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Global Gene Expression Analysis in the Bones Reveals
Involvement of Several Novel Genes and Pathways in
Mediating an Anabolic Response of Mechanical Loading
in Mice
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Abstract To identify the genes and signal pathways responsible for mechanical loading-induced bone formation,
we evaluated differential gene expression on a global basis in the tibias of C57BL/6) (B6) mice after four days of four-point
bending. We applied mechanical loads to the right tibias of the B6 mice at 9 N, 2 Hz for 36 cycles per day, with the left
tibias used as unloaded controls. RNA from the tibias was harvested 24 h after last stimulation and subjected to microarray.
Of the 20,280 transcripts hybridized to the array, 346 were differentially expressed in the loaded bones compared to the
controls. The validity of the microarray data was established with the increased expression of bone-related genes such as
pleiotrophin, osteoglycin, and legumain upon four-point bending and confirmation of increased expression of selected
genes by real-time PCR. The list of differentially expressed genes includes genes involved in cell growth, differentiation,
adhesion, proteolysis, as well as signaling molecules of receptors for growth factors, integrin, Ephrin B2, endothelin, and
adhesion G protein coupled receptor. Pathway analyses suggested that 28 out of the 346 genes exhibited a direct
biological association. Among the biological network, fibronectin and pleitrophin function as important signaling
molecules in regulating periosteal bone formation and resorption in response to four-point bending. Furthermore, some
expressed sequence tags (ESTs) with no prior known function have been identified as potential mediators of
mechanotransduction signaling pathways. Further studies on these previously unknown genes will improve our
understanding of the molecular pathways and mechanisms involved in bone’s response to mechanical stress. J. Cell.
Biochem. 96: 1049-1060, 2005.  © 2005 Wiley-Liss, Inc.
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It is well established that bone adapts to
mechanical loading by adjusting its density,
shape, and strength during periods of growth
and daily physical activities. Under normal
conditions, such as exercise, mechanical loading
stimulates bone formation, whereas overload-
ing or unloading may result in unbalanced bone
resorption and reduced growth rate [Frost,
1992; Sibonga et al., 2000]. However, the
skeletal response to mechanical loading is
widely varied in the normal human population
[Devine et al., 2004; Rittweger et al., 2005]. For
example, some postmenopausal women with
severe osteoporosis display a poor anabolic
response to mechanical stimuli loaded on their
bones, while other patients respond normally to
the same degree of mechanical loading [Prei-
singer et al., 1995; Yamazaki et al., 2004]. A
similar variation in anabolic response to
mechanical loading has also been observed in
some animal models, such as the C57BL/6 (B6)
and C3H/HeJ (C3H) mouse strains [Akhter
et al.,, 1998; Pedersen et al., 1999]. We and
others have found B6 mice to be more responsive
to skeletal loading compared to C3H mice
[Akhter et al., 1998; Kodama et al., 1999, 2000;
Robling and Turner, 2002]. In addition, con-
genic mice of B6.C3H-4T containing a segment
of mouse chromosome 4 from the C3H strain in
the B6 genetic background were found to be
more susceptible to mechanical loading than the
B6 mice [Robling et al., 2003]. Together, these
studies have confirmed that differential ana-
bolic responses to mechanical loading are, in
large part, genetically determined. Therefore,
studies to identify the genes and signal trans-
duction pathways involved in bone’s adaptive
response to mechanical loading are important
for the future development of diagnostic mar-
kers and/or therapeutic targets for osteoporosis.

In the past few years, studies using in vitro
culture systems have identified a number of
genes susceptible to mechanical force. It has
been found that these genes are involved in a
number of signaling pathways, including cal-
cium-regulated PI3K-Akt and protein kinase C
[Danciu et al., 2003; Pines et al., 2003], growth
factor activated extracellular signal-regulated
kinases (ERK), prostaglandin synthesis [Kapur
et al., 2003], and integrin pathway [Weyts et al.,
2002]. While the data generated from these
in vitro studies have provided important infor-
mation, one major limitation has been that most
of the data obtained were from homogenous

osteoblast cells in cell culture systems lacking
the vital communications of multiple cell types
such as osteocytes and osteoblasts. This is a
constraint because bone osteocytes can receive
and transmit changes in mechanical forces to
other cell types involved in bone remodeling
[Ehrlich et al., 2002; Noble et al., 2003; Yang
etal., 2005]. In addition, multipotent progenitor
cells can also respond to mechanical signals to
differentiate toward osteoblast lineage [Estes
et al., 2004]. Accordingly, there has been a
considerable need for an in vivo analysis of gene
expression patterns of mechanically loaded
bones compared to unloaded bones that would
address these considerations.

Several approaches have been used to iden-
tify candidate genes that contribute to pheno-
typic variation in inbred strains of mice,
including quantitative trait loci (QTL), poly-
merase chain reaction (PCR) differential dis-
play, cDNA microarray, and high-throughput
mutation screening of target region [Doerge,
2002]. Of these techniques, microarray holds a
great deal of promise for identifying the genesin
question because of its ability to simultaneously
characterize the expression levels of many
thousands of genes associated with various
biological functions and processes using very
small amounts of RNA. This technology has
been applied to identify mechanically induced
genes in osteoblast cells exposed to fluid shear
stress and has revealed multiple molecular
pathways regulating osteogenic gene expres-
sion [Kapur et al., 2003]. Therefore, in the
present study, we used oligonucleotide micro-
arrays containing over 20,000 probes and
evaluated differential gene expression on a
global basis in the tibias of female B6 mice after
four days of four-point bending. We hypothe-
sized that mechanical activation of one or more
sensitive signaling pathways would contribute
to the robust increase in new bone formation in
response to four-point bending in the female B6
mice.

MATERIALS AND METHODS
Animals and Materials

Ten-week-old C57BL/6J female mice were
obtained from the Jackson Laboratory and
housed at the Jerry L. Pettis Memorial VA
Medical Center Animal Research Facility
(Loma Linda, CA) under standard approved
laboratory conditions with controlled illumina-
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tion (14 h light, 10 h dark), temperature (22°C)
and unrestricted food and water. Studies were
performed with the approval of the Animal
Ethics Committee of the Jerry L Pettis Memor-
ial VA Medical Center. Mouse development
oligonucleotide microarray (22 K) slides were
purchased from Agilent Technologies, Inc
(Mountain View, CA). All probes on each slide
were 60 base-pairs in length with sense orienta-
tion designed from the National Institute on
Aging/National Institute of Health cDNA
mouse clone set [Carter et al., 2003]. The
designed microarray slides contain a single set
of 22,575 spots, of which, 20,371 are target
genes. In addition, the slides also include a total
of 1,075 control spots (144 negative controls, 18
corner mark negative controls, 196 spike-in
probes, 215 staggered start probes, 10 corner
mark positive controls and 492 positive control
grid). The remaining 1,129 spots are blanks.
The Cyanine 5-CTP and Cyanine 3-CTP were
obtained from PerkinElmer Life Science
(Boston, MA).

Mechanical Loading In Vivo and RNA Extraction

Mice were externally loaded in vivo in a four-
point bending device, as described previously
[Akhter et al., 1998; Wang et al., 2000]. This
model has been used extensively in a number of
laboratories for studies on mechanical loading
[Torrance et al., 1994; Cullen et al., 2001;
Robling and Turner, 2002]. In previous studies,
we found that 2 weeks of four-point bending at
9 N, 2 Hz for 36 cycles per day increased total
volumetric bone mineral density by 15% in B6
mice [Kesava et al., 2004]. In this study, we used
4 days of loading to minimize the number of
genes that change in response to loading-
induced bone remodeling. Briefly, the right
tibias of the mice were loaded for 4 days at 9 N,
2 Hz for 36 cycles per day, and the left tibias of
the same mice were used as unloaded controls.
Twenty-four hours after last stimulation, the
mice were sacrificed and the corresponding
tibias were removed. The bones were dissected
free of soft tissue, flushed with PBS to remove
the bone marrow cells, and stored in a solution of
RNAlater (Ambion, Inc. Austin, TX) at —20°C.
To optimally evaluate mechanosensitive genes,
only the region of bone that was subjected to
four-point bending was used for RNA extrac-
tion. We pooled RNA from five loaded or
unloaded bones to obtain sufficient RNA for
microarray analysis and subsequent real-time

PCR work. To generate five pairs of samples, a
total of 25 mice were divided into five groups
with five mice each. Total RNA was extracted
using Trizol (Invitrogen Corporation, Carlsbad,
CA), and further cleaned up through RNeasy
mini spin columns (Qiagen, Valencia, CA). RNA
concentration and integrity were analyzed in an
Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Inc.).

Microarray Design and Hybridization

Probe labeling was performed according to
the manufacturer’s instructions using Agilent
low RNA input fluorescent linear amplification
kits (Agilent Technologies, Inc.). Briefly, an
aliquot of 2 pg of total RNA was reverse
transcribed using a primer containing oligo
(dT) and a T'7 RNA polymerase promoter. After
synthesis of the first and second strands of
cDNA, the product was amplified in an in vitro
transcription reaction in order to generate
enough cRNA labeled targets in the presence
of cyanine 3- or cyanine 5-labeled CTP. The dye-
labeled cRNA was then purified through
RNeasy mini spin columns to remove free
nucleotides. The cRNA concentration and dye
incorporation were measured using the Nano-
Drop spectrophotometer (NanoDrop Technolo-
gies, Rockland, NE). Hybridization was carried
out according to the instructions provided in
Agilent oligonucleotide microarray kit (Agilent
Technologies, Inc.). Two micrograms of frag-
mented cyanine 3-labled cRNA of unloaded
reference sample was mixed with equal
amounts of cyanine 5-labeled cRNA of loaded
experimental sample, and the mixture was
hybridized to a 22 K mouse development
oligonucleotide microarray for 17 h at 60°C at
7 rpm. After hybridization, the slides were dried
using a nitrogen-filled air gun, and subse-
quently scanned using GSI Scanarray 4000
(GSI Lumonics, Inc., Moorpark, CA). The
images were analyzed using the ImaGene 5.6
software (Biodiscovery, Inc., El Segundo, CA).
The ImaGene software flagged spots with
intensities lower than that of the background
or spots with aberrant shapes.

Normalization and Analysis of Microarray Data

Expression analysis of the microarray data
from five slides was performed using the Gene-
Spring 6.2 (Silicon Genetics, Redwood City,
CA). Local background-subtracted median sig-
nal intensities were used as intensity measures,
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with the data normalized using per spot and per
chip intensity/dependent LOWESS normaliza-
tion [Workman et al., 2002]. Transcripts that
passed with flag values “present” in all five
replicates and a raw signal greater than the
background were targeted for further analyses.
In order to minimize the false-positive/negative
error rate in our high-density oligonucleotide
microarray, we chose a combination of fold
change and significant difference to restrict a
small gene list [Costigan et al., 2002; Schmal-
bach et al., 2004]. The transcripts were first
scaled to an expression level of 1.5-fold change.
The filtered genes (e.g. >1.5-fold) were then
further analyzed utilizing a one-sample Stu-
dent’s t-test with “Benjamini and Hochberg”
Multiple Testing Correction [Hochberg and
Benjamini, 1990]. Differentially-expressed
genes in the loaded bones were defined as those
whose normalized average data had a difference
of 1.5-fold change or greater with P value <0.01,
compared with the unloaded reference samples.

Identification of Signaling Pathways

We analyzed the gene list obtained from our
microarray analysis using the PathwayAssist
software (Stratagene, La Jolla, CA) to identify
any specific signaling pathways, gene regula-
tion networks, and protein interaction maps.
The PathwayAssist program uses a natural
language processor to retrieve information from
databases such as PubMed in order to provide
direct biological associations.

Real-Time PCR

We used reverse transcriptase polymerase
chain reaction (RT-PCR) for selected genes to
confirm changes in transcription observed in
our microarray analysis. Total RNA (2 ng) was
reverse-transcribed into ¢cDNA by using a
oligo(dT);2_18 primer and SuperScript II
RNase™ H~ Reverse Transcriptase (Invitro-
gen). Real-time PCR was carried out in a 96 well
plate using a 7700 ABI prism sequence detec-
tion system (Applied Biosystems, Foster City,
CA). The PCR contained 100 ng of template
¢DNA, 1x SYBR GREEN master mix (Qiagen)
and 100 nM of specific forward and reverse
primers in 25 pl volume per reaction. Primers
for the housekeeping gene, B-2 microglobulin
(B2M), were used to normalize the expression
data for each gene. The thermal cycling condi-
tions for real-time PCR were: 10 min at 95°C,
followed by 40 cycles of 95°C for 15 s, and 60°C

for 1 min. Sequences of the primers were:
pleiotrophin (Ptn) (forward 5-gaaaatttg-
cagctgectte, reverse 5'-ttcaaggcggtattgaggtc);
osteoglycin (Ogn) (forward 5'-tgcaacaggcaattct-
gaag, reverse 5'-tcett-ggeagteagettttt); legumain
(Lgmn) (forward 5'-acctgggtgactggtacage, rev-
ese 5'-gattccttcacgte-gttggt); immediate early
response gene 3 (IER3) (forward 5'-tctggtcecga-
gattttcac, reverse 5&'-ctccgaggtcaggttcaaag);
B2M (forward 5'-cgagcccaagaccgtctact; reverse
5'-getatttetttetgegtgeat); P37nb  (forward 5'-
aggaggcegtteatttacacg, reverse 5'-gggtttgtatgg-
gaaacacg); neural proliferation, differentiation
and control gene 1 (Npdel) (forward 5'-
taggcttcagegagagatce, reverse 5'-atggtcaaa-
cagtgggttge).

RESULTS

Genome-Wide Expression Profiles of
Mechanically-Loaded Bones Versus
Unloaded Bones

We examined global gene expression profiles
in five different RNA pools from loaded and
corresponding unloaded bones using an oligo-
nucleotide array consisting of 20,371 target
genes. We found that a total of 20,280 tran-
scripts were hybridized to the array. After an
initial filtering of the data, we arrived at an
informative data set for further analysis con-
sisting of 19,882 genes which had both passed
with flag value “present” in all five replicates
and a raw signal greater than the background.
Comparison of the gene expression profiles of
the loaded and unloaded bones revealed 346
differentially expressed sequences that differed
by 1.5-fold or greater with a significance of
P <0.01 after “Benjamini and Hochberg” multi-
ple testing correction. Table I shows a list of
differentially regulated genes whose expression
levels were either up- or down-regulated at least
two-fold and organized in different biological
categories. The complete list of 346 differen-
tially regulated genes is provided in the Supple-
mentary Data posted on this Journal’s Website.

To determine the validity of our microarray
data, we performed various permutation ana-
lyses, which include comparisons of two loaded
samples versus three loaded samples, two
unloaded samples versus three unloaded sam-
ples, and a pool of two loaded plus two unloaded
versus three loaded and three unloaded sam-
ples. In addition, we also performed sample
reproducibility analysis by comparing two
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normalized samples to three other normalized
samples in a two-color system. These analyses
revealed that the genes identified in this study
cannot be explained on the basis of false
discovery rate.

Of the 346 differentially expressed genes/
expressed sequence tags (ESTs) that we have
identified, 304 were up-regulated, and 42 were
down-regulated. A total of 157 (~46%) of these
differentially-regulated genes encode proteins
with no characterized function (Fig. 1). Inter-
estingly, proteins encoded by some of the genes/
ESTs contain functional motifs, such as fibro-
nectin domain, heparin-degrading endosulfa-
tases, tubulin, leucine rich repeats (LRR) and
von Willebrand factor type C domain. The
remaining 189 known genes encode proteins
that could be functionally characterized into 12
categories as assessed by Gene Ontology (GO),
including cell growth, differentiation, adhesion,
cell cycle, cell death, proteolysis, signaling
molecules, transcription regulation, heat shock
proteins, cytoskeleton movement, and transport
(Fig. 1). The majority of differentially expressed
genes belonged to the signaling molecule cate-
gory and included growth factor receptors, G-
protein coupled receptors, integrin receptors,
Ca++ dependent receptor, tyrosine/serine/
threonine kinases, intracellular, and STAT
cascade signaling molecules. The second, third,
and fourth largest number of genes were found
in cell growth, transport, and cell adhesion,
respectively. In addition, we also observed
increased expression of a number of genes in
categories such as transcriptional regulation,

@ Cell growth/differentiation
m Cell cycle

O Cell adhesion

O Cell death

B Proteolysis

O Signal transduction

B Transcriptional regulation
O Heat shock proteins

B Cytoskeleton movement
B Transport

O Others

@ Unknown

7% 1% 3%

Fig. 1. Biological functions of the 346 genes differentially
regulated between the loaded and unloaded bones. Other
selections represent genes involved in protein modification,
chaperoning pathways, extracellular matrix biogenesis, hemos-
tasis, metabolism and development. Atotal of 157 genes/ESTs are
yet to be characterized. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

proteolysis, cell death, and heat shock proteins
in the loaded bones compared to unloaded bones.

Notably, mechanical loading stimulated a
large number of genes involved in cell growth,
proliferation, and differentiation (Table I).
These genes included growth factors (Ptn,
Ogn), receptor tyrosine protein (Ephb2), and
oncogenes (leprecanl, Itm2a, Emp1, Csrp2 and
Npdcl). In addition to the aforementioned
genes, some transcription factors such as goo-
secoid and signaling molecules of growth factor
receptor pathways, were also identified as
promoters of cell growth.

Validation of Microarray Data

To confirm the expression data from our
oligonucleotide microarray studies, we selected
five genes differentially expressed between the
loaded and unloaded bones and one unchanged
gene for quantitative RT-PCR analysis on five
pairs of samples. Three of these genes (Ptn, Ogn,
and Lgmn) have been shown to be involved in
the regulation of bone remodeling [Madisen
et al., 1990; Choi et al., 1999; Yang et al., 2003].
IERS3 has been shown to be an immediate early
response gene that regulates cell growth and
apoptosis in response to stress [Wu, 2003].
P37nb is a member of a leucine-rich repeat
protein family with a conserved role in regula-
tion of proliferation, morphology and dynamics
of the cytoskeleton, cell adhesion, and tissue
development [Segev et al.,, 2004]. Npdcl is
known to be expressed in the brain with an
expression that can be coordinated with the
regulation of cellular proliferation and differ-
entiation [Evrard et al., 2004]. Based on the
above information, we considered the six genes
as potential candidates for mechanical signal-
ing pathway. We therefore chose these genes for
confirmation by real-time PCR. Consistent with
the microarray data, Ptn, Ogn, Lgmn, P37nb,
and Npdcl were found by real-time PCR to be
expressed at significantly higher levels in the
loaded bones. The expression of IER3 was no
different between the loaded and unloaded
bones, as expected based on our microarray
data (Fig. 2).

Identification of Mechanosensitive Signaling
Pathways Involving in Anabolic Response

To identify potential signaling pathways
associated with the skeletal anabolic response
to mechanical loading, we analyzed our micro-
array expression data using PathwayAssist
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18

16 -

Fold change (Loaded /Unloaded bone)

Ptn Ogn Lgmn

Fig. 2. Comparison of fold changes in expression for selected
genes by microarray and real-time PCR. The results of real-time
PCR were normalized to the expression of -2 microglobulin
(B2M) in each sample, and expressed as fold change of the loaded
sample over the expression level of the unloaded sample. The

[Nikitin et al., 2003]. This software comes with a
built-in natural language processing module
MedScan and a comprehensive database con-
taining more than 150,000 events of regulation,
interaction and modification between proteins
and cell processes obtained from PubMed which
allows it to generate a biological association
network (BAN) of known protein—protein inter-
actions. By importing microarray expression
data into the BAN, co-expressed genes asso-
ciated with specific signaling pathways can be

PTN FG F7

s ‘x

v
EPS8 EGFRFGFR1 S
PDGFRB

AP-1 GiAR ENPP1

JUNB
COL18A1 X

TIMP2<— F
P2 P » TNC

IGFBPs  Proteolysis

i CcTSD

A

Sl g FCGR1A
Fig. 3. Schematic representation of direct biological associa-
tion of differentially expressed genes involved in bone remodel-
ing. Analysis of a direct biological association of differentially
expressed genes is performed using PathwayAssist 2.53 software
(Stratagene, La Jolla, CA). Biologically linked proteins indicated
by nodes and biological processes are shown in the diagram. An

53
integrin

Fibronectin
signaling

Xing et al.

Microarray
Il Real-time PCR

IER3 P37nb Npdc1

data shown are means £ SD from five replicates. Ptn: pleiotro-
phin; Ogn: osteoglycin; Lgmn: legumain; IER3: immediate early
response gene 3; Npdc1: neural proliferation, differentiation and
control gene 1. * represents P<0.01 for loaded bones vs.
unloaded bones.

identified. In order to characterize signaling
pathways involved in response to mechanical
loading, we imported 346 differentially
expressed genes into the PathwayAssist, and
found that 28 of the 346 genes exhibited a direct
biological association (Fig. 3). This network
identified the following genes as coordinately
being regulated in response to four-point bend-
ing: JUNB, MAF, TIMP1/2, MMP2, o533 integ-
rin, FN, TNC, Col18A1, IGFBP-5, EGFR, EPSS,
ENPP1, FGF7, FGFR1, PDGFA, PDGFRA/B,

Protein
Complex
PDGFA —> Regulation
o, T > Ligand binding
4
PDGFRA
EGF signaling

Cell proliferation
and differentiation

RGDS

AHR

_—Y(HIF1A

TEP1 Angiogenesis

ANXA2

open node represents a gene that is down-regulated in the loaded
bones compared to unloaded controls. Solid nodes are genes that
are up-regulated in the loaded bones compared to unloaded
controls. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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PTN, TEP1, CTSD, FCGR1, HIF1A, AHR,
ANXA2 and RGDS. Many of these genes
represent transcription factors, growth factors
and growth factor receptors which have been
implicated in regulating the formation and/or
activity of bone cells. Some of the genes
associated with the network, such as TNC,
FN, TIMP1, TIMP2, MMP2, JUNB, and
PDGFA, have been also shown to respond to
mechanical stress in bone cells in vitro [Granet
et al., 2002; Carvalho et al., 2004; Hatori et al.,
2004; Ponik and Pavalko, 2004]. In addition, it
has been shown that the Ptn gene, a ligand for
the EGF receptor, is induced in bladder smooth
muscle cells in response to mechanical strain
[Park et al., 1998]. Thus, a number of genes we
have identified in our four-point bending stu-
dies in bone are the same genes that have been
identified as mechanosensitive genes in other
cell types. Among the 28 genes in the network,
fibronectin and Ptn are key signaling molecules
that can activate integrin and EGF signaling
pathways.

DISCUSSION

The present study is a global microarray
analysis of the mouse genome to identify
differentially expressed genes in the tibias of
female mice after four days of mechanical
stimulation in vivo. We chose four-point bend-
ing as a loading regimen and B6 as our mouse
model based on the findings that 2 weeks of four-
point bending with this model caused a dra-
matic 15% increase in total volumetric bone
mineral density, and a 40% increase in bone size
[Kesavan et al.,, 2004]. We chose 4 days of
consecutive loading based on the rationale that
it leads to activation of important signaling
pathways associated with rapid bone remodel-
ing [Raab-Cullen et al., 1994b; Tanaka et al.,
2003]. Consistent with the robust bone anabolic
response, we identified 346 genes that were
differentially expressed in the loaded bones
with a 1.5 fold change or greater (P <0.01).
Some of these genes, such as TIMP1, heat shock
proteins, fibronectin, and neuropilin, have been
previously implicated in bone’s response to
mechanical force and in mediating bone remo-
deling [Park et al., 1999; Swartz et al., 2001;
Shay-Salit et al., 2002]. The identification of
previously identified mechanosensitive genes
and confirmation of microarray data by real-
time PCR provided validation of our microarray
results.

Previousin vivo studies of mechanical loading
on rat tibias using a four point bending device
revealed dynamic changes of gene expression in
periosteal bone cells [Raab-Cullen et al.,
1994a,b]. In those studies, it was found that
transiently stimulated expression of AP-1 pro-
teins within 2 h after loading led to increased
osteoblast cell proliferation [Raab-Cullen et al.,
1994b]. However, the expression of alkaline
phosphatase, osteopontin, and osteocalcin,
which are typically produced by mature osteo-
blasts, was reduced [Raab-Cullen et al., 1994b].
The transcripts of growth factors such as
transforming growth factor § (TGFp) and IGF-
I were increased to peak levels after 4 h of
mechanical loading [Raab-Cullen et al., 1994b].
These studies suggested that acute periosteal
response to external mechanical loading was
associated with a change in expression of
growth factors known to regulate osteoblast cell
proliferation. In the present study, we found a
moderate induction of AP-1 proteins (e.g. JunB
and Maf), IGF-I, IGFBP-5, Ptn, EGF/FGF
receptors, and other genes related to cell cycle
after 4-day mechanical loading (Supplementary
Data). It should be noted that all of the
immediate response genes may not have been
identified because the RNA used in this study
was extracted 24 h after the last mechanical
load. In addition, our global microarray analysis
also revealed that a large number of highly
expressed genes which have not been previously
implicated in mechanical signaling pathways,
such as Ogn, Itm2a, Empl, leprecan 1, and
Npdecl, could act as potential mediators of
mechanical stress to promote cell growth.

Our microarray analysis identified 157 pre-
viously uncharacterized or unknown genes/
ESTs, some containing interesting functional
motifs. For example, Csrp2, located on mouse
chromosome 10, has a zinc-binding domain
present in Lin-11, Isl-1, and Mec-3 (LIM-
domain) that can bind protein partners via
tyrosine-containing motifs. These proteins have
been implicated as key regulators of develop-
mental pathways and it has been proposed that
they also regulate cell proliferation and differ-
entiation of vascular smooth muscle cells in
response to injuries [Jain et al., 1996, 1998]. We
also observed a novel EST (P37nb) with leucine-
rich repeats (LRR), a known functional domain
present in a number of proteins with diverse
functions and cellular locations [Strausberg
et al., 2002]. In addition, one recent study found
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evidence that one of the LRR proteins, CMF608,
a mechanical strain-induced bone-specific pro-
tein, is involved in promoting osteochondropro-
genitor proliferation [Segev et al., 2004].
Similarly, osteoadherin is another small mole-
cule with LRR that can promote integrin («5p3)-
mediated cell binding in bone tissue [Sommarin
et al., 1998]. Our findings suggest that further
studies are needed to evaluate whether these
ESTs with important functional domains are
involved in regulating bone cell proliferation/
activity in response to mechanical loading.

Inthis study, we have confirmed the existence
of a direct biological network consisting of the
EGF receptor, fibronectin signaling, and pro-
teolysis that are typically involved in bone
formation and bone resorption [Marie et al.,
1990; Anderson et al., 2004]. Our findings are
supported by the fact that expression of PTN,
which interacts with the EGF receptor (ErbB1/
4), is also stimulated by mechanical stretch in
bladder smooth muscle cells [Park et al., 1999].
In addition, it has been reported that over-
expression of the PTN protein in osteoblast cells
resulted in an increase in cell proliferation and
periosteal bone formation [Imai et al., 1998;
Tare et al.,, 2002]. Therefore, the issue of
whether or not the elevated expression of PTN
and fibronectin are major extracellular media-
tors of mechanical stress that activate the EGF
receptor and integrin signaling pathways that
are essential for bone anabolic response in
response to mechanical loading requires further
study.

Our study also found that several signaling
molecules, including adhesion G-protein-
coupled receptor 124, chemokine receptor and
Eph receptor B2, were modulated by mechan-
ical loading. Of these molecules, it has been
previously established that the Eph receptor is
localized within the QTL region of mouse
chromosome 4 which is believed to contain
mechnosensitive gene(s) [Robling et al., 2003].
In addition, the Eph receptors and their mem-
brane-anchored ephrin ligands are important in
regulating cell-cell interactions and communi-
cations [Adams et al., 2001]. Targeted disrup-
tion of the Eph receptor ligand ephrinB1 in mice
has also been reported to cause abnormal
cartilage segmentation and the formation of
additional skeletal elements, suggesting that
ephrinB1 signaling is required for normal
morphogenesis of skeletal elements [Compagni
et al., 2003]. Our study provides, for the first

time, evidence for increased Eph receptor B2 ex-
pression in bone cells in response to mechanical
loading and establishes the groundwork for
further examination of the Eph receptor signal-
ing pathway’s role in regulating bone formation.

Our experimental design involved a few
waves of mechanical stimulation prior to eva-
luation of gene expression changes by micro-
array. Thus, it is possible that some of the genes
altered after four days of four-point bending
may be bone remodeling-related rather than
mechanical responsive genes, and therefore the
genes that are directly activated by mechanical
stimulation cannot be discriminated. Our ana-
lysis also involved using RNA from loading
region of bone that included multiple cell types
(e.g. osteoblasts, stromal cells, ostocytes, and
osteoclasts). Thus, we cannot conclude which
cell types are contributing to changes in gene
expression. Further studies are needed to
address this issue.

In conclusion, we have examined the in vivo
effect of mechanical loading on differentially
expressed genes in the whole genome, and
identified a number of novel genes/ESTs and
pathways that may play important roles in
mediating the skeletal anabolic response to
mechanical force. Future studies on these
unknown genes and signal molecules will
provide a better understanding of the molecular
pathways involved in mediating the skeleton’s
anabolic response to mechanical stress.
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