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Abstract

The roles of insulin-like growth factors (IGFs) in regulating growth and their modulation by six IGF
binding proteins (IGFBP) are well established. IGFBP-5, the most abundant IGFBP stored in bone,
is an important regulator of bone formation via IGF-dependent and -independent mechanisms. Two
new proteins, four and a half lim (FHL)-2, a transcription modulator that interacts with IGFBP-5,
and a disintegrin and metalloprotease (ADAM)-9, an IGFBP-5 protease, have been identified as
potential regulators of IGFBP-5 action in bone. We tested the hypothesis that agents which modulate
bone formation by regulating IGFBP-5 expression would also regulate FHL-2 and ADAM-9
expression in a coordinated manner. We evaluated the expression of IGFBP-5, FHL-2, and ADAM-9
by real-time reverse transcriptase (RT)-PCR during differentiation of mouse bone marrow stromal
cells into osteoblasts and in response to treatment with bone formation modulators in the LSaOS
human osteosarcoma cell line. IGFBP-5 and FHL-2 increased 4.3- and 3.0-fold (P < 0.01),
respectively, during osteoblast differentiation. Dexamethasone (Dex), an inhibitor of bone formation,
decreased IGFBP-5 and FHL-2 and increased ADAM-9 in LSaOS cells (P < 0.05). Bone
morphogenic protein (BMP)-7, a stimulator of bone formation, increased IGFBP-5 and decreased
ADAM-9 (P <0.01). To determine if BMP-7 would eliminate Dex inhibition of IGFBP-5, cells were
treated with Dex + BMP-7. The BMP-7-induced increase in IGFBP-5 was reduced, but not
eliminated, in the presence of Dex (P <0.01), indicating that BMP-7 and Dex may regulate IGFBP-5
via different mechanisms. Transforming growth factor (TGF)-, a stimulator of bone formation,
increased IGFBP-5 and FHL-2 expression (P <0.01). IGF-I and TNF-a decreased expression of
ADAM-9 (P < 0.05). In conclusion, our findings are consistent with the hypothesis that FHL-2 and
ADAM-9 are important modulators of IGFBP-5 actions and are, in part, regulated in a coordinated
manner in bone.
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1. Introduction

The insulin-like growth factors (IGFs) are important regulators of growth and development.
The IGFs are the most abundant growth factors produced by osteoblasts and are regulated by
six high affinity IGF binding proteins (IGFBP). In general, IGFBP-1, -2, -4 and -6 inhibit IGF
action, while IGFBP-3 and -5 stimulate IGF action in bone. Specifically, IGFBP-5 is the most
abundant IGFBP stored in bone and several in vivo and in vitro experiments have confirmed
its important role in regulating bone formation [1]. For example, treatment with IGFBP-5 in
vitro stimulates proliferation and differentiation of osteoblasts [2-4] and systemic
administration of IGFBP-5 increases bone formation parameters [osteocalcin (Oc); alkaline
phosphatase (ALP)] in mice [5,6].

It is well accepted that many of IGFBP-5’s actions are dependent on IGF since IGFBP-5 can
bind to hydroxyapatite and extracellular matrix protein to aid in binding IGFs to bone [3,4,7].
However, recent in vitro and in vivo data have suggested that IGFBP-5 may also function as
an IGF-independent growth factor in bone [8,9]. Specifically, IGFBP-5 stimulates proliferation
and ALP activity in osteoblasts derived from IGF-1 knockout mice [9].

The important role of IGFBP-5 in regulating bone formation is further demonstrated by the
recent findings that IGFBP-5 action in bone is controlled by several potential control
mechanisms. First, the findings that the expression of IGFBP-5 in osteoblasts is modulated by
bone formation regulators suggest that transcriptional regulation of IGFBP-5 is an important
control point for regulating IGFBP-5 actions [5,10]. Second, it is known that IGFBP-5
proteases such as a disintegrin and metalloprotease (ADAM)-9 produced by osteoblasts in
response to osteoregulatory agents could act to regulate the effective concentration and activity
of IGFBP-5 in bone microenvironment [11]. Third, IGFBP-5 has been shown to interact with
transcription modulators such as four and a half lim (FHL)-2 to mediate its IGF-independent
effects in osteoblasts [12]. If FHL2 and/or ADAM-9 were to be rate limiting mediators of
IGFBP-5 action in osteoblasts, we would expect the expression of these regulatory molecules
to be modulated in a coordinated manner along with IGFBP-5 by systemic and local agents
that regulate bone formation via IGFBP-5. As a means of testing this hypothesis, we evaluated
the expression of IGFBP-5, FHL-2 and ADAM-9 during differentiation of bone marrow
stromal cells into osteoblasts and in response to osteoregulatory agents that are known to
modulate bone formation.

2. Materials and methods

2.1. Tissue culture analysis

2.1.1. Tissue culture reagents—a-Minimal essential medium (a-MEM), Dulbecco’s
modified Eagle’s medium (DMEM), penicillin-streptomycin suspension, and calf serum were
purchased from Gibco-BRL (Gaithersburg, MD). Bovine serum albumin (BSA) was purchased
from Fluka (Buchs, Switzerland). Human IGF-I was purchased from GroPep (Adelaide SA
5000, Australia). Human bone morphogenic protein (BMP)-7 was a gift from Creative
Biomolecules (Hopkinton, MA). Human transforming growth factor (TGF)-B was purchased
from R&D Systems (Minneapolis, MN). Recombinant mouse tumor necrosis factor (TNF)-a
was purchased from PeproTech Inc. (Rocky Hill, NJ). All other chemicals were purchased
from Fisher Scientific (Tustin, CA) or Sigma (St. Louis, MO).

2.1.2. Osteoblast differentiation—To evaluate changes in gene expression during the

differentiation of bone marrow stromal cells into osteoblasts, mouse bone marrow cells were
isolated, counted with a hemocytometer, and plated as 20 x 10° cells/90-mm petri dish. Bone
marrow cells were cultured with a-MEM containing 10% calf serum, 100 U/mL penicillin, and
100 pg/mL streptomycin and culture media were changed every two days until 75% confluency
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was reached (about 6 days). This was considered day 0, at which point a differentiation medium
(a-MEM containing 10% calf serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 50 pg/
mL ascorbic acid, and 10 mM -glycerophosphate) was added to the cells to induce
differentiation into osteoblast. Osteoblast differentiation was confirmed by nodule formation
by day 30 of culture [13]. During the 30 days of culture, half of the media were changed every
three days. At days 0, 6, 12, 18, and 24, six plates were washed with PBS and cells were
extracted with 1 mL of Tri-Reagent (Molecular Research Center Inc., Cincinnati, OH) and
stored at —70 °C until RNA extraction was performed.

2.1.3. Effects of osteoregulatory agents in osteoblasts—To evaluate the effects of
osteoregulatory agents on gene expression in osteoblasts, we used LSaOS cells, a human
osteosarcoma cell line which has been reported to display characteristics of osteoblasts [14].
LSaOSs cells (HTB85, ATCC, Manassas, VA) were cultured in 90-mm petri dishes in DMEM
media containing 10% calf serum, 100 U/mL penicillin, and 100 ug/mL streptomycin until
they reached 70% confluency. Six plates per treatment were used for each experiment. Once
the cells were 70% confluent, media were changed to serum-free media (DMEM, 0.1% BSA,
100 U/mL penicillin, and 100 pg/mL streptomycin) twice over a 24-h period. Cells were treated
with DMEM media containing 0.1% BSA, 100 U/mL penicillin, 100 ug/mL streptomycin, and
osteoregulatory agent [dexamethasone (Dex; 0.1-100 nM), BMP-7 (30 ng/mL), TGF-p (1 ng/
mL), IGF-I (30 ng/mL), or TNF-o (20 ng/mL)] for 24 h based on previous reports [9,15-17].
Twenty-four hours after treatment, cells were washed with PBS and extracted with 1 mL Tri-
Reagent (Molecular Research Center Inc.) and stored at —70 °C until RNA extraction was
performed.

2.2. RNA extraction

RNA was extracted from the cell pellets using Tri-Reagent (Molecular Research Center Inc.)
and an RNeasy Mini Kit (Qiagen Inc., Valencia, CA) according to the manufacturer’s protocol.
Following extraction, residual DNA was removed from up to 10 pg of RNA with a DNA-free
Kit (Ambion, Austin, TX). RNA quality was determined using a 2100 Bioanalyzer (Agilent,
Palo Alto, CA) and RNA was quantified using a Nano-Drop Spectrophotometer (Wilmington,
DE).

2.3. Gene expression analysis

Quantitative real-time reverse transcriptase (RT)-PCR analysis was used to determine the
expression levels of Oc, type 1 collagen (Coll), ALP, IGF-I, IGF-1I, IGFBP-3, IGFBP-5,
FHL-2, ADAM-9, PPIA, and Actin. Primer sequences are located in Table 1. Primers used
were validated by four methods: (1) Specificity of primer sequences was determined using
NCBI Blast [18]. (2) Amplification of the correct product size was verified on a 2% agarose
gel. (3) Primers were designed for a melting temperature around 60 °C, and the appropriate
melting temperature for each primer set was determined using a temperature gradient program
on a PTC-225 Peltier Thermal Cycler (MJ Research Inc., Waltham, MA). (4) Serial dilutions
of different RNA concentrations were used to determine the appropriate dilution and accuracy
of the primer amplification. Specifically, RNA samples were normalized to 200 or 300 ng per
sample and reverse transcribed with oligo(dT) primers and Superscript Il (Invitrogen, Carlsbad,
CA) to produce cDNA at a total volume of 20 pL. Real-time RT-PCR analysis was performed
using a Stratagene Brilliant SYBRGreen Master Mix (Stratagene, La Jolla, CA) and a 7000
ABI Prism sequence detection system (Applied Biosystems, Foster City). Briefly, a total
volume of 25 pL was loaded onto each well on a 96-well plate (1 pL of product, 0.125 pL of
10 uM forward and reverse primer, and 12.5 pL of 1 x SYBRGreen Master Mix). The PCR
conditions were 95 °C for 10 min, 40 cycles at 95 °C for 15 s and 60 °C for 1 min, 95 °C for
155,60 °C for 155, and 95 °C for 15 s. PPIA or Actin RNA were used as endogenous controls.
Delta CT values were determined (CT value for gene of interest minus CT value for control
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gene) and comparisons of the CT values were used for relative quantification of gene expression
[19].

2.4, Statistical analysis

Osteoblast differentiation and dose response data were analyzed using ANOVA, and post hoc
analysis for dose response was analyzed using the Dunnett test (Statistica 6, StatSoft, Tulsa,
OK). Data for response to osteoregulatory agents were analyzed using Student’s t-test
(Microsoft Excel). Data are presented as means * standard error and a significant difference
was determined at P < 0.05.

3. Results

3.1. Expression of IGFBP-5 and FHL-2 increase during osteoblast differentiation

During differentiation of mouse bone marrow stromal cells into osteoblasts, gene expression
of Oc, Coll, and ALP, markers of osteoblast differentiation, increased (P < 0.05) between day
0 and day 24 of cell culture (Fig. 1A). Specifically, Oc increased over 1000-fold (P < 0.01) by
day 24 and ALP and Coll increased 6- and 4-fold (P < 0.05), respectively, by day 18 of culture
compared with day 0. Similar to markers of differentiation, components of the IGF axis
increased during osteoblast differentiation (P < 0.01; Fig. 1B). Specifically, expression of IGF-
I increased 5-fold (P < 0.01) by day 6, IGF-11 increased 11-fold (P < 0.01) by day 12, and
IGFBP-3 increased 9-fold by day 18 compared with day 0 (P < 0.01). There was a steady
increase in IGFBP-5 expression such that there was a 4-fold increase (P < 0.01) by day 18
compared with day 0 of culture (Fig. 1C). Similar to IGFBP-5, FHL-2 expression increased 3-
fold (P <0.01) by day 18 of culture (Fig. 1C). ADAM-9 expression did not change significantly
during osteoblast differentiation (P > 0.10; Fig. 1C).

3.2. IGFBP-5, FHL-2, and ADAM-9 expression in response to osteoregulatory agents

Increasing concentrations of Dex resulted in a biphasic response in terms of IGFBP-5
expression. At 0.1 nM, Dex treatment caused a 2.4-fold increase (P < 0.05) in IGFBP-5
expression, while at 100 nM, Dex decreased IGFBP-5 expression 5-fold (P < 0.001). Dex at
both 10 and 100 nM doses decreased FHL-2 expression (P < 0.05). All four doses of Dex
increased expression of ADAM-9 2-fold (P < 0.05) (Fig 2).

Bone morphogenic protein-7, a stimulator of bone formation, increased IGFBP-5 expression
6-fold (P < 0.01; Fig. 3), but no significant changes in FHL-2 or ADAM-9 were observed (P
> 0.1). To determine if BMP-7 would eliminate Dex inhibition of IGFBP-5, cells were treated
with a combination of Dex and BMP-7. In terms of IGFBP-5 expression, the combination of
Dex + BMP-7 resulted in an intermediate response compared with BMP-7 or Dex treatment
alone (P <0.01; Fig. 3). While the combined treatment abolished the Dex increase in ADAM-9
expression, it did not modify the reduction in FHL-2 expression caused by Dex treatment. To
determine if other osteoregulatory agents would regulate IGFBP-5, FHL-2, and ADAM-9 in
a coordinated manner, cells were treated with TGF-B, IGF-I, and TNF-a. TGF-f increased
IGFBP-5 and FHL-2 expression 12- and 2-fold, respectively (P < 0.01; Fig. 4). Interestingly,
IGF-1 and TNF-a treatment decreased ADAM-9 expression (P < 0.05), but did not significantly
change IGFBP-5 or FHL-2 expression (P > 0.1; Fig. 4).

4. Discussion

4.1. Increased expression of FHL-2 and IGFBP-5 during mouse osteoblast differentiation

Expression of IGFBP-5, an important regulator of bone formation [5,6,9,20], increased during
osteoblast differentiation. In previous studies, we and others [5,6,9,10] have found that
intermittent administration of IGFBP-5 increases bone formation. We found that IGFBP-5
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treatment (Systemic and local) increases osteocalcin and alkaline phosphatase levels. Bauss et
al. [10] demonstrated that a complex of IGFBP-5/IGF-I increased cortical thickness and BMD
in femoral midshaft and tibial metaphysis. Andress [6] has shown that IGFBP-5 systemic
treatment increased bone formation rate and BMD in ovariectomized rats. These in vivo
findings are consistent with the in vitro findings that IGFBP-5 treatment increases osteoblast
proliferation and/or differentiation [2]. In contrast to these anabolic effects, two recent studies
on overexpression of IGFBP-5 in transgenic models have shown that overexpression of
IGFBP-5 decreased bone formation at the periosteum [8,21]. It remains to be determined
whether continuous exposure of osteoblasts to high levels of IGFBP-5 produces inhibitory
effects, while intermittent exposure to low doses produces anabolic effects as in the case of
PTH [22]. The increased expression of IGFBP-5 during osteoblast differentiation suggests a
potential anabolic role for IGFBP-5 in the current model.

Similar to IGFBP-5, other members of the somatotropic axis, IGF-I, IGF-II, and IGFBP-3, that
have previously been demonstrated to stimulate cell differentiation [23-25], increased during
osteoblast differentiation. Since IGFBP-5 is an important regulator of bone cells, binds with
FHL-2, and both proteins translocate into the nucleus [12], we were not surprised that FHL-2
expression followed a similar pattern to IGFBP-5 during differentiation. Previous experiments
have demonstrated that FHL-2 can bind to several proteins including B-catenin, androgen
receptor, AP-1, CREB, and CREM [12,26-29] and can function as a transcriptional coactivator.
In particular, its interaction with B-catenin [30], a key mediator of the Wnt signaling pathway,
suggests that it may also play an important role in bone formation. In addition, the FHL2
interaction with B-catenin promotes myogenic differentiation and it has been reported to bind
with CREB and CREM, important regulators of proliferation and differentiation [26,29]. Based
on these data and previous reports, we hypothesize that FHL-2 may, in part, mediate IGFBP-5
action during osteoblast differentiation.

4.2. Coordinated expression of IGFBP-5, FHL-2, and ADAM-9 in response to osteoregulatory
agents in vitro

The decreased expression of IGFBP-5 following Dex treatment is similar to previous reports
that glucocorticoids, such as Dex, have growth suppressing effects, inhibit the somatotropic
axis, and long-term treatment leads to bone loss and osteoporosis [31-34]. Our data are similar
to previous observations that Dex treatment decreased expression of IGF-1, IGFBP-3, and
IGFBP-5, stimulatory factors, and increased expression of IGFBP-4, an inhibitory factor, in
human osteoblast-like cells and decreased IGFBP-5 expression in preosteoblastic human bone
marrow stromal cells [35,36]. In addition, similar to our findings, other studies in differentiating
rat osteoblasts found that Dex treatment at 10 nMdoses did not change IGFBP-5 expression
[37]. These data indicate that, in our model, the members of the somatotropic axis respond to
Dex treatment in a predicted manner. In addition to decreased expression of IGFBP-5, the
decreased expression of FHL-2, which binds to IGFBP-5, and the increased ADAM-9, an
IGFBP-5 protease, support our hypothesis that these three factors are regulated in a coordinated
manner in bone.

Similar to our previous reports, BMP-7, a known stimulator of bone formation, was observed
to stimulate IGFBP-5 expression [16], however no significant change in FHL-2 was observed.
These data suggest that BMP-7 may regulate IGFBP-5 and FHL-2 through different
mechanisms in bone. In support of this hypothesis, BMP-7 was able to abolish the Dex
inhibition of IGFBP-5, but not FHL-2. Interestingly, the combined treatment of Dex and
BMP-7 reduced, but did not eliminate, the BMP-7-induced increase in IGFBP-5 expression,
suggesting that BMP-7 and Dex may regulate IGFBP-5 via different mechanisms. Further
analysis is needed to determine the mechanisms by which BMP-7 and Dex regulate IGFBP-5
and FHL-2 in bone. In contrast to our observed increase in IGFBP-5 expression in human
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osteosarcoma cells following BMP-7 treatment, previous data have been reported that IGFBP-5
mMRNA expression decreased in primary rat calvaria cells following BMP-7 treatment [38—
40]. These data suggest that IGFBP-5 response to BMP-7 treatment may be species and/or cell-
type specific.

Transforming growth factor-p, a known stimulator of bone formation and member of the same
superfamily as BMP-7 [41], increased expression of IGFBP-5, as well as FHL-2, thus
suggesting that BMP-7 and TGF-f3 may mediate FHL-2 expression through different
mechanisms in bone. In addition, the lack of change in ADAM-9 expression following TGF-
f or BMP-7 treatment suggests a mechanism by which intact IGFBP-5 is made available by
other growth factors for autocrine/paracrine actions. In contrast to our findings in osteoblasts,
it has been reported that TGF-p inhibits IGFBP-5 synthesis through the JNK pathway in muscle
[42]. Therefore, similar to BMP-7, TGF-f regulation of IGFBP-5 may be tissue-specific and
mediated through different pathways in different cell types. Further investigation is needed to
determine the pathway(s) through which TGF-$ and BMP-7 mediate their effects on IGFBP-5
and FHL-2 in bone.

Interestingly, while IGF-I did not alter IGFBP-5 and FHL-2 expression, it did significantly
decrease ADAM-9 expression. In some cell models, it has been demonstrated that IGF-I
treatment increases IGFBP-5 mRNA levels [43,44]. In addition, IGF-I treatment also
modulates proteolysis of IGFBP-5 in osteoblast cell culture media [45,46], which is suggested
by the increased expression of ADAM-9 in the current model. Thus, the effect of IGF-I
treatment on IGFBP-5 protein level is regulated by both transcriptional and post-transcriptional
mechanisms. In this regard, Rutter et al. [44] found that IGFBP-5 protein level increased 4-
fold in the bones of transgenic mice overexpressing IGF-I in osteoblasts. However, the
IGFBP-5 mRNA level was increased only 1.5-fold. In our study, we found that mRNA level
of IGFBP-5 was increased nearly 2-fold, but it was not significant. Thus, the magnitude of
effects of IGF-1 on IGFBP-5 mRNA level may vary depending on cell type and the increased
ADAM-9 expression may indicate post-transcriptional regulation of IGFBP-5 by IGF-I
treatment.

A recent study determined that treatment of osteoblasts with TNF-a increased pregnancy-
associated plasma protein (PAPP)-A expression, thereby increasing IGFBP-4 proteolytic
activity and, in turn, increasing IGF-I-induced cell proliferation [42]. These findings combined
with our data suggest that in LSaOS cells, these osteoregulatory agents may allow more
IGFBP-5 availability by limiting the amount of ADAM-9.

In conclusion, the IGFBP-5 molecular pathway, specifically FHL-2 and ADAM-9; is regulated
by agents which regulate bone formation. In addition, the similar pattern of expression between
IGFBP-5 and FHL-2 and the opposite pattern of ADAM-9 suggest that coordinated regulation
of FHL-2 and ADAM-9 may provide efficient regulation of IGFBP-5 in bone. Further
experiments are in progress to determine the mechanisms by which FHL-2 and ADAM-9
regulate IGFBP-5 action in bone.
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Fig. 1.

Gene expression during differentiation of mouse bone marrow stromal cells into osteoblast
cells. Data are presented as fold change from day 0 (means + standard error). *A significant
difference (P <0.05) compared with day 0. (A) Oc = osteocalcin; Coll = type 1 collagen; ALP
= alkaline phosphatase. (B) IGF = insulin-like growth factor; IGFBP = IGF binding protein.
(C) FHL-2 = four and a half lim-2; ADAM-9 = a disintegrin and metalloprotease-9.
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Fig. 2.

Effect of different doses of dexamethasone (Dex) on gene expression. Data are presented as
fold change from corresponding control (means + standard error). *A significant difference
(P < 0.05) compared with corresponding control. IGFBP = insulin-like growth factor binding
protein; FHL-2 = four and a half lim-2; ADAM-9 = a disintegrin and metalloprotease-9.
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Fig. 3.

Effect of bone morphogenic protein (BMP)-7 and dexamethasone (Dex) treatment on gene
expression. Data are presented as fold change from corresponding control (means + standard
error) and a representation of three different experiments. *A significant difference (P < 0.05)
compared with corresponding control. IGFBP = insulin-like growth factor binding protein;
FHL-2 = four and a half lim-2; ADAM-9 = a disintegrin and metalloprotease-9.
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Effect of transforming growth factor (TGF)-B, insulin-like growth factor (IGF)-I, and tumor
necrosis factor (TNF)-a treatment on gene expression. Data are presented as fold change from
corresponding control (means + standard error). *A significant difference (P <0.05) compared
with corresponding control. IGFBP = insulin-like growth factor binding protein; FHL-2 = four
and a half lim-2; ADAM-9 = a disintegrin and metalloprotease-9.
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Table 1

Sequences for primers used in real-time RT-PCR

Gene

Forward (5’ to 3')

Reverse (5’ to 3')

Osteocalcin (m)
Type 1 collagen (m)
Alkaline phosphatase (m)
IGF-1 (m)

IGF-11 (m)
IGFBP-3 (m)
IGFBP-5 (m)
IGFBP-5 (h)

FHL-2 (m)

FHL-2 (h)
ADAM-9 (m)
ADAM-9 (h)

PPIA (m)

Actin (h)

CTCTCTCTGCTCACTCTGCT
GCCTCCCAGAACATCACCTA
ATGGTAACGGGCCTGGCTACA
CATCTCCAGTCTCCTCAGATC
AGCGGCCTCCTTACCCAA
CCAGAACTTCTCCTCCGAGTCTAAG
ATACAACCCAGAACGCCAGCT
GAGGCAAGTTGGATGAACAG
AAAGCCTATCACCACAGGAGGT
CTTCACAGCTCGCGATGACT
CCAGACCCAGGGATGGTGAAT
GCATTAACCTCACCGATGAC
TCCTGGACCCAAAACGCTCC
GAGGCATTGCTGACAGGATG

TTTGTAGGCGGTCTTCAAGC
AGTTCCGGTGTGACTCGTG
AGTTCTGCTCATGGACGCCGT
GTCCACACACGAACTGAAGAGC
CGCGGTCCGAACAGACAA
CTCAGCACATTGAGGAACTTCAGAT
ACCTGGGCTATGCACTTGATG
TGTCCATACTGCTGGCTAGA
CCCAGCACATTTCTTAGCGTAC
CAAGCAGCAACTTCTCTGTG
GGCCATGACATTTTCCCTGAA
GGAGTGTTCCTCGACATGTT
CCATGGCAAATGCTGGACCA
TGCTGATCCACATCTGCTGG
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h = primer specific for human; m = primer specific for mouse; IGF = insulin-like growth factor; IGFBP = IGF binding protein; FHL = four and a half
lim; ADAM = a disintegrin and metalloprotease.
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