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Abstract

Lysophosphatidic acid (LPA) is a bioactive lipid with functional properties that overlap those of growth factors and cytokines. LPA production
in vivo is linked to platelet degranulation and the biological activities of this lipid are associated with wound healing. Osteoblasts and their
progenitor cells are exposed to high levels of this lipid factor in regions adjacent to bone fractures and we postulate a role for LPA in skeletal
healing. The regeneration of bone injuries requires a complex array of changes in gene expression, but the effects of LPA on mRNA levels in bone
cells have not been investigated. We performed a genome-wide expression analysis in LPA-treated MC3T3-E1 pre-osteoblastic cells using
Affymetrix GeneChip arrays. Cells exposed to LPA for 6 h exhibited 513 regulated genes, whereas changes in the levels of 54 transcripts were
detected after a 24-h LPA treatment. Gene ontology analysis linked LPA-regulated gene products to biological processes that are known to govern
bone healing, including cell proliferation, response to stress, organ development, chemotaxis/motility, and response to stimuli. Among the gene
products most highly up-regulated by LPA were transcripts encoding the anti-inflammatory proteins sST2, ST2L, and heat-shock protein 25
(HSP25). RT-PCR analysis confirmed that these mRNAs were increased significantly in MC3T3-E1 cells and primary osteoblasts exposed to LPA.
The response of cells to LPA is mediated by G-protein-coupled receptors, and the stimulation of anti-inflammatory gene expression in MC3T3-E1
cells was blocked by Ki16425, an inhibitor of LPA1 and LPA3 receptor forms. Pertussis toxin impaired only the LPA-induced expression of sST2.
LPA-stimulated levels of sST2, ST2L and HSP25 mRNAs persisted if the cytosolic Ca2+ elevations elicited by this lipid were blocked with
BAPTA. In contrast to the stimulatory effect of LPA, exposure of MC3T3-E1 cells to fluid shear reduced the transcript levels of all three anti-
inflammatory genes. The induction of sST2, ST2L and HSP25 expression by LPA suggests a role for this lipid factor in the regulation of
osteoblastic cell function during periods of inflammation.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Lysophosphatidic acid (LPA) is a bioactive lipid that acts as
an autocrine/paracrine agent to regulate cell proliferation, sur-
vival, adhesion,migration, gene expression, cancer cell invasion,
andmembrane structural dynamics [1]. LPA has been detected in
⁎ Corresponding author. Fax: +1 509 376 6767.
E-mail address: Norman.Karin@pnl.gov (N.J. Karin).

8756-3282/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bone.2007.06.029
a number of body fluids but it is particularly abundant in serum
(1–5 μM) where it is generated by degranulating platelets during
blood clot formation [2,3]. Although a variety of cell types are
known to respond to LPA, many studies have focused on the
ability of this lipid to stimulate the migration of endothelial cells
during angiogenesis and soft tissue wound healing [4].
Osteoblasts and their progenitor cells are exposed to LPA that
diffuses out of the hematoma that is formed as a result of bone
fractures, but little is known about the potential role in skeletal
healing of LPA and other lipid growth factors that originate from
platelets. The proliferation of pre-osteoblastic cells and their
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directed migration (chemotaxis) to the fracture gap are essential
for proper bone repair, and both of these processes are known to
be regulated by platelet-derived proteins [5]. Similarly, LPA
promoted osteoblastic cell mitogenesis and survival [6–9], and
our data demonstrated that LPA is a potent inducer of pre-
osteoblast chemotaxis [10]. We also recently reported that LPA-
treated MLO-Y4 osteocytes exhibited profound increases in the
outgrowth of dendritic membrane processes [11], a phenomenon
that may be involved in the restoration of the osteocyte network
in newly formed bone. Together, these observations suggest that
platelet-derived LPA contributes to the regulation of bone for-
mation during the repair of skeletal injuries.

Bone healing requires the coordinated activity of many genes
by a variety of cell types [12], and we postulated that the
mechanisms by which LPA could modulate fracture repair in-
clude changes in bone cell gene expression. In support of this
hypothesis, MC3T3-E1 pre-osteoblast migration velocity in-
creased only after a 6- to 8-h lag period following the addition of
LPA to the medium, suggesting a requirement for new gene
transcription [10]. Furthermore, LPA and related bioactive li-
pids are surface receptor-mediated agonists of MAP kinase
activation and Ca2+ release from intracellular stores in osteo-
blastic cells, both of which are key signaling events in many
regulatory processes including gene expression [8,13–15]. To
determine whether LPA treatment leads to changes in bone cell
transcript levels, we employed DNA microarrays to analyze
global gene expression in mouse MC3T3-E1 pre-osteoblastic
cells. We report here that the exposure of these cells to LPAwas
associated with the modulation of a large number of gene
products that control a diverse set of cell functions, many of
which relate to bone regeneration.

Fracture healing occurs most often via endochondral bone
formation, a process that involves a highly regulated series of
phases consisting of inflammation, chondrogenesis/angiogene-
sis, mineralized matrix deposition, and remodeling [12]. During
the inflammatory response, macrophages and other immune
cells attack potentially infectious microbes and remove necrotic
tissue, and the effectiveness of this process is determined by the
balance of regulation by pro-inflammatory and anti-inflamma-
tory cytokines. The production of LPA by platelets at sites of
bone injury coincides with the initiation of inflammation, but
the role of LPA in the control of this response is not clear: LPA
has been linked to both pro- and anti-inflammatory actions in a
variety of tissues [16]. Among the data presented here are
results showing a strong up-regulation in LPA-treated MC3T3-
E1 cells of gene products linked to anti-inflammatory actions.
These results suggest an ability of this lysophospholipid to
modulate inflammation in bone, and are consistent with a
growing body of evidence supporting a role for osteoblasts in
the regulation of the immune response [17].

Materials and methods

Cell culture

MC3T3-E1 osteoblastic cells were grown in αMEM (Cellgro, Herndon, VA,
USA) containing 10% fetal bovine serum (Valley Biomedical, Winchester, VA,
USA) in a humidified 5% CO2/95% air atmosphere at 37 °C. The experiments
involving oscillating fluid flow employed MC3T3-E1 subclone 14 cells grown
exactly as described above. Primary osteoblasts were isolated from the calvaria of
2- to 4-day-old Swiss Webster (CFW) mice (Charles River Laboratories, Wil-
mington, MA, USA) according the method of Ryu et al. [18] and cultured in
DMEM (Cellgro, Herndon, VA, USA) containing 10% fetal bovine serum, 2 mM
L-glutamine and penicillin–streptomycin. Where indicated, cells were serum-
starved by incubation in αMEM containing 0.1% fatty acid-free BSA (αMEM/
BSA) prior to the addition of LPA (1-oleoyl-2-hydroxy-sn-3-glycerol-3-phos-
phate; Biomol, Plymouth Meeting, PA, USA) from 1.0 mM or 5.0 mM aqueous
stock solutions.

DNA microarray analysis

Triplicate dishes of MC3T3-E1 cells were serum-starved for 16 h in αMEM/
BSA and then incubated an additional 6 or 24 h in the absence or presence of
2.5 μM LPA. Total RNA was extracted separately from each dish using the
Qiagen RNeasy Mini kit (Qiagen, Valencia, CA, USA). RNA quality was
verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA). Complementary DNA was synthesized from total RNA in the
presence of an oligo-dT primer containing a T7 RNA polymerase promoter, and
an in vitro transcription reaction was performed in the presence of mixture of
biotin-labeled ribonucleotides to produce biotinylated cRNA from the cDNA
template, according to manufacturer's protocols. Biotin-labeled cRNA (15 μg)
was fragmented to a size range between 50 and 200 bases and used for hybri-
dization to Mouse Genome 430 2.0 chips (Affymetrix, Santa Clara, CA, USA).
After hybridization, the arrays were washed and stained with streptavidin–
phycoerythrin. Arrays were scanned at a resolution of 2.5 μm using an Af-
fymetrix GeneChip Scanner 3000. Quality control parameters were assessed
throughout the experimental process to measure the efficiency of transcription,
integrity of hybridization, and consistency of qualitative calls. The synthesis of
the cDNA and cRNA, and the fragmentation of cRNAwere assessed using the
Agilent 2100 Bioanalyzer. Spike-in control transcripts also were monitored to
verify hybridization integrity. Relative log expression and normalized unscaled
standard error plots demonstrated that data from a single array, 24 h+LPA
replicate #3, were outside the acceptable limits and were therefore excluded from
further analyses. The remaining raw data files were normalized using the Robust
Multi-Array Analysis (RMA) [19], and significantly regulated genes were
identified with multiple testing and false discovery rate statistics [20] at pb0.01
using the appropriate packages in Bioconductor [21]. Biological process en-
richment was calculated using the MetaCore software suite (St. Joseph, MI,
USA) to identify the most significant cellular processes affected by the 6-h LPA
treatment. The statistical scores in MetaCore are calculated using a hypergeo-
metric distribution where the p value essentially represents the probability of
particular mapping arising by chance, given the number of genes in the set of all
genes on processes, genes on a particular process and genes in your experiment.

RT-PCR analyses

Qualitative detection of transcripts encoding mouse LPA receptors was
accomplished using RT-PCR as previously published [10]. Total RNA was
extracted from mouse calvarial osteoblasts as described above and cDNA was
synthesized from total RNA via reverse transcription with random hexamer
priming (Promega, Madison, WI). Pairs of oligodeoxynucleotide PCR primers
(Table 1) were designed using Primer Designer 5.11 software (Sci Ed Central,
Cary, NC) based on the cDNA encoding murine LPA receptors. All primer pairs
spanned introns to eliminate the potential amplification of contaminating geno-
mic DNA.

Quantitative assessment of mRNA expression was performed by real-time
RT-PCR. Complementary DNA was synthesized from total RNA via reverse
transcription as described above but with oligo-dT priming. As above, all primer
pairs (Table 1) spanned introns. PCR reactions were carried out using FastStart
DNAMasterPLUS SYBRGreen I reagents (Roche Applied Science, Indianapolis,
IN, USA) according to the manufacturer's instructions in a Roche Lightcycler II.
Cycle parameters were: denaturation at 95 °C for 10 s, annealing at 55 °C for 5 s,
and elongation at 72 °C for 10 s for 45 cycles. Melting curve analyses were
performed from 60 °C to 95 °C in 0.5 °C increments. Quantitative RT-PCR data
were normalized to the level of cyclophilin A transcript levels and relative
expression of each mRNAwas determined using REST software [22]. Statistical



Table 1
Primers for qualitative and quantitative (in bold italics) RT-PCR

Target Forward primer (5′→3′) Reverse primer (5′→3′) Product size GenBank no.

LPA1 CGTGGTGGTGGTGATTGTAG GCCAGAATGGTGTGGTTGAG 573 bp U70622
LPA2 GCAGTGTGATGGCGGTACAG ACCAGTGAGTTGGCCTCAGC 478 bp NM_020028
LPA3 GTCCAACCTCCTGGCCTTCT CGCCTCTCGGTATTGCTGTC 381 bp NM_022983
LPA4 CTACAGGCATGAGCACATTC GAGGCACTGCTGGTTATTAG 409 bp NM_175271
sST2 CCTCACGGCTCTGAGCTTAT GGGTCCAGAAGAGAAATCACTG 70 bp NM_010743
ST2L AGACCTGTTACCTGGGCAAG CACCTGTCTTCTGCTATTCTGG 70 bp NM_001025602
HSP25 AGCTCACAGTGAAGACCAAGG CATGTTCGTCCTGCCTTTCT 72 bp NM_013560
Cyclophilin A GAGCTGTTTGCAGACAAAGTTC CCCTGGCACATGAATCCTGG 125 bp NM_008907
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analysis was performed using Student's t test, and results were considered to be
significant if pb0.05.

Intracellular Ca2+ measurements

LPA-induced Ca2+ signaling in MC3T3-E1 cells was measured essentially as
described previously [10,15]. Trypsinized cells were suspended in HBSS
(5.6 mM D-glucose, 1.26 mM CaCl2, 5.4 mM KCl, 0.44 mM KH2PO4, 0.5 mM
MgCl2, 0.5 mM MgSO4, 137 mM NaCl, 4.2 mM NaHCO3, 0.34 mM Na2PO4,
pH 7.4; GIBCO-Invitrogen, Carlsbad, CA, USA) supplemented with 0.1% fatty
acid-free BSA (HBSS/BSA). Cells were suspended in HBSS/BSA at a density
of 1×107 cells/ml and loaded with 1.0 μM fluo-4 acetoxymethyl ester (Mole-
cular Probes, Eugene, OR, USA) for 30 min at 37 °C. The cells subsequently
were washed in HBSS/BSA to remove extracellular dye and incubated for
30 min at room temperature to maximize dye de-esterification. Dye-loaded cells
were placed in a cuvette in the chamber of a dual-excitation FluoroMax-2
spectrofluorometer (Jobin Yvon, Edison, NJ, USA) at room temperature with
constant stirring. The cell suspension was excited 488 nm and the fluorescence
emission determined at 520 nm. Where indicated, cells were loaded with the
intracellular Ca2+ chelator 1,2-bis-(o-aminophenoxy)ethane-N,N,N′,N′-tetraa-
cetic acid tetra (BAPTA) prior to the analysis of LPA-induced Ca2+ signaling
and gene expression. Cells were incubated at 37 °C in αMEM/BSA containing
5 μM BAPTA-acetoxymethyl ester (Molecular Probes, Eugene, OR, USA).
After 30 min, the medium was replaced with fresh αMEM/BSA and culture
continued for 6 h in the presence or absence of LPA.

Mechanical loading of osteoblasts

Osteoblasts were exposed to fluid shear essentially as described previously
[23]. MC3T3-E1 subclone 14 cells were seeded onto 75×38 mm glass micro-
scope slides at a density of 2000 cells/cm2. Forty-eight hours after seeding, the
medium was replaced with flow medium (αMEMwith 2% FBS) and cultured an
additional 24 h before exposure to fluid shear stress. On the day of experi-
mentation, slides were placed into a custom-milled parallel plate flow chamber
in series with rigid wall tubing and a Hamilton glass syringe. The syringe was
displaced by an electromagnetic loading device (ELF 3200, Bose Electroforce,
Eden Prairie, MN, USA). The flow rate was selected to induce a peak shear
stress of 20 dynes/cm2 at a frequency of 1 Hz and was monitored in real time
with an ultrasonic flow meter (Transonic Systems, Ithaca, NY, USA) during all
experiments. Cells were exposed to oscillating fluid flow for 2 h, removed from
their chambers, and then cultured for an additional 4 h in fresh flow medium
prior to the isolation of total RNA. Sham-treated cells were similarly loaded into
parallel plate flow chambers but were not exposed to fluid shear.

Results

Effects of LPA on pre-osteoblast gene expression

The mechanisms by which LPA modulates osteoblast func-
tion are not clear, but we predicted that the effects of this lipid
on osteoblastic cells would involve changes in gene expression.
To address this potentiality, we employed DNA oligodeoxynu-
cleotide microarrays corresponding to the entire mouse genome
to analyze global gene expression in MC3T3-E1 pre-osteoblas-
tic cells grown for 6 or 24 h in the presence or absence of LPA.
These time points were selected to identify genes that are
regulated relatively early in the response to LPA, such as during
the lag period that precedes LPA-induced increases in osteo-
blastic cell migration velocity [10], and to reveal genes that are
modulated after more chronic exposure to this growth factor.
Cells treated with LPA for 6 h exhibited statistically significant
changes in the expression of 634 transcripts representing the
products of 513 genes (Supplementary Table S1). In contrast,
little effect on gene expression was seen in pre-osteoblasts
treated with LPA for 24 h: only 54 gene products exhibited
significant up- or down-regulation, and none exhibited changes
exceeding 2-fold compared to the expression in control cells
(data not shown). Only one gene product, encoding the pleio-
tropic receptor neogenin, was common to both data sets where it
exhibited expression decreases of 2.1- and 1.5-fold after 6 and
24 h of LPA treatment, respectively. Based on the kinetics of
gene regulation by LPA, we focused on the transcripts identified
after the 6-h treatment.

Gene ontology (GO) analysis revealed that LPA altered the
expression of genes linked to distinct functional categories
(Fig. 1; individual gene products in each category are listed in
Supplementary Table S2). Consistent with the mitogenic effects
of this lipid factor on osteoblastic cells [6–8], we observed
LPA-induced changes in the expression of 66 genes associated
with the GO cell proliferation category. Most have not been
studied in the context of bone physiology, but several have been
linked previously to the regulation of osteoblast function, such
as Fos-related antigen 1 (Fra-1), which stimulated bone matrix
deposition [24], and c-Fos, which is regulated in osteoblasts by
mechanical stimulation [25]. Also in this category was the LPA-
stimulated gene product Flt-1, which is a receptor for vascular
endothelial growth factor (VEGF), an angiogenic stimulus
known to promote osteoblast differentiation and bone regener-
ation [26]. Fracture healing recapitulates many aspects of em-
bryonic bone formation [12], and 84 genes were classified as
related to organ development (Fig. 1; Table S2). Notable among
the development-associated genes modulated by LPA were six
transcripts related to the Wnt signaling pathway which plays a
key role in osteoblast differentiation [27]: Axin2, Ccnd2, Tle4,
Fzd5, sFRP-2, and Daam2. The response of cells to LPA is



Fig. 2. LPA stimulates the time-dependent expression of sST2, ST2L and HSP25
transcripts in MC3T3-E1 cells. Cells were treated with 2.5 μM LPA in αMEM/
BSA for 0 to 24 h, after which RNAwas isolated and subjected to quantitative
RT-PCR analysis using primers specific for sST2, ST2L, and HSP25. The
expression of each gene was normalized to the level of cyclophilin A mRNA in
parallel samples. The data are presented relative to expression in untreated (0 h)
cells and represent duplicate determinations±S.E. The expression of all three
gene products was unchanged in cells incubated for 1 to 24 h in αMEM/BSA in
the absence of LPA (data not shown).

Fig. 1. Gene ontology analysis of MC3T3-E1 cellular processes modulated by
6-h LPA treatment. Biological process enrichment was calculated using the
MetaCore software suite as described in Materials and methods. This algorithm
calculates a p value based on the probability that a process appears in the data
set relative to that expected by random chance. Multifunctional gene products
may be assigned to multiple biological processes. The data are shown plotted
versus the inverse of the p values to more clearly show relative significance.
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mediated by G-protein-coupled receptors, and a large number of
lysophospholipid-modulated transcripts were classified in the
GO categories response to chemical stimulus (43 genes) and
response to stimulus (96 genes) (Fig. 1; Table S2). Consistent
with the ability of LPA to stimulate pre-osteoblastic cell loco-
motion [10], MC3T3-E1 cells treated for 6 h with LPA also
displayed changes in the expression genes linked to the GO
categories cell migration (28 genes), cell motility (38 genes),
and chemotaxis (19 genes) (Fig. 1; Table S2). Among the LPA-
regulated genes in these groupings were the integrins α3, α6, β3
and β5, as well as Flt-1. Other motility-associated gene products
elevated by LPA treatment were the disintegrin ADAM12, tissue
inhibitor of metalloproteinases 1 (TIMP-1), and the cell adhe-
sion molecule VCAM1. Included in the LPA-regulated gene
products were transcripts encoding proteins linked to the regu-
lation of bone mass but for which no previous functional
connection to this lipid growth factor existed, such as receptor
activity modifying protein 3 (RAMP3), thrombospondin 1, and
thrombospondin 2 [28–30].

Recent evidence suggests that osteoblastic cells play an active
role in the control of the inflammatory response [17], and GO
analysis categorized a number of LPA-regulated genes in
MC3T3-E1 cells as being associated with response to stress
(Fig. 1; Table S2). LPA treatment stimulated the expression of
genes encoding pro-inflammatory cytokines/chemokines or their
receptors, such as CXCR6, CXCL7, CXCL12, CCL2, CCL7,
and four members of the tumor necrosis factor superfamily,
TNFRsf9, TNFRsf12a, TNFRsf22, and TNFRsf23. The ex-
pression of IL-1 receptor antagonist (IL1RN), which inhibits
IL-1-induced inflammatory bone resorption [31], was increased
6-fold. Among the LPA-regulated gene products that exhibited
the largest increases were the sST2 and ST2L mRNAs (elevated
26-fold and 10-fold, respectively), which are two alternatively
spliced products of the IL-1 receptor-like 1 gene (IL1RL1; also
called ST2), and the HSPB1 gene product (elevated 13-fold),
which encodes heat shock protein 25 (HSP25). Inflammation is
governed by bioactive molecules that establish a balance
between the stimulation and dampening of the immune res-
ponse, but relatively little is known about the role of anti-
inflammatory factors during bone healing. ST2L, sST2 and
HSP25 proteins recently were identified as anti-inflammatory
agents (see Discussion) and we chose to target these LPA-
regulated transcripts for further analysis.

Kinetics of LPA-induced sST2, ST2L and HSP25 expression in
pre-osteoblasts

The microarray data revealed elevations in the expression of
transcripts encoding sST2, ST2L and HSP25 in MC3T3-E1
cells treated with LPA for 6 h. We employed quantitative RT-
PCR to measure the relative levels of mRNA encoding these
proteins over an LPA treatment time course of 0 to 24 h.
Maximum expression of sST2 and ST2L mRNAwas observed
after 6 h of LPA exposure, and HSP25 transcript abundance was
maximal after 3 h of treatment (Fig. 2). The relative increase in
expression compared to untreated control cells for sST2 (17.3-
fold), ST2L (7.6-fold), and HSP25 (12.0-fold) revealed by RT-
PCR agreed well with the changes determined by the
microarray analysis (Table S1). Also consistent with the results
of the microarray screen, the levels of all three transcripts
returned to near baseline after 24 h of LPA treatment (Fig. 2).

The regulatory actions of LPA are attributed to its ability to
bind one or more of a group of at least five G-protein-coupled
receptors consisting of LPA1 (previously named Edg2), LPA2

(Edg4), LPA3 (Edg7), LPA4 (GPR23) and LPA5 (GPR92)
[32,33]. MC3T3-E1 cells express primarily the LPA1, LPA2 and
LPA4 receptor forms [10]. The LPA responsiveness of murine
osteoblasts in vivo has not been reported, and we isolated
primary osteoblasts from neonatal mouse calvaria and found
that they express four LPA receptors (Fig. 3A); LPA5 mRNA



Fig. 4. The effects of receptor antagonists on LPA-induced sST2, ST2L and
HSP25 mRNA expression in MC3T3-E1 cells. To determine the effects of a
specific inhibitor of LPA receptors on gene expression, cells were serum-starved in
αMEM/BSA for 16 h followed by incubation in the presence or absence of 2.5 μM
LPA and, where indicated, 5.0 μM Ki16425 (Ki). Another set of osteoblasts was
maintained in αMEM/BSA for 24 h in the presence or absence of 100 ng/ml
pertussis toxin (PTx). PTx-treated cells were incubated during the final 6 h with or
without 2.5 μMLPA. Gene expression was measured by quantitative RT-PCR and
presented as in Fig. 2. ⁎pb0.002 vs. LPA alone; ⁎⁎pb0.05 vs. LPA alone.
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expression was not detected in any of the mouse bone cell types
(N.J. Karin, unpublished data). The relative levels of mRNA
encoding each receptor in primary osteoblasts were similar to
the expression stoichiometry we measured in MC3T3-E1 cells
although, in contrast to the calvarial cells, MC3T3-E1 cells
expressed only trace amounts of LPA3 [10]. Calvarial osteo-
blasts also exhibited LPA-induced elevations sST2, ST2L and
HSP25 expression (Fig. 3B). However, although the time course
of induction was similar to MC3T3-E1 cells, the magnitude of
stimulation in primary osteoblasts was smaller for all three gene
products.

Receptor-linked signaling components involved in
LPA-stimulated gene expression

We previously employed Ki16425, an inhibitor of LPA1 and
LPA3 receptors [34], to demonstrate a functionally dominant
role for LPA1 in LPA-induced osteoblastic cell chemotaxis [10].
Ki16425 significantly attenuated LPA-induced expression of
sST2, ST2L and HSP25 compared to cells treated with the lipid
growth factor alone (Fig. 4). This demonstrated a major con-
tribution of LPA1-coupled pathways to the induction by LPA of
Fig. 3. Primary mouse osteoblasts express LPA receptors and respond to LPA
with elevated anti-inflammatory gene expression. (A) Samples from RT-PCR
reactions were analyzed by electrophoresis in Tris–borate–EDTA buffer
through a 1% agarose gel. Expected amplimer sizes were: LPA1, 573 base
pairs (bp); LPA2, 478 bp; LPA3, 381 bp; and LPA4, 409 bp. M=markers (100 bp
ladder); the 500-bp marker is indicated with an arrow. (B) Calvarial osteoblasts
were serum-starved in αMEM/BSA for 8 to 33 h prior to the addition of 2.5 μM
LPA for the times indicated; the total incubation time in serum-free medium was
36 h for all cells. Gene expression was measured by quantitative RT-PCR and
presented as in Fig. 2. ⁎pb0.015.
anti-inflammatory gene expression in MC3T3-E1 cells. LPA
receptors are G-protein-coupled, and ligand binding led to
robust increases in cytosolic Ca2+ in MC3T3-E1 cells that could
be inhibited by Ki16425 [10,15]. Therefore, we sought to
determine whether cytosolic Ca2+ elevations are necessary for
the induction of sST2, ST2L and HSP25 expression by LPA. To
this end, we analyzed mRNA levels in MC3T3-E1 cells loaded
with the Ca2+ chelator BAPTA. The chelating agent abrogated
LPA-induced Ca2+ elevations (Fig. 5, inset) but did not block
the ability of this lipid growth factor to induce sST2 and HSP25
expression (Fig. 5). BAPTA-loaded cells displayed a small
but statistically significant decrease in LPA-stimulated ST2L
mRNA levels (Fig. 5). LPA-induced Ca2+ signaling in MC3T3-
E1 cells also can be eliminated by U73122, an inhibitor of
phospholipase C activity that prevents the generation of inositol-
1,4,5-trisphosphate (data not shown). Pre-treatment ofMC3T3-E1
cells with U73122 had no effect on the ability of LPA to up-
regulate the levels of mRNA encoding sST2 and ST2L; the
inhibitor alone induced HSP25 expression (data not shown).

Because cytosolic Ca2+ signaling, which is regulated primarily
by the coupling of the Gq protein to lipid receptors [32], appeared
to have little or no role in the LPA-induced expression of the anti-
inflammatory genes, we measured the ability of LPA to regulate
gene expression in cells pre-treated with pertussis toxin, an
inhibitor of Gi/o-coupled receptors. Pertussis toxin effectively
blocked LPA-induced expression of sST2 but had no significant
inhibitory effects on ST2L and HSP25 transcript levels (Fig. 4).

Fluid shear suppresses the expression of sST2, ST2L and
HSP25 in osteoblastic cells

Physical stimuli are important physiological regulators of
bone mass, and LPA was reported to enhance the response of
endothelial cells and smooth muscle cells to fluid shear [35].



Fig. 6. Oscillating fluid flow depresses the expression of sST2, ST2L and
HSP25 mRNA in MC3T3-E1 cells. Cells were grown on glass slides and
incubated in the absence (Static) or presence (OFF) of oscillating fluid flow as
described in Materials and methods. Gene expression was measured by
quantitative RT-PCR as in Fig. 2 and normalized to mRNA levels in the absence
of fluid shear (stippled bar). The data represent the mean (±S.E.) of duplicate
measurements from each of three experiments. ⁎pb0.02 vs. static cells;
⁎⁎pb0.005 vs. static cells; ⁎⁎⁎pb0.0005 vs. static cells.
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ST2 gene expression was induced in cardiomyocytes by mecha-
nical stimulation [36]. Therefore, we sought to determine
whether the anti-inflammatory genes that were modulated in
osteoblastic cells by LPA are also targets for regulation by
mechanical stimuli. MC3T3-E1 cells were exposed for 2 h to
oscillating fluid shear or sham-flow conditions then cultured for
an additional 4 h prior to the measurement of sST2, ST2L, and
HSP25 mRNA levels. While quantitative variation in ST2 gene
expression was observed among replicate experiments, the
exposure of cells to fluid shear led to strong reductions in the
expression of sST2, ST2L and HSP25 transcripts (Fig. 6).

Discussion

Osteoblastic cells are target cells for LPA but the effects of
this lysophospholipid growth factor on bone cell gene ex-
pression had not been investigated. Our analysis of global gene
expression in MC3T3-E1 pre-osteoblasts revealed that 566
genes were regulated in response to LPA treatment. The modu-
lation of gene activity was much more extensive after 6 h (513
regulated genes) than after 24 h (54 regulated genes) of LPA
exposure, which probably reflects receptor desensitization in
Fig. 5. The effect of cytoplasmic BAPTA loading on LPA-induced gene
expression in MC3T3-E1 cells. Cells were serum-starved in αMEM/BSA for 16 h
then incubated 30 min longer in the same medium in the presence or absence of
5.0-μM BAPTA-acetoxymethyl ester for 30 min. The medium was replaced with
fresh αMEM/BSAwith or without 2.5 μM LPA and the cells were incubated for
6 h. Gene expression was measured by quantitative RT-PCR and presented as in
Fig. 2. ⁎pb0.025 vs. LPA alone. Inset: The effect of LPA on relative cytoplasmic
Ca2+ levels (fluo-4 fluorescence) in control and BAPTA-loadedMC3T3-E1 cells.
the chronic presence of ligand. The number of LPA-regulated
genes and the diversity of the functions with which they are
associated imply that this lipid factor is involved in the
regulation of a complex array of osteoblast functions, but many
genes modulated by this lysophospholipid have particular
relevance to bone formation and regeneration. LPA production
in vivo is associated with platelet degranulation, and this growth
factor is postulated to be among the paracrine agents involved
in wound healing [4]. Based on previous data showing that
LPA triggers the proliferation and migration of osteoblastic
cells [6–8,10], we postulate that LPA plays a role in the regu-
lation of bone cell function during fracture healing, and a num-
ber of results from the genomic screen support this hypothesis.

Gene ontology analysis showed that the products of the LPA-
regulated genes are involved in diverse aspects of cell phy-
siology including cell proliferation, response to stress, organ
development, cell migration, cell motility and chemotaxis. That
LPA-modulated genes were linked to cell proliferation and
movement is consistent with reports by us and others that this
lysophospholipid was both mitogenic and chemotactic for os-
teoblasts [6–8,10]. One of the motility-related gene products up-
regulated by LPA encodes integrin α6, a receptor for the
basement membrane protein laminin. Laminin is expressed early
in fracture healing in association with neovascularization [37],
and the LPA-induced expression of the laminin receptor may
facilitate the adhesion of osteoblasts and the deposition of
mineralized matrix around new blood vessels. Many aspects of
fracture healing resemble embryonic and early postnatal bone
formation [12], and LPA treatment led to the regulation of 84
genes related to the GO group, organ development. Exposure of
MC3T3-E1 cells to LPA also led to themodulation of 62 genes in
the GO category response to stress, which suggests a potential
role for this lipid in the early inflammatory phase of bone healing
(see below).
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A number of LPA-regulated gene products have been linked
previously to the control of bone metabolism. RAMP3 mRNA
expression was elevated 16-fold in LPA-treated MC3T3-E1
cells. The RAMP3 protein heterodimerizes with calcitonin-like
receptor to form a receptor for adrenomedullin, an anabolic
regulator of bone mass [28]. TNFRsf9 (also called 4-1BB),
which displayed a 10-fold increase in mRNA expression, also
promoted osteogenesis by inhibiting receptor activator of NF-
κB ligand (RANKL)-mediated osteoclast differentiation [38].
Although these and other LPA-regulated osteoblast genes were
associated with pathways that mediate bone anabolic effects, we
also observed a stimulation of the expression of thrombospon-
din 1 and thrombospondin 2 transcripts which encode proteins
linked to the inhibition of osteoblast-mediated mineralization
in vitro and the suppression of bone formation in vivo [30,39].

LPA-induced changes in MC3T3-E1 cell gene expression
included transcripts encoding cytokines/chemokines and their
receptors. Most of the up-regulated cytokine/receptor genes are
pro-inflammatory, such as the CXCR6 receptor which was
proposed to foster the pathogenesis of rheumatoid arthritis [40].
However, LPA treatment also led to significant increases in the
levels of mRNAs encoding three products of two genes, ST2 and
HSBP1, which encode proteins with anti-inflammatory actions.
The ST2 gene is the template for two alternatively spliced
transcripts encoding ST2L, a membrane-bound glycoprotein,
and sST2, a soluble protein corresponding to the extracellular
domain of ST2L with nine additional amino acids at the C-
terminus [41]. The two ST2 gene transcripts and the HSP25
mRNA product of HSBP1 also were elevated in LPA-treated
calvarial osteoblasts but the relative stimulation was less than
that observed in MC3T3-E1 cells. It is likely that this difference
reflects the fact that the primary cells comprised a heterogeneous
population of osteoblasts at various stages of differentiation
while MC3T3-E1 cells are clonal and pre-osteoblastic [42]. ST2
gene products originally were identified on the basis of their
induction in fibroblasts by serum, glucocorticoids, phorbol ester,
or oncogene expression [43–45]. The temporal pattern of sST2
and ST2L expression we observed in LPA-treated MC3T3-E1
cells, with peak expression at 6 h that returns to near-baseline
levels at 24 h, is the same as that observed in mouse fibroblasts
exposed to serum [43,45]. LPA is abundant in serum [2] and it
seems likely that at least part of the induction of ST2 expression
observed in serum-treated fibroblasts was due to this lipid.

ST2L and sST2 are members of the Toll-Interleukin-1 re-
ceptor superfamily, and the ST2 gene is designated as inter-
leukin-1 receptor-like-1 in the Human Gene Nomenclature
Database due to high similarity to the gene encoding the IL-1
receptor. Neither sST2 nor ST2L exhibited high-affinity binding
of IL-1, but a recent report provided evidence that ST2L is a
receptor for a newly discovered cytokine, IL-33 [46]. The
functions of sST2 and ST2L proteins in bone physiology are as
yet unknown but osteoblasts and their progenitor cells are
exposed to LPA during the early inflammatory phase of fracture
healing, and the induction of ST2 gene expression by a platelet-
derived lipid growth factor suggests a possible role for these
gene products in the control of fracture-associated inflamma-
tion. Both ST2L and sST2 exhibited anti-inflammatory acti-
vities in vivo, particularly in the context of arthritis [47,48].
sST2 also suppressed the inflammatory response in mice treated
with lipopolysaccharide via a mechanism that directly involved
macrophages [49]. Thus, elevated sST2 production by osteo-
blasts exposed to LPA may help to prevent uncontrolled in-
flammation during early bone repair. Putative sST2 binding
proteins also have been identified on bone marrow macro-
phages, and the binding activity was elevated in response to
inflammatory stimuli [49]. Macrophages and osteoclasts are
functionally and ontologically related, and an intriguing possi-
bility is that osteoblast-derived sST2 may regulate osteoclast-
mediated bone resorption.

HSP25 mRNA expression in MC3T3-E1 cells was induced
within 3 h of LPA treatment. Sphingosine-1-phosphate, a
platelet-derived lipid growth factor with structural and func-
tional similarities to LPA, stimulated HSP25 expression in
MC3T3-E1 cells with kinetics similar to those reported here
[50]. The role of HSP25 in bone cell physiology has not been
elucidated, but in other cell types, it is an anti-apoptotic agent
and a chaperone that prevents the aberrant protein aggregation
that can result from the exposure of cells to stressful stimuli
[51,52]. LPA promotes osteoblast survival from apoptotic cell
death in vitro during serum starvation [9], and elevated HSP25
expression may be a component of the survival pathways as-
sociated with this lipid factor. HSP25 also was reported to
stabilize actin microfilaments in cultured Chinese hamster cells,
and the expression of the heat shock protein in endothelial cells
was linked to cell migration and the formation of slender
lamellipodia [53,54]. These results suggest that increased
HSP25 expression may be an important step in the stimulation
by LPA of osteoblast chemotaxis and osteocyte membrane
outgrowth [10,11]. The expression of HSP25 has been asso-
ciated with anti-inflammatory activity: this protein protected
mice against inflammatory liver injury and endotoxic shock,
and treatment of human monocytes with exogenous HSP27 (the
human homolog of murine HSP25) led to the production of the
anti-inflammatory cytokine, IL-10 [55–57].

LPA is an agonist of intracellular Ca2+ signaling in MC3T3-
E1 cells, and Ca2+ elevations are impaired if the cells are also
treated with the LPA receptor antagonist Ki16425 [10,15]. This
agent blocks the function of LPA1 and LPA3 receptor forms, but
because MC3T3-E1 cells express only trace amounts of LPA3,
we attributed the effects of Ki16425 to the inhibition of LPA1

[10]. The induction of sST2, ST2L and HSP25 expression by
LPA was suppressed if the cells were treated with Ki16425.
However, the stimulation of sST2, ST2L and HSP25 expression
by LPAwas not prevented when cytosolic Ca2+ elevations were
blocked. Thus, although Ca2+ is known to regulate the activity
of a variety of genes [58], the stimulation of sST2, ST2L and
HSP25 expression in osteoblasts by LPA appears to be inde-
pendent of Ca2+ signals. The LPA-induced expression of sST2,
but not ST2L, was impaired in cells pre-treated with pertussis
toxin, an inhibitor of receptors coupled to Gi/o proteins. The
transcription of the two alternatively spliced ST2 gene products
in fibroblasts and mast cells is initiated at separate promoters
[59], and our data indicate that the two promoters controlling
ST2 gene expression in osteoblasts are regulated by different
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G proteins. The LPA1, LPA2 and LPA3 members of the LPA
receptor family exhibit a complex relationship with hetero-
trimeric G proteins in that each receptor form is coupled to Gi/o,
Gq and G12/13; the G protein coupling status of LPA4 is not
known [32]. The inhibition of LPA-induced sST2 and ST2L
expression by pertussis toxin revealed a link to a Gi/o-coupled
pathway that most likely involves changes in cyclic AMP
levels. In contrast, the stimulation of HSP25 expression by LPA
was not impaired by pertussis toxin. Therefore, although our
data revealed LPA1 receptor-coupled, Ca2+-independent regu-
lation of HSP25 transcript levels in MC3T3-E1 cells, the
identity of the G protein(s) involved in transducing LPA binding
events and the intracellular second messengers that control
HSP25 expression remains unknown.

There is reason to postulate that LPA and physical stimuli
would have synergistic effects on osteoblast functions. LPA-
treated MC3T3-E1 cells exhibited alterations in the actin cyto-
skeleton and robust elevations in Ca2+ [10,15], effects that
resemble the phenotype of osteoblastic cells exposed to fluid
shear [60]. LPA and mechanical stimulation had additive effects
on Ca2+ signaling in endothelial cells and smooth muscle cells
[35]. ST2L and sST2 mRNA levels were induced in heart tissue
by mechanical overload and in cardiomyocytes exposed to
mechanical deformation in vitro [36]. Bone cells have complex
responses to mechanical stimulation [25,61], and while LPA-
induced anti-inflammatory gene expression in MC3T3-E1 cells
was independent of Ca2+ signaling, we predicted that the ex-
posure of osteoblastic cells to fluid shear would result in an
elevated expression of ST2 gene products. In contrast, we de-
tected significant decreases in the levels of both sST2 and ST2L
transcripts when cells were exposed to fluid shear. Similarly,
oscillating fluid flow led to a profound reduction in the level of
HSP25 mRNA in MC3T3-E1 cells. We are not aware of any
previous studies that link mechanical stimuli to the regulation of
heat shock protein expression in osteoblasts. Little is known
about the potential link between inflammation and the
mechanical stimulation of bone cells, but fluid shear is known
to increase the production of pro-inflammatory molecules, such
as nitric oxide and prostaglandin E2 [61]. This appears to be
consistent with the down-regulation of anti-inflammatory gene
expression we measured in MC3T3-E1 cells exposed to oscil-
lating flow. Regardless of the physiological significance of the
effects of fluid shear on sST2, ST2L and HSP25 expression in
osteoblasts, it is clear that there are major differences between
heart and bone cells with respect to the mechanisms that couple
mechanical stimuli to the regulation of ST2 gene expression.

In conclusion, the treatment of osteoblasts with LPA led to
changes in the expression of pre-osteoblast genes associated
with a variety of cellular functions, many of which have poten-
tial relevance to our postulate that LPA stimulates bone forma-
tion during the repair of skeletal injuries. Our data also revealed
LPA receptor-mediated increases in the expression of genes
encoding inflammatory mediators, including the anti-inflam-
matory proteins sST2, ST2L and HSP25. These results provide
new insights into the mechanisms by which bioactive lipids
regulate osteoblast function, and add to an emergent body of
literature that links bone cells to the control of inflammation.
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