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Bone is one of the essential target tissues of growth
hormone (GH). In bone remodeling, cell-matrix attach-
ment is important where focal adhesion kinase (FAK)
is involved. FAK plays a central role in determining
the shape and motility of cells in response to the ex-
tracellular matrix stimuli. In the present study, we
have demonstrated that GH stimulated tyrosine phos-
phorylation of FAK in human osteoblast-like cells,
Saos2. Moreover, GH rapidly enhanced the formation
of actin stress fibers. In Saos2, Jak2 was tyrosine phos-
phorylated by GH stimulation, and AG490, a Jak2
specific inhibitor, inhibited GH-induced tyrosine
phosphorylation of FAK and actin stress fiber reorga-
nization. These results suggest that GH activates FAK
via Jak2, and stimulates the formation of actin stress
fibers in Saos2. Activation of FAK and actin stress fiber
formation induced by GH seem to be important for the
physiological role of osteoblast. © 1999 Academic Press

Key Words: focal adhesion kinase; growth hormone;
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GH plays an important role in the regulation of
longitudinal bone growth. Recently, many studies have
demonstrated that GH is involved in bone remodeling
(1). GH stimulates both bone formation and bone re-
sorption (2, 3). In osteoblast, GH stimulates insulin-
like growth factor-1 (IGF-I) induction, cell proliferation
and differentiation (4). GH increases DNA synthesis,
alkaline phosphatase activity and enhances both type |
procollagen mRNA expression and collagen synthesis
in osteoblast cell, MC3T3-E1 cells (5). Expression of
functional GH receptors in osteoblast (6) suggests a
presence of direct action of GH.

Abbreviations used: GH, growth hormone; FAK, focal adhesion
kinase; Jak, janus kinase; STAT, signal transducers and activators
of transcription.
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In bone remodeling, an attachment to the bone ma-
trix of osteoblast is an essential step. Tyrosine phos-
phorylation of focal adhesion kinase (FAK) (7) and
paxillin, the cytoskeletal associated proteins (8), has
recently been identified as an early event in the action
of diverse signaling molecules that affect cell attach-
ment (9). FAK localizes in focal adhesions and is acti-
vated not only by g1 and 3 integrins (10, 11) but also
by a variety of growth factors or hormones, such as
bombesin, vasopressin and endothelin (12), as well as
platelet-derived growth factor (13), vascular endothe-
lial growth factor (14), prolactin (15) and GH (16).
Although Zhu et al. demonstrated that in CHO cells in
which GH receptor were expressed artificially, GH in-
duced tyrosine phosphorylation of FAK, whether GH
promote activation of FAK and reorganize actin stress
fiber in physiological condition is unclear.

FAK-deficient mice are lethal and display severe de-
fects of mesodermal development in embryogenesis
(17), indicating that endogenous FAK plays an impor-
tant physiological role in mesodermal development.
Recently, it has been reported that type | collagen-
a2B1 integrin interaction facilitated cell differentiation
and down-regulated the expression of transforming
growth factor-g receptors via the activation of FAK and
its diverse downstream signals in murine osteoblast
(18). In osteoblastic differentiation, interaction of a281
integrin on the cell surface with matrix collagen and
that of integrin receptors with fibronectin play essen-
tial roles (19).

To investigate the role of GH in regulation of cell
attachment in bone remodeling, we have examined the
effect of GH on FAK and actin stress fiber in Saos2
cells, an established human osteosarcoma cell line with
osteoblastic properties (20). In thisarticle, we demon-
strate that GH stimulated tyrosine phosphorylation of
FAK with concomitant increases in the length and
number of actin stress fibers via Jak signaling pathway

in Saos2 cells.
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FIG. 1. Concentration dependence (a) and time course (b) of FAK tyrosine phosphorylation induced by GH in Saos2 cells. Cells were
treated with the indicated concentrations of GH for 15 min (a) and with 100 ng/ml GH for indicated times (b) and lysed. Whole cell lysates
were immunoprecipitated with polyclonal antiserum against FAK, respectively. Immunoprecipitates were analyzed by SDS-PAGE followed
by transfer of proteins to PVDF membranes and anti-phosphotyrosine immunoblotting. The membrane was stripped and reblotted by
anti-FAK antiserum, respectively. These results shown are the representatives of several independent experiments. Bar graphs are
expressed as the ratio to the value of untreated Saos?2 cells’ tyrosine phosphorylation of FAK. Each bar represents the mean = s.e. of three

independent experiments (*p < 0.05, **p < 0.005).

MATERIALS AND METHODS

Reagents. Recombinant human GH was purchased from Eli Lilly
Japan (Kobe Japan). FAK polyclonal antiserum (C-20) from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA) and Protein A agarose
from Boehringer Mannheim (Mannheim, Germany). Anti phospho-
tyrosine monoclonal antibody (RC20) conjugated to horseradish per-
oxidase (HRP) were obtained from Transduction Laboratories (Lex-
ington, KY), Anti-rabbit Ig, horseradish peroxidase linked antibody

from Amersham Life Science (Buckingham Shire, England), and
rhodamine-phalloidin from Molecular Probes (Eugene, OR). AG490
(Tyrphostin B42) was purchased from ICN Biomedicals, Inc. (Costa
Mesa, CA) and Cytochalasin D from sigma Chemical Co. (St. Louis,
MO).

Western blotting analysis. Saos2 cells were kindly provided by
Dr. Masamichi Nasu (Kobe University) and maintained in Dul-
becco’s modified Eagle’'s medium (DMEM) supplemented with 10%
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FIG. 2. Effect of AG490 and cytochalasin D on tyrosine phosphorylation of FAK induced by GH in Saos2 cells (a). Cells were pretreated
in the presence of 1 uM cytochalasin D for 2 h or 10 uM AG490 for 16 h. Saos2 cells were stimulated for 15 min by 100 ng/ml GH. Effect of
AG490 on GH-induced association of Jak2 and FAK in Saos2 cells (b). Bar graphs are expressed as the ratio to the value of untreated Saos2
cells’ tyrosine phosphorylation of FAK (a), and association of Jak2 and FAK (b). Each bar represents the mean = s.e. of three independent

experiments.

fetal bovine serum in a humidified atmosphere containing 5% CO,
and 95% air at 37°C. For experimental purposes, cells were plated
either in 60 mm/tissue culture dishes at 6 X 10° cells/dish, or in 35
mm dishes at 1 X 10° cells/dish, in DMEM containing 10% fetal
bovine serum and used when the cells were subconfluent. Whole cell
extracts were prepared by detergent solubilization in 1 ml of lysis
buffer (20 mM Tris—HCI, pH 7.4, 0.1% SDS, 1% Triton X, 1% Sodium
deoxycholate, 0.5% Aprotinin, 1 mM PMSF, 1 mM Orthovanadate)
for 1 h at room temperature. The cell extracts were clarified by
centrifugation at 15,000g for 20 min and transferred to fresh tubes
for immunoprecipitation. Immunoprecipitation was performed by
incubating lysates with anti-FAK polyclonal antiserum and collected
by incubating lysates with Protein A agarose beads. Immunoprecipi-

tates were subjected to SDS—polyacrylamide gel electrophoresis and
transferred to the PVDF membrane. The membrane was analyzed by
immunoblotting with the corresponding antibody.

Actin cytoskeleton staining. Cells grown on glass coverslips were
washed with PBS and then fixed in 3.7% formaldehyde/PBS for 20
min at room temperature. Fixed cells were incubated with 200 ul of
rhodamine-phalloidin (0.1 mg/ml) in a humidified chamber for 40
min at room temperature. After washing with PBS cells were
mounted in 20% glycerol/PBS containing 1 mg/ml p-phenyl-
enediamine. The actin reorganization of stress fibers or actin in
membrane ruffles was observed under a fluorescence microscope
(model Axiophot, Carl Zeiss, Oberkochen, Germany).
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FIG. 3. Representative microphotographs of GH-induced reorganization of actin cytoskeleton in Saos2 cells. Actin stress fibers were
visualized by rhodamine-phalloidin. Concentration dependence (a—e) and time course (f—j) of GH stimulation were shown.

RESULTS
GH-Induced Tyrosine Phosphorylation of FAK

We examined tyrosine phosphorylation of FAK fol-
lowing GH treatment of Saos2 cells (Figs. 1a and 1b).
As shown in Fig. 1a, GH increased tyrosine phosphor-
ylation of FAK in a concentration-dependent manner
with the maximum effect at 100 ng/ml. The effect of
GH on FAK tyrosine phosphorylation was also time-
dependent with detectable increases at 5 min and
the maximum effect at 15 min after GH stimulation
(Fig. 1b).

Jak2 Was Involved in FAK Activation by GH

Jak?2 plays an essential role in GH signal transduc-
tion. Then, we confirmed whether Jak? is activated by
GH in Saos2 cells.

GH stimulated Jak?2 tyrosine phosphorylation in the
cells. Jak2 was tyrosine phosphorylated by GH with
the maximum effect at 5 min in dose-dependent man-
ner (data not shown). GH also caused the association of
Jak2 with FAK (Fig. 2b) suggesting that FAK is di-
rectly activated by Jak2.

AG490, a Jak2 specific inhibitor (21, 22), inhibited
GH-induced tyrosine phosphorylation of FAK (Fig. 2a).

AG490 also inhibited GH-induced association of Jak2
and FAK (Fig. 2b). Cytochalasin D, a selective inhibitor
of actin filament network formation, significantly di-
minished both basal- and GH-induced tyrosine phos-
phorylation of FAK (Fig. 2a).

GH Stimulated Actin Stress Fiber Formation
in Saos2 Cells

To investigate whether GH affects the structure of
cytoskeleton, we examined the effect of GH on the
formation of actin stress fibers in Saos2 cells, which
were visualized with rhodamine-phalloidin staining.
As shown in Figs. 3a—3e), quiescent Saos2 cells con-
tained a few and fine actin stress fibers. After GH
stimulation, numbers and length of actin stress fibers
increased in a concentration-dependent manner with
the maximum effect at 100 ng/ml. The effect of GH on
actin stress fiber formation was also time-dependent
with the maximum effect at 15-60 min (Figs. 3f-3j).
The changes in actin stress fibers appeared to be com-
parable to the strength of tyrosine phosphorylation of
FAK (Figs. 1a and 1b). We also examined the effects of
inhibitors on actin stress fiber formations induced by
GH. Cytochalasin D disrupted the basal actin fiber
formation (Fig. 4c), and GH failed to induce any fiber
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formation (Fig. 4d). Compared with Fig. 4b, AG490
partially inhibited GH-induced actin stress fiber for-
mation (Fig. 4f).

DISCUSSION

We have demonstrated here that GH induces ty-
rosine phosphorylation of FAK and subsequent rein-
forcement of actin stress fiber in human osteoblast-like
cells, Saos2. Our findings are consistent with the re-
sults using stable transfected CHO cells with GH re-
ceptor cDNA, in which GH stimulates tyrosine phos-
phorylation and association of FAK with Jak?2 (16) and
enhances actin stress fiber formation (23). Besides, we
have first demonstrated here that in a natural cell line,
osteoblast-like cells, Saos2, in which GH plays a key
role. GH induced an activation of FAK and subsequent
actin stress fiber formation via an activation of Jak2. It
is known that GH induces cell proliferation and differ-
entiation in Saos2 (24). FAK induces cell proliferation
(25, 26) and/or differentiation (18, 27) in several cell
lines. In Saos2 cells, therefore, GH-induced activation
of FAK might be involved in the cell proliferation and
differentiation. As well, sequential formation of actin
stress fiber induced by GH appears to be responsible
for the functional property of osteoblast-like cells. GH
exerts a strong stimulatory effect on osteoblast progen-
itor cell proliferation, cartilage differentiation, and ex-
tracellular mineralization, which supports the role of
GH in de novo bone formation in vitro (28). The acti-
vation of FAK and actin stress fiber formation induced
by GH is possibly involved in these effects.

The precise mechanism of activation of FAK by GH
remains unclear. Cytochalasin D, causing selective dis-
ruption of actin microfilaments, completely inhibited
GH-induced actin stress fiber formation and tyrosine
phosphorylation of FAK, suggesting that the presence
of actin microfilament is mandatory to FAK activa-
tion. AG490, a selective inhibitor of Jak2, inhibited
GH-induced tyrosine phosphorylation of FAK and
partially impaired the actin stress fiber formation.
Moreover, it is demonstrated that Jak2 was associated
with FAK by GH stimulation, it is plausible to consider
that GH-induced FAK activation and subsequent actin
stress fiber formation are at least in part dependent on
the Jak2 activation.

It is demonstrated that a number of hormones such
as parathyroid hormone (29), sex steroids (30), cortico-
steroids (31) and GH (16, 32) as well as growth factors
like transforming growth factor-g, insulin-like growth
factors (33) and morphogenetic proteins (34) play an

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

important role in regulating the biochemical activities
of osteoblast. However, little is known about the influ-
ence of extracellular matrix components on the func-
tion of osteoblast (35). Bone formation requires close
contact with extracellular matrix (36). In calvarial os-
teoblast differentiation, interactions between integrin
receptors and fibronectin are important. As a ligand,
fibronectin activates FAK via integrin receptors (37).
Type | collagen, which is secreted by osteoblasts onto
bone surface, is the major structural component of
bone. Thus osteoblasts are continuously adherent to a
substratum of type | collagen. The adhesion is essen-
tial process for osteoblast differentiation (38). It has
been reported that type | collagen-a2B1 integrin inter-
action facilitates the differentiation of murine osteo-
blastic cells and down-regulates TGF-3 receptors via
activation of FAK and its diverse downstream signals.
These signaling pathways may play an important role
in the sequential differentiation of osteoblasts during
bone formation (18, 19). Type | collagen has been
shown to increase alkaline phosphatase activity of
Saos2 cells (20). Cross talk between signaling from the
bone matrix and various growth factor or cytokine in-
cluding GH, might be important for osteoblast prolif-
eration and differentiation.

Recently, it is demonstrated that Src-dependent ty-
rosine phosphorylation of proline-rich tyrosine kinase
2 (PYK?2), a cytoplasmic kinase related to FAK, is in-
volved in the adhesion-induced formation of the sealing
zone, required for osteoclastic bone resorption (39).
PYK2 is a member of the FAK family (40). In osteo-
blast, FAK might be important for physiological func-
tion.

In conclusion, we have demonstrated that in Saos2
cells, GH induced tyrosine phosphorylation of FAK and
actin stress fiber formation via Jak2. These results
indicated that FAK played an important role in down
stream of Jak2 in GH signal transduction. Various
action in bone remodeling including cell proliferation
and differentiation by GH might be involved by FAK
activation and actin fiber reorganization.
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FIG. 4.

Inhibition by cytochalasin D (CD) (c, d) and AG490 (e, f) of GH-induced reorganization of actin filament in Saos2 cells. Saos2 cells

were grown on grass coverslips, deprived of serum and in the presence of 1u]M cytochalasin D or 10 uM of AG490, then stimulated for the

indicated concentrations of GH at 15 min.
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