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Abstract
Osteoblastic and osteocytic cells are highly responsive to the lipid growth factor lysophosphatidic
acid (LPA) but the mechanisms by which LPA alters bone cell functions are largely unknown. A
major effect of LPA on osteocytic cells is the stimulation of dendrite membrane outgrowth, a
process that we predicted to require changes in gene expression and protein distribution. We
employed DNA microarrays for global transcriptional profiling of MLO-Y4 osteocytic cells
grown for 6 and 24 hours in the presence or absence of LPA. We identified 932 transcripts that
displayed statistically significant changes in abundance of at least 1.25-fold in response to LPA
treatment. Gene ontology (GO) analysis revealed that the regulated gene products were linked to
diverse cellular processes, including DNA repair, response to unfolded protein, ossification,
protein-RNA complex assembly, and amine biosynthesis. Gene products associated with the
regulation of actin microfilament dynamics displayed the most robust expression changes, and
LPA-induced dendritogenesis in vitro was blocked by the stress fiber inhibitor cytochalasin D.
Mass spectrometry-based proteomic analysis of MLO-Y4 cells revealed significant LPA-induced
changes in the abundance of 284 proteins at 6 hours and 844 proteins at 24 hours. GO analysis of
the proteomic data linked the effects of LPA to cell processes that control of protein distribution
and membrane outgrowth, including protein localization, protein complex assembly, Golgi vesicle
transport, cytoskeleton-dependent transport, and membrane invagination/endocytosis. Dendrites
were isolated from LPA-treated MLO-Y4 cells and subjected to proteomic analysis to
quantitatively assess the subcellular distribution of proteins. Sets of 129 and 36 proteins were
enriched in the dendrite fraction as compared to whole cells after 6 hours and 24 hours of LPA
exposure, respectively. Protein markers indicated that membranous organelles were largely
excluded from the dendrites. Highly represented among the proteins with elevated abundances in
dendrites were molecules that regulate cytoskeletal function, cell motility and membrane adhesion.
Our combined transcriptomic/proteomic analysis of the response of MLO-Y4 osteocytic cells to
LPA indicates that dendritogenesis is a membrane- and cytoskeleton-driven process with actin
dynamics playing a particularly critical role.
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Introduction
Bone cell functions are modulated by a wide array of chemical and physical stimuli, and we
and others have found that the bioactive lipid lysophosphatidic acid (LPA) elicits potent
receptor-mediated regulatory effects on cultured osteoblastic and osteocytic cells. LPA
induces acute signaling events in osteoblastic cells, such as elevations in cytosolic free Ca2+

and the activation of MAP kinase [1–5]. This lipid factor also triggered osteoblast
mitogenesis and differentiation, and prolonged the survival of these cells when they were
exposed to pro-apoptotic conditions [5–9]. LPA recently was reported to be a key autocrine
mediator of nucleotide-coupled osteogenic activity in osteoblasts [10], and this lipid also has
potential roles in the regulation of osteoclast function [11–13]. The role of LPA in the
control of bone tissue function in vivo is not known, but mice lacking expression of the
LPA1 receptor exhibited craniofacial malformations that might reflect effects on skeletal
development [14, 15].

Platelets activated during early responses to tissue damage are the major source of LPA in
vivo [16, 17], and the primary physiological roles for this lipid appear to relate to the
stimulation of wound healing and angiogenesis [18]. It is likely that bone cells in the vicinity
of skeletal damage are exposed to high levels of LPA released from hematomas. Pre-
osteoblast migration is essential for proper fracture healing [19], and LPA has robust
chemotactic effects on osteoblastic cells [1, 20, 21]. LPA induced membrane blebbing in
primary cultured calvarial osteoblasts and stimulated the formation of membrane extensions
in MC3T3-E1 pre-osteoblastic cells and MLO-Y4 osteocytic cells [21–23]. Osteocyte
dendrites are critical for intercellular communication [24], and an enhancement of osteocyte
membrane outgrowth in vivo would facilitate the re-establishment of the mechanosensory
network in the newly-formed bone during fracture healing.

LPA exerts its effects on target cells through G protein-coupled receptors that subsequently
are linked to signaling networks [25]. However, the mechanisms by which rapid signaling
events elicit broader changes in bone cell function are less clear. We previously employed
DNA microarray analysis to reveal that LPA treatment was linked to the regulation of over
500 gene products in MC3T3-E1 pre-osteoblastic cells [26]. The functions of many of these
LPA-regulated transcripts were associated with cellular processes that control phenomena
known to be important for skeletal healing, such as proliferation and migration. Thus,
transcriptional profiling provided new insights into the mechanisms by which osteoblastic
cells alter their function in response to lipid growth factors. We postulated that LPA would
have similar effects on gene expression in osteocytic cells, particularly with respect to the
ability of the lipid to stimulate dendrite outgrowth, and here we report the results of
transcriptomic and proteomic profiling of LPA-treated MLO-Y4 cells.

Materials and methods
Materials

The bovine serum albumin (BSA) used in this study was essentially fatty acid-free (MP
Biomedicals, Solon, OH). Ammonium bicarbonate and acetonitrile were purchased from
Fisher Scientific (Fair Lawn, NJ), sequencing grade modified trypsin was purchased from
Promega (Madison, WI), bicinchoninic acid (BCA) assay reagents and standards were
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purchased from Pierce (Rockford, IL). Unless otherwise noted, all other reagents were
purchased from Sigma-Aldrich (St. Louis, MO).

Cell culture
MLO-Y4 osteocyte-like cells [27], a gift from Dr. Lynda Bonewald (University of Missouri-
Kansas City), were grown on gelatin-coated plates in αMEM (Mediatech, Manassas, VA)
containing 5% fetal bovine serum and 5% donor calf serum (both sera from Valley
Biomedical, Winchester, VA) in a humidified 5% CO2/95% air atmosphere at 37°C. Where
indicated, cells were serum-starved by incubation in αMEM containing 0.1% BSA (αMEM/
BSA). LPA (1-oleoyl-2-hydroxy-sn-glycerol-3-phosphate; Biomol, Plymouth Meeting, PA)
was added to cells from aqueous stock solutions.

DNA microarray analysis
Quadruplicate dishes of MLO-Y4 cells were serum-starved for 16 hours in αMEM/BSA and
then incubated an additional 6 or 24 hours in the absence or presence of 1.0 µM LPA. Total
RNA was extracted separately from each dish using the Qiagen RNeasy Mini kit (Qiagen,
Valencia, CA). RNA quality was verified using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). Biotin-labeled cRNA was synthesized and fragmented using
Affymetrix One-Cycle Target Labeling reagents for hybridization to Mouse Genome 430A
2.0 GeneChips (Affymetrix, Santa Clara, CA). After hybridization, the arrays were washed
and stained with streptavidin-phycoerythrin, and then scanned at a resolution of 2.5 microns
using an Affymetrix 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 and fragmentation of
cRNA were assessed using the Agilent 2100 Bioanalyzer. Spike-in control transcripts were
monitored to verify hybridization integrity. The raw data files were normalized using the
Robust Multi-Array Analysis [28], and significantly regulated genes were identified with
multiple testing and false discovery rate (FDR) statistics at p < 0.01 [29] using GeneSpring
software. Gene set enrichment for Gene Ontology biological process annotation was
calculated using the DAVID web portal to identify the most significant cellular processes
affected by LPA treatment [30]. The statistical scores in DAVID were calculated using a
modified Fisher Exact test, where the p value (EASE score) was used to determine if the
proportion of genes falling into a particular category was more than random chance
compared to the background proportion of genes in that category for the whole microarray
platform. Processes were chosen with p < 0.05 and at least 5 genes per process.

Real time RT-PCR
Quantitative assessment of mRNA expression was performed by real-time quantitative RT-
PCR (qRT-PCR). Complementary DNA was synthesized from total RNA via reverse
transcription using the Quantitect kit (Qiagen, Valencia, CA), which includes reagents for
genomic DNA removal. To further ensure the specificity of the amplifications, all primer
pairs (Table 1) spanned introns except for the destrin primers: the relatively simple intron-
exon structure of the Dstn gene precluded the design of intron-spanning primers. PCR
reactions were carried out using Roche FastStart DNA MasterPLUS SYBR Green I reagents
according to the manufacturer's instructions in a Roche Lightcycler II (Roche Applied
Science, Indianapolis, IN). Cycle parameters were: denaturation at 95°C for 10 seconds,
annealing at 55°C for 5 seconds, and elongation at 72°C for 10 seconds 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, the
product of the mouse Ppia gene. Statistical analysis was performed using Student’s t-test,
and results were considered to be significant if p < 0.05.

Waters et al. Page 3

Bone. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Measurement of dendrite outgrowth in vitro
Dendrite membrane extension was measured using a modification of the method we
developed previously [22]. FluoroBlok cell culture inserts (1.0-µm pores; BD Biosciences,
San Jose, CA) were coated on both sides by brief immersion in sterile 0.1% bovine gelatin at
room temperature. The coated inserts were placed into wells of 24-well transwell
“companion” plates containing 1 ml αMEM/BSA or αMEM/BSA/1.0 µM LPA. MLO-Y4
cells were trypsinized, counted with a Coulter counter, centrifuged and suspended in
αMEM/BSA at 3.3 × 105 cells/ml. The cell suspension (300 µl) was added to the upper
chambers, and the assembly was incubated in a humidified 5% CO2 atmosphere at 37°C for
4 hours. Where indicated, 10 µM cytochalasin D was added to the cell suspension prior to
transfer into the transwells. The inserts were transferred to a 24-well plate containing 3 µg/
ml calcein acetoxymethyl ester (Invitrogen Molecular Probes, Carlsbad, CA) in Hank’s
buffered saline solution (HBSS; GIBCO-Invitrogen, Carlsbad, CA) and incubated for 30
min at 37°C in air. The inserts then were placed in a 24-well Sensoplate coverslip plate
(Greiner Bio-One, Monroe, NC) containing HBSS, and images of dendrite outgrowth on the
undersides of the microporous chambers were captured using a Nikon epifluorescence
microscope and a 10X objective. Four fields from each of duplicate inserts were
photographed using identical exposure conditions. Calcein fluorescence in the dendrites was
quantified using Volocity image analysis software (Perkin Elmer, Waltham, MA). Data were
evaluated statistically using Student’s two-tailed t-test and results were considered to be
significant if p < 0.05.

Sample preparation for mass spectrometry(MS)-based proteomic analyses
For the preparation of whole cell lysates, MLO-Y4 cells were grown to ~75% confluence in
normal medium and then serum-starved for 16 hours in αMEM/BSA. The cells were then
incubated an additional 6 or 24 hours in αMEM/BSA in the absence or presence of 1.0 µM
LPA. The cells were rinsed three times with ice-cold HBSS after which they were scraped
into ice-cold HBSS, collected by centrifugation and frozen as cell pellets at −80°C. For the
proteomic analysis of isolated dendrites, 9.0 × 105 MLO-Y4 cells in 1.5 ml αMEM/BSA
were seeded in the upper chambers of 6-well plate transwell inserts (1.0-µm pores; BD
Biosciences, San Jose, CA) that were gelatin-coated on the upper surface. The cells were
incubated for 6 or 24 hours in αMEM/BSA over lower chambers that contained 1.0 µM LPA
in αMEM/BSA. The medium was aspirated and the inserts were rinsed twice by sequential
immersion in ice-cold phosphate-buffered saline. The transwells were inverted and the
dendrites on the lower surfaces of the inserts were scraped into 150-µl droplets of 25 mM
NH4HCO3, pH 7.0 (Fig. 1). The yield was approximately 20 µg protein per insert and
dendrites isolated from multiple inserts at each time point were pooled and frozen at −80°C
to obtain sufficient material for MS analysis.

Samples were incubated with 50% 2,2,2-trifluoroethanol at 60°C for 2 hours with constant
shaking at 300 rpm. Lysis was performed in a sonication bath with ice for 2 minutes, after
which protein concentrations were determined by the BCA protein assay (Pierce, Rockford,
IL). The samples then were reduced with 2 mM DTT for 1 hour at 37°C with constant
shaking at 300 rpm. Reduced samples were diluted 5-fold with 50 mM ammonium
bicarbonate, pH 7.8, before tryptic digestion. Sequencing grade modified trypsin was
prepared by adding 20 µl of 50 mM ammonium bicarbonate, pH 7.8, to a vial containing 20
µg lyophilized trypsin and incubated for 10 minutes at 37°C. Activated trypsin was added to
the samples at a 1:50 (w/w) trypsin-to-protein ratio. Tryptic digestion was carried out at
37°C for 3 hours, followed by rapid freezing of the samples in liquid nitrogen. Samples were
concentrated to 100 µl in a Speed-Vac SC 250 Express (Thermo Savant, Holbrook, NY).
Concentrated samples were centrifuged at 13,000 rpm for 5 minutes and supernatants were
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placed into new tubes. A BCA protein assay was performed on samples to verify final
concentration of peptides.

Liquid chromatography(LC)-strong cation exchange (SCX) separation
LC-SCX separation was performed with the flow rate of 0.2 ml/min using an Agilent 1100
HPLC System equipped with a quaternary pump, degasser, diode array detector, Peltier-
cooled autosampler, and fraction collector (set at 4°C for all samples) (Agilent, Palo Alto,
CA, USA) and a PolySulfoethyl A, 200 × 2.1 mm, 300-Å column with 10 × 2.1 mm guard
column (PolyLC, Inc., Columbia, MD). Mobile phases were: solvent A = 10 mM
ammonium formate, pH 3.0, 25% acetonitrile (ACN); solvent B = 500 mM ammonium
formate, pH 6.8, 25% ACN. The injection amount for each separation run was 300 ug of
tryptic peptides. Sample separation employed the following solvent gradient sequence: (a)
10 minutes of 100 % Solvent A; (b) 50 minutes changing from 100% Solvent A to 50%
Solvent B; (c) 10 minutes increasing the concentration of Solvent B to 100%; and finally (d)
15 minutes of 100% Solvent B.

For fractionation of whole cell samples, 60 fractions were collected over 80 minutes. The
first 20 fractions and last 5 fractions were not analyzed further; the remaining fractions were
combined for LC MS/MS analysis. For fractionation of the MLO-Y4 cell dendrite samples
60 fractions were collected over 80 minutes. The first 20 fractions were not analyzed further;
the remaining fractions were utilized for LC MS/MS analysis. Each fraction was vacuum-
dried and stored at −20°C prior to LC MS/MS separation.

Reversed Phase LC Separation and MS/MS Analysis of Peptides
All fractions were subjected to the same LC-MS/MS analysis which included a constant
pressure (5,000 psi) reversed phase capillary liquid chromatography system (75 µm i.d. × 65
cm capillary; Polymicro Technologies Inc., Phoenix, AZ) with a Finnigan LTQ ion trap
mass spectrometer (ThermoFinnigan, San Jose, CA) and an electrospray ionization source
manufactured in-house and which has been reported previously [31]. The instrument was
operated in data-dependent mode with an m/z range of 400–2000. The 10 most abundant
ions from MS analysis were selected for further MS/MS analysis using a normalized
collision energy setting of 35%. A dynamic exclusion of 1 minute was applied to reduce
repetitive analysis of the same abundant precursor ion.

LC-MS/MS Data Analysis
ExtractMSn (version 4.0) and SEQUEST analysis software (Version v.27, Rev 12; Thermo
Fisher Scientific, Waltham MA) were used to match all MS/MS fragmentation spectra to
sequences from the IPI mouse 2007 database (downloaded October 24, 2007), which
contains a total of 51,489 protein entries. A search was performed using default parameters
with no-enzyme rules within a +/− 1.5 Da parent mass window, +/− 0.5 fragment mass
window, average parent mass, and monoisotopic fragment mass. The criteria selected for
filtering were based on a method that utilizes a reverse database false positive model which
gives a ~95% confidence level over the entire peptide dataset [32]. Specific filter criteria for
this study to achieve this level of confidence included DelCN ≥0.1 coupled with Xcorr of
≥1.6 for full tryptic charge state +1, ≥2.4 charge state +2, and ≥3.2 charge state +3, and for
partial tryptic peptides an Xcorr ≥4.3 for charge state +2 and ≥4.7 for charge state +3.
Comparative protein quantification between control and LPA treatment utilized a tiered
approach, described previously [33]. Briefly, proteins with greater than 10 peptide counts
require a 1.6-fold change to be considered significant, proteins with more than 5 but less
than 10 peptides require a 2.75-fold change to be considered significant, and proteins with
2–5 peptide identifications require a 5-fold difference to be considered significant. This
process resulted in 284 significant proteins at 6 hours and 844 proteins at 24 hour after LPA
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treatment in whole cell lysates. Using the same process with the dendrite lysates, 59 proteins
were significantly enriched in dendrites compared to LPA-treated whole cell lysates.

Integrative Data Analysis
Significant gene and protein lists were uploaded into the MetaCore software suite (GeneGo,
Inc, St Joseph, MI) and mapped onto significant signaling networks using the shortest path
and analyze network algorithms. Whole cell lysate and dendrite networks were merged in
the software to identify common points of interaction between the respective signaling
networks.

Results
Transcriptomic analysis of LPA-treated MLO-Y4 cells

We postulated that the effects of LPA on osteocytic cells would include the regulation of
gene expression, including the modulation of transcripts encoding proteins involved in
cellular processes that control LPA-induced membrane outgrowth. MLO-Y4 cells were
cultured for 6 and 24 hours with 1.0 µM LPA, a dose that we previously found to induce
maximal dendrite outgrowth in vitro [22], after which global transcriptional profiling was
performed using DNA microarrays. LPA induced statistically significant alterations in 2,976
probesets at a 1% FDR, with at least a 1.25-fold change in the levels of mRNAs detected by
952 probes (Table S1). Gene ontology (GO) analysis of the data revealed that LPA-
regulated gene products were linked to a diverse group of cellular processes (Fig. 2). The
early (6 hour) response included the regulation of gene products associated with GO
processes that relate to inflammation and stress response pathways, such as DNA repair,
response to unfolded protein, and antigen processing, as well as transcripts linked to cell
proliferation (mitotic cell cycle). Gene products involved in ossification were regulated after
24 hours of LPA exposure, as were transcripts linked to protein-RNA complex assembly and
amine biosynthesis. The GO analysis also indicated that genes that regulate protein transport
were modulated in LPA-treated MLO-Y4 cells, a process that is important in membrane
dynamics and includes elements that may regulate dendrite outgrowth.

While there were many statistically significant LPA-induced changes in osteocytic cell gene
expression relatively few transcripts exhibited changes of 1.5-fold or greater, and the most
substantial effects were seen in cells treated for the shorter time period. A heat map profile
of the gene expression changes is shown in Figure S1. After 6 hours of LPA exposure 179
gene products exhibited ≥ 1.5-fold increases (109 mRNAs) or decreases (70 mRNAs) in
abundance, and 23 transcripts were up-regulated (18 mRNAs) or down-regulated (7
mRNAs) by at least 2.0-fold (Table S1). Genes that encode regulators of actin microfilament
function were highly represented in the group most strongly modulated by a 6-hour exposure
to the growth factor, a result we verified by qRT-PCR analysis (Table 2). Osteocyte
dendrites contain many actin microfilaments that have been implicated the control of cell
morphology [22, 34, 35], and the mRNA expression data pointed to the control of actin
cytoskeletal dynamics as a potential mechanism by which LPA induces dendrite extension.
Therefore, we measured the effect of cytochalasin D, an inhibitor of actin polymerization,
on LPA-induced dendrite outgrowth in MLO-Y4 cells. Our results showed that perturbing
the actin cytoskeleton profoundly inhibited the ability of LPA to induce dendritogenesis in
vitro (Fig. 3).

The DNA microarray and qRT-PCR data revealed that LPA treatment was coupled to
changes in the levels of transcripts encoding proteins involved in the control of
inflammation: ST2L and sST2 (alternative splicing products of the interleukin 1 receptor-
like gene 1, Il1rl); heat shock protein 25 (Hsp1b); interleukin 33, the natural ligand for ST2L
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[36] (Table 3). LPA also stimulated the expression of RAMP3 mRNA (Table 3), which
encodes a receptor for the bone anabolic agents adrenomedullin and amylin [37, 38].

Proteomic analysis of LPA-treated MLO-Y4 cells
The effects of LPA on gene expression in MLO-Y4 cells were relatively modest in terms of
the magnitude of transcript level modulation. This suggested that post-transcriptional
regulation might have a substantial role in mediating the ability of this growth factor to alter
osteocytic cell function and morphology. We prepared lysates from control and LPA-treated
MLO-Y4 cells for tandem mass spectrometry (MS/MS) analysis to identify proteins that
exhibit changes in abundance in response to the lipid factor. MS/MS analysis of lysates from
whole cells treated with LPA for 6 hours and 24 hours revealed peptides corresponding to
5,565 proteins and 6,122 proteins, respectively; a total of 7,123 proteins with at least 2
peptide hits per protein were identified when both treatment times were compared (Table
S2). Statistically significant changes in the levels of 284 proteins were measured after 6
hours of LPA treatment, and 844 proteins exhibited abundance changes after exposure of
osteocytic cells to LPA for 24 hours (Table S3). The results of global proteomic profiling
linked the effects of LPA on MLO-Y4 cells to several GO categories that have high
relevance to the control of protein distribution and membrane outgrowth, including protein
localization, protein complex assembly, Golgi vesicle transport, cytoskeleton-dependent
transport, and membrane invagination/endocytosis (Figure 4). LPA-induced alterations in
proteins associated with the GO categories of regulation of muscle contraction and myoblast
differentiation further reflected the extent to which molecules that regulate cytoskeletal
dynamics were modulated in response to this lipid factor.

We also postulated that a redistribution of specific proteins plays a major role in the
outgrowth of membrane processes, and MS-based proteomics was employed to identify
proteins that were enriched in LPA-induced dendritic membranes. We isolated membranous
extensions from MLO-Y4 cells using a modification of our in vitro dendrite outgrowth assay
[22] (Fig. 1). Cells were treated with LPA for either 6 or 24 hours prior to the isolation of
membranes from the lower surfaces of transwell chambers. The protein composition of
dendrite fractions was compared to the proteomic profiles of whole cell lysates that were
prepared from parallel dishes of LPA-treated cells. The dendrite proteome consisted of 900
and 632 proteins (represented by at least 3 peptides each) after exposure of osteocytic cells
to LPA for 6 hours and 24 hours, respectively. When the abundance of dendrite proteins was
calculated relative to the protein levels in whole cells, 129 proteins showed dendrite
enrichment of at least 1.5-fold in cells treated with LPA for 6 hours, and 36 proteins
exhibited this level of enrichment after 24 hours of treatment with the lipid factor (Table
S2).

Proteins that modulate actin cytoskeletal dynamics were among the peptides found to be
enriched in isolated dendrites (Table 4). Thymosin β10, a small G-actin sequestering protein
[39], showed particularly large dendrite:whole cell distribution ratios at the two LPA
exposure times. Other proteins that regulate actin polymerization also were more abundant
in dendrites: actin-related protein 2/3, F-actin-capping protein, phosphatase and actin
regulator 4, transgelin-3, LIM domain-containing protein 1, cofilin isoforms, and members
of the protein S100 family. Additional cytoskeleton-associated proteins with functions
related to cell motility (myotrophin, myosin light polypeptide 6B, tropomyosin family
members, radixin) and membrane adhesion (galectin-1) had higher relative abundances in
dendrites compared to whole cells (Table 4). LPA treatment led to the redistribution to
dendrites of three septin proteins which control membrane architecture via the modulation of
microfilament and microtubule organization [40]. Isolated dendrites also were enriched for
several proteins associated with microtubule function: tubulin folding cofactor B, kinesin
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heavy chain isoform 5A, stathmin-2, tubulin-specific chaperone A, microtubule-associated
protein 4, and tubulin β2A chain (Table S2).

In addition to molecules that regulate cytoskeletal dynamics, isolated dendrites exhibited
elevated levels of proteins involved in intermediary metabolism and the control of
intracellular redox homeostasis (Table S2): fructose-bisphosphate aldolase C,
phosphoglycerate kinase 1, glyoxylate reductase/hydroxypyruvate reductase,
glyceraldehyde-3-phosphate dehydrogenase isoform 1, phosphoglycerate mutase 1 and 2,
aldehyde dehydrogenase, fructose-bisphosphate aldolase, superoxide dismutase, sulfiredoxin
1 homolog, glutathione S-transferase A2, and thioredoxin domain-containing protein 17.
Several proteins linked to receptor-mediated signaling pathways also segregated
preferentially to LPA-induced dendrite domains, such as histidine triad nucleotide-binding
protein 1, calcium-regulated heat stable protein 1, fibulin-2, Ran-specific GTPase-activating
protein, and calcium-binding protein p22. Dendrite membranes were enriched in
macrophage migration inhibitory factor and osteoclast-stimulating factor 1, which have been
linked to the regulation of bone resorption [41, 42].

Proteins associated with organelles such as mitochondria, (succinate dehydrogenase,
phosphoenolpyruvate carboxykinase 2, fumerate hydratase, ATP synthase subunit O),
endolysosomes (lysosome membrane protein 2, cathepsin B, vesicle-fusing ATPase,
vacuolar protein sorting-associated protein 35, vacuolar ATP synthase subunits), and the
endoplasmic reticulum-Golgi complex (calumenin, inositol 1,4,5-trisphosphate receptor type
2, endoplasmin, calreticulin, mannose-6-phosphate receptor, dolichyl-diphospho-
oligosaccharide-protein glycosyltransferase, Golgi phosphoprotein 3-like), were largely
excluded from the dendritic extensions (Table S2). Several plasma membrane proteins also
were de-enriched in the isolated dendrites (integrins αV, α5, β1 and β5, clathrin heavy chain,
sodium-potassium ATPase subunits α3 and β3, ectonucleoside triphosphate
diphosphohydrolase 5, ectonucleotide pyrophosphatase-phosphodiesterase family member
3) (Table S2).

We employed the MetaCore knowledgebase and software suite to integrate the dendrite
proteome with the whole-cell proteomic data and transcriptomic profiling to reveal signaling
complexes that are predicted to modulate osteocytic cell functions, particularly networks
that may control LPA-induced dendrite outgrowth. LPA-coupled signaling networks were
found with src, jun and p53 as major regulatory nodes, proteins which control a wide range
of cellular functions (data not shown). Another LPA-coupled network was predicted with
the cytoskeletal regulator radixin as the node connecting the dendrite proteome network to
whole cell protein and gene expression network (Fig. S2).

Discussion
The exposure of osteocytic cells to a physiological concentration of LPA led to statistically
significant changes in the levels of many gene transcripts. GO analysis revealed distinct
biological processes to which the functions of the encoded proteins are associated. As
expected for the response of cells to a pleiotropic growth factor, a variety of diverse
biological processes appeared to be modulated in LPA-treated MLO-Y4 cells. For example,
LPA treatment led to elevated levels of transcripts encoding RAMP3 and proteins linked to
the regulation of inflammation: ST2L, sST2, heat shock protein 25 (Hsp1b), and interleukin
33. Each of these gene products was among the LPA-induced transcripts in MC3T3-E1
osteoblastic cells [26], but this does not appear to be a generic action of LPA on all cells
because Ramp3, Hsp1b and Il33 were not among the LPA-regulated gene products in mouse
embryonic fibroblasts [43].
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Relatively few large magnitude changes in gene expression were observed in MLO-Y4 cells
in response to LPA treatment, in contrast to the response of MC3T3-E1 pre-osteoblastic
cells to LPA in which the levels of over 500 gene products were altered by at least two-fold
[26]. This difference occurs despite the fact that the two cell types express the same LPA
receptor forms [21, 22], which suggests that the osteoblast-to-osteocyte transition is
accompanied by a significant change in the intracellular signaling pathways that are coupled
to LPA receptor occupancy, particularly those networks that control gene expression. The
effects of LPA on gene expression in MLO-Y4 cells were much more pronounced after 6
hours of treatment than after 24 hours of exposure to the growth factor. We observed similar
kinetics of gene alterations in LPA-treated MC3T3-E1 cells [26], and it is possible that bone
cell LPA receptors exhibit homologous desensitization over time, a phenomenon proposed
to the be the major mechanism by which LPA responsiveness is negatively regulated [18,
44]. Alternatively, LPA can be inactivated by dephosphorylation as a result of the activity of
lipid phosphate phosphatases expressed on the plasma membrane of many cell types [45],
and enzymes present on bone cell surfaces may contribute to a progressive loss of LPA
activity: LPA phosphatase type 6 was among the proteins found in our proteomic analysis
(Table S2).

LPA is a potent stimulator of osteocytic cell membrane outgrowth and chemotaxis [22].
Many of the transcripts up-regulated most robustly by LPA encode proteins that control
cytoskeletal dynamics, cell motility, and cell contact phenomena, which suggest
mechanisms by which this lipid regulates bone cell membrane behavior. Gene products with
functions potentially relating to dendritogenesis that were up-regulated by LPA included
catenin δ2 and neuropilin 1, which in neuronal cells have been linked to the outgrowth of
dendritic membrane extensions via an F-actin-mediated process [46, 47]. LPA increased the
abundance of mRNA encoding tropomyosins 1 and 2, molecules that mediate actin-myosin
interactions in the control of cytoskeletal contraction and membrane structural dynamics
[48]. Vinculin is an actin-binding protein associated with cell attachment and focal
adhesions, and α-actinin may recruit vinculin to actin fibers to regulate cell morphology
during mechanosensation [48]. Filamin β and α-actinin are actin binding proteins that
function to crosslink and bundle F-actin fibers, and destrin (actin-depolymerizing factor;
ADF) is involved in actin treadmilling during lamellipodia formation [48]. Tenascin C is an
extracellular matrix protein transiently expressed during soft tissue wound healing that
appears to promote a migratory phenotype in fibroblasts in vitro [49]. Transgelin is a
member of calponin family and was found to associate with actin bundles in podosomes,
which links this protein to the control of migration and membrane outgrowth [50]. This
protein may have other important LPA-modulated functions in osteocyte, such as a role in
cell differentiation: transgelin expression was up-regulated during the osteogenic
commitment of dental follicle progenitor cells [51].

While LPA-induced changes in MLO-Y4 cell transcript levels were larger after 6 hours of
lipid exposure than after 24 hours, protein abundance changes were more pronounced at the
later treatment period. Proteins that exhibited LPA-induced changes in expression levels
were found by GO analysis to be associated with protein localization, protein complex
assembly, Golgi vesicle transport, cytoskeleton-dependent transport, and membrane
invagination/endocytosis, cellular processes that are likely to play key roles in the outgrowth
of dendritic membrane extensions. Similarly, LPA-treated MLO-Y4 cells displayed changes
in the expression of mRNAs associated with the GO category protein transport. Only 60
genes/proteins were found to overlap when the statistically significant transcriptomic and
proteomic datasets were compared (data not shown). Notably with respect to LPA-induced
dendritogenesis, this list included mRNAs and proteins directly related to cytoskeletal
dynamics, such as tropomyosins 1 and 2, calponin 2, destrin, filamin β, and transgelin 2.
While the correlation between changes in the levels of mRNA and their encoded proteins
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typically is less than 50% in mammalian cells [52], the rather small number of common
elements between these two screening platforms most likely reflects the comparison of only
two widely-spaced time points of LPA treatment.

MS/MS analysis also revealed that proteins linked to the regulation of actin microfilament
functions were enriched in dendrites isolated from LPA-treated MLO-Y4 cells. This was
consistent with the results of the transcriptomic profiling and with the observation that LPA-
induced dendritogenesis in vitro was abrogated by cytochalasin D. Twenty-three proteins
with functions associated with the control of actin dynamics were enriched in the isolated
dendrites. Thymosin β10, which exhibited the largest enrichment of all proteins found in this
subcellular fraction, is a 5 kDa peptide that regulates microfilament polymerization by
buffering monomeric G-actin [39]. A moderate overexpression of thymosin β10 in NIH3T3
cells led to increased motility and spreading, and elevated thymosin β10 levels were
observed in migrating breast cancer cells [53, 54]. A role for thymosin β10 in osteocyte
membrane outgrowth would support our previous proposal that common mechanisms
govern aspects of dendritogenesis and cell motility [22]. Other dendrite proteins included
molecules that participate in actin filament capping and elongation, including many that
have roles in the regulation of cell surface architecture and adhesion. It will be important for
future studies to reveal the contribution of these individual peptides to the control of
osteocyte morphology.

LPA-induced dendrites contained several proteins with functions linked to tubulin dynamics.
However, Murshid et al. observed microtubules extending only partially into the dendrites
of chick osteocytes, and exposure of these cells to the microtubule depolymerizing agent
nocodazole had no effect on their morphology [34]. Similarly, we treated MLO-Y4 cells
with nocodazole and found that LPA-stimulated dendrite outgrowth in vitro was not
inhibited (data not shown). Thus, the contribution of the microtubule-associated protein
factors in the dendritic membrane processes to osteocyte function remains unknown.

The lack of protein markers for endoplasmic reticulum, Golgi apparatus, endolysosomes and
mitochondria in the isolated dendrite fraction points to an apparent exclusion of most
membranous organelles from the dendrite region. Several plasma membrane proteins in the
dendrite fraction were de-enriched relative to whole cells, including clathrin, galectin-3,
adhesion molecules (integrins), ecto-phosphatases, and sodium-potassium ATPase subunits,
which implies that dendritogenesis is linked to the creation of specialized cell surface
domains.

Integration of proteomic and transcriptomic data onto LPA-induced signaling pathways
revealed a network containing important regulators of actin cytoskeletal dynamics with
radixin serving as the connecting node (Fig. S2). Radixin is a key member of the ezrin-
radixin-moesin (ERM) family of proteins that modulate cytoskeleton-membrane interactions
to control the morphology of a variety of cell types. ERMs are particularly important in the
organization of specialized membrane domains, such as epithelial cell microvilli [55], and
radixin may have a significant role in the regulation of LPA-induced dendritogenesis. This
hypothesis will be the focus of future studies.

In conclusion, our combined transcriptomic-proteomic analysis of the response of MLO-Y4
osteocytic cells to the lipid growth factor LPA indicates that dendritogenesis is a
cytoskeleton-driven process with actin dynamics playing a particularly critical role.
Osteocyte dendrites are essential for cell-cell communication during bone
mechanotransduction [56], and decreases in osteocyte connectivity are linked to several
bone pathologies [24]. Thus, therapies that foster osteocyte dendrite formation and stability
may be useful for the treatment of bone wasting diseases and skeletal damage. The design of
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such interventions will require a thorough understanding of dendritogenesis, and the data
reported here provide new insights into potential mechanisms by which osteocyte
morphology is controlled.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Isolation of dendrites from LPA-treated MLO-Y4 cells. Cells were seeded in the upper
chambers of transwell chambers in αMEM/BSA medium and placed into 6-well plates
containing 1.0 µM LPA in αMEM/BSA. Dendrites that penetrated the 1-µm pores of the
transwell chamber were collected for MS/MS analysis.
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Fig. 2.
Gene ontology analysis of LPA-regulated gene products. Biological process enrichment was
calculated from the DNA microarray data using the DAVID web portal [30] which
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 dashed line indicates p = 0.05; all bars that extend to the right of
that line were deemed statistically significant.
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Fig. 3.
Effect of actin cytoskeletal disruption on LPA-induced dendrite outgrowth. Dendritogenesis
in MLO-Y4 cells was measured using a transwell assay. The data show the quantification of
membrane extension where the αMEM/BSA medium in the lower chamber contained no
additives (Control), 1.0 µM LPA (LPA), or 1.0 µM LPA + 10 µM cytochalasin D (LPA +
Cyto D). Outgrowth was normalized to Control values. The error bars represent S.E. * p <
0.0001 for LPA + Cyto D vs. LPA. Representative micrographs above each column show
calcein-loaded dendrite membranes on the undersides of the transwell chambers under each
treatment condition. Scale bars: 50 µm.
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Fig. 4.
Gene ontology analysis of LPA-regulated protein expression. Biological process enrichment
was calculated from the MS/MS analysis of MLO-Y4 cells as in Figure 2. The dashed line
indicates p = 0.05; all bars that extend to the right of that line were considered to be
statistically significant.
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Table 1

Primers for qRT-PCR. All sequences are shown in the 5′→3′ direction.

Target Forward primer Reverse primer Product (bp) Accession no.

Acta1 AATGAGCGTTTCCGTTGC ATCCCCGCAGACTCCATAC 68 NM_009606

Actg2 AGGACTTCTCACACCCTTGG GTGGTCTCTTCTTCACACATGG 75 NM_009610

Actn1 ATGAAGCCTGGACGGATG GACAGGGTGGCTGTCTCATAA 67 NM_134156

Cnn2 GGAACATGACACAGGTGCAA CAATGTCCACACCACTCTGC 84 NM_007725

Ctnnd2 GCGTATGCCCTACGTTCACT GGGCAGGCCTTTCTCTTT 96 NM_008729

Dstn AGGAAGTGCCCTGTATCTGC GACAGAAAGTCACTCTAAGCCATGT 66 NM_019771

Flnb TAGGAGCCCTGGTAGACAGC GGTCCCAGGATTCCCAGT 60 NM_134080

Hsbp1 AGCTCACAGTGAAGACCAAGG CATGTTCGTCCTGCCTTTCT 72 NM_013560

IL33 GACACATTGAGCATCCAAGG AACAGATTGGTCATTGTATGTACTCAG 78 NM_133775

Nrp1 CCACACACAGTGGGCTTG GGTCCAGCTGTAGGTGCTTC 70 NM_008737

Ppia GAGCTGTTTGCAGACAAAGTTC CCCTGGCACATGAATCCTGG 125 NM_008907

Ramp3 TGTTGTTGCTGCTTTGTGGT CTCTCCAGCATCCCTGTCTC 67 NM_019511

sST2 CCTCACGGCTCTGAGCTTAT GGGTCCAGAAGAGAAATCACTG 70 NM_010743

ST2L AGACCTGTTACCTGGGCAAG CACCTGTCTTCTGCTATTCTGG 70 NM_001025602

Tagln CCTTCCAGTCCACAAACGAC GTAGGATGGACCCTTGTTGG 64 NM_011526

Tnc GGGCTATAGAACACCGATGC CATTTAAGTTTCCAATTTCAGGTTC 71 NM_011607

Tpm1 AGCAAGCGGAGGCTGATA TGACACCAGCTCATCTTCCA 68 NM_024427

Tpm2 AAAACCATTGATGATCTGGAAGA TGATGTCATTGAGTGCGTTG 94 NM_009416

Vcl CCTCAGGAGCCTGACTTCC AGCCAGCTCATCAGTTAGTCG 69 NM_009502
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Table 2

Relative abundance of LPA-regulated mRNAs encoding proteins related to the cytoskeleton, cell adhesion and
cell motility.

Gene Product Gene Name DNA arrays† qRT-PCR†

Smooth muscle actin γ2 Actg2 5.0 30.6 ± 3.7 *

Transgelin Tagln 4.2 14.5 ± 0.9 *

Catenin δ2 Ctnnd2 3.0 5.5 ± 0.7 *

Tenascin C Tnc 2.6 5.1 ± 0.8 **

Tropomyosin 1α Tpm1 2.5 4.9 ± 0.3 *

Skeletal muscle actin α1 Acta1 12.5 3.0 ± 1.4

Tropomyosin 2β Tpm2 1.6 2.4 ± 0.4 *

Vinculin Vcl 2.3 2.3 ± 0.2 ***

Neuropilin 1 Nrp1 2.1 2.2 ± 0.1 *

α-Actinin Actn1 1.7 1.7 ± 0.1 *

Calponin 2 Cnn2 1.5 1.6 ± 0.1 *

Destrin Dstn 1.5 1.6 ± 0.2 ***

Filamin β Flnb 1.6 1.6 ± 0.1 ***

†
Data indicate fold-changes relative to control cells after a 6-hr treatment. qRT-PCR results are indicated ± S.E.

*
p < 0.001;

**
p < 0.002;

***
p < 0.05.
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Table 3

Relative abundance of LPA-regulated mRNAs encoding proteins related to receptor function and
inflammation.

Gene Product Gene Name DNA arrays† qRT-PCR†

Receptor activity
  modifying protein 3 Ramp3 5.1 5.7 ± 0.5 *

Interleukin 1 receptor-like
  membrane protein (ST2L) Il1rl1 2.9 3.1 ± 0.3 *

Interleukin 1 receptor-like
  soluble protein (sST2) Il1rl1 2.8 2.9 ± 0.1 *

Heat-shock protein 25 Hsbp1 1.6 1.6 ± 0.1 *

Interleukin 33 Il33 2.4 1.6 ± 0.1 **

†
Data indicate fold-changes relative to control cells after a 6-hr treatment. qRT-PCR results are indicated ± S.E.

*
p < 0.001;

**
p < 0.01.
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Table 4
Relative enrichment in LPA-induced osteocyte dendrites of proteins that regulate actin
cytoskeletal dynamics

The data are expressed as the ratio of peptide abundance in isolated dendrites relative to whole osteocytes.

Protein 6 hr 24 hr

Thymosin β10 12.7 25.0

Myotrophin 7.3 1.1

Cofilin 1, non-muscle homolog 5.3 1.2

Phosphatase and actin regulator 4 5.0 0.7

Actin, cytoplasmic type 5 homolog 4.0 7.0

Cofilin, isoform 1 4.0 0.9

LIM domain-containing protein 1 4.0 1.0

Galectin-1 3.5 1.0

Radixin isoform a 3.0 0.5

Tropomyosin 1α chain, isoform 1 2.6 0.9

Tropomyosin 3α chain, isoform 2 2.5 1.0

Tropomyosin 3γ 2.5 1.3

Actin-related protein 2/3 complex subunit 3 2.3 0.8

F-actin-capping protein subunit β 2.1 0.6

Protein S100-A4 2.1 3.2

Septin 11 2.0 0.9

Septin 6, isoform V 2.0 0.5

Myosin light polypeptide 6B 1.7 1.0

Transgelin-3 1.5 0.8

Septin 5 1.5 0

Protein S100-A10 1.5 0.2
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