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Predominant Integrin Ligands Expressed by Osteoblasts
Show Preferential Regulation in Response to Both Cell
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Abstract Previous studies have demonstrated that both mechanical perturbation and cell adhesion induced the
expression of osteopontin (opn) by osteoblasts (Carvalho et al. [1998] J. Cell. Biochem. 70:376±390). The present study
examined if these same stimuli on osteoblasts would induce the expression of other integrin binding proteins,
speci®cally ®bronectin (fn) and bone sialoprotein (bsp). All three genes showed three- to four-fold maximal induction in
response to both cell adhesion and a single 2-h period of an applied spatially uniform, dynamic biaxial strain of 1.3% at
0.25 Hz. Each gene, however, responded with a different time course of induction to mechanical strain, with bsp, fn, and
opn showing their maximal response at 1, 3, and 9 h, respectively, after the perturbation period. In contrast, peak
induction to cell adhesion was observed at 24 h for bsp and opn, while fn levels peaked at 8 h. Interestingly, while both
opn and fn mRNA expression returned to base line after cell adhesion, bsp mRNA levels remained elevated. Examination
of collagen type I and osteocalcin mRNAs showed unaltered levels of expression in response to either type of
perturbation. A common feature of the signal transduction pathways, which mediate the gene expression in response to
both cell adhesion and mechanical perturbation, was the activation of speci®c tyrosine kinases based on the ablation of
the induction of these genes by the tyrosine kinase inhibitor genistein. While cycloheximide blocked the induction of all
three mRNAs in response cell adhesion, it failed to block the induction of any of these genes in response to mechanical
perturbation. Such results suggest that the induction of these genes after mechanical perturbation was mediated by an
immediate response to signal transduction, while cell adhesion mediated effects secondary to signal transduction.
Depolymerization of micro®laments with cytochalasin D had no effect on the overall expression of any of these genes in
response to cell adhesion and only blocked the induction of opn expression in response to mechanical perturbation.
These results suggest that cytoskeletal integrity is only selectively important in the signal transduction of certain types of
stimuli and for the regulation of certain genes. In summary, both mechanical perturbation and cell adhesion stimulated
the expression of integrin binding proteins. Furthermore, while there are common features in the signal transduction
processes that mediate the induction of these genes in response to both stimuli, speci®c genes are separately regulated by
precise mechanisms that are unique to both forms of stimuli. J. Cell. Biochem. 84: 497±508, 2002.
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The mediation of cellular responses to
mechanical stimuli depends inpart on therecog-
nition and interaction of selected cell-surface
receptors with the extracellular matrix (ECM).
Integrins are one class of cell surface receptors
that mediate cell adhesion to the ECM. The
integrins are a family of heterodimeric mem-
brane receptors composed of multiple a and
b isotypes. Variations in the extracellular
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domains of the individual isotypes of integrin
receptors impart their speci®city for unique
ECM proteins [Hynes, 1992; Miyauchi et al.,
1995]. The interaction of many integrin isotypes
with their speci®c ligands is mediated by
their recognition of the amino acid sequence,
arginine±glycine±aspartic acid±serine (RGDS)
[Hynes, 1992]. It has been demonstrated that
the binding of speci®c adhesion proteins to their
integrin receptors generates a cascade of intra-
cellular signals that are responsible for the
regulation of a wide variety of cellular responses
[Damsky and Werb, 1992; Juliano and Haskill,
1993]. Such interactions facilitate the appro-
priate functioning of essential cell functions
such as cell adhesion, cell migration, and
survival of many cell types. These many func-
tions are in turn mediated through integrin
receptor activation of speci®c signal transduc-
tion mechanisms or by their mediation of
structural alterations in the cytoskeletal archi-
tecture of cells [Juliano and Haskill, 1993].

In bone tissue, osteoblasts express high levels
of several different RGD-containing proteins,
the most predominant being osteopontin (opn),
bone sialoprotein (bsp), and ®bronectin (fn)
[Puleo and Bizios, 1992; Gotoh et al., 1995;
Winnard et al., 1995]. Osteopontin has been
shown to interact with both osteoblasts and
osteoclasts [Oldberg et al., 1988; Gotoh et al.,
1990; Ross et al., 1993], and it is thought to play
a role in mediating osteoclast resorption of bone
tissue [Reinholt et al., 1990; Denhart and Guo,
1993]. The expression of opn is seen concur-
rently with alkaline phosphatase, and it has
been identi®ed as an early marker of osteoblast
differentiation [Gerstenfeld et al., 1990]. Bone
sialoprotein is another speci®c integrin ligand
that is expressed by osteoblasts. It has a very
restricted expression to only cells within the
skeletal lineage and is seen predominantly in
areas of mineralized growth cartilage and
osteoid [Chen et al., 1994; Yang and Gersten-
feld, 1996, 1997]. Bone sialoprotein has been
shown to initiate calci®cation through its bind-
ing properties to collagen, calcium, and hydro-
xyapatite [Hunter and Goldberg, 1994]. Unlike
the former two proteins, ®bronectin is expressed
ubiquitously in most connective tissues. How-
ever, this protein appears to play an important
role in the mechanisms of cell attachment,
spreading, and migration during early osteo-
blast differentiation [Curtis, 1987; Winnard
et al., 1995]. In addition to the RGDS peptide,

®bronectin contains a synergistic adhesion site
to the RGD sequence. It also contains two
adhesion sites in the type III connecting seg-
ment of the whole molecule, the CS1 portion and
the arginine±glutamic acid±aspartic acid±
valine (REDV) sequence within the CS5 portion
of ®bronectin [Puleo and Bizios, 1992]. Some
studies suggest that ®bronectin also acts as an
activator of cell adhesion rather than as a direct
adhesion molecule [Curtis et al., 1992]. Thus
®bronectin may mediate multiple interactions
and responses by cells. Currently, there is a
large body of data to suggest that the RGD-
containing proteins opn, bsp, and fn play
essential roles in the cellular differentiation
and migration of osteoblasts during skeletal
growth and/or in the initiation of spatial
deposition of mineral in the ECM [Curtis et al.,
1992; Hunter and Goldberg, 1993; Gerstenfeld
et al., 1995; Schaffer et al., 1996].

Previous studies have shown that both the
mechanical environment of osteoblasts and cell
adhesion induce opn gene expression [Toma
et al., 1997; Carvalho et al., 1998]. These studies
suggest that the interactions of cells with the
ECM are integral components to the mediation
of these stimuli. However, cellular perturbation
through receptors may occur both through the
occupancy of the receptor as well as the defor-
mation through the engagement of the recep-
tors with matrix attachment [Miyauchi et al.,
1995]. Furthermore, it has been shown that
precise reverse phosphorylation of speci®c pro-
teins appears to regulate various intracellular
pathways exclusively upon cellular attachment
[Guan et al., 1991]. These results raise the
possibility that signal transduction may be
dependent on the matrix composition and that
the cellular matrix components themselves may
function as autocrine factors that regulate their
own expression [Gerstenfeld, 1999]. Mechanical
perturbation through receptor deformation
and stimuli through receptor-ligation then
may share overlapping molecular elements that
mediate intracellular signal transduction and
lead to common genomic responses. Such mod-
ulations may also involve cytoskeletal integrity
and its relation with the integrin receptors. It
has been hypothesized that cellular shape
changes determine signal transduction path-
ways through the direct deformation of cellular
membranes and reorientation of the micro®la-
ment network, thereby affecting integrin beha-
vior [Ingber, 1991].
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In previous studies from our laboratory, we
have shown that the continuous application of a
dynamic, spatially uniform biaxial mechanical
perturbation to osteoblasts leads to cytoskeletal
rearrangement as well as changes in the ECM
composition cellular response [Meazzini et al.,
1998]. Other studies have shown that mechan-
ical strain in cells of osteoblastic lineage only
showed increased DNA synthesis when the cells
were attached to speci®c ligands such as ®bro-
nectin [Wilson et al., 1995]. Thus, it seems that
mechanical perturbation leads to both physical
alteration of ECM proteins and alterations in
cellular architecture, which suggests that cells
reach a homesostatic balance that is regulated
through a complex set of receptor-mediated
interactions between the cells and the ECM
proteins. In this study we examined if genes
such as opn, bsp, and fn, which speci®cally
interact with integrins, would be commonly
induced following either mechanical perturba-
tion and/or cell-ligand binding. It was further
examined if there are common signal transduc-
tion pathways by which the expression of these
proteins were modi®ed following cellular
attachment or mechanical perturbation, and if
these pathways are unique or have overlapping
mechanisms.

MATERIALS AND METHODS

Materials

All tissue culture supplies, cytochalasin D,
colchicine, and cycloheximide were from Sigma
Chemical Company (St. Louis, MO). H89 genis-
tein was from LC Laboratories (Woburn, MA).
Nylon membranes for Northern blots were from
Biotrans, ICN Corp. (Aurora, OH).

Cell Culture

Seventeen-day embryonic chicken calvaria
osteoblasts were isolated and grown in culture
as previously described [Gerstenfeld et al.,
1988]. These cells were plated at a density of
2� 106 cells in 100-mm tissue culture dishes
either left uncoated or coated with puri®ed
®bronectin (1 mg/ml) as previously described
[Schaffer et al., 1994]. Cultures were grown for 2
weeks until they reached con¯uence in mini-
mum essential media supplemented with 10%
fetal bovine serum (FBS). The medium was
changed to BGJb supplemented with 10% FBS
with the addition of 10 mM b-glycerophosphate
and 12.5 mg/ml ascorbic acid. All analyses were

performed on at least three separate prepara-
tions of cells, and all data are presented as a
percent increase in expression over that of the
controls which were determined from parallel
cultures grown under identical conditions. All
error bars represent the standard deviation
(SD) of the determinations from separate
experiments and the number of replicates that
were used for each measurement is denoted in
each ®gure.

Mechanical Perturbation/Attachment Assays

The mechanical stretch apparatus used for
these experiments was as previously described
[Schaffer et al., 1994]. The design of the device
imposes a veri®ed temporal and spatial dis-
placement pro®le to an optically transparent
elastomeric membrane in which the strain
magnitude was experimentally demonstrated
to be homogeneous and isotropic (i.e., radial
strain� circumferential strain� constant over
the culture surface) [Schaffer et al., 1994]. A
polyurethane membrane (a generous gift from
Dow Chemical Corporation, Midland, MI) was
used in the culture dishes allowing for a con-
stant 1.3% uniform biaxial strain at 0.25 Hz to
be applied for a single 2 h period. For each
experiment, non-stimulated controls were per-
formed on identical culture surfaces at the same
time and from the same preparation of cells
grown at identical conditions as the mechani-
cally stimulated cultures. In all experiments for
mechanical stretch (perturbation), determina-
tions were carried out 6 h after the end of the 2 h
period of active cellular perturbation. For the
attachment/integrin ligation assays, the cells
were allowed to attach to ®bronectin coated
(1 mg/ml) dishes at the same concentration as
those ofmechanical stimulated cultures for 24 h.
Fibronectin served as the basic ligand and
uncoated plastic plates as controls.

Signal Transduction Studies

Signal transduction pathways that mediate
the cell responses of the mechanical perturba-
tion and/or attachment/ligation were investi-
gated by the use of speci®c chemical inhibitors.
The ®nal concentration for each of these com-
pounds was: 50 mM cycloheximide, 20 mg/ml
genistein, 1 mM H89 (Sigma), 50 mM cytochala-
sin D (Sigma), and 1 mM colchicine (Sigma).
Cycloheximide and genistein were incubated for
30 min, while cytochalasin D was incubated for
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1 h and colchicine for 6 h. Controls were sepa-
rately determined for each compound in cul-
tures treated identically with the various
compounds but in which the cells were either
not mechanically stimulated or were attached to
uncoated dishes.

Isolation and Analysis of RNA

Total RNA was isolated using tri-ReagentTM

(Molecular Center, Cincinati, OH) according to
the manufacturer's instructions. RNA was
resolved on 1% agarose gels containing 2.2 M
formaldehyde [Toma et al., 1997] and 5 mg of
total RNA was loaded per gel per lane. Chicken
cDNAs used for these studies were pro a1[I]
collagen [Lehrach etal., 1979], osteocalcin [Neu-
gebauer et al., 1995], opn [Moore et al., 1991],
and bsp [Yang et al., 1995]. Northern blots with
32P cDNA-labeled probes were carried out at
658C in 2.5�SSC, 50 mM Na-phosphate buffer,
100 mg/ml single stranded salmon sperm DNA,
and for 18±24 h in a rotating hybridization oven
(Robins Scienti®c, Sunnyvale, CA). Autoradio-
grams were quanti®ed using an LKB Ultra II
scanning densitometer (LKB, Broma, Sweden),
and values were normalized against 18S ribo-
somal RNA obtained by hybridization of each
blot to a conserved nucleotide sequence probe of
18S ribosomal subunit (Ambion Corp., Austin,
TX). All analyses were performed at least three
times, and all data are presented as a percen-
tage in expression over that of the control, which
were determined from parallel cultures. All
data were evaluated as a mean� 2 standard
deviations with a minimum of three experi-
ments from different populations of primary
cells, and appropriate statistical analysis were
performed.

RESULTS

Osteoblast-Adhesion and Mechanical
Perturbation Increase Levels of

RGD-Containing Proteins

Initial studies were carried out to assess the
expression of mRNA levels for opn, bsp, and fn
osteoblasts following either cell adhesion or
mechanical perturbation. Fibronectin was used
as the adhesion substrate in these experiments.
The temporal pro®les of opn expression were
shown to peak at 24 h. This induction was three-
to four-fold above that of control samples. At
time periods beyond 24 h, there was a sharp
reduction in opn expression, which returned to

its baseline levels of expression (Fig. 1). Bone
sialoprotein expression followed a similar pro-
®le to that seen for opn also peaking at 24 h
(three-fold). However, there was no marked
decrease in the expression of bsp, which
remained elevated (two-fold) at 48 h and even
72 h (Fig. 2). In contrast, the expression of fn
mRNA started at signi®cantly higher levels
when compared to the other two mRNAs (Fig. 3).
Expression of fn peaked at 8 h from the onset of
the perturbation (two-fold) and showed a sharp
reduction to its baseline levels soon thereafter.

The expression of these mRNAs was then
examined after the application of mechanical
perturbation. As expected, mechanical pertur-
bation of osteoblasts increased opn expression
by two to threefold, peaking at 9 h post-stretch
(Fig. 1). This clearly contrasted with adhesion,
which showed a peak induction in opn expres-
sion at 24 h. In the case of fn, mechanical
perturbation also showed an increase in expres-
sion peaking at 3 and 6 h from the onset of the
perturbation (Fig. 3). It is interesting to note,
however, that mechanical perturbation was

Fig. 1. Effect of cell adhesion and mechanical perturbation
on the temporal expression of osteopontin (opn) mRNA
expression by osteoblasts. Northern blot analysis of opn mRNA
expression following cell adhesion of osteoblasts to ®bronectin
is seen on the left and that of induction in response to
mechanical perturbation is seen on the right. The expression
of the 18S rRNA is seen in the lower panel of each ®gure. The
graphic representation of the temporal expression for the mRNA
levels is shown for 1, 2, 4, 8, 24, 48, and 72 h after an initial 24-h
period of attachment relative to the control samples at identical
times. The graphic representation of the temporal expression for
the mRNA levels is shown for 1, 3, 6, and 9 h post-mechanical
perturbation. Controls�C and strained samples� S. All data are
presented as percent induction of expression of the mRNAs
relative to their control samples. Error bars are the SD
determined from at least three experiments.
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inhibitory for bsp expression. In Figure 2, bsp
levels started at twofold of control samples at 1 h
post-stretch and quickly decreased to baseline
levels at 9 h post-stretch.

These results would suggest that integrin
binding-ECM molecules are selectively res-
ponsive to perturbation via either mechanical
perturbation or cell adhesion-mediated signal
transduction. Two other prevalent ECM genes,
collagen type I and osteocalcin, were then exa-
mined as a comparison to these RGD containing
integrin ligands. Both collagen type I (col1) and
osteocalcin (oc) mRNAs were examined after
mechanical perturbation. Interestingly, neither
of these genes showed alterations in their
expression when the cells were subjected to
mechanical perturbation (Fig. 4).

Different Matrix Proteins Require Different
Signal Transduction Pathways Following

Cell Adhesion

In order to further understand if common
signal transduction processes mediated the

Fig. 2. Effect of cell adhesion and mechanical perturbation on
the temporal expression of bsp mRNA expression by osteoblasts.
Northern blot analysis of bone sialoprotein mRNA expression
following cell adhesion of osteoblasts to ®bronectin is seen on
the left and that of induction in response to mechanical
perturbation is seen on the right. The expression of the 18S
rRNA is seen in the lower panel of each ®gure. The graphic
representation of the temporal expression for the mRNA levels is
shown for 1, 2, 4, 8, 24, 48, and 72 h after an initial 24-h period
of attachment relative to the control samples at identical times.
The graphic representation of the temporal expression for the
mRNA levels is shown for 1, 3, 6, and 9 h post-mechanical
perturbation. Controls�C and strained samples� S. All data are
presented as percent induction of expression of the mRNAs
relative to their control samples. Error bars are the SD
determined from at least three experiments.

Fig. 3. Effect of cell adhesion and mechanical perturbation on
the temporal expression of fn mRNA expression by osteoblasts.
Northern blot analysis of ®bronectin mRNA expression follow-
ing cell adhesion of osteoblasts to ®bronectin is seen in the left
and that of induction in response to mechanical perturbation is
seen on the right. The expression of the 18S rRNA is seen in the
lower panel of each ®gure. The graphic representation of the
temporal expression for the mRNA levels is shown for 1, 2, 4, 8,
24, 48, and 72 h after an initial 24-h period of attachment
relative to the control samples at identical times. The graphic
representation of the temporal expression for the mRNA levels is
shown for 1, 3, 6, and 9 h post-mechanical perturbation.
Controls�C and strained samples� S. All data are presented as
percent induction of expression of the mRNAs relative to their
control samples. Error bars are the SD determined from at least
three experiments.

Fig. 4. Effect of mechanical perturbation on the temporal
expression of col1 and oc mRNA expression by osteoblasts.
Northern blot analysis of osteocalcin and collagen type I mRNA
expression following mechanical perturbation of osteoblasts are
denoted in the ®gure. The graphic representation of the temporal
expression for these mRNAs is shown by the times of 1, 3, 6, and
9 h post-perturbation. All the panels show the percent induction
of expression of the steady mRNA levels relative to their control
samples. Controls�C and strained samples� S. Error bars are
the SD determined from at least three experiments.
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induction of the three RGD integrin ligand
genes, pharmacological inhibitors of speci®c
signal transduction pathways were used. From
the slow increase in opn levels following cell
adhesion, it appears that this protein is involved
in a secondary, down-stream event to other
genomic changes. Indeed, the compound cyclo-
heximide, a known inhibitor of de novo protein
synthesis, blocked the induction of opn mRNA
expression following adhesion to ®bronectin
(Fig. 5). Cycloheximide also inhibited the ex-
pression levels of fn and bsp genes (Figs. 6
and 7), showing that these genes were also
dependent on new protein synthesis following
cellular adhesion. Even though the maximum
levels of fnoccurredat 9h post cellular adhesion,
this ®nding was consistent with the relative
long period for maximum induction of opn and
bsp (Figs. 1±3).

Previous observations had shown that
changes in opn mRNA expression in response
to mechanical perturbation were dependent on
the integrity of the micro®lament structure of
the cell [Toma et al., 1997]. This ®nding is
consistent to the results seen in this study

(Fig. 5). The role of the cytoskeleton in the signal
transduction pathways for each of these mRNAs
was examined in these studies. Incubation of
the osteoblast cultures with the microtubule
depolymerizing agent colchicine did not affect
the expression of any of the mRNAs (Figs. 5±7).
However, cultures treated with cytochalsin-D, a
micro®lament disruption agent, inhibited the
levels of opn mRNA below those of control levels
(Fig. 5), following mechanical perturbation.
This change was not seen for either bsp or fn
mRNAs (Figs. 6 and 7).

Finally, speci®c inhibitors for second messen-
ger systems were used. The use of genistein, a
potent inhibitor of tyrosine kinase phosphoryla-
tion, was shown to signi®cantly inhibit the ex-
pression of opn, bsp, and fn mRNAs. As shown
in Figure 5, this ®nding has also been observed
previously for opn expression in mechanically
stimulated cells [Toma et al., 1997; Carvalho
et al., 1998]. Genistein treatment in cells
subjected to mechanical perturbation also
inhibited the levels of fn and bsp mRNAs
(Figs. 6 and 7). The pharmacological inhibitor
of PKA-like kinases, H-89, also caused an

Fig. 5. Effect of pharmacological inhibitors on the mRNA
expression of opn by osteoblasts in response to cell adhesion
and mechanical perturbation. Effects of various second mes-
senger inhibitors and cytoskeletal disrupters on the expression of
opn mRNA in response to cell adhesion and mechanical
perturbation were examined. Cells were treated with the micro-
®lament depolymerizing agent cytochalasin-D (Cyto-D), the
microtubule disrupting agent colchicine (Colchi), the protein

synthesis inhibitor cycloheximide (Cyclo), the PKA inhibitor H-
89 (H-89), and the tyrosine kinase inhibitor genistein (Geni).
Autoradiographs for the Northern blot analysis of the steady
state levels of each mRNA and of the 18S RNA are presented
separately. Graphic analysis shows the percent induction or
inhibition of the various mRNAs compared to that of controls.
Error bars are the SD of three experiments.
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inhibition of fn levels, but it did not effect the
expression of opn or bsp following cell adhesion.
However, when H-89 was given to cells that had
undergone mechanical perturbation, the ex-
pression of both bsp and opn mRNAs were
inhibited, but not that of fn mRNA (Figs. 5±7).
These ®ndings suggest that the perturbation in
expression of the RGD-containing extracellular
proteins, which are studied here in response to
cell adhesion, is distinct from that of mechanical
perturbation, yet both responses appear to be
uniquely dependent on the activation of speci®c
subsets of kinases.

DISCUSSION

In previous studies, we have shown that both
mechanical perturbation and cell adhesion led
to the induction of increased opn expression.
While both types of stimuli were dependent on
integrin receptors, each of them was mediated
by a speci®c set of intracellular signals that were
distinct for each type of perturbation [Carvalho
et al., 1998]. The present study provides further
evidence that both cellular adhesion and

mechanical perturbation lead to the selective
induction of multiple integrin binding proteins
within osteoblasts. Furthermore, while these
data suggest that there may be some common
mechanisms of signal transduction that stimu-
late the increased expression of these genes,
each of the genes was uniquely and separately
regulated by both stimuli (Table I).

In the bone extracellular matrix, RGD-con-
taining glycoproteins including opn, bsp, and fn
are presumed to interact with cell adhesion
receptors (integrins) on the surface of the bone
cells [Grzesik and Robey, 1994]. Studies sug-
gest that that these extracellular components
directly affect gene expression [Pienta et al.,
1991], which takes place following mechanical
perturbation [Resnick et al., 1993; Toma et al.,
1997; Carvalho et al., 1998]. When considering
adhesion separately from mechanical perturba-
tion, one needs to take into account the effects of
the former over the latter, as it may be specula-
ted then that adhesion or integrin-ligation acts
as a ``primer'' prior to any response due to the
mechanical perturbation. In particular, it is in-
teresting to note that the effects of the dynamic,

Fig. 6. Effect of pharmacological inhibitors on the mRNA
expression of bsp by osteoblasts in response to cell adhesion and
mechanical perturbation. Effects of various second messenger
inhibitors and cytoskeletal disrupters on the expression of bsp
mRNA in response to cell adhesion and mechanical perturba-
tion were examined. Cells were treated with the micro®lament
depolymerizing agent cytochalasin-D (Cyto-D), the microtubule
disrupting agent colchicine (Colchi), the protein synthesis

inhibitor cycloheximide (Cyclo), the PKA inhibitor H-89 (H-
89), and the tyrosine kinase inhibitor genistein (Geni). Auto-
radiographs for the Northern blot analysis of the steady state
levels of each mRNA and of the 18 S RNA are presented
separately. Graphic analysis shows the percent induction or
inhibition of the various mRNAs compared to that of controls.
Error bars are the SD of three experiments.
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spatially uniform mechanical perturbation on
cells that are in the process of adhesion
enhances the formation of new receptor-ligand
bonds. In studies by Kuo et al. [1977], mechan-
ical perturbation was shown to alter the kinetic
regulation of cell adhesion, thus interfering
with binding rate. However, once the cells are
adherent, speci®c RGD tri-peptides inhibited
both adhesion and mechanical perturbation
responses [Carvalho et al., 1998]. Wilson et al.

[1995] also presented evidence that RGD pep-
tides, ®bronectin, and certain integrin anti-
bodies disrupted integrin-ligand interaction,
which in turn ablated strain induced mechano-
transduction responses, without disrupting
adhesion of the same cells.

It has been proposed that receptors such as
integrins can behave as a homeostatic system
for modulating the ECM structure and organi-
zation in response to the structural needs of the

Fig. 7. Effect of pharmacological inhibitors on the mRNA
expression of fn by osteoblasts in response to cell adhesion and
mechanical perturbation. Effects of various second messenger
inhibitors and cytoskeletal disrupters on the expression of fn
mRNA in response to cell adhesion and mechanical perturba-
tion were examined. Cells were treated with the micro®lament
depolymerizing agent cytochalasin-D (Cyto-D), the microtubule
disrupting agent colchicine (Colchi), the protein synthesis

inhibitor cycloheximide (Cyclo), the PKA inhibitor H-89 (H-
89), and the tyrosine kinase inhibitor genistein (Geni). Auto-
radiographs for the Northern blot analysis of the steady state
levels of each mRNA and of the 18S RNA are presented
separately. Graphic analysis shows the percent induction or
inhibition of the various mRNAs compared to that of controls.
Error bars are the SD of three experiments.

TABLE I. Comparison of Signal Transduction Pathways for the mRNA Expression of
Osteopontin (opn), Bone Sialoprotein (bsp), and Fibronectin (fn) Between Cell Adhesion and

Mechanical Stretching

Perturbation

Genes

opn bsp fn

Adhesion Stretch Adhesion Stretch Adhesion Stretch

Time after peak expression (h) 24 9 24 1 8 3
De novo protein synthesis Yes No Yes No Yes No
Tyrosine kinase-mediated Yes Yes Yes Yes Yes Yes
PKA-mediated No Yes No Yes Yes No
Requires micro®laments No Yes No No No No
Requires microtubules Yes No No No No No
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cell [Werb et al., 1989; Gerstenfeld, 1999]. In
this context, it is interesting to note that the
mechanical forces that are applied to tissues
should be structurally deformed at their ancho-
rage points to the extracellular matrix. These
sites should be the focal points at which
mechanical strains are speci®cally transmitted
to the cells. The strains to which a cell is
subjected, therefore, will be effected by both
the compositional properties of the matrix and
the receptors on the surfaces of the cells, which
can interact with these ECM proteins. The
importance of extracellular interactions for the
process of mechanosensation has been shown by
Du et al. [1996]. They demonstrated in their
experiments that isolated genes of the touch
receptor neurons in C. elegans encoded for ex-
tracellular proteins. These authors [Du et al.,
1996] further hypothesized that the ECM me-
diates the anchoring properties of specialized
cells, enabling their mechanosensory response.

Concerning the intercellular components of
mechanosignal transduction, both Davies and
Tripathi [1993] and Ingber [1997] have sug-
gested that the transduction of mechanical
stimuli in anchorage-dependent cells is due to
a combination of signal transduction processes
via the cytoskeleton through integrin receptors
that interact with the cytoskeleton, as well
as through biochemical signals. In order for
mechanosignal transduction to occur through
the cytoskeleton, it is necessary that coopera-
tive interactions occur between the three com-
ponent parts of cytoskeleton: the mico®laments,
intermediate ®laments, and microtubles. Stu-
dies of osteoblasts have also shown that the
cytoskeleton changes both its structural archi-
tecture and its composition in response to
mechanical perturbation [Meazzini et al., 1998].
However, signal transduction of different types
of signals may not depend on the integrity of all
of these structural elements. In this study, this
is shown by following the selective inhibition of
microtubules and micro®laments. The results
presented in Figure 5 and Table I demonstrate
that opn±cell adhesion dependent mRNA
expression was inhibited following colchicine
treatment, yet adhesion was not affected after
the addition of cytochalasin-D. The inverse
effect was seen when the cells were mechani-
cally stimulated [Toma et al., 1997]. In contrast,
alterations in cytoskeletal architecture via
pharmacological manipulation did not change
the expression of bsp or fn mRNAs in response

to either mechanical perturbation or cell ad-
hesion. These latter results suggest the in-
volvement of micro®laments in the selective
regulation of some genes but not others. Indeed,
recent studies have shown that the induction of
COX 2 enzyme expression within osteoblasts in
response to ¯uid ¯ow mediated shear stress was
also regulated via alteration in the cells cyto-
skeletal architecture [Pavalko et al., 1998].
Such results suggest that there may be speci®c
subsets of genes that are commonly regulated
and are dependent on the cytoarchitecture of the
cell, yet others may not be dependant on the
cytoarchitecture, even though they are regula-
ted by cell adhesion or mechanical perturbation.

This differentiation between mechanical per-
turbation and adhesion appears to follow
unique mechanisms. Since each ECM ligand
interacts with different integrins, it may be
speculated that selective interactions or media-
tion of the various signals occur through speci®c
integrin receptors. For instance, while avb3
de®cient cell populations were not capable of
migrating in response to opn, these same cells
did migrate signi®cantly in response to ®bro-
nectin and vitronectin [Liaw et al., 1995].
Furthermore, speci®c ligand interactions may
mediate a variety of intracellular signals ran-
ging from ion ¯ux to selective G-protein kinase
and/or phosphatase activation. The transduc-
tion of the mechanosignal at the cellular
membrane leads to a cascade of downstream
signaling events, many of which are mediated
by tyrosine kinases, which in turn phosphor-
ylate other kinases [Berk et al., 1995]. Kinases
that have been associated with mechanotrans-
duction include mitogen-activated protein
kinase (MAPK). MAPK activation has been
shown to follow mechanical perturbation in
cardiac cells [Yamazaki et al., 1993] and ¯uid
¯ow in endothelial cells [Tseng and Berk, 1993].
It has been suggested that such responses are
part of a multiplicity of pathways and might be
grouped functionally into those that are either
calcium-dependent or -independent [Berk et al.,
1995; Ishida et al., 1997]. The presence of
calcium is important for the activation of a puta-
tive shear stress receptor (membrane level),
which regulates a pertussis toxin-sensitive G
protein-coupled K� channel (SSR) [Ohno et al.,
1993] and the enzyme phospholipase C [Nollert
et al., 1990]. The levels of PIP2, in turn will be
regulated by rho, a small GTP-binding protein
[Chong et al., 1994]. The calcium-independent
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pathway involves the activation of MAPK
[Berk et al., 1995]; however, other calcium-
independent tyrosine kinases such as src and
FAK may also be involved in the shear stress
transduction.

A common feature in the signal transduction
processes that regulate the expression of all the
integrin binding genes in response to either
adhesion or mechanical perturbation was the
inhibition of the induction of their expression
by genistein. This suggests that a tyrosine
kinase(s) is involved in the signal transduction,
which stimulates the expression of all of these
proteins. In contrast, PKA inhibition through
H-89 treatment demonstrated a selective effect
for opn and bsp in response to mechanical
perturbation but not with cell adhesion (Figs. 5
and 6). As for fn, H-89 inhibited the effects
of adhesion but not those of mechanical per-
turbation (Table I; Fig. 7). In the experiments
reported herein, there were no changes in the
non-RGD containing proteins collagen type I
and osteocalcin (Fig. 4). Integrin receptors have
been described as potential mediators of mecha-
nical perturbation [Ingber et al., 1994; Ishida
et al., 1997]. Activation of integrins has been
shown to induce the tyrosine phosphorylation of
FAK at focal adhesion complexes [Schaller et al.,
1994]. In addition, other proteins within these
focal adhesion contacts, such as paxillin and src,
will also be phosphorylated when exposed to
¯ow [Girard and Nehem, 1993; Bull et al., 1994].
Our laboratory has shown that FAK phosphor-
ylation was regulated by mechanical perturba-
tion [Toma et al., 1997], also suggesting that the
disruption of microtubules does not affect the
expression of any gene studied following mecha-
nical perturbation. This is an interesting ®nd-
ing as it relates to MAPK, as this kinase has
been shown as the earliest signal activated by
¯ow at physiological stress [Tseng and Berk,
1993]. MAPK is also known as a microtubule-
associated kinase [Sabe et al., 1994], suggesting
a role in the cytoskeleton. However, as disrup-
tion of microtubules did not affect gene ex-
pression following perturbation, one may only
speculate on the role of MAPK as a mechanical
perturbation-dependent kinase. On the other
hand, we have observed that adhesion alone in
the presence of the microtubule-disrupting drug
colchicine, blocked the induction of opn expres-
sion in particular. Thus, it is conceivable that
MAPK plays a role in this mechanism, since this
kinase has been shown to be activated by cell

binding to ®bronectin [Morino et al., 1995]. It
has been suggested that activation of integrins
is associated with the same signal events that
occur when cells are exposed to ¯ow [Vuori and
Ruoslahti, 1993; Schwartz and Deninghoff,
1994; Berk et al., 1995]. However, further study
is needed, as the complexity of such a response
can not be understood if the responses of
mechanical perturbation and adhesion are not
taken into account individually.

Integrin-ligation is thought to stimulate the
same signal events as mechanical perturbation
[Berk et al., 1995]. Indeed, we have shown here
that this is the case, even though the mechan-
isms that mediate both responses are uniquely
different. If integrins are the mediators for
mechanotransduction in both forms of activa-
tion, then there maybe several different integ-
rin receptors acting in concert with other
sensors that are speci®c to the mechanical
activation. The dependency of mechanical per-
turbation effects on RGD-containing proteins in
this study and the lack of response in either
collagen type I or osteocalcin further demon-
strate an active role of integrins in adhesion and
perturbation. It is clear that integrins and focal
contacts play important roles in mechano-
transduction. It remains to be determined,
however, how the mechanisms of adhesion cross
talk with those of mechanical perturbation and
which kinases and second signals are common
in regulating downstream events prior to any
activation in gene expression.
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