins) corresponded to the Mr of ERK1
and ERK2, respectively (17). There were no distin-
guishable differences in the activity of the 44-kDa

Fig. 1. Continuous mechanical stretching of human peri-
odontal ligament (hPDL) osteoblast-like cells enhances 
mitogen-activated protein kinase (MAPK) activity. Equiva-
lent amounts of whole-cell lysates obtained from unstimulated
(0) or mechanically stretched cells (for the indicated time in
min) were subjected to in-gel kinase assays, in which bacteri-
ally expressed full-length c-Jun protein (left panel) or c-Fos
protein (right panel) served as immobilized substrates in the
presence of [�-32P]ATP and the respective kinase buffer. Kinases
present in these cellular extracts that can phosphorylate c-Jun/
c-Fos were identified by autoradiography of the washed and
dried sodium dodecyl sulfate (SDS) polyacrylamide gel. Molec-
ular masses of 14C-methylated protein standards (M) are indi-
cated. The results are representative of three experiments using
two different lysates.

washed with ice-cold PBS, harvested by scraping and
centrifugation, and cell pellets were homogenized by
resuspension in lysis buffer (20 mM HEPES-NaOH,
pH 7.5, 20% glycerol, 0.38 M NaCl, 2 mM MgCl2, 
10 mM sodium fluoride, 10 mM [Na2]�-glycerophos-
phate, 10 mM [Na2]p-nitrophenylphosphate, 0.1 mM
sodium vanadate, 2 mM phenylmethylsulfonylfluo-
ride (PMSF), 5 �g/ml aprotinin, 2 �g/ml pepstatin, 
2 �g/ml leupeptin, 2 mM DTT), and brief sonication.
The extract was centrifuged at 12,000 rpm for 5 min at
4�C to remove particulate material and the super-
natants were snap-frozen and stored at �70�C prior to
use. Equivalent amounts of cell extracts (5–10 �g)
were mixed with �5 ng of radiolabeled probe
(�50,000 cpm) in a total reaction volume of 20 �l con-
taining 250 ng sonicated salmon sperm DNA as non-
specific competitor, 5% glycerol, 1% Nonidet P-40,
and 2 mM DTT. Following incubation at room tem-
perature for 30 min, DNA-protein complexes were re-
solved on 5% native polyacrylamide gels (acry-
lamide:bisacrylamide, 38:1). Electrophoresis was
carried out in 0.4� Tris/borate/EDTA buffer (TBE; 1�
TBE � 90 mM Tris/64.6 mM boric acid/2.5 mM
EDTA, pH 8.0) at 125 V at room temperature (35).
Gels were dried and exposed to X-ray film overnight
at �80�C with an intensifying screen. Cold competi-
tion with molar excess of unlabeled oligonucleotides
was accomplished by simultaneous addition with the
radiolabeled probe. For antibody competition or “su-
pershift” assays, the antiserum [0.75 �l of polyclonal
anti-Jun/Fos/Sp1 anti-rabbit antibody or preimmune
immunoglobulin G (IgG)] was added to the reaction
mixture for 30 min prior to addition of radiolabeled
probe or after binding equilibration, respectively.

Southwestern Assay

Equal amounts of whole-cell lysates (50 �g total
protein), prepared as described above from me-
chanically stretched (for 7–60 min) and control 
hPDL cultures were mixed with 0.33 volumes of 
4� Laemmli SDS sample buffer and loaded on a 
SDS-10% polyacrylamide gel without prior boiling. 
After electrophoresis, proteins were electroblotted 
onto nitrocellulose membrane (BA85; Schleicher &
Schuell, Dassel, Germany) in transfer buffer (20 mM
Na2HPO4/NaH2PO4, pH 7.0) at 1.15 A for 1 hr 
(39). The membrane-bound proteins were renatured
under previously established conditions (39) and
probed with �5 �g (�5 � 107 cpm) of the same radi-
olabeled TRE-containing oligonucleotide employed
in the EMSAs, in a hybridization bag for 5 hr at 4�C.
Following stringent washing at 4�C (39), the mem-
brane sheet was air-dried and autoradiographed.

Results
Selective MAPK Family Members Are Rapidly Induced 
in Continuously Stretched hPDL Osteoblastic Cells

HPDL cells derived from explant cultures of healthy
PDL tissues were cultivated on a flexible substratum



oligonucleotide, also ruling out the involvement of
an adjacent putative GATA-binding site (see Fig. 2)
in complex formation. Induction of AP-1 binding
occurred within 15 min and remained elevated for
up to 3 hr. In contrast, DNA binding of transcription
factor Sp1, as an internal control (several putative
binding sites are present in the ALP 1a promoter re-
gion; see Fig. 2), did not vary significantly between
nonstretched and stretched samples at any time (not
shown). Clearly, continuous mechanical stretch of
hPDL osteoblast-like cells leads to a rapid increase
in AP-1-binding activity, which parallels that of
JNK2 and ERK2 up-regulation.

C-Jun is an AP-1–ALP Promoter Complex Participant

Next, to better assess the composition of proteins
that constituted the protein complexes binding to
the ALP 1a promoter AP-1 sequence, the mobility-
shift experiment was repeated using extracts from
hPDL cells subjected to mechanical stretching for 
15 min (Fig. 4A, B). As demonstrated above, stretch-
ing resulted in increased AP-1-binding activity (Fig.
4A, B, lane “control”; the second complex is now
visible). Since the c-Jun and c-Fos proteins are the
principal components of the AP-1 transcription fac-
tor and defined targets of the JNK/ERK pathways
(40) (see also, Fig. 1), we incubated the extracts
with polyclonal antisera to these proteins, to an 
AP-1 unrelated transcription factor (Sp1), or pre-
immune IgG. Addition of antibody to c-Jun, but not
Sp1 or IgG, resulted in marked diminution of the
protein-DNA bands (Fig. 4A, antibody competition
assay) or a “supershifted” (i.e., slower-migrating)
complex (Fig. 4B, antibody “supershift” assay), 
thus indicating that the increased AP-1 binding 
displayed in extracts from continuously stretched 
hPDL cells was made up, in part, of c-Jun protein.
We were unable to demonstrate participation of 
c-Fos or any of the Fos-related proteins (FosB, 
Fra1, and Fra2) in the specific AP-1 complexes 
under these conditions, albeit an epitope-masking
effect cannot be excluded. Likewise, antibodies 
recognizing the other Jun family members (JunB
and JunD) had marginal effects on the formation 
or mobility of the complexes (not shown). Thus, 
the induction of JNK2 and ERK2 by continuous 
mechanical stretch triggers the downstream AP-1–
ALP promoter TRE interaction, an effect that is prob-
ably was channeled mainly through c-Jun poten-
tiation.

AP-1–ALP Promoter Complexes Correlate with 
JNK/ERK-Mediated c-Jun Activation

To gain further insight into the relationship between
JNK/ERK induction and c-Jun activation in the re-
sponse of hPDL cells to continuous mechanical
stretch, we analyzed the DNA-binding potential of 
c-Jun as governed by its phosphorylation state over a
time course following stretch application. To this end,
hPDL cells were subjected to mechanical stretch

protein (ERK1) between control and hPDL cells
loaded with mechanical stretch. The 42-kDa spe-
cies (ERK2), however, exhibited a pattern of in-
duction similar to that of JNK2. When c-Fos was
used as substrate in the in-gel kinase reaction, two
bands in the same region of the gel were noted 
(Fig. 1, right panel). One of them exhibited negligi-
ble alteration in its activation profile in response 
to mechanical stretch and was not considered fur-
ther. The 42-kDa band, corresponding to the Mr of
ERK2 (17), showed a substantial increase in activity
after 15 min of exposure to mechanical stretch that
returned to almost basal levels at 30 min. These re-
sults indicate that induction of the JNK and ERK
MAPK subgroups is an immediate-early event in the
response of hPDL cells to continuous mechanical
stretch.

Stretch-triggered JNK/ERK Induction Coincides 
with Increased AP-1-Binding Activity 
on an Osteoblast-specific Promoter

Activated JNKs (41–43) and ERKs (44–46) are
known to phosphorylate c-Jun on N-terminal resi-
dues within its trans-activation domain, enhancing
the DNA-binding and transcriptional activity of the
molecule (35,47,48). C-Jun forms a homodimer or a
hetero-dimer with the Fos family (AP-1 transcrip-
tion factor) and regulates the expression of many
genes that have a TRE (or AP-1-binding site) in
their promoter region (24,29). The transcription of
the c-jun gene itself is also controlled by AP-1 (28).
To assess whether continuous mechanical stretch 
increases AP-1 protein binding in hPDL cells, we
performed a series of EMSAs with a previously un-
characterized, divergent TRE-containing sequence
in the 5�-most promoter (1a) of the human L/B/K
ALP gene (38) and whole-cell extracts prepared
from hPDL cells. This promoter (Fig. 2) is preferen-
tially utilized in osteoblastic cells (50), including
hPDL cells (51), and its increased activity is one 
of the very early events linked to differentiation
(52). A 21-bp synthetic oligonucleotide spanning
the putative AP-1 motif of the human ALP 1a pro-
moter was radioactively labeled and incubated with
crude protein extracts from hPDL cells loaded with
mechanical stretch over a time course (0–30 min).
After electrophoretic analysis, a weak protein-DNA
complex was detected in extracts from unstretched
cells, whose abundance was strikingly increased in
extracts from hPDL cells stretched for 15–30 min
(Fig. 3). This complex, as well as a faster-migrating
species revealed by longer exposure (see below),
was competed effectively by an excess of unlabeled
probe; whereas, no variation was observed in the
complexes when the competitor was a molar excess
of either mutant (consensus) AP-1 or an unrelated
oligonucleotide (data not shown). Consistently,
these complexes were not observed when binding
experiments were carried out with extracts incu-
bated in the presence of radiolabeled mutant AP-1
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(0–60 min), protein was extracted as before, and 
a southwestern assay performed that utilized as
probe the same AP-1 oligonucleotide employed in
the mobility-shift experiments (Fig. 5). The results
showed that the DNA-binding capacity of c-Jun was
enhanced as early as 7–15 min post-stretch, con-
comitant with the gradual appearance of slower-
migrating, DNA-binding competent species of the
protein (most evident at 30–60 min of stretch; Fig.
5). We have previously documented that these
lower-mobility species, which can be converted in
vitro into the fastest-migrating 39-kDa band by
phosphatase digestion, are generated by signal-
induced, JNK/ERK-mediated, N-terminal phospho-
rylations of c-Jun that function as part of a molecu-
lar switch eliciting c-Jun DNA-binding activity (35).
The immunoreactivity of these bands against a c-Jun
polyclonal antibody confirmed a qualitative shift to
the retarded, DNA-binding competent species of the
protein. These data strongly suggest that the contri-

bution of c-Jun to the augmented AP-1-binding ac-
tivity observed in stretch-stimulated hPDL cells, in-
volves its highly phosphorylated, hence, activated
forms. In this regard, we note that differentially
phosphorylated forms of c-Jun most likely account
for the binding pattern seen in the EMSAs (Fig. 4)
(35). Furthermore, this analysis, in correlation with
the failure to detect Fos proteins in the AP-1–ALP
TRE complexes, implies that a Jun–Jun homodimer,
rather than a Jun–Fos heterodimer, serves as the 
“firing” effector in this mechanical-to-biochemical
transmitting process.

Discussion
Mechanical forces are a fundamental physiological
factor for regulating structure and function in many
tissues. In bone, mechanical loading stimulates the
increase of bone mass and plays an important role in
the bone remodeling process (10,11). PDL fibro-

Fig. 2. Nucleotide sequence of the upstream promoter region (exon 1a) of the human liver/bone/kidney alkaline phos-
phatase (L/B/K ALP) gene. The numbers on the right side of the nucleotide sequence refer to European Molecular Biology Laboratory
(EMBL) accession numbers M24428 (1–806) and M24429 (1–119); whereas, those on the left side are as described (38). The major tran-
scription start sites are shown as black squares. Black dots indicate the minor starts of transcription. The position of the first base of the
ATG translation initiation codon (exon 2) is indicated as �1. The arrows mark the 672-bp Ava II restriction fragment bearing the pro-
moter activity (38). The gray box indicates the nucleotide sequence used as probe for the experiments described in Figs. 3–5. In the
boxed region, the atypical 12-O-tetradecanoyl-phorbol-13-acetate (TPA)-response element (TRE) is highlighted in bold. Putative bind-
ing sites for the transcription factors Sp1; (underlined), upstream stimulatory factor (USF) (overlined), and GATA (broken line) present
in the Ava II fragment are also shown. The computer program MatInspector (68) was used to identify the core consensus sequences de-
scribed. Modified from Weiss et al. (38).



vation, these kinases phosphorylate target transcrip-
tion factors, thereby, modifying their capacity to reg-
ulate gene expression. Given this global response to
a plethora of factors, MAPKs and their downstream
effectors are plausible candidates for mediating the
mechano-transcription coupling process in os-
teoblastic cells.

The present study was undertaken to examine
the involvement of the MAPK pathways in the 
response of hPDL cells to short-term continuous 
mechanical stretch within physiologic limits. Con-
sidering the important role played by the com-
ponents of the AP-1 transcription factor (Jun and
Fos proteins) in the early stages in osteoblast dif-
ferentiation (21–23), their selective targeting by 
the stretch-driven MAPK induction and correspond-
ing changes in AP-1 activity towards an early os-
teoblastic gene promoter were investigated. We
demonstrate that application of this type of stretch 
in hPDL cells rapidly activates selective members 
of the JNK and ERK MAPK subgroups (i.e., JNK2,
as well as a putative JNK isoform, and ERK2), re-
sulting concurrently in a marked increase in AP-
1-binding activity towards a previously undefined
divergent TRE in the functional promoter of the 
human L/B/K ALP gene. Because elevated expres-
sion of this ALP isozyme is associated with the 
onset of the osteoblast phenotype and the formation
of new bone (52), we surmise that mechanical stim-
ulation may facilitate the differentiation pathway 
of hPDL cells (from small fibroblastic precursor-to
osteoprogenitor-to bone-forming cells) with c-Jun,
and perhaps c-Fos, acting as key effectors of
mechano-transduction.

SAPKs/JNKs are affected mainly by environ-
mental stress factors (e.g., UV irradiation, oxidants,
hypoxia, heat shock) and less by mitogenic stimuli.
Following activation, JNK can bind directly to and
phosphorylate c-Jun within its N-terminal trans-
activation domain, resulting in increased transcrip-
tional activity of target genes. Depending upon the
cell type and the context of regulatory inputs that
the cell is receiving, JNK activation can lead to pro-
liferation, differentiation, or apoptosis (19,55). Sev-
eral studies, using various osteoblast-like cell lines,
have documented the induction of both JNK1 and
JNK2 by certain cytokines and diverse forms of
stress (54). ERKs are regulated by mitogenic factors,
neurotrophins, and phorbol esters. Upon their acti-
vation, ERKs may phosphorylate and potentiate sev-
eral transcription factors, including c-Jun, engaged
in cell proliferation and differentiation (15,56). A
broad range of bone-active agents have been de-
scribed to induce ERKs in human osteoblast-like
cell lines and osteoblastic cells, including various
growth factors, estrogen, and fluoride at mitogenic
doses (54). Although the ERK cascade appears to be
an important component of intracellular signals ini-
tiated by many agents having proliferative effects on
osteoblastic cells, its in vivo role awaits clarifica-

blasts comprise an osteoblast-like population of
cells (2,4,6) that are involved in the normal mainte-
nance, repair, and regeneration of both the ligament
and neighboring hard tissues (1). Since the PDL lies
between bony tissues and functions as a cushion
mitigating mechanical stress, such as occlusal forces,
this stress may contribute to the long-lasting home-
ostatic properties exhibited by PDL cells via modu-
lation of their osteogenic potential. In support of this
view, it was reported that mechanical stretch in-
duces cell differentiation in rat osteoblastic cells
(53). There is a vast descriptive literature about the
effects of various forms of mechanical perturbation
on PDL osteoblastic fibroblasts. These analyses re-
veal that mechanical stress evokes a wide array of
changes in second messenger systems and patterns
of gene expression in PDL cells. The molecular
mechanisms that enable the switch of physical
forces to intracellular biochemical signaling events
and associated biological outcome are, however, still
largely unknown. MAPKs, namely ERKs, SAPKs/
JNKs, and p38, are activated downstream of many
different types of receptors that are triggered by a
variety of osteoblast-active stimuli (54). Upon acti-
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Fig. 3. Mechanical stretching of human periodontal liga-
ment (hPDL) cells stimulates the binding of a complex to
the human liver/bone/kidney alkaline phosphatase (L/B/K
ALP) 5�-12-O-tetradecanoyl-phorbol-13-acetate (TPA)-
response element (TRE). Continuous mechanical stretching
was applied to hPDL cell cultures for the indicated times in 
min (0�, 15�, 30�) prior to harvesting. Whole-cell extracts were
prepared and equal amounts (5 �g) analyzed for activator 
protein-1 (AP-1)-binding activity by an electrophoretic 
mobility-shift assay (EMSA). After incubation at room tem-
perature for 30 min with the 32P-labeled DNA probe, equili-
brated DNA-binding reactions were electrophoresed on a 5%
native polyacrylamide gel. The gel was dried and then sub-
jected to autoradiography. The positions of specific DNA-protein
complexes and freely migrating probes are indicated. The se-
quence of the oligonucleotide used as probe is shown. The atyp-
ical TRE is highlighted in bold. “Mock” indicates a reaction
mixture incubated in the absence of hPDL cell extracts (negative
control).
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tion. Remarkably, mechanical stress in the form of
cyclic strain and shear recently was shown to evoke
activation of ERK2 and enhanced, c-Fos-containing
AP-1-binding activity in vascular smooth muscle
cells, by direct activation of the platelet-derived
growth factor (PDGF) receptor (57). The authors
conclude that this type of stress may directly per-
turb the cell surface or alter receptor conformation,
thereby subverting signaling pathways normally
used by growth factors.

Our in-gel kinase data suggest that simultane-
ous induction of JNK2 and ERK2 acts to elicit a me-
chanical stretch response in hPDL cells. The increase
in these activities, as well as that of an undefined
JNK isoform, exhibit similar apparent kinetics (but
not amplitude; Fig. 1), as monitored by the phos-
phorylation of c-Jun. By contrast, other physical
forms of stress, such as osmotic pressure, ultraviolet
light, and ionizing radiation, selectively activate the
JNK pathway, but not the ERK pathway (42,58,59);
whereas, mechanical stimulation exerted by shear
stress on vascular endothelial cells preferentially ac-
tivates JNKs over ERKs (33). In the latter study, the
activation of JNK is correlated with increased c-Jun
transcriptional activity and induction of endothelial
gene expression (33). Thus, while ERKs are less
effective kinases of c-Jun in vitro compared with
JNKs (41) (evident also in Fig. 1), phosphorylation
of c-Jun by ERK2 appears to be able to mediate
stretch responses in vivo, at least those observed in
hPDL osteoblastic cells. Therefore, we argue that
mechanical stretch may provoke a synergistic effect
at the level of JNK2 and ERK2 activation, and mol-

ecules phosphorylated by these kinases, such as 
c-Jun, are involved in the reprograming of genes
specific for osteoblastic phenotypes. This is reminis-
cent of our previous findings in Drosophila, which in-
dicate that Jun can act as an effector of both JNK and
ERK pathways during differentiation processes in
this organism (36,60).

Production of type I collagen-containing ECM
by an osteoblast precursor is one of the earlier
events associated with osteoblast differentiation,
followed by sequential expression of L/B/K ALP,

Fig. 4. Identification of c-Jun in the gel-retarded complexes formed by the human liver/bone/kidney alkaline phosphatase
(L/B/K ALP) 5�-12-O-tetradecanoyl-phorbol-13-acetate (TPA)-response element (TRE) and extracts from mechanically
stretched human periodontal ligament (hPDL) cells. Continuous mechanical stretching was applied to hPDL cell cultures for 
15 min (15�) or 30 min (30�) prior to harvesting. Whole-cell extracts were prepared and analyzed (10 �g) by an electrophoretic 
mobility-shift assay (EMSA), as in Figure 3. Specific activator protein-1 (AP-1)-binding activity was assayed in (A) antibody competi-
tion or (B) “supershift” experiments. Before (B) or after (A) the incubation for 30 min with anti-cJun antibody, anti-Sp1 antibody,
preimmune serum or control buffer, hPDL cell extracts were incubated for 30 min with the 32P-labeled DNA probe described in Figure
3. DNA-protein complexes were resolved by electrophoresis on a 5% native polyacrylamide gel. The positions of AP-1 complexes and
freely migrating probes are indicated. Note the reduction of complex formation (A) or the migration of a “supershifted” complex (B;
marked by arrow) in the presence of anti-cJun antibody. “Mock” indicates a binding reaction omitting hPDL cell extracts (negative 
control).

Fig. 5. Southwestern analysis of c-Jun-binding activity to
the human liver/bone/kidney alkaline phosphatase (L/B/K
ALP) 5�-12-O-tetradecanoyl-phorbol-13-acetate (TPA)-
response element (TRE) in human periodontal ligament
(hPDL) cells upon mechanical stretching. Continuous me-
chanical stretching was applied to hPDL cell cultures for the 
indicated time in min prior to harvesting. Whole-cell lysates
were prepared and aliquots containing equivalent amounts of
protein analyzed by a combined SDS-polyacrylamide gel 
electrophoresis/protein blotting–renaturation/DNA-binding
procedure (southwestern assay). The sequence of the oligonu-
cleotide used as probe is shown (identical to that depicted in
Fig. 3). The atypical TRE is highlighted in bold. The molecular
mass of the 14C-methylated aldolase protein as a size marker is
shown (M).



Based on the binding data presented herein
(Figs. 3–5), we favor a model in which a JNK2/
ERK2-activated c-Jun homodimer appears to medi-
ate the downstream AP-1–ALP promoter TRE inter-
action in this stretch-elicited signal transduction
pathway. Presumably, the stretch-induced activation
of JNK2 and ERK2 leads to phosphorylation of pre-
existing, latent c-Jun, and the resultant potent c-
Jun–c-Jun homodimer activates the ALP gene by in-
teracting with the divergent TRE on its promoter. 
In concert with this, mechano-induction of osteo-
pontin expression in embryonic chick osteoblasts
was shown to be a primary response mediated
through the activation of pre-existing transcription
factors (63). In addition to the phosphorylation of
the pre-existing c-Jun, the induction of AP-1 activ-
ity may occur at the transcriptional level (28). C-jun
is expressed at all stages of osteoblastic differentia-
tion (27) and mechanical stretch induces a transient
increase in c-jun mRNA levels in hPDL cells (un-
published observations). It is not known whether
the activated JNK2/ERK2 in the stretched hPDL
cells would activate the de novo-synthesized c-Jun
through the N-terminal phosphorylations and, if
they did, what its effect on the kinetics of AP-1–ALP
promoter TRE complex formation would be. In this
vein, we note that a dual input on the level of tran-
scription and phosphorylation of c-Jun mediated by
the combined action of JNK and ERK was proposed
to signal a program of nerve growth factor (NGF)-
induced differentiation in PC12 cells (64).

Although the sequences around the c-Jun N-
terminal phosphorylation sites are similar to those
located in the trans-activation domain of c-Fos, a dif-
ferent protein kinase, FRK (Fos-regulating kinase;
Mr � 88 kDa), phosphorylates this region and acti-
vates c-Fos in a Ras-dependent manner (65). FRK
activation was not recorded in our sensitive in-gel
kinase assay, corroborating the presumptive absence
of c-Fos in the AP-1–ALP promoter TRE complexes
(Fig. 4). On the other hand, C-terminal phosphory-
lation of c-Fos by ERK2 does not affect trans-
activation ability, but rather, increases the half-life
of the protein (66). Since some of the Fos-responsive
genes identified to date (e.g., osteocalcin) are ex-
pressed specifically in differentiating osteoblastic
cells (67), it is possible that the observed short-lived
capacity of ERK2 to enhance phosphorylation of c-
Fos following mechanical stretching (Fig. 1) may
serve to transiently stabilize the protein to execute a
specific regulatory function during early gene repro-
graming in hPDL cells. Despite its small effect on c-
Fos phosphorylation, ERK2 makes a very important
contribution to the stimulation of AP-1 activity
through phosphorylation of Elk-1/TCF, a transcrip-
tion factor mediating c-fos induction (37). This
would lead to an increase in the level of c-Fos avail-
able to form AP-1 heterodimers, thereby, modulat-
ing the spectrum of AP-1 partner interactions on os-
teoblast-specific promoter TREs (21–23).

osteocalcin, osteopontin, and osteonectin. Mineral-
ization of newly formed matrix takes place there-
after. To form bone with structural integrity and
physical strength, it appears to be of critical impor-
tance to maintain the sequential development of
these multiple osteoblastic phenotypes (23). Since
commitment to the osteoblast lineage is dependent
upon extracellular cues, genes that are activated
rapidly by these signals are likely to play a key role
early in this process. This rapid induction is accom-
plished through the signaling-driven modification
of proteins that interact specifically with the differ-
ent promoter elements of these genes. The AP-1
transcription factor is known to be induced rapidly
by a wide gamut of stimuli that activate the JNK/
ERK cascades (28,40,54). It exerts its function as a 
c-Jun homodimer, or a heterodimer comprised of
any of the Jun and any of the Fos family proteins
that bind to TREs in promoters and modulate the
expression of AP-1-responsive genes. AP-1 activity
is determined by not only its composition, but also
the phosphorylation state of each Jun/Fos het-
eropartner (24,40,54). In osteoblasts, consensus
TREs have been identified in the promoter regions
of many osteoblast-specific genes (e.g., type I colla-
gen, osteocalcin, osteopontin) and are implicated 
in their control (21–23). ALP activity is involved 
in the process of calcification in various mineraliz-
ing tissues, and it is found at much higher levels 
in the PDL than in other connective tissues (2,4,6).
Although numerous transcription factor-binding 
sequences can be found in the L/B/K ALP 1a pro-
moter (Fig. 2), there is no mutagenesis or DNA-
binding data that support the use of any of these 
sequences in hPDL cell-specific regulation (52). As
noted before, this promoter is functional in hPDL
cells (51). Our results reveal that a divergent TRE
present in the 1a promoter is capable of forming
specific phospho-c-Jun-containing complexes in ex-
tracts from mechanically stretched hPDL cells, im-
plying its function as an early response element
conferring stretch-induced ALP transcriptional con-
trol. Bearing in mind that divergent TREs can 
accommodate functional AP-1 complexes (26), and
by analogy to this situation, a divergent TRE in the
5�-promoter region of the monocyte chemotactic
protein 1 (MCP-1) gene was found to be responsi-
ble for its inducibility by shear stress (61). Consis-
tent with our AP-1-binding data on the L/B/K ALP
1a promoter, hPDL cells exposed to mechanical
stress exhibited significant increases in type 1 col-
lagen synthesis (29) and augmented expression 
of osteocalcin (8), both being prominent deter-
minants of early osteoblastic differentiation. More-
over, in support of the notion that stretch-induced
AP-1-binding activity may signal expression of
genes linked to progressive maturation of the os-
teoblast phenotype in hPDL cells, it recently was
shown that ALP activity was up-regulated in regen-
erating hPDL cells (62).
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Obviously, MAPK signaling cascades are pivotal
elements in the response of hPDL osteoblastic cells
to mechanical stretch via the induction of distinct
MAPK subtypes targeting the AP-1 transcription
factor. The degree of cross-talk between these ki-
nases and the integration of load-induced signaling
inputs by both components of the AP-1 may allow
mechanical stress conditions to determine the
composition of the AP-1 complex and, thus, modu-
late osteoblast-restricted transcription at the pro-
moter level. Chronological order or the duration of
JNK/ERK activation, as well as the effects of weak
versus strong activation also may be critical to cellu-
lar outcome (56). Precise kinetic analysis of each cas-
cade, especially that of a very early time course after
mechanical stimulation, is necessary to unravel tem-
poral and hierarchical relationships of stretch-
induced activation of early osteoblastic gene expres-
sion in hPDL cells. Although our understanding of
these phenomena is rudimentary, it is clear that their
dissection will be crucial to fully comprehend the
signal transduction pathways of the mechanotran-
scription coupling process in the regulation of
osteoblast reprograming and its contribution to the
control of bone remodeling.
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