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Abstract Long-term administration of pharmacological doses of glucocorticoids inhibits bone formation and
results in osteoporosis. Since integrin-mediated cell-matrix interactions are essential for osteoblast function, we
hypothesized that the detrimental effect of glucocorticoids on bone derived, at least in part, from decreased integrin-
matrix interactions. Because avb3 and avb5 integrins can interact with several bone matrix proteins, we analyzed the
effects of dexamethasone (Dex) on the expression of these integrins in normal human osteoblastic cells. We found
adhesion of these cells to osteopontin and vitronectin to be dependent on avb3 and avb5, respectively; this ligand
specificity was not altered by Dex. The effects of Dex on the adhesion of human osteoblastic cells to osteopontin and
vitronectin were biphasic with an increase after 2 days, followed by a decrease after 8 days of treatment. Consistently,
surface avb3 and avb5 integrins, which were increased after 2 days of Dex treatment, were decreased after 8 days.
Similarly, total cellular av, b3, and b5 proteins, which were increased by Dex early in the culture, were diminished
after 8 days. Metabolic labeling studies indicated that Dex exhibited biphasic regulation on the biosynthesis of avb5,
with stimulation observed during the second day of treatment, followed by inhibition during the 8th day of exposure.
By contrast, the biosynthesis of avb3 was inhibited by Dex on day 1 and remained inhibited on day 8. Analysis of the
mRNA indicated that av and b5 levels were increased by Dex during early exposure (1–3 days), followed by inhibition
after prolonged exposure ($7 days). By contrast, Dex decreased b3 mRNA level at all the time points analyzed.
Consistently, Dex decreased b3 promoter activity after 1 day and persisted over 8-day period. By contrast, Dex
stimulated b5 promoter activity after 1 or 2 days but had no effect after 8 days. To further evaluate mechanism(s) leading
to the decreased integrin expression after prolonged Dex treatment, mRNA stability was analyzed. Dex was found to
accelerate the degradation of av, b3 and b5 mRNA after an 8-day treatment. Thus, the regulation of avb3 was
dependent on transcription and posttranscriptional events whereas the expression of avb5 was dependent mainly on
posttranscriptional events after prolonged Dex treatment. In conclusion, Dex exhibited time-dependent regulation on
the expression of avb3 and avb5 integrins in normal human osteoblastic cells. Short-term exposure to Dex increased
the levels of avb3 and avb5 on the surface and cell adhesion to osteopontin and vitronectin whereas long-term
exposure to Dex decreased the expression of both integrins and inhibited the cell adhesion to matrix proteins. J. Cell.
Biochem. 77:265–276, 2000. © 2000 Wiley-Liss, Inc.
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Adhesion of cells to extracellular matrix com-
ponents is essential for cell migration, prolifer-
ation, survival, and differentiation [Adams and
Watt, 1993]. The integrins, a family of het-
erodimeric transmembrane glycoproteins con-
sisting of a and b chains, are the major cell
surface receptors responsible for cell adhesion
to matrix [Yamada and Miyamoto, 1995;
Schwartz et al., 1995; Hynes 1992]. Human
osteoblasts (HOB) express a variety of inte-
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grins that bind matrix proteins such as os-
teopontin, bone sialoprotein, vitronectin, type I
collagen, thrombospondin, and fibronectin
[Clover et al., 1992; Grzesik and Robey, 1994;
Hughes et al., 1993; Saito et al., 1994;
Gronthos et al., 1997]. The same integrins are
expressed by osteoblasts at various stages of
maturation, with levels dependent on the dif-
ferentiation status of the cells and their local
matrix protein environment [Grzesik and
Robey, 1994; Hultenby et al., 1993]. Thus, os-
teoblasts at the bone surface express the high-
est levels of a5b1, avb3, and avb5 integrins,
whereas osteocytes and bone marrow stromal
preosteoblastic cells express less amounts.

Interactions between bone matrix proteins
and osteoblasts have profound effects on osteo-
blast activities. Cells grown on collagen lattice
exhibit accelerated differentiation toward the
mature phenotype [Lynch et al., 1995;
Ichimura, 1993]. Expression of osteocalcin and
matrix mineralization is dependent on the in-
teraction between integrin a2b1 and collagen
[Xiao et al., 1998]. Adhesion of MC3T3-E1 os-
teoblastic cells to bone sialoprotein results in
increased proliferation, differentiation, and
matrix mineralization [Zhou et al., 1995]. Sim-
ilarly, adhesion of UMR106–6 osteoblastic
cells to osteopontin increases the expression of
alkaline phosphatase [Liu et al., 1997]. More-
over, progressive osteoblast differentiation is
inhibited by the presence of RGD peptide or
upon disruption of fibronectin-integrin interac-
tion [Moursi et al., 1996; Gronowicz and
Derome, 1994].

Osteopontin, one of the abundant noncol-
lagenous matrix proteins, contains the adhe-
sive RGD motif. It has been shown to interact
with avb3, avb5, and avb1 integrins in other
cell systems [Hu et al., 1995] and is ex-
pressed by both osteoclasts and osteoblasts
[Termine and Robey, 1996; Dodds et al.,
1995; Ingram et al., 1993; Hultenby et al.,
1991]. This protein plays an important role in
anchoring osteoclasts to remodeling sites and
acts as a modulator for osteoclasts [Ross et
al., 1993; Hruska et al., 1995; Heinegard et
al., 1995]. Osteopontin may also serve as an
anchor for newly recruited osteoblasts at the
remodeling sites. Indeed, osteopontin has
been shown to enhance the attachment of
normal human osteoblasts [Grzesik and
Robey, 1994]; osteoblasts preferentially ad-
here to sites of prior bone resorption [Puzas

et al., 1997]. Vitronectin is another RGD-
containing protein enrich in the mineralized
bone matrix [Grzesik and Robey, 1994; Seif-
fert, 1996; Kumagai et al., 1998]. Human os-
teoblasts have been shown to adhere to vitro-
nectin in an RGD-dependent manner [Grzesik
and Robey, 1994]. Vitronectin interacts with
both avb3 and avb5 integrins in many cell
types [Leeuwen et al., 1996; Delannet et al.,
1994; Felding-Habermann and Cheresh, 1993].
The migration of several cell types is also re-
ported to be dependent on the interaction be-
tween these integrins and vitronectin [Leeu-
wen et al., 1996; Delannet et al., 1994; Felding-
Habermann and Cheresh, 1993; Kim et al.,
1994].

We and others have previously demon-
strated that glucocorticoids can induce or ac-
celerate the differentiation of human osteo-
blastic cells in vitro [Cheng et al., 1994;
Jaiswal et al., 1997; Wong et al., 1990; Yaman-
ouchi et al., 1997]. Paradoxically, prolonged
administration of excessive doses of glucocorti-
coids in vivo often leads to osteoporosis, with a
marked decline in bone mass, total bone vol-
ume, and mineral apposition rate, resulting in
increased risk of fractures [Canalis, 1996; Lo-
Cascio et al., 1990]. Numerous mechanisms
have been attributed to mediate the detrimen-
tal effects of glucocorticoids on bone, including
impaired absorption of calcium, accelerated os-
teoclast formation, inhibition of the prolifera-
tion of osteoprogenitor cells, increased osteo-
blast apoptosis, and decreased synthesis of
bone matrix proteins by osteoblasts [Cheng et
al., 1994; Canalis, 1996; LoCascio et al., 1990;
Kaji et al., 1997; Weinstein et al., 1997]. In
addition to these mechanisms, we hypothesize
that the detrimental effects of prolonged glu-
cocorticoid administration derive, in part, from
decreased recruitment and adhesion of osteo-
blasts to the bone surface. In support of this
hypothesis, histomorphometric studies indi-
cate that one of the hallmarks of glucocorticoid-
induced osteoporosis is a reduction of osteo-
blast numbers on bone surfaces [Canalis,
1996]. Since integrins govern cell migration
and adhesion and several bone matrix proteins
interact with avb3 and ab5, we examined the
effects of dexamethasone on the expression of
these two integrins in normal human osteo-
blastic cells.
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MATERIALS AND METHODS

Materials

Dexamethasone and vitronectin were ob-
tained from Sigma Chemical Co. (St. Louis,
MO). [a-32P]-dCTP, and Megaprime DNA la-
beling systems were from Amersham (Arling-
ton Heights, IL). [125I]-NaI and Tran35S-Label
were from ICN (Costa Mesa, CA). All chemicals
for electrophoresis were from Bio-Rad (Rich-
mond, CA). Ultra RiboSep mRNA isolation kit
was from Collaborative Biomedical Products
(Bedford, MA). Promoter constructs containing
either 1.1 or 7 kb of mouse b3 and b5 genomic
DNA upstream of their respective transcrip-
tional start site, linked to luciferase, were pre-
pared as previously described [McHugh et al.,
1994; Feng et al., 1999]. The b-Galactosidase
enzyme assay system with reporter lysis buffer
kit was from Promega (Madison, WI).
Charcoal-stripped newborn bovine serum was
obtained from Gemini Bio-Products (Calaba-
sas, CA). Recombinant Protein A-Sepharose 4B
was from Zymed Laboratories (San Francisco,
CA). Monoclonal antibody against av (L230)
was purified from the conditioned medium of
cultured L230 (M-23, 8448-HB) mouse hybrid-
oma cells obtained from American Type Cul-
ture Collection (ATCC) (Rockville, MD). Mono-
clonal antibody against human avb3 (LM609)
was either kindly provided by Dr. David A.
Cheresh (Scripps Research Institute, La Jolla,
CA) or purchased from Chemicon International
(Temecula, CA). Monoclonal antibodies against
human av (VNR139) and human avb5 (P1F6)
were from Life Technologies (Gaithersburg,
MD). Monoclonal antibody against human b3
(MAB1974) and polyclonal antibody against
human b5 (AB1926) were from Chemicon In-
ternational.

Cell Cultures

Two normal human osteoblastic cell model
systems were used. One was the relatively
more mature human osteoblasts (HOB), and
the other was the relatively immature preos-
teoblastic human bone marrow stromal cells
(HBMSC). HOB and HBMSC were isolated
from ribs according to previously published
procedures [Cheng et al., 1994; Kimoto et al.,
1994]. Since the results obtained with either
HOB or HBMSC were similar, only represen-
tative figures are presented.

Preparation of Matrix-Coated Plates

Osteopontin was purified from serum-free
conditioned medium harvested from cultured
melanoma cells stably transfected with the ex-
pression vector pCEP4 carrying full-length hu-
man osteopontin cDNA (kindly provided by Dr.
Michael C Kiefer, Chiron, Emeryville, CA) as
described previously [Liaw et al., 1994]. The
conditioned medium was concentrated and ap-
plied to DEAE-Sepharose column. Osteopontin
was eluted out with 0.1–1.14 M NaCl gradient
in PBS and dialyzed extensively against PBS.
A total of 200 ml of solutions containing os-
teopontin (10 mg/ml), vitronectin (5 mg/ml), or
heat-inactivated bovine serum albumin
(BSA)(10 mg/ml) was added to 48-well plates
(Costar), which were incubated overnight at
4°C, followed by blocking with phosphate-
buffered saline (PBS) containing 2% BSA for
1 h at 37°C. Plates were then washed three
times with PBS and stored at 4°C until use.

Cell Adhesion Assays

Adhesion to osteopontin or vitronectin was
performed as previously described [Hu et al.,
1995]. Human osteoblastic cells were treated
with Dex (1027 M) or control vehicle (ethanol,
0.1%) for 2 or 8 days. Cells were released by
treatment with collagenase (1 mg/ml) for 10
min, followed by trypsin/EDTA for 3 min. The
reaction was stopped by the addition of soy-
bean trypsin inhibitor to 0.5 mg/ml. Single-cell
suspensions were washed three times with
serum-free a-MEM supplemented with 1%
BSA and allowed to recover for 30 min on a
rotating platform at 37°C. 4 3 104 cells in 0.25
ml were seeded to each well of plates precoated
as described above. To identify the integrins
mediating adhesion to these matrixes, cells
were precooled at 4°C for 10 min, followed by
incubation with integrin blocking antibodies
(LM609, P1F6, or L230) or control ascites (10
mg/ml) at 4°C for 15 min before seeding on the
precoated plates. After 1-h incubation at 37°C,
wells were washed three times with PBS and
adherent cells fixed in 4% paraformaldehyde.
Cell number was measured by optical density
at 630 nm after staining with 0.5% toluidine
blue in 4% paraformaldehyde and dissolving
the stain in 1% sodium dodecyl sulfate (SDS).
The value of cell adhesion to osteopontin or
vitronectin was obtained after subtraction of
the BSA background.
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Surface and Metabolic Labeling and
Immunoprecipitation

Cells in p-150 culture dishes were treated
with Dex (1027 M) or control vehicle for 2 or 8
days. Cell layers were washed with PBS and
surface-labeled with [125I]-NaI (250 mCi/plate)
by lactoperoxidase (20 mg) and glucose oxidase
(0.05 U) in 1 ml of 5 mM b-D-glucose in PBS as
described previously [Ross et al., 1993]. The
reaction was allowed to proceed at room tem-
perature for 30 min with constant swirling of
the solution to ensure homogenous labeling of
the cell layer. At the end of the labeling period,
cells were washed with PBS and extracted with
1 ml of cell lysis buffer consisting of 10 mM
Tris-HCl, pH 8.5, 0.15 M NaCl, 1 mM CaCl2,
0.02% NaN3, 2% Renex 30, and 1 mM AEBSF.
Cell lysates were further homogenized by pass-
ing 10 times through 18-gauge needles. The
solutions were transferred to microfuge tubes
and centrifuged for 10 min. Aliquots (z400 ml)
of each supernatant containing equal trichloro-
acetic acid-precipitable radioactivity were
transferred to new tubes and precleared by
incubating with 100 ml of Protein A-Sepharose
for 30 min at 4°C on a Nutator. After centrifu-
gation, supernatants were transferred to new
tubes. Monoclonal antibodies against av, avb3,
or avb5 (5 ml) and 200 ml of Protein
A-Sepharose were added to each tube and im-
munoprecipitation allowed to proceed over-
night at 4°C on a Nutator. Tubes were mi-
crofuged and pellets were washed twice with
500 ml RIPA buffer containing aprotinin, fol-
lowed by PT (0.5% Tween 20 and 0.02% NaN3

in PBS) containing 1 mg/ml ovalbumin twice
and finally with PT twice. The pellets were
extracted with sample buffer without reducing
reagent (80 ml/tube) and 7.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) performed. The immunoprecipi-
tated integrins were visualized by autoradiog-
raphy and quantitated by image analysis using
ISS SepraScan 2001 (Integrated Separation
Systems, Natick, MA). For metabolic labeling,
cells were treated with either control vehicle or
Dex for the indicated period of time. At 24 h
before harvest, cells were incubated in
methionine-free and cystine-free medium con-
taining 10% HIFBS and testing agent, together
with Tran35S-Label (25 mCi/ml). At the end of
incubation, cell layers were harvested and im-

munoprecipitation performed as described
above.

Western Blot Analysis for Total Cellular av, b3,
and b5 Integrins

Cells treated with either control vehicle or
Dex (1027 M) for the indicated period of time
were extracted with cell lysis buffer as de-
scribed above. Aliquots of equal protein concen-
tration (50 mg) were subjected to SDS-PAGE
under nonreducing conditions and transblotted
to Immobilon-P membranes. The membranes
were blocked with Tris (20 mM, pH 7.4)-
buffered saline containing 10% dry milk pow-
der (blocking solution) overnight at 4°C. After
washing three times with PBS containing
0.05% Tween 20 (PBS-T), membranes were in-
cubated with anti-av (VNR139), anti-b3
(MAB1974), or anti-b5 (AB1926) antiserum (1:
1,000) in PBS-T for 1 h at room temperature.
The membranes were then washed three times
with PBS-T, 10 min each, and further incu-
bated in horseradish peroxidase (HRP)-
conjugated secondary antibody (1:5,000 in
PBS-T) for 1 h. After washing five times with
PBS-T, the integrin bands were visualized by
enhanced chemiluminescence using an ECL
kit. Band intensity was measured by using Se-
praScan image analysis.

Northern Blot Analysis

Poly A1 mRNA-enriched RNA were ex-
tracted using the Ultra RiboSep kit according
to protocols provided by the manufacturer.
mRNA was separated by electrophoresis on
1.0% agarose-formaldehyde gels, transferred to
a nylon membrane, and fixed under ultraviolet
(UV) light. mRNA on the membrane was hy-
bridized with Megaprime labeled [32P]-cDNA
for human av, b3, or b5 and reprobed with
[32P]-cDNA for human b-actin. mRNA bands
were visualized by autoradiography and the
intensity of each band was analyzed by image
analysis using SepraScan. The relative mRNA
levels of av, b3, and b5 were normalized to
b-actin.

Transfection and Luciferase Assay

MC3T3-E1 cells were transfected by the
DEAE-dextran method as described [Towler et
al., 1994]. Cells were plated at high density
(150,000/well) onto 24-well multiwell dishes in
Dulbecco’s modified Eagle’s medium (DMEM)/
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F-12 medium containing 10% heat-inactivated
newborn bovine serum. After overnight recov-
ery, cells were rinsed twice with serum-free
medium; 0.15 ml of DEAE-dextran (0.2 mg/ml
serum-free medium) containing 2 mg/ml of b3
or b5 promoter construct and 0.75 mg/ml of
cytomegalovirus (CMV) b-galactosidase ex-
pression vector was aliquoted into each well.
Cells were incubated for 20 min at 37°C, fol-
lowed by the addition of 0.2 ml of DMEM/F-12
to each well. Incubation was continued for an
additional 30 min, at which time cells were
shocked for 90 s with 10% dimethylsulfoxide
(DMSO) in PBS at room temperature. Cells
were rinsed twice and incubated in medium
containing charcoal-stripped serum for 24 h.
Cells were then treated with ethanol or Dex
(1027 M) for the indicated period of time, fol-
lowed by lysis in reporter lysis buffer. Lysates
were analyzed for luciferase activity in Opto-
comp II Luminometer (MGM Instruments,
Hamden, CT). Luciferase activity was normal-
ized to b-galactosidase, measured with
b-galactosidase Enzyme Assay System accord-
ing to the protocol provided by the manufac-
turer.

Statistical Analysis

Statistical analysis was performed using ei-
ther Student’s t-test or analysis of variance
(ANOVA) as indicated. Each experiment was
performed at least twice. Only the representa-
tive data in mean 6SEM are presented.

RESULTS

Adhesion of Human Osteoblastic Cells to
Osteopontin and Vitronectin Is Dependent on

the Integrins avb3 and avb5, Respectively

Since both avb3 and avb5 have been re-
ported to interact with osteopontin and vitro-
nectin in other cell systems, we analyzed the
roles of each integrin played in the adhesion of
human osteoblastic cells to these two matrix
proteins, using function blocking antibodies.
The adhesion to osteopontin was found to be
dependent on avb3, but not on avb5, since
LM609, a function blocking antibody for avb3,
decreased the adhesion to approximately 20%
of the control level, whereas P1F6, which in-
hibits avb5, had only minor, insignificant effect
(Fig. 1A). L230, a function blocking antibody
against av subunit, also inhibited cell adhesion
to osteopontin in a manner similar to LM609

(Fig. 1A). Conversely, the adhesion of human
osteoblastic cells to vitronectin was dependent
on avb5, but not on avb3, since P1F6 and L230,
but not LM609, inhibited this process (Fig. 1B).
Thus, human osteoblastic cells bind to os-
teopontin and vitronectin via avb3 and avb5,
respectively.

Effects of Dex on Cell Adhesion to Osteopontin
and Vitronectin

We then examined the effects of Dex on cell
adhesion to these two matrix proteins. Dex reg-
ulated human osteoblastic cell adhesion to os-
teopontin biphasically, with an increase to 4.5-
fold of the control level after 2 days, followed by
a decrease to 50% of control levels after 8 days
(Fig. 2A). In separate experiments, the in-
creased adhesion to osteopontin by Dex was
already present after 1 day (data not shown).
Similar results were obtained with vitronectin,
with the changes manifested as a 2-fold in-
crease after 2 days and a decline to 65% after 8
days (Fig. 2B). Dex treatment for 8 days did not
alter the ligand specificity of these two inte-

Fig. 1. Adhesion of human osteoblastic cells to osteopontin
and vitronectin is dependent on avb3 and avb5, respectively.
Single-cell suspension of human osteoblastic cells was incu-
bated with control ascites, anti-avb3 antibody (LM609), anti-
avb5 antibody (P1F6), or anti-av antibody (L230) before addi-
tion to the culture plates pre-coated with either osteopontin (A)
or vitronectin (B). After 1-h adhesion, nonadherent cells were
removed by washing with phosphate-buffered saline (PBS), and
the adhered cells were fixed, stained, and enumerated. *P ,
0.001, **P , 0.01, as compared with the corresponding control
ascites value by analysis of variance (ANOVA).
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grins because cell adhesion to osteopontin and
vitronectin was still dependent on avb3 and
avb5, respectively (Fig. 3A,B). As expected,
L230, which blocks both integrins, inhibited
cell attachment in all circumstances (Fig.
3A,B).

Effects of Dex on Surface Levels of avb3 and
avb5

Since surface integrin levels govern cell ad-
hesion to matrix proteins, we next examined
the effects of Dex on surface expression of avb3
and avb5. Labeling with 125I-NaI, followed by
immunoprecipitation with anti-avb3 (LM609)
or anti-avb5 (P1F6) antibody indicated that
Dex treatment for 2 days increased the levels of
avb3 and avb5 on the cell membrane 2-fold
and 1.5-fold, respectively (Fig. 4, top, left, and
center). However, after 8 days of Dex treat-
ment, the amount of avb3 and avb5 on the cell
membrane had decreased to 25% and 60%, re-

Fig. 3. Prolonged treatment with dexamethasone (Dex) does
not alter the ligand specificity of avb3 and avb5. Cells were
treated with either 0.1% ethanol (control) or Dex (1027 M) for
8 days. After release from culture dishes, cells were incubated
with control ascites, anti-avb3 antibody (LM609), anti-avb5
antibody (P1F6), or anti-av antibody (L230) before addition to
culture plates precoated with either osteopontin (A) or vitro-
nectin (B). After 1-h adhesion, nonadherent cells were removed
and the number of adhered cells measured. *P , 0.001 for both
control and Dex-treated cells, as compared with their corre-
sponding control ascites values by analysis of variance
(ANOVA).

Fig. 4. Effects of dexamethasone (Dex) on the surface protein
levels of the integrins avb3 and avb5. Human osteoblastic cells
were treated with either ethanol (C) or Dex (1027 M) for 2 days
(top) or 8 days (bottom). Cells were labeled with 125I-NaI,
followed by immunoprecipitation with antibodies against avb3
(LM609, left), avb5 (P1F6, center), or av (L230, right). The
precipitated integrins were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and de-
tected by autoradiography.

Fig. 2. Effects of dexamethasone (Dex) on the adhesion of
human osteoblastic cells to osteopontin and vitronectin. Cells
were treated with either 0.1% ethanol (control) or dexameth-
asone (Dex) (1027 M) for 2 or 8 days. After release from
culture dishes, cells were added to wells precoated with
osteopontin (A) or vitronectin (B). The number of cells ad-
hered was determined (mean 6 SEM, n 5 3). *P , 0.001, as
compared with the corresponding control value by analysis of
variance (ANOVA).

270 Cheng et al.



spectively (Fig. 4, bottom, left, and center). The
time-dependent biphasic regulation of avb3
and avb5 by Dex was further confirmed by
experiments in which both integrins were co-
immunoprecipitated with anti-av (L230) anti-
body (Fig. 4, right, top, and bottom). Dex in-
creased av and b3/b5 to 166% of the control
values after 2 days but inhibited their expres-
sion on the cell membrane to 30% of the control
levels after 8 days. These data indicated that
Dex effects on cell adhesion derive from the
biphasic changes in surface avb3 and avb5 pro-
tein levels.

Effects of Dex on the Total Cellular Levels of
av, b3, and b5 in Human Osteoblastic Cells

To analyze further the Dex effects on inte-
grin avb3 and avb5 expression, we measured
total cellular av, b3, and b5 content by West-
ern blot analysis. These integrin subunits were
also regulated biphasically by Dex, with an
initial increase followed by inhibition (Fig. 5).
While Dex treatment led to a 1.3-fold increase
in b3 by day 1, enhancement of av and b5, to
the extent of 1.5- and 1.4-fold, respectively, was
seen after 2 days, by which time b3 had de-

clined to 80% of the control level (Fig. 5). After
8 days, the total concentrations of av, b3, and
b5 were decreased to 33%, 27%, and 73%, re-
spectively, of their corresponding control levels
in Dex treated cultures (Fig. 5).

Effects of Dex on the Biosynthesis of avb3 and
avb5 Proteins

Employing metabolic labeling methods, we
next asked whether the effects of Dex on avb3
and avb5 integrin levels were derived, at least
in part, via protein synthesis. As shown in Fig-
ure 6A, Dex inhibited the biosynthesis of avb3
during the first day of treatment to 35% of the
control level and this inhibition persisted on
day 8 (25% of control levels). By contrast, Dex
stimulated the biosynthesis of avb5 on day 2
(210% of control level) but the same parameter
was inhibited by day 8 (65% of control level)
(Fig. 6B). These accumulated data suggested
that the short-term stimulatory effect of Dex
on total cellular avb3 protein levels derives
from the inhibition of protein degradation,
since synthesis was inhibited. By contrast, the
long-term inhibitory effect by Dex on this inte-
grin was derived, at least in part, as a result of
decreased synthesis. Finally, both the short-
term stimulatory effect and the long-term in-
hibitory effect of Dex on avb5 appeared to re-
sult from the regulation of synthesis by Dex.

Fig. 5. Effects of dexamethasone (Dex) on total cellular av,
b3, and b5 levels. Human osteoblastic cells were treated with
either control (C) or Dex (1027 M) for the indicated period of
time. Cell lysates containing equal amount of protein were
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) under nonreducing conditions and
transblotted to Immobilon-P membranes. av, b3, and b5 levels
were measured by Western blotting, using specific antibodies
and ECL kit for detection. Band intensities were measured by
densitometry analysis, and the day 2 control level of each
integrin was defined as 1.0.

Fig. 6. Effects of dexamethasone (Dex) on the biosynthesis of
avb3 and avb5 in human osteoblastic cells. Cells were treated
with either ethanol (C) or Dex (D, 1027 M) for the indicated
period of time. At 24 h before harvest, cells were incubated in
medium containing Tran35S-Label as described under Materials
and Methods. Samples containing equal amount of trichloro-
acetic acid (TCA)-precipitable counts were immunoprecipi-
tated with either anti-avb3 (LM609) or anti-avb5 (P1F6) anti-
body. Precipitated integrins were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and de-
tected by autoradiography.
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Effects of Dex on Steady-State mRNA Levels of
av, b3, and b5

To analyze further the mechanism mediat-
ing the regulation of Dex on avb3 and avb5
integrins, we examined the steady-state
mRNA levels of each subunit. Dex exhibited a
biphasic regulation on the steady-state av
mRNA levels in human osteoblastic cells. After
1-day treatment, Dex increased the av mRNA
level to 1.9-fold of the control level (Fig. 7, top).
The stimulation of av mRNA by Dex was max-
imum (4.75-fold of the corresponding control
level) after 2 days. By the third day, however,
the stimulation almost disappeared. By days 4
and 5, Dex-treated cultures expressed only

67% of the corresponding control levels (Fig. 7,
top). In a separate experiment, Dex was found
to decrease the av mRNA level to approxi-
mately 30% of the corresponding control level
by day 7 (data not shown). Unlike av, however,
Dex decreased b3 steady-state mRNA level in
human osteoblastic cells at all time points (1–7
days) studied (Fig., middle). After 1 day, Dex
decreased b3 mRNA to 40% of the control level
and the inhibition persisted with maximal sup-
pression observed after 7 days (12% of the cor-
responding control level). Similar to av, Dex
stimulated b5 mRNA level 1.6-fold after 1 day
and the stimulation was further enhanced af-
ter 3 days to 5.7-fold of the corresponding con-
trol level (Fig. 7, bottom). After 7 days, how-
ever, Dex decreased the b5 mRNA level to 50%
of the corresponding control level (Fig. 7, bot-
tom). The inhibition of av, b3, and b5 mRNA
after 7 days exposure to Dex was found to be
effective at a dose as low as 10210 M with
maximal inhibition observed at 1027 M (data
not shown). Thus, the regulation patterns of
avb3 and avb5 mRNA levels by Dex were con-
sistent with the effects on integrin protein bio-
synthesis. Furthermore, the data also con-
firmed earlier report that b subunit is the rate-
limiting protein in the heterodimer formation
of integrins [Inoue et al., 1998], since the inhi-
bition of avb3 biosynthesis correlated well with
the decreased b3 mRNA level despite the in-
crease in av mRNA during the early phase of
Dex treatment.

Effects of Dex on the Activity of the b3 and b5
Integrin Promoters

Since Dex altered steady-state mRNA levels
of the rate-limiting b3 and b5 subunits, we
next examined whether these changes arose as
a result of alterations in gene transcription. To
this end, we needed to transfect cells with re-
porter constructs for these two integrin pro-
moters and evaluate the consequences of Dex
treatment. Because human osteoblastic cells
are difficult to transfect, we employed murine
MC3T3-E1 osteoblast-like cells, which exhibit
similar effects by Dex on b3 and b5 integrin
mRNA levels (data not shown) and are easily
transfected [Towler et al., 1994]. As shown in
Figure 8 (top), Dex inhibited b3 promoter ac-
tivity to 78% of the control level after 1 day and
to 62% after 2 days. The inhibition persisted
after 8 days (69% of the control level, Fig. 8,
top). By contrast, Dex increased the b5 pro-

Fig. 7. Effects of dexamthasone (Dex) on the steady-state
mRNA level of av (top), b3 (middle), and b5 (bottom) in human
osteoblastic cells. Cells were treated with either ethanol (C) or
Dex (1027 M) for the indicated period of time. mRNA was
isolated and Northern blot analysis performed as described
under Materials and Methods. The ratio of each subunit to
b-actin after 1-day treatment was defined as 1.0 for the control
culture.
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moter activity to 122% and 131% of the control
level after 1 and 2 days, respectively, whereas
no effect was observed after 8 days (Fig. 8,
bottom). Thus, the inhibition of b3 promoter
activity since the beginning of Dex treatment
appeared to contribute to the reduction of b3
mRNA level. The early stimulation of b5 pro-
moter activity by Dex was also consistent with
the initial increase on b5 mRNA level. The lack
of effect on b5 and the moderate inhibition on
b3 promoter activities by Dex after 8 days of
treatment, however, could not explain fully the
alterations in b3 and b5 mRNA levels, which
accompanied prolonged Dex treatment.

Effects of Dex on b3 and b5 mRNA Stability

Since b3 and b5 gene transcription fail to
fully explain Dex effects on the steady-state
mRNA levels after long-term treatment, we
then asked whether the changes arose from
alteration in mRNA stabilization. As shown in
Table I, Dex decreased the half-life of av (27.2
h to 16.2 h), b3 (27.9 h to 9.7 h), and b5 (43.2 h
to 34.1 h) mRNAs after 8 days of treatment in
human osteoblastic cells. These data, taken
with the earlier findings on gene transcription,
suggested that the reduction of avb3 and avb5
integrin mRNA levels after prolonged Dex
treatment derived from a combination of tran-
scriptional and mRNA stabilization processes.
The significance of each event for establishing
net steady-state levels differs for the two inte-
grins.

DISCUSSION

The detrimental effects of prolonged high-
dose glucocorticoid administration on bone
have been well documented with numerous

Fig. 8. Effects of Dex on b3 and b5 promoter activities.
MC3T3-E1 cells were transfected with b3 (top) or b5 (bottom)
promoter construct carrying luciferase reporter gene as de-
scribed under Materials and Methods. After overnight recovery,
cells were treated with either ethanol (control) or Dex (1027M)
for the indicated period of time. Cells were then lysed and
luciferase and b-galactosidase activities measured with the lat-
ter used for normalization (mean 6SEM, n 5 3). *P , 0.01, **P
, 0.05 compared with the corresponding control value using
Student’s t-test.

TABLE I. Effects of Dex on the Integrin
mRNA Stability†

Treatment

Half-life of mRNA (h)

an b3 b5
Control 27.2 6 2.9 27.9 6 4.5 43.2 6 1.7
Dex 16.2 6 1.0* 9.7 6 0.7* 34.1 6 2.8*

†Human osteoblastic cells were treated with ethanol (con-
trol) or Dex (1027 M) for 8 days. Actinomycin D (5 mg/ml)
was then added to the medium and cells were harvested 0,
4, 8, 24, and 48 h later. mRNAs were isolated and Northern
blot analysis performed.
*P , 0.05 as compared with the corresponding control
value by Student’s t-test.
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mechanisms implicated to mediate this delete-
rious consequence [Cheng et al., 1994; Canalis,
1996; LoCascio et al., 1990; Kaji et al., 1997;
Weinstein et al., 1997]. In this report, we show
that prolonged ($7-day) exposure of normal
human osteoblastic cells to Dex results in de-
creased expression of the integrins avb3 and
avb5, with a consequent diminution of osteo-
blast adhesion to osteopontin and vitronectin.
These data, combined with earlier reports doc-
umenting the inhibition of osteoblastic b1 inte-
grins (major integrins for binding to type I
collagen and fibronectin) by glucocorticoids
[Gronowicz and McCarthy, 1995; Doherty et
al., 1995], suggest that integrins play a critical
role in the skeletal response to glucocorticoids.
The decreased capacity for osteoblastic at-
tachment to bone matrix should result in
fewer osteoblasts on the bone surface, a hall-
mark of glucocorticoid-induced osteoporosis.
With integrin-matrix interaction implicated
as essential for cell survival [Malik, 1997;
Frisch and Ruoslahti, 1997], decreased adhe-
sion of osteoblastic cells to bone matrix may
also contribute to glucocorticoid-induced ap-
optosis in osteoblasts [Weinstein et al., 1997].

The ability of osteoblast-residing avb3 and
avb5 to exclusively bind one or the other of the
two RGD-containing bone matrix proteins, os-
teopontin and vitronectin, is a unique property
of normal human osteoblastic cells, since these
two integrins interact with both osteopontin
and vitronectin in other cell types [Hu et al.
1995; Leeuwen et al., 1996; Delannet et al.,
1994; Liaw et al., 1995]. The dependence on
avb5 for adhesion to vitronectin has been re-
ported in osteogenic sarcoma cells [Freed et al.,
1989]. However, the lack of participation of
avb5 in the adhesion of human osteoblastic
cells to osteopontin was unexpected. It was re-
ported earlier that avb3 is not involved in the
adhesion of normal human osteoblastic cells to
vitronectin, using different avb3 function
blocking antibody [Gronthos et al., 1997]. Our
data confirm this observation and further im-
plicate that avb5 is the integrin mediating hu-
man osteoblast adhesion to vitronectin. While
at this time we have no plausible explanation
for the discriminatory ability of these two inte-
grins, it is possible that subtle changes in the
extracellular domains of the two heterodimeric
complexes account for our findings. Since the
cytoplasmic tails of the two integrins are quite
distinct, different combinations of cytoplasmic

and/or cytoskeletal proteins may bind to each
tail, leading to separate “inside-out” signals
[Schwartz et al., 1995]. In such an instance, the
extracellular domains of the two integrins may
adopt differing conformations, each capable of
recognizing the RGD sequence and its flanking
amino acids in one, but not the other matrix
protein. Irrespective of the reasons, the differ-
ential interactions toward these two bone ma-
trix proteins suggest that avb3 and avb5 play
distinctive roles in osteoblast function, a find-
ing not without precedent. Thus, avb5, not
avb3, mediates the uptake of vitronectin by
fibroblast [Panetti and McKeown-Longo, 1993].
avb3 is involved in migration on vitronectin
whereas avb5 plays a role in spreading on the
same substrate in human monocytes [De
Nichilo and Burns 1993]. Moreover, avb3 and
avb5 have been shown to distribute differen-
tially with avb3 at the focal adhesion sites
whereas avb5 more diffusely distributed when
human osteoblasts are cultured in serum, pre-
sumably on vitronectin [Pistone et al., 1996].

Although prolonged ($7 days) exposure of
human osteoblastic cells to Dex results in de-
creased avb3 andavb5 expression, short-term
treatment with Dex (2 days) actually increases
the surface levels of avb3 and avb5. Consis-
tently, cell adhesion to osteopontin and vitro-
nectin also exhibits early rise followed by later
inhibition in Dex-treated cells. Thus, the adhe-
sion properties of human osteoblastic cells to
these two matrix proteins reflect the surface
avb3 and avb5 integrin levels. The total cellu-
lar av, b3, and b5 levels are also regulated in
the same fashion by Dex. Since the total cellu-
lar b3 level is increased after 1 day, but is
decreased after 2 days and beyond, mainte-
nance of the increased avb3 level on the cell
membrane after 2 days suggests that the turn-
over of surface avb3 lags behind the decline of
total cellular b3 level in the early phase of Dex
treatment. The biphasic regulation on avb5 by
Dex is also observed at protein synthesis and
mRNA levels. The increase in the mRNA levels
of avb5 in the early phase of Dex treatment
derives, in part, from increased transcription.
Since the increase in the b5 promoter activity
is far short of the increments observed in pro-
tein and mRNA levels, other mechanisms must
be involved. After long-term treatment, the de-
crease in b5 mRNA level appears to depend
primarily on the destabilization of b5 mRNA.
By contrast, the transcription and the mRNA
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level of b3 are inhibited by Dex since the be-
ginning of treatment. Similarly, the protein
synthesis of avb3 is inhibited within 1 day of
Dex exposure. These data suggest that the
early rise in b3 total and surface protein levels
is derived from posttranscriptional events, i.e.
increased protein stability and trafficking to
the membrane. Whereas Dex induces early rise
in avb3 and avb5 integrin levels on the cell
membrane, these increases may not be clini-
cally significant since they occur only tran-
siently.

Although the expression of both avb3 and
avb5 are inhibited after long-term Dex expo-
sure, the degree of inhibition differs. The inhi-
bition of avb3 expression by Dex is greater
than that of avb5 at all the levels examined.
Thus, the expression of avb3 is more sensitive
to Dex treatment than that of avb5. The severe
suppression of avb3 by Dex may have physio-
logical significance, since the decline in
osteoblast-osteopontin interaction may lead to
inhibition of osteoblast differentiation [Liu et
al., 1997].
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