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Abstract
Since little is known regarding osteocytes, cells embedded within the mineralized bone matrix, a
proteomics approach was used to discover proteins more highly expressed in osteocytes than in
osteoblasts to determine osteocyte specific function. Two proteomic profiles obtained by two
different proteomic approaches using total cell lysates from the osteocyte cell line MLO-Y4 and
the osteoblast cell line MC3T3 revealed unique differences. Three protein clusters, one related to
glycolysis, (Phosphoglycerate kinase 1, fructose-bisphosphate aldolase A, hypoxia up-regulated 1
[ORP150], triosephosphate isomerase), one to protein folding (Mitochondrial Stress-70 protein,
ORP150, Endoplasmin), and one to actin cytoskeleton regulation (Macrophage-capping protein
[CapG], destrin, forms of lamin A and vimentin) were identified. Higher protein expression of
ORP-150, Cap G, and destrin in MLO-Y4 cells compared to MC3T3 cells was validated by gene
expression, Western blotting, and in vivo expression. These proteins were shown to be selective in
osteocytes in vivo using immuno-staining of mouse ulnae. Destrin was most highly expressed in
embedding osteoid osteocytes, GapG in embedded osteocytes, and ORP150 in deeply embedded
osteocytes. In summary, the proteomic approach has yielded important information regarding
molecular mechanisms used by osteocytes for embedding in matrix, the formation of dendritic
processes, and protection within a hypoxic environment.

Introduction
Several osteocyte selective/specific proteins have been recently identified, such as E11/gp38
(also known as podoplanin), Dentin Matrix Protein 1 (DMP1), Phosphate regulating neutral
endopeptidase on chromosome X (PHEX), Matrix Extracellular Phosphoglycoprotein
(MEPE), and Sclerostin [1–5]. The deletion of genes coding for these proteins has led to
information regarding osteocyte function [6–10]. E11/gp38 was found to be a marker for
early osteocytes, with expression occurring as osteoblasts differentiate into osteocytes, and
shown to be regulated by mechanical loading in the form of fluid flow shear stress [6]. It
appears that this molecule may play a role in dendrite formation of osteocytes in vitro [6].
The functions of DMP1, PHEX and MEPE are related to biomineralization and phosphate
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homeostasis [11–13]. Sclerostin is expressed in mature osteocytes and functions as an
inhibitor of osteoblastic bone formation [14].

Transcriptional comparisons between osteocytes and osteoblasts have confirmed many of
these previous identifications. Similar comparisons between osteocyte-like cells and
osteoblast-like cells using genome wide transcription arrays showed major differences in
actin cytoskeleton and cell communication systems [15]. By comparing immortalized human
pre-osteocytic cells and pre-osteoblastic cells, transcription profiling showed increased
levels of transcripts related to cytoskeleton, extracellular matrix, and cell adhesion during
the differentiation of osteoblasts to osteocytes [16]. Another recent comparison between
primary ostoecytes and osteoblasts collected from mouse bone showed differential
transcription of genes associated with extracellular matrix proteins, plasma membrane
proteins, transcription factors, and muscle function [17].

These differences during osteocyte development offer insight to new functions and
requirements for osteocytes in bone. However, relative transcription levels rarely reflect
protein expression levels accurately. Variations resulting from alternative splicing,
translational regulation, post-translational modifications, proteolytic processing and protein
stability ultimately control expression level. These processes also potentially change the
function and activity of a protein. Therefore, proteomics provides directly relevant
information regarding protein identification and potential structure and function. The
premise for the present study was that additional osteocyte-specific or selective proteins
remain to be discovered. The discovery of these proteins by proteomic profiling could
improve our understanding of the function of osteocytes during bone mineralization and
remodeling.

MC3T3-E1 and 2T3 cells are established models for osteoblasts [18, 19], and MLO-Y4 cells
represent an osteocyte-like cell line [20]. These cells have been widely used in numerous
mechanical loading and apoptosis studies [6, 21–23]. Both MC3T3 and 2T3 cells represent
the early osteoblast precursor. In this study, we begin to define the osteocyte proteome
compared to the osteoblast proteome, gaining insights into the biology of mature osteocytes
in bone matrix.

Materials and Methods
Cell Culture

The MLO-Y4 cell line was used as a model of osteocytes [24]. This cell line was derived
from a transgenic mouse in which the immortalizing T-antigen was expressed under control
of the osteocalcin promoter. MLO-Y4 cells exhibit properties of osteocytes including high
expression of osteocalcin, connexin 43, the antigen E11/gp38. In contrast, expression of the
osteoblast marker, alkaline phosphatase, is low. Also, the dendritic morphology of MLO-Y4
cells is similar to that of primary osteocytes. MC3T3 and 2T3 cell lines were used as models
of osteoblasts. There are many cell lines established as osteoblast cell models. Of them,
MC3T3-E1 is a clonal non-transformed cell line established from newborn mouse calvaria
[18]. The 2T3 osteoblast-like cell line is a clonal cell line derived from mouse calvaria
immortalized by transgenic expression of the T-antigen driven by the BMP2 promoter [19].
Both of them are well-characterized murine osteoblast models which express osteoblast-
specific proteins including alkaline phosphatase, collagen, osteocalcin, and both are capable
of mineralization.

The MLO-Y4 cell line was cultured in alpha MEM containing ribonucleosides,
deoxyribonucleosides and L-glutamine, (MediaTech, Manassas, VA, USA), supplemented
with 2.5% fetal bovine serum and 2.5% calf serum, and the MC3T3 and 2T3 cell lines were
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cultured in alpha MEM with 10% fetal bovine serum. The fetal bovine serum and calf serum
were from Hyclone, Logan, UT, USA. Different media are necessary to maintain biological
and morphological features for each cell line. In the last passage before harvesting the cells,
media for all the three cell lines were changed to the same alpha MEM with 7% fetal bovine
serum to ensure identical culturing conditions before harvesting. All cells were harvested at
70–80% confluency, when cells start to contact each other but are not overlapping.

Protein Collection from Total Cell Lysates
To collect proteins for 2D gels, 1.4 ml lysis buffer (9 M urea, 4% NP40, 2% ampholytes pH
8–10.5, and 1% dithiothreitol [DTT]) was used to lyse the cells in 10 cm dishes. Ampholytes
and DTT were added after measurement of protein concentration. After 30 min of 37 °C
incubation with agitation or shaking, the lysates were collected and sonicated 3 seconds for
3 times with an interval of 15 minutes.

To collect proteins for Western Blotting, 1ml RIPA buffer (50 mM Tris-HCl, 1% NP-40,
0.25% Na-deoxycholate, 150 mM NaCl, and 20 mM phenylmethylsulfonyl fluoride, 1 μg/
ml leupeptin, and 1μg/ml pepstatin) was used to lyse the MLO-Y4, MC3T3 and 2T3 cells in
each 10 cm dish. After 15 minutes of gentle shaking at 4 °C, the lysates were collected and
sonicated. Homogenization was performed to increase solubility if necessary.

Protein concentration was measured using a BCA Protein Assay Kit (Pierce Biotechnology,
Rockford, IL, USA).

2D Polyacrylamide Gel Electrophoresis (PAGE)
For quantitative comparison between large gels, 300 μg of protein from lysates of each cell
line was mixed with rehydration buffer (8 M urea, 2% 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) (BioRad, Hercules, CA, USA), 15 mM
DTT, 0.2% biolytes 40% pH3–10, 0.1% Orange O) to reach a final volume of 400 μl. Then,
the mixture was loaded onto a 17 cm immobilized pH gradient (IPG) pH3–10 strip, and
incubated at room temperature for 24 hours. After rehydration, the strip was focused on a
Protean IEF Cell for 80 K volt hours (21–28 hours) to complete the first dimension. Before
the second dimension, the strip was equilibrated with 12 ml of equilibration buffer (6 M
urea, 37.5 mM Tris pH8.8, 2% SDS, 20% glycerol) with 240 mg DTT for 15 minutes,
followed by 12 ml of equilibration buffer with 300 mg idoacetamine for another 15 minutes.
SDS-PAGE was performed using 8–16% (18.3 × 19.3 cm) precast gels (BioRad, Hercules,
CA, USA), electrophoresed for 2300 volt hours. Gels were stained with colloidal Coomassie
blue dye (BioRad, Hercules, CA, USA), and photographed using a Kodak Image Station
2000R (Kodak, Rochester, NY, USA). The images of gels were pseudo-colored into red or
green, and qualitatively overlaid using ImageJ software [25] to observe the similarities and
differences between gels. The images were also quantitatively analyzed by PDQuest 7.2
software to calculate the ratio of intensity of spots between two gels [26]. Spots having at
least a 2-fold difference in this analysis were considered differentially expressed protein
candidates.

Protein Identification Using Mass Spectrometry
The comparison of the two bone cell lines and identification of proteins were conducted
using two different approaches. Experiment 1 was conducted with manual gel spot excision
and MALDI MS for peptide mass fingerprinting, whereas experiment 2 incorporated robotic
spot picking and LC-tandem MS analysis. Trypsin digestions were conducted in the same
manner for both experiments. Excised gel plugs were dehydrated with acetonitrile, swollen
in 50 mM ammonium bicarbonate, dehydrated again with acetonitrile, and then rehydrated
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in 50 mM ammonium bicarbonate containing 20ug per uL porcine modified trypsin
(Promega). Extracted peptides were dried down and analyzed as follows.

In experiment 1, a Voyager DE-STR MALDI TOF MS system (Applied Biosystems, Foster
City, CA, USA) was operated to identify proteins by their tryptic peptide fingerprints.
Threshold parameters used to obtain extract peaklists were 10000 minimum intensity,
resolution of 8000, signal-to-noise of 100. Protein Prospector/MS-FIT (UCSF, San
Francisco, CA, USA) was used to search the SwissProt database (version August 2004). The
NCBI database was also used when SwissProt did not provide identification. Searching was
performed with the Applied Biosystems Protein Solution 1 (PS1) system using internal mass
calibration with trypsin autolysis masses. Some searches were performed manually using the
on-line version of Protein Prospector. Mass error for all accepted peptide “hits” was less
than 10 ppm. In addition, criteria for accepting a “hit” were: 1) pI and MW agree
approximately with migratory position on the gel, 2) ≥ 10% protein coverage, and 3) at least
5 peptide masses were present.

In experiment 2, selected spots were picked from gels automatically using the Investigator
Propic Robotic Workstation (Genomic Solutions, Ann Arbor, MI, USA). After digestion,
extracted peptides were analyzed by capillary LC tandem MS using a 50uM inner diameter,
8cm long Phenomenex Jupiter C18 capillary column eluted with a linear gradient of
acetonitrile in 50 mM acetic acid (2–70% acetonitrile in 45 min) at a flow rate of 250 nl/
min. A ThermoFinnigan LTQ linear ion trap mass spectrometer (San Jose, CA) was
operated in data-dependent mode in which one mass spectrum and eight collision induced
dissociation (CID) MS/MS spectra acquired per cycle as described [27]. Centered data was
exported for searching using Extract_MSN (lcq_dta.exe) with no scan grouping. Data were
searched using Mascot 2.1 protein identification software (Matrix Science) allowing 1.8 Da
precursor mass and 0.9 Da fragment mass tolerances, against the MSDB database version
MSDB_20050227.fasta (Feb 27th, 2005), using average peptide mass and average fragment
mass calculation, with searches restricted to Mammalian entries (280764 sequences
considered), allowing up to two missed cleavages per peptide, fixed carbamidomethylation
of cysteine, with variable Methionine oxidation. All identifications were based on at least
two identified peptides receiving ions scores above threshold for 95% confidence [28], with
manual inspection of representative spectra to ensure accurate interpretation of MS/MS data.

The two approaches in experiment 1 and 2 were conducted independently, including cell
culture, total protein collection, 2D gel electrophoresis, comparison, spot picking and protein
identification.

Western Blotting and IHC Validations
CapG, destrin and ORP150 were highly or only expressed in MLO-Y4 cells compared to the
osteoblast cells. Therefore, they were chosen for further examination based on their potential
biological importance. Proteomic experiments were validated by Western Blotting with
protein extracts from the MLO-Y4 and MC3T3 cells, and protein expression in primary
osteocytes was determined by immunohistochemical staining (IHC) on ulna sections from a
1-month-old mouse of the C57/BL background.

Western Blotting was conducted following a standard protocol as previously published [6].
For each cell line, 10 μg of total protein per lane was loaded on the 10% Tris-HCl gel,
catalog number 161–1155 (BioRad Lab, Hercules, CA, USA), for Western Blotting. After
electrophoresis, the samples were transferred to nitrocellulose membranes and hybridized to
primary antibodies against the target proteins. Peroxidase conjugated secondary antibodies
against the primary antibodies were used to react with ECL™ Chemiluminescent Western
Blotting Detection Reagents (Amersham Biosciences, Pittsburgh, PA, USA). The membrane
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was finally exposed and quantified using Kodak Image Station 200R (Kodak, Rochester,
NY, USA). The membrane was also stained with Ponceau S, catalog number P-7170
(Sigma-Aldrich, St. Louis, MO, USA) to confirm equal amounts of protein loaded. Proper
dilutions of the primary antibodies were 1:200 for CapG antibody, 1:500 for destrin
antibody, and 1:2000 for ORP150 antibody.

IHC was performed on paraffin sections from the mid-shaft of mouse ulnae or dissected
calvaria. Ulnae and calvaria were collected, fixed in commercial grade 10% formalin, and
decalcified with 14% EDTA for 2 weeks, followed by paraffin embedding and sectioning.
Primary antibodies against the target proteins and biotinylated secondary antibody were
applied on the sections, using a Vectastain ABC kit (Vector Lab, Burlingame, CA, USA),
catalog number PK6100, and PCNA DAB staining kit (Zymed Lab, San Francisco, CA,
USA), catalog number 93–1143 according to the manufacture’s protocols. After counter-
staining with methyl green (Vector Lab, Burlingame, CA, USA), catalog number H-3402,
the slides were mounted and photographed with a Nikon E8000 microscope with a digital
camera DXM1200 (Nikon, Melville, NY, USA). The imaging process was controlled by
Analysis software version 3.1 (Soft Imaging System Corp, Lakewood, CO, USA). As a
standard osteoblast marker, antibody against alkaline phosphatase (Santa Cruz Biotech,
Santa Cruz, CA, USA), catalog number SC-23430, was used to distinguish osteoblasts from
osteocytes. Non-specific IgGs from the same species as the primary antibodies were used as
negative controls. Dilutions of the primary antibodies used were 1:300 for CapG antibody,
1:300 for destrin antibody, 1:100 for ORP150 antibody, and 1:200 for alkaline phosphatase
antibody.

Statistical Analysis and Data Processing
Comparison between the proteomic results and mRNA array results was performed using
Microsoft Access 2003 (Microsoft Corporation, WA, USA) by using Unigenes as the key
attribute. Functional annotation was done with The Database for Annotation, Visualization
and Integrated Discovery (DAVID) with EASE scores [29]. The cutoff for statistical
significance was set to be p≤0.05.

Results
Proteomic Comparison between Osteoblastic and Osteocytic Cell Lines

The proteomic profiles of the two osteoblast cell lines MC3T3 and 2T3 were nearly identical
as measured by PDQuest, with 98–99% similarity (yellow spots) as shown in Fig. 1A. In
contrast, comparison of MLO-Y4 cells with either of the osteoblast cell lines resulted in
approximate 25% difference as reflected by more red and green spots in the overlaid images
(Fig. 1B).

The results of the comparison between MLO-Y4 and MC3T3 cells in experiment 1 using
MALDI MS are shown in Fig. 2 and the protein identifications are listed in Table S1
(Supporting Information). The spots with 2-fold or greater expression in MLO-Y4 compared
to MC3T3 cells are shown in Fig. 2A, and those identified proteins preferentially expressed
in MLO-Y4 cells are listed in Table S1A (Supporting Information). Spots exhibiting 2-fold
or greater expression in MC3T3 compared to MLO-Y4 cells are shown in Fig. 2B, with
protein identifications listed in Table S1B (Supporting Information).

Note the higher expression of CapG, destrin and ORP150 in MLO-Y4 cells compared to
MC3T3 cells. These three proteins were chosen for further validation by Western Blotting
and immunohistochemistry because CapG and destrin are actin regulators which may play a
role in dendrite formation, and ORP150 may play a role in adaptation to hypoxia.
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The comparison of MLO-Y4 and MC3T3 cells in experiment 2 is represented in the overlay
of the 2D gel images, shown in Fig. 3A. Fig. 3B shows the protein spots that were found to
be expressed at least two fold greater level in the osteocyte lineage MLO-Y4 cell. Identified
proteins are listed in Table S2 (Supporting Information) with peptide identifications
supporting these identifications summarized in Spreadsheet_1.xls (Supporting Information).
Automation of the spot picking process allowed more spots to be picked, and the more
sensitive LC-tandem MS instrumentation used in experiment 2 resulted in the confident
identification of a much higher percentage of them.

When results from experiment approaches 1 and 2 were compared, the two gels of MLO-Y4
showed a similarity of 91–98% as reported by PDQuest, indicating good reproducibility. In
contrast, only 60–79% spots from MLO-Y4 and MC3T3 matched in experiment 2 using
MS/MS, consistent with findings for experiment 1 using MALDI MS. Proteins that were
consistently found to be preferentially expressed in MLO-Y4 cells (both experiments) are
listed in Table 1. For each protein shown in Table 1, its corresponding ratio of mRNA level
(MLO-Y4/MC3T3) as determined by gene arrays analysis [15] is also shown for comparison
(if available). Of the 19 entries shown in Table 1, 10 were not previously identified as
candidates in the transcription data, so these represent new osteocyte selection protein
candidates. Of the remaining 9 entries, 7 were consistent with the transcription ratio
determinations.

Gene ontology (GO) term enrichment analysis showed higher abundance of proteins
involved in biological processes of glycolysis, protein folding, and actin polymerization
depolymerization with statistical significance (Table 2). The repetitively identified
ostoecyte-selective proteins were selected for input into DAVID (http://
david.abcc.ncifcrf.gov) with the total mouse genome as background.

Validation of Osteocyte-Selective Proteins
CapG, destrin and ORP150 were consistently present at higher levels in the MLO-Y4 cells
in the proteomic comparisons (transcription data was not available for ORP150). They were
chosen for further validation by Western Blotting because of 1) the availability of
antibodies, 2) the potential role of CapG and destrin in dendrite formation, and 3) the
potential role of ORP150 in adaptation to hypoxia. The results showed consistently higher
abundance of the three proteins in MLO-Y4 cells than in MC3T3 cells (Fig. 4).

Higher expression of CapG, destrin, and ORP150 found in MLO-Y4 osteocytes was
validated in bone tissue using immunohistochemical staining (IHC) of ulna sections (Figure
5). IHC on mouse ulna demonstrated stronger staining in osteocytes than in osteoblasts with
antibodies against CapG and ORP150. Antibody against destrin stained both osteoblasts and
osteocytes while the strongest signal of destrin staining was in the embedding osteocytes. As
expected for an osteoblast specific marker, alkaline phosphatase antibody clearly stained
osteoblasts but not osteocytes. All negative controls showed little background staining of
non-specific IgG. Methyl green was used as counter-stain to label nuclei.

Discussion
In our study, we showed that the cytoskeletal network of an osteocyte differs from that of an
osteoblast by differential expression of components including actin binding proteins such as
CapG and destrin, as well as lamin A, and certain forms of vimentin. The discovery of
abundant actin binding proteins in MLO-Y4 cells and primary osteocytes in bone suggests a
relatively more active cytoskeleton in the osteocyte compared to the osteoblast cells. CapG
and destrin indicate active cytoskeletal rearrangement in osteocytes especially in embedding
cells. This may be essential for the embedding and dendrite elongation processes.
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CapG is a member of the gelsolin family responsible for regulation of actin filament length
by capping the barbed positive ends [30]. Expression of CapG has been localized to multiple
types of tissues and cells. Its function has been linked to the motility and ruffling of
macrophages, neutrophils, fibroblasts and endothelial cells [30–32]. Recently, it was also
reported to be a potential transcriptional repressor in neurons [33]. In bone, CapG mRNA
has been reported to be more highly expressed in immortalized human pre-osteocytic cells
than pre-osteoblastic cells [16]. CapG has only 3 gelsolin-like domains, although other
gelsolin members have all the 6 domains [34], and lacks the severing activity of the other
gelsolin members [30]. CapG is the only gelsolin member showing a nuclear localization
[35], consistent with its possible role as transcription regulator. Its nuclear localization may
be essential in the embedding process of osteocytes into bone matrix because only nuclear
import of over-expressed CapG induced invasion of epithelial cells into collagen matrix
[36]. Surprisingly, CapG knockout mice showed no apparent developmental phenotype
other than motility defects in macrophages [37]. This may be due to the compensatory
effects of other gelsolin members, or lack of examination of other tissues such as bone. In
our study, CapG protein was observed to be more highly expressed in osteocytes than in
osteoblasts. We also observed CapG antibody staining of both the nuclei and cytoplasm of
osteocytes. Cell morphology dramatically changes from polygonal to dendritic when
osteoblasts differentiate into osteocytes as they embed into bone matrix. In osteocytes,
binding of CapG may protect actin filaments from being severed by other gelsolins, and
therefore elongate the cell protrusion counteracting the surface tension. Furthermore, CapG
could be involved in the response to shear stress because it has been reported to be increased
in endothelial cells after exposure to flow [38], probably by coupling with calcium channels
since its activity depends on Ca2+ [39].

Destrin is a member of the actin depolymerizing factor/cofilin family which regulates
assembly and disassembly of actin filaments at the pointed minus ends. It is essential in
regulating actin filament turnover by severing and enhancing depolymerization of actin
filaments [40]. It has been associated with cell motility and formation of cell processes in a
variety of cells including fibroblasts, neurons, astrocytes, epithelial cells, and spermatogenic
cells [40–44]. Although there is no explicit report of a skeletal defect in destrin knockout
mice, deletion of its regulator, LIM kinase 1, caused a spine abnormality [45]. Over-
expression of destrin enhances the invasiveness of glioblastoma tumor cells by regulating
their motility [46]. Destrin displays a polarized expression in early osteocytes towards the
matrix. In a similar way, destrin selectively localizes to lamellipodium, and therefore may
direct the migration of fibroblasts [41]. Destrin increases the rate of filament turnover by
disassembly of actin filaments from the minus ends, thereby providing sufficient actins for
barbed-end growth by CapG. The overall treadmilling process could facilitate the
embedding of osteocytes into bone matrix.

A traditional dogma is that house-keeping enzymes in the glycolysis pathway, such as
GAPDH, should be constantly expressed in all cells. However, MLO-Y4 cells surprisingly
showed a higher abundance of six out of the ten enzymes in glycolysis pathway. The six
glycolysis enzymes identified are fructose-bisphosphate aldolase A, GAPDH,
triosephosphate isomerase, enolase, pyruvate kinase, and phosphoglycerate kinase.
Messenger RNA of the first four of these six proteins were consistently more highly
transcribed in MLO-Y4 than in MC3T3 cells, consistent with microarray results. Greater
glycolytic flux may provide needed energy for osteocyte activity under anaerobic
conditions, especially for a dynamic cytoskeleton system.

Deep embedding of osteocytes within bone implies reduced access to oxygen and nutrition.
However, instead of a short life span, osteocytes are known to be able to live for decades in
the bone matrix. Together with elevated glycolysis, the detection of chaperone proteins such
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as ORP150, endoplasmin precursor, and heat shock protein 9 suggest a possible explanation
for the osteocyte’s capacity to adapt to its environment. Most reports of ORP150 are in the
neural system showing an anti-apoptotic function against hypoxia in cooperation with other
stress proteins [47–50]. A similar protective function was also observed in renal tubular
epithelium [51] and cardiomyocytes [52]. Human prostate cancer, bladder cancer and HeLa
cells also synthesize ORP150 for self-protection against hypoxia, and VEGF has been
reported to be correlated to ORP150 in prostate cancer and bladder cancer cells [53–55].
ORP150 also accelerated wound healing through increased VEGF transport [56]. ORP150
has also been detected in osteonecrotic bones [57]. An in vitro study showed hypoxia
accelerated the differentiation of osteoblasts to osteocytes coupled with the expression of
ORP150 and other osteocyte markers [58]. Similarly, annexin A3 was highly expressed in
MLO-Y4 cells along with ORP150. Annexin A3 is believed to be involved in the secretion
of VEGF through activation of the hypoxia-induced factor-1 (HIF-1) pathway [59]. It is
reasonable to hypothesize that ORP150, annexin A3 and the heat shock proteins could
support osteocyte survival within an adverse environment.

Together with the chaperone proteins involved in protein folding, many enzymes catalyzing
post-translational modifications were detected with greater abundance in MLO-Y4 than in
MC3T3 cells. UDP-glucose 6-dehydrogenase is the enzyme which converts UDP-glucose to
UDP-glucuronate, a critical componentof the glycosaminoglycans, hyaluronan, chondroitin
sulfate, andheparan sulfate, etc. Protein level and mRNA level were consistently higher in
MLO-Y4 cells. To control the proper folding and disulfide connection of peptides, protein
disulfide-isomerase A3 was also more abundantly expressed in MLO-Y4 cells. Many
osteocyte-specific/selective membrane proteins, such as MEPE, E11 and DMP1, are heavily
post-translationally modified. These enzymes involved in post-translational modifications in
MLO-Y4 cells may provide necessary machinery for extensive post-translation
modifications.

Some of our discoveries were consistent with a recent study of MLO-Y4 proteome mapping.
Protein disulfide isomerase A3, several vimentins, pyruvate kinase, lamin A, CapG,
annexins, triosephosphate isomerase, and several chaperone proteins were identified as
abundantly expressed proteins in MLO-Y4 cells [60]. In summary, our analysis of the
osteocyte proteome suggests a dynamic cytoskeleton, enhanced glycolytic flux, enriched
protective chaperone proteins, and abundant post-translationally modified proteins in
osteocytes. It supports the emerging view in the field that osteocytes are actively embedding
cells with capacity to extend dendrites, and that they are terminally differentiated long-lived
adaptive cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Overview of the proteomes of osteoblast and osteocyte cell lines. Two osteoblast cell lines
showed a similar proteomic profile on qualitative 2D gels, which differs from the proteome
of the osteocyte cell line. A. Overlay of 2D gels indicate that the profiles of the two
osteoblast cell lines MC3T3 (green) and 2T3 (red) are nearly identical with 98–99%
similarity as measured by PDQuest as shown by the prevailing yellow spots. B. In contrast,
overlays of MLO-Y4 cells (green) with MC3T3 osteoblast cell line (red) gave a 25%
difference as reflected by more red and green spots. The green and red are pseudo-colored
Coomassie Blue staining.
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Fig. 2.
Proteomic comparison between MLO-Y4 and MC3T3 cells in experimental approach 1
(MALDI). Panel A shows a 2D gel of total protein lysate from MLO-Y4 cells, with spots
exhibiting 2× or higher expression in MLO-Y4 compared to MC3T3 cells circled. Panel B
shows a 2D gel of total protein lysate from MC3T3 cells, with spots showing 2× or higher
expression in MC3T3 compared to MLO-Y4 cells circled. Identification of these spots by
MALDI mass spectrometry are listed in Table S1 (Supporting Information).
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Fig. 3.
Proteomic profile comparison between MLO-Y4 and MC3T3 cells in experiment approach 2
(LC-tandem MS). Panel A shows an overlay of MLO-Y4 cells (green) with MC3T3
osteoblast cell line (red) showing unique differences. The green and red are pseudo-colored
Coomassie Blue staining. Panel B shows a 2D gel of total protein lysate from MLO-Y4
cells, with spots exhibiting 2× or higher expression in MLO-Y4 compared to MC3T3
circled. Identification of these spots by LC-tandem MS are listed in Table S2.
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Fig. 4.
Western Blotting confirmed higher expression of osteocyte-selective proteins in MLO-Y4
cells. Antibodies against CapG, destrin and ORP150 were used to do Western Blotting on
total proteins from MC3T3 osteoblasts and MLO-Y4 osteocytes. Equivalent loading of total
proteins was shown by uniform Ponceau staining of the membrane on the left. On the right,
these three proteins showed higher expression in MLO-Y4 than in MC3T3 cells. Ratios
between the two cell lines from quantitative densitometry are labeled at the bottom.
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Fig. 5.
Immunohistochemical staining confirmed higher expression of osteocyte-selective proteins
in mouse ulnae. A. Alkaline phosphatase is a specific marker of osteoblasts (OB) but not
osteocytes (OY). B. CapG was only detected OY but not in OB. C. Destrin showed its
polarized peak expression during the differentiation of OB to OY and embedding osteocytes.
D. ORP150 showed higher expression in OY than in OB. The signal of
immunohistochemical staining is in dark brown. Normal IgG from the same species of the
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primary antibody was used as the negative control. Counter-stains of Methyl green was used
to indicate nuclei. Length of the scale bar is 20 μm. The mid-shaft ulnae cross-sections were
from 1-month-old wild type mice.
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TABLE 2

GO TERM ENRICHMENT OF OSTEOCYTE-SELECTIVE PROTEINSa

Enriched GO Term Proteins EASE Scoreb

Glycolysis

Phosphoglycerate kinase 1 (Pgk1)

0.00001
Fructose-bisphosphate aldolase A (Aldoa)

Hypoxia up-regulated 1 (Hyou1, ORP150)

Triosephosphate isomerase (Tpi1)

Protein folding

Stress-70 protein, mitochondrial (Hspa9a)

0.01Hypoxia up-regulated 1 (Hyou1, ORP150)

Endoplasmin (Hsp90b1)

Actin polymerization depolymerization
Macrophage-capping protein (CapG)

0.03
Destrin (Dstn)

a
Unigenes of ostoecyte selective proteins listed in Table 3 were used as a input into DAVID. And, the total mouse genome was used as

background. The option of GO term was set as GOTERM_BP_ALL (including all 5 levels of biological processes) following the DAVID
instruction manual.

b
An EASE score (modified Fisher Exact P-Values) of less than 0.05 indicates siginificant enrichment of proteins of the corresponding GO term.

Proteomics. Author manuscript; available in PMC 2012 December 07.


