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Osteoactivin (OA) is a novel glycoprotein that is highly expressed during osteoblast
differentiation. Using Western blot analysis, our data show that OA protein has two isoforms,
one is transmembranous and the other is secreted into the conditioned medium of primary
osteoblasts cultures. Fractionation of osteoblast cell compartments showed that the mature,
glycosylated OA isoform of 115 kDa is found in the membranous fraction. Both OA isoforms
(secreted and transmembrane) are found in the cytoplasmic fraction of osteoblasts.
Overexpression of EGFP-tagged OA in osteoblasts showed that OA protein accumulates into
vesicles for transportation to the cell membrane. We examined OA protein production in
primary osteoblast cultures and found thatOA ismaximally expressed during the thirdweek of
culture (last stage of osteoblast differentiation). Glycosylation studies showed that OA isoform
of 115 kDa is highly glycosylated. We also showed that retinoic acid (RA) stimulates the
mannosylation of OA protein. In contrast, tunicamycin (TM) strongly inhibited N-glycans
incorporation into OA protein. The functional role of the secreted OA isoform was revealed
when cultures treated with anti-OA antibody, showed decreased osteoblast differentiation
compared to untreated control cultures. Gain-of-function in osteoblasts using the pBABE viral
system showed that OA overexpression in osteoblast stimulated their differentiation and
function. The availability of a naturally occurring mutant mouse with a truncated OA protein
provided further evidence that OA is an important factor for terminal osteoblast differentiation
andmineralization. Using bonemarrowmesenchymal cells derived fromOAmutant andwild-
typemice and testing their ability todifferentiate intoosteoblasts showed thatdifferentiationof
OA mutant osteoblasts was significantly reduced compared to wild-type osteoblasts.
Collectively, our data suggest that OA acts as a positive regulator of osteoblastogenesis.
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Introduction
The initial identification of osteoactivin (OA) emerged from
studies using ananimalmodel of osteopetrosis [1]. Other groups
have also identified the same protein in different species, and
have designated different names, such as glycoprotein nmb
(gpnmb) in melanoma cell lines [2–6], and melanocytes [7,8],
dendritic cell heparan sulfate proteoglycan integrin dependent
ligand (DC-HIL) in dendritic cells [9,10] and human hematopoie-
tic growth factor inducible neurokinin (HGFIN) in tumor cells
[11]. OA has high homology to Pmel-17, a melanosomal protein
that is well characterized in melanocytes and plays a role in
melanin fibril formation [12–19]. These similarities suggest that
OA may belong to the same gene family as Pmel-17. The OA
protein is a type I transmembrane protein with two isoforms,
one is membranous and the other is secreted [1,9,10,20–23].

Recent reports demonstrated the cellular functions of OA
showing that OA has the ability to regulate cell proliferation,
adhesion, differentiation and synthesis of extracellular matrix
(ECM) proteins in various cell types, in normal and pathological
conditions [1–3,6–10,20–31]. Some animal models have been ge-
nerated to demonstrate OA function in different tissues. OA
transgenic (Tg) mice that overexpress OA under the CMV pro-
moter showed increasedmusclemass andenhancedexpression
of MMP-3 and MMP-9 in fibroblasts from denervated skeletal
muscle model [30]. Another study in transgenic rats that over-
express OA in liver cells showed that OA attenuates the devel-
opment of hepatic fibrosis [29]. Themost exciting animalmodel
is the natural mutation of OA gene in the mouse causing a pre-
mature stop codon that results in the generation of a truncated
OA protein [7,8,32,33]. These mice develop an eye phenotype
with iris pigmentary dispersion and iris stromal atrophy. They
also have increased macrophage function [34]. With the devel-
opment of these animal models, there has been an increased
focus onOA and its effects on different cellular and pathological
processes. However, there is still a great deal of work that needs
to be done to determine the functions of osteoactivin and its
mechanism(s) of action.

In bone and using the osteopetrotic (op) rat as a model to
examine differential gene expression in bone fromnormal and
osteopetrotic rats, we discovered that OA mRNA expression
was significantly increased in osteopetrotic bone [1]. Our group
was the first to report the expression and function of OA in
bone. Previously, we demonstrated that OAmRNA and protein
are expressedbyhumanand rodent osteoblasts and its expres-
sion exhibited a temporal pattern during osteoblast differen-
tiation reaching highest levels during the later stages ofmatrix
maturation and mineralization [1,20,22,23].

OAandPmel-17 areheavily glycosylated proteinswithO- and
N-linked glycans [20,35]. Glycosylation of proteins plays a crucial
role in cell differentiation and function [36]. Understanding the
mechanism mediating OA protein processing and glycosylation
will shed light on its mechanism(s) of action. While processing
and regulation of Pmel-17 in melanocytes has been well de-
scribed by different laboratories [35,37,38]. There are no reports
that characterize OA processing and secretion by osteoblasts.
Hereweprovide evidence thatOA is synthesized and secreted by
osteoblasts during differentiation. There are two isoforms of OA,
one is transmembrane and theother is secreted and the secreted
isoform is heavily glycosylated and plays a role in osteoblast
differentiation and function. We also present evidence that OA
glycosylation is regulated by retinoic acid and tunicamycin.
These data will help to elucidate the mechanism/s of action of
OA protein in osteoblast differentiation and function.
Materials and methods

Bioinformatic analysis

The amino acid sequence for OA proteinwas obtained in FASTA
format from SWISSPORT database (http://us.expasy.org/sprot/).
Signal peptide sequence of OA protein was analyzed by SignalP
server. Trans-membrane hydrophobic sequence of OA protein
was analyzed by TransMemb server.O-glycosylation sites on OA
protein were analyzed by net OGlyc server. All servers were pro-
vided by the Center for Biological Sequence Analysis database.

Osteoactivin mutant mice

Mice mutant for osteoactivin (DBA/2J) were purchased from
Jackson laboratory.Wild typemice (DBA)were purchased from
Teconic laboratory. Mutant and wild-type mice were bred and
maintained at Temple University School of Medicine Central
Animal Barrier Facility accordering to the guidelines of the
Institutional Animal Care and Use Committee (IACUC).

Generation of OA antibody

Anti-OA antibody (OA-551) was raised against the peptide
sequence of amino acids 551 to 568 and anti-OA antibody (OA-
35)was raisedagainst thepeptidesequenceofaminoacids35–51.
Both peptides were selected because of its potential antigenicity
andwere screened against the proteindatabase to ensure lack of
homologywithother sequences. Chickenswere immunized, and
the precipitated crude IgY was purified by affinity chromatogra-
phy on Sepharose 4B derivatised with the immunizing peptide
(Cambridge Research Biochemicals, Stockton-Tees, UK).

Primary osteoblast and bone marrow cultures

Primary osteoblasts were isolated and cultured as described
previously [23]. Briefly, Neonatal rat pups were decapitated; the
calvaria were harvested and placed into a Petri dish with 20 ml
isolation media. The calveria were cut into smaller pieces and
placed into a siliconized flask with digestion media. Cells were
digested three times in a medium containing collagenase-P as
described previously [1,23]. The supernatants were collected
from all 3 digestions and centrifuged. The cell pellets were re-
solubilised into 5 ml of fresh washing media. Cells were then
plated in a 100 mm Petri dish at a density of 500,000 cells with
10ml initial platingmediumand incubatedat 37 °Cwith 5%CO2.
Differentiating factors (10 mM β glycerol phosphate+50 µg/ml
ascorbic acid)were addedonday 3 andevery time culturemedia
was changed.

For osteoblast differentiation using bonemarrowmesench-
ymal stem cells, 8 weeks old osteoactivin mutant and wild-
typemicewereused forharvesting thebonemarrow fromtheir
femora and tibae. Bone marrow cells were filtered, counted

http://us.expasy.org/sprot/
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and plated overnight. Adherent stem cells were cultured for
different time points in osteogenic media containing αMEM
supplemented with 10% FBS, 10−8 M dexamethasone, 70 ng/ml
L-ascorbic acid and 8 mM β-glycerol phosphate.

Generation of OA-pBABE stable MC3T3-E1 cell line

MC3T3-E1 murine calverial osteoblast-like cell line (subclone
14) was obtained fromDr. Franceschi, (University of Michigan).
A pBabe viral vector containing OA cDNA was provided to us
from Dr. Jeremy Rich at Duke University. For the generation of
OA-pBabe viral vector please refer to [21]. For propagating the
OA-pBabe viral vector, OA-pBabe retroviral vector or control
pBabe (empty vector) were co-transfected with a PCL10-A1
packaging vector, into subconfluent 293 HEK (human embryo-
nic kidney) cell line using the calcium chloride method [21].
Virus-containing supernatant was harvested after 48 h and
was used to infect MC3T3-E1 cells. For generation of stable
virus producing cell line, infectedMC3T3-E1 cells were splitted
and selected by replacing the medium with Bleomycin
antibiotic (500 µg/ml) containing medium. The medium was
changed after 72 h with continued selection. After 5 days, the
antibiotic resistant colonies were selected and used for further
cultures.

Co-localization of OA and endoplasmic reticulum (ER) in
primary osteoblasts

Primary osteoblasts were cultured in chamber slides at a
density of 5000 cells/well. On the second day of culture, cells
were fixed, washed and double labeled with OA using anti-OA
antibody and 3,3′-dihexyloxacarbocyanine iodide (DiOC6(3), a
green-fluorescent, lipophilic dye (Invitrogen) that stains the
ER, followed by anti-chicken-Cy3-conjugated secondary anti-
body. Cells were washed with PBS and visualized using E600
Nikon fluorescent microscope.

Transfection of EGFP-tagged-OA and cellular labeling

Primary osteoblasts were cultured in 2-chamber slides at a
density of 5000 cells/well. On the second day of culture, cells
were transfected with either GFP empty vector or GFP-tagged
CMV-OA construct using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA). On day 3, cultured cells were fixed with 4% para-
formaldehyde in 1× PBS for 15 min at R.T. Cells were washed 3
times (10 min each) with 1× PBS, and cover slipped using 80%
glycerol in PBS. Slides were then examined using confocal laser
scanning microscope. For co-localization of GFP-OA protein in
the plasmamembrane, cells were transfected as above and the
cell membrane was labeled using lipophilic tracer DiD (Mole-
cular Probes, Eugene, OR) in a 5 µMworking concentration. Cells
were incubated with DiD dye for 5 min at 37 °C and then for an
additional 15min at 4 °C, then washed with 1× PBS. Slides were
cover slipped using 80% glycerol in PBS. Slides were examined
using confocal laser scanning microscope.

RNA isolation

RNA was isolated as described previously [23]. Briefly, cell
cultures were harvested then homogenized in Trizol, sepa-
rated into organic and aqueous layer by chloroform, and RNA
was recovered from the aqueous layer by isopropyl alcohol
precipitation. Pellets were washed with 70% ethanol and con-
centration of RNA was calculated using spectrophotometer.
For the evaluation of RNA integrity, 1 µg total RNA was run on
formaldehyde gel and stained with Ethedium bromide.

RT and quantitative (q)PCR analysis

RT-PCR analysis for OA and G3PDH was performed as pre-
viously [23]. Briefly, 2 μg of total RNA were reverse transcribed
to cDNA. Two microliters of the generated cDNA was am-
plified in 50 µl of qPCR reactionmixture. The primers for rat OA
were sense; 5′-CCAGAAGAATGACCGGAACTCG-3′ and anti-
sense 5′-CAGGCTTCCGTGGTAGTGG-3′ and the primers for
rat G3PDH were sense; 5′-ACCACAGTCCATGCCATCAC-3′
and antisense 5′-TCCACCACCCTGTTGCTGTA-3′. Q-PCR was
performed on ABI PRISM 7700 using the SYBR Green me-
thod. OA values were quantified using the equation (−ΔΔCT);
CT=threshold cycle.

Fractionation of cellular compartments

Different cellular compartments were fractionated using
membrane protein extraction reagent kit (Pierce, Rockford,
IL). Briefly, cells were harvested from primary osteoblasts
cultured for 3 weeks, and centrifuged at 850 ×g for 2 min; the
cell pellet was then washed in PBS. Next, 150 µl of reagent A
(detergent) was added to the cell pellet with pipetting up and
down to ensure a homogenous cell suspension. The mixture
was then incubated for 10 min at R.T. with occasional vor-
texing. Next, 450 µl of diluted reagent C (a detergent diluted
according to manufacturer's protocol) was added to the cell
lysate and left on ice for 30 min with vortexing every 5 min.
The cell lysate was centrifuged at 10,000 ×g for 3 min at 4 °C.
The supernatant was transferred to a new tube and incubated
for 10 min at 37 °C to separate the hydrophobic integral
membrane proteins from the hydrophilic proteins through
phase partitioning. The Mem-PER Kit was found to be highly
efficient in the extraction of integral membrane proteins
containing one or two transmembrane spanning domains and
results were found consistent among different cell lines [39].

For isolation of the nuclear and cytoplasmic fraction, 20 µl
of packed cell volume was isolated by centrifugation at 500 ×g
for 2 min. The supernatant was discarded, leaving the cell
pellet as dry as possible. Two hundreds µl of ice-cold CER I was
added to the cell pellet and vortexed vigorously on the highest
setting for 15 s to fully re-suspend the cell pellet. The cell pellet
was then incubated on ice for 10 min. Eleven µl of ice-cold CER
II was added to the tube and vortexed for 5 s before incubation
on ice for 1 min. The tube was centrifuged at 16,000 ×g for
5 min and the supernatant (cytoplasmic extract) fraction was
transferred to a new tube on ice. The insoluble pellet fraction
was re-suspended in 100 µl of ice-cold NER. The tube was
incubated on ice and vortexed every 10 min, for a total of
40min. The tubewas centrifuged at 16,000 ×g for 10min before
transferring the supernatant (nuclear extract) fraction to a
new tube on ice. Pierce NE-PER reagents enable preparation of
functional cytoplasmic and nuclear fractions from the same
set of cells and the extraction process is gentle yet efficient in
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terms of high protein yield and minimal (<10%) cross-
contamination between the fractions [40].

Treatment with retinoic acid and tunicamycin

Primary osteoblastswerecultured in 6-well platesat a density of
50,000 cells/well, rinsed with Hank's medium, and treated with
10−6 M all-trans-retinoic acid (RA) (Sigma-Aldrich, St. Louis, MO)
in the presence or absence of 1 µg/ml of tunicamycin (TM) (A.G.
Scientific, San Deigo, CA) or TM alone for 24 h. Untreated
cultures served as controls. Cultures were terminated on day 14
and 21, depending on the experimental protocol. OA protein
expression was then assessed using Western blot analysis.

Incorporation of radiolabeled sugar molecules into OA protein

Primary osteoblastswerecultured in 6-well platesat a density of
50,000 cells/well for 5 days. Cells were treatedwith 10−6 M of RA
in the presence or absence of 1 µg/ml of TM. Untreated cultures
were served as controls. After 24 h, cells were washed with PBS
and incubated with serum free medium containing 14C man-
nose (1 µCi/ml) for 12 h at 37 °C. Incorporation was determined
by cooling the plates to 0 °C, removing the medium, and
washing twice with cold PBS. OA protein was immunoprecipi-
tated and radioactivity incorporated was counted in a liquid
scintillation counter. For de-glycosylation experiments, the OA
immunoprecipitated beads were treated with PNGase for 3 h at
37 °C and the release of 14C mannose into the supernatant was
determined in a liquid scintillation counter.

Protein isolation

Total protein was isolated as described previously [23]. Briefly,
osteoblast cultures terminated at different time points, based
on the experimental strategies, were trypsinized with 0.25%
trypsin and centrifuged for 10 min. Cells were lysed in RIPA
buffer and protein concentrationwasmeasured using bicinch-
oninic acid (BCA) protein assay.

Protein de-glycosylation

Twenty µg of total protein isolated from 21 day primary
osteoblast cultures was treated with enzymatic carborelease
kit (QA-bio, Rockford, IL) to free N- and O-linked sugar groups.
Total protein sample was mixed with 10 µl reaction buffer in
35 µl distilled water. Denaturation buffer (2.5 µl) was added to
the protein sample andmixed gently, boiled at 100 °C for 5min
and chilled on ice. 2 µl of each enzyme (PNGase-F, sialidase, β-
galactosidase, glucosaminidase, and O-glycosidase) was
added to the protein sample and incubated for 3 h in water
bath at 37 °C.

Immunoprecipitation

Fifty µg of total proteins isolated from primary osteoblast
cultures were immunoprecipitated using an immunoprecipita-
tion kit (RocheDiagnostic, Corp., IN) to isolate OA proteins. 25 μl
of agarose A/G beads were added to each protein sample and
incubated overnight at 4 °C. Beads were sedimented by
centrifugation at 12000 ×g for 20 s then the supernatant was
transferred to fresh tube for immunoprecipitation according to
themanufacturer's protocol. Twenty five µl of gel loading buffer
was added to each sample; proteins were denatured by heating
to 100 °C for 5 min and analyzed by SDS gel electrophoresis.

Western blot analysis

Protein was isolated and subjected to SDS-PAGE as described
previously [23]. Briefly, proteins isolated from primary cultures
weremixedwith denature buffer and heated at 100 °C for 5min.
Samples were subjected to 10% SDS-PAGE in 1× TGS for one h.
Gel was then transferred to PVDF membrane by semi-dry
transfer apparatus (Biorad, Hercules, CA) for one h. The blot
was incubated in blocking buffer (0.5% BSA and skim milk in
PBS) for one h then primary antibody was added to blocking
buffer overnight at 4 °C. The blotwaswashed 5 times in 1×TTBS
5 min each then incubated with HRP-conjugated secondary
antibody, for one h. The blot was washed again in TTBS for 5
timesand the signalsweredevelopedusing ECLkit anddetected
on XL-exposure films.

Staining of sugar molecules within OA protein

For the evaluation of sugar molecules incorporated within OA
protein, immunoprecipitated OA protein was subjected to SDS-
PAGE. Gel was then stained using Pro-Q Emerald Glycoprotein
Gel Stain kit (Molecular Probes, Eugene, OR). The gel was
incubated in 100ml of fix solution (50%methanol and 5% acetic
acid in dH2O) at R.T. for 45 min to wash out SDS. The gel was
washed in 100 ml of wash solution (3% glacial acetic acid in
dH2O) with gentle agitation at R.T. for 20 min. The gel was then
incubated in 25 ml of oxidizing solution (3% acetic acid and 1%
periodic acid) with gentle agitation for 30 min. The gel was
washed again in 100 ml of wash solution for 20 min then
incubatedwith 25ml of the pro-Q emerald solution diluted 1:50
in staining buffer with gentle agitation for 90 min. The signals
were detected via Alpha Imager apparatuswithultraviolet light.

Alkaline phosphatase (ALP) activity measurement

ALP activitywasmeasured as described previously [20]. Briefly,
cell layers of 14 day old culture were treated with TZM buffer
for 30 min. Aliquots were mixed with p-nitrophenol substrate
in 10× methylating triazene temozolomide (TZM) buffer. ALP
activity results were normalized to the total protein content.

Alkaline phosphatase histochemistry

Primary cultures were stained for Alkaline Phosphatase (ALP)
as described previously [23]. Briefly, ALP staining was per-
formed on cultures at day 14 using ALP staining kit (Sigma).
Cellswere counterstainedwith hematoxylin and allowed to air
dry before evaluating with inverted microscope.

Osteocalcin measurement

Osteocalcin concentration was measured using sandwich
ELISA kits as described previously [20]. Briefly, cell layers and
conditioned media of 21 day old cultures and standards were
incubated in ELISA plates. After incubation with peroxidase-
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conjugated secondary antibody for 1 h, TMB substrate was
added for 30 min and absorbance was read at 450 nm using
ELISA reader. Osteocalcin values (ng/ml) were normalized to
the total protein content.

Calcium measurement

Calcium concentration was determined as described pre-
viously [20]. Briefly, cell layers of 21 day old cultures were
lyzed with 0.5 N HCl. Aliquots were mixed with calcium
binding reagent and read at 575 nm using spectrophotometer.
Calcium values were calculated from the standard curve.

von Kossa staining of mineralized nodules

Primary cultures were stained for mineralization as described
previously [23]. Briefly, von Kossa staining was used to stain
osteoblast mineralized nodules on day 21. Cells were counter-
stainedwith 1% fast green then rinsedwithdH2Oandallowed to
air dry. Cells were then evaluated with TE300 inverted
microscope.

MTT-cell viability assay

Cell viability assaywas performed as described previously [23].
Briefly, MTT substrate was added on cultured osteoblasts in
Fig. 1 – Primary structure of osteoactivin protein and its homolo
primary structure of osteoactivin drawn to scale. The protein con
transmembrane domain (TMD) and the cytoplasmic domain (CD
peptide; PKD, polycystic kidney disease domain; PRRD, proline r
integrin binding domain. (B) High homology of rat OA to mouse D
PMEL17. Percent of homology is represented by different colors i
proteoglycan integrin dependent ligand; HGFIN, hematopoietic g
QNR71, quail neuroretina; Pmel-17/gP100, melanocyte specific p
integral membrane proteins targeted to vacuoles or melanosome
based sorting signals in the indicated proteins. The indicated num
24-well plate (100 µl/well) and incubated for 4 h. Solubilizer
was added (250 µl/well) overnight. Samples were read in 96-
well plate on ELISA reader at 570 nm.

Image analysis

Pictures were analyzed as described previously [23]. Briefly,
pictures were obtained from different fields and images were
analyzed using BioquantOsteo software. The size of the
nodules was computed using the area measurement option
of the program. Nodule mineralization was computed using
the videocount area array option. Percent area fractions of
alkaline phosphatase or von Kossa stainingwere calculated by
dividing the videocount area containing pixels at or above the
threshold by the videocount area of total number of pixels in
the entire field, and multiplying by 100. This determination
was made at 4 different locations per well, 4 wells per group.

Statistical analysis

Formultiplegroupcomparison,analysisofvariance (ANOVA)was
used to evaluate the effect of one variable on multiple indepen-
dent groups. In the event of a significant group effect, individual
pairs of means were compared using Newman–Keuls post hoc
test.Apvalue≤0.05wasconsideredstatistically significant.Group
means+standard error of themean (SEM)were plotted in graphs.
gy to other family members. (A) Schematic diagram of the
sists of three main parts, the extracellular domain (ECD), the
). Numbers correspond to amino acid position. SP, signal
ich repeat domain; LL, dileucine sorting sequence; RGD,
C-HIL, human HGFIN, human NMB, quail QNR-71 and human
n the identity bar. DC-HIL, denderitic cell heparan sulfate
rowth factor inducible neurokinin; NMB, non-melanoma B;
rotein. (C) Sequence alignment of the cytoplasmic domain of
s. Red labeled amino acids are the di-leucine- and tyrosine-
bers reflect the number of amino acids between two signals.
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Results

Characterization of OA protein sequence and its homology to
different family members

Osteoactivin (OA), also known as glycoprotein nmb (gpnmb), is
a type I transmembrane glycoprotein that consists of at least
three different domains; an N-terminal domain with a signal
peptide, a polycystic kidneydiseasedomain (PKD) domain, and
a transmembrane domain (TRD) (Fig. 1A). The protein also
contains an Arg–Gly–Asp (RGD) cell attachment domain, for
integrin-mediated cell attachment and spreading [41]. As
shown in Fig. 1B, the rat OA protein shares 88% homology
withmouse osteoactivin, also known as dendritic cell heparan
sulfate proteoglycan integrin dependent ligand (DC-HIL,); 77%
homology with human hematopoietic growth factor inducible
neurokinin (HGFIN) and human nmb; and 65% and 60% ho-
mology, with quail neuroretina protein (QNR71) and human
Pmel-17/gP100melanocyte specific protein, respectively. All of
these proteins contain all of the domains described for OA
(Fig. 1A). OA also contains a sorting signal sequence in close
Fig. 2 – Osteoactivin expression during osteoblast differentiation
2 or 3 weeks of culture. (Aa) Immunoblot showed that the glycosy
levels than the immature OA isoform (65 kDa) after 3 weeks in c
Densitometry of 3 immunoblots quantifying percent of the matu
isoforms (Ac) of OA protein as a ratio of β actin. Bars represent m
week of culture. (B and C) Localization of OA isoforms in osteobla
lysates were fractionated. (B) Immunoblot showed that the cytop
mature (mOA) isoform of 115 kDa and the native (immature) (iOA
showed expression of the only glycosylated/mature OA isoform.
fraction (nucleus). (C) Primary osteoblasts were cultured for 3 we
termination. Immunoblot showed that themature highly glycosy
medium (C. Medium). The osteoblast cell lysate contains both gly
of OA protein.
proximity to the C-terminal domain. This signal sequence
contains di-leucine amino acids with a consensus sequence of
EXXPLL, and is located 7 amino acids away from theC-terminal
end of the protein. There is another signal sequence located 29
amino acids upstream of the sorting sequence, and this
sequence has been suggested to play a role in protein sorting
through the rough endoplasmic reticulum and the Golgi com-
plex [42]. This signal sequence contains one tyrosine with a
consensus sequence of YXPI (Fig. 1C).

Bioinformatic analysis of the amino acid sequence of the
OA protein showed that the first 22 amino acids constitute a
signal peptide [1]. Further analysis showed that the OA protein
has a transmembrane hydrophobic amino acid sequence from
499 to 521 (Supplemental Figure 1A). Analysis of the secondary
structure of the OA protein sequence demonstrated that OA
has an alpha helical structure from 500 to 521 (Supplemental
Figure 1B). Analysis of the native/immature MWof OA showed
that OA protein has a predicted MW of 63.8 kDa [1] and has a
potential 11 N-linked [20] and 19 O-linked glycosylation sites
(Supplemental Figure 1C). Collectively, these data suggest that
OAprotein ishighlyglycosylatedandhas two isoforms, secreted
and transmembrane.
. Primary rat osteoblastswere cultured and terminated after 1,
lated, mature OA isoform (115 kDa) was expressed at higher

ulture. β actin was used as a loading control. (Ab and Ac)
re/glycosylated (115 kDa) (Ab), or the immature (65 kDa)
ean+SEM. ** =p<0.01, *** =p<0.001 when compared to first
sts. Primary osteoblasts were cultured for 3 weeks and cell
lasmic compartment (cytosol) contains both the glycosylated/
) isoform of 65 kDa. The membranous fraction (membrane)
There was no expression of either OA isoforms in the nuclear
eks, and then switched to serum free medium for 24 h prior
latedmOA isoform of 115 kDa is secreted into the conditioned
cosylated/mature (mOA) and native/immature (iOA) isoforms
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OA expression during osteoblast differentiation in culture

Expression of the endogenous OA protein isoforms was com-
pared at the 3 stages of osteoblast development in culture (cell
proliferation between days 3–7, matrix maturation between
days 7–14, and matrix mineralization between days 14–21).
Western blot analysis showed that OA was detected as two
distinctly different molecular weight protein bands, one re-
flecting the native, immature protein at 65 kDa and the other
reflecting a post-translationally modified isoform of the pro-
tein at 115 kDa (Fig. 2A). The temporal pattern of OA expres-
sion during osteoblast differentiation demonstrated that both
OA isoforms are expressed at all stages with increasing levels
of expression as the osteoblasts terminally differentiate. Den-
sitometric analysis of OA expression showed that both the
mature and native isoforms increased by ~250%, in the third
week of primary culture compared to the first week (Fig. 2A).
These data suggest an important role for the mature OA iso-
form in regulating the terminal differentiation of osteoblasts
in culture.

Wenext examined the expression pattern of OA in different
cellular compartments. Here we collected total primary oste-
Fig. 3 – Localization of osteoactivin into osteoblasts. (A–C) Immu
osteoblasts were cultured for two days, fixed and dual stained w
(B, green signal) and visualized using epifluorescent microscopy
rough ER as demonstrated by co-localization between OA and rE
localization of OA in osteoblasts. Primary osteoblasts were trans
constructs. Cells were visualized at 24 h (D and E) and 48 h (F an
(Magnification=1500×). Note that CMV-GFP showed diffuse signa
expressing CMV-GFP-OA showed OA in vesicular-like structures
post-transfection (E) and toward the cell periphery at 48 h post-t
primary osteoblasts labeled with anti-OA antibody (H, green sign
Photomicrographswere captured using confocal laser scanningm
dye (J, yellow signal).
oblast cell lysates that had been cultured for 3 weeks before
termination. Fractionation of total cell lysates followed by
Western blot analysis showed that the mature and native/
immature OA isoforms were absent in the nuclear fraction,
thereby confirming that OAprotein has no nuclear localization
sequence (Fig. 2B). The mature OA isoform was highly ex-
pressed in the cytoplasmic fraction compared to the native/
immature OA isoform (Fig. 2B). The mature OA isoform was
expressed in the membranous fraction while the native/im-
mature OA isoform was absent from that fraction (Fig. 2B).
Next, we examined whether the mature isoform of OA is
secreted by osteoblasts into the conditionedmedium. Primary
osteoblasts were cultured for three weeks, and 24 h prior to
harvesting; the cells were switched to serum free medium.
This conditionedmedia and the corresponding cell layerswere
then analyzed for OA expression. Western blot analysis
showed that the mature OA isoform of 115 kDa was highly
expressed in the cell lysates and secreted into the conditioned
medium(Fig. 2C). Although thenative/immatureOA isoformof
65 kDa showed lower levels of expression in the osteoblast cell
lysate, it was absent from the conditionedmedium.These data
suggest that the mature OA isoform is secreted; however, the
nofluorescent localization of OA in osteoblasts. Primary rat
ith anti-OA antibody (A, red signal), or rough ER (rER) marker
. OA is localized to the peri-nuclear area specifically in the
R markers (C, yellow signal). (D–G) Transient overexpression/
fected with CMV-GFP (D and F) or CMV-GFP-OA (E and G)
d G) using confocal laser scanning microscopy
l throughout the cell at both time points examined, while cells
localized to the perinuclear cytoplasm at 24 h
ransfection (G). (H–J) Immunofluorescent dual staining in
al) and DiD plasma membrane dye (I, red signal).
icroscope. Note the co-localization of OA signal withmember
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native OA isoform is restricted to the cytoplasm, probably
within different cellular compartments (see below).

Localization and trafficking of OA in osteoblasts

From the data provided above, it is clear that OA is expressed
and secreted by osteoblasts. In order to examine intracellular
localization ofOAwithinosteoblast cellular compartments,we
performed immunofluorescent analysis. Primary osteoblasts
were cultured for three days, then fixed and stained with anti-
OA antibody (Ab-551) (red signal). In order to examinewhether
OA is co-localized with secretory organelles, a rough endo-
plasmic reticulum (rER) marker was used (green signal). OA
was found to be co-localized with the rER marker, suggesting
that the protein is processed through the secretory pathway
(Fig. 3A–C). These data are consistent with previous data on
Pmel-17, another family member with similar pattern of
localization [35]. To further visually confirm the intracellular
localization of OA in osteoblasts, we transfected primary
osteoblasts with a vector expressing a green-fluorescent pro-
tein (GFP)-tagged-OA protein under the control of the cytome-
galovirus (CMV) promoter. Cells transfected with a GFP-only
vector served as non-specific controls (CMV-EV) (Fig. 3D–G). At
24 h following transfection, OA was localized in a punctuated,
vesicle-like pattern in the peri-nuclear cytoplasm (Fig. 3E). At
48 h following transfection, the OA expression was localized
towards the periphery of the osteoblasts (Fig. 3G). In order to
examine whether OA is localized to the plasma membrane,
primary osteoblasts transfected with GFP-OA were labeled
with DiD dye, a lipophilic membrane stain that is weakly
fluorescent until incorporated into the plasmamembrane [43].
Confocalmicroscopy revealed co-localizationofOAsignalwith
the plasma membrane signal (Fig. 3H–J). Collectively, these
data suggest that in osteoblasts, OA is synthesized and
processed through the secretory pathway and anchored to
the plasma membrane.
Fig. 4 – Glycosylation of OA in osteoblasts. (A and B) Mature/secr
cultured and terminated after 1-, 2- and 3-weeks; 50 µg total pro
antibody (OA-551), the immunoprecipitates were subjected to SD
with the Pro-Q Emerald 300 gel stain kit. The gel showed only th
were cultured for 3 weeks and 20 µg total protein from cell lysate
glycoconjugates using PNGase or O-linked glycoconjugates using
showed a decrease in molecular weight (MW) of the glycosylated
approximately 95 kDa with O-glycosidase treatment. Combined
MWof the glycosylated OA isoform to approximately 90 kDa. In a
the native/immature OA isoform was not affected. β actin was u
Glycosylation of mOA isoform

From the above data, we propose that themOA isoform is post-
translationally modified. To further investigate this possibility,
we immunoprecipitated OA protein from primary osteoblasts
cultures isolated at 1-, 2- and 3-week. A gel, on which cyto-
plasmic proteins from primary osteoblasts were separated,
stainedwith the Pro-Q Emerald stain that detects glycoproteins
by reacting with periodate-oxidized carbohydrate groups [44]
(Fig. 4A). Only the mOA isoform was detected, suggesting that
this isoform is heavily glycosylated. Furthermore, its expression
is increasedas the osteoblasts differentiate, reachingmaximum
levels at 3 weeks in culture as described previously [1,23].

Theabove informationclearly suggests that themature, high
molecular weight isoform of OA is glycosylated as part of its
post-translation modification. Bioinformatic analysis of the OA
protein sequence showed that OA is potentially glycosylated by
O-linked (Supplemental Figure 1C) andN-linked glycans [20]. To
investigate this possibility, total protein isolated from three
weekprimaryosteoblast cultureswas first treatedwith PNGase-
F, an enzyme that cleaves all asparagine-linked complexes,
hybrid or high mannose oligosaccharides. The treatment
reduced the MW of the mOA isoform by approximately 20 kDa
to a form migrating at 95 kDa. To analyze the O-glycan mo-
dification of the OA protein, we then treated these osteoblastic
proteins with a combination of different enzymes. The combi-
nation of Sialidase and O-glycosidase were used to remove
all Ser/Thr-linked (O-linked) Gal-(b1–3)-GalNAc-(a1) and all si-
alic acid substituted Gal-(b1–3)-GalNAc-(a1), and the addition of
β-galactosidase and glucosaminidase were used to assist in the
de-glycosylation of larger O-linked structures. Our data showed
that the mOA isoform was reduced by only 15 kDa to a form
migrating at approximately 100 kDa. A combination of the
PNGase-F and the O-glycan de-glycosylation enzymes reduced
the apparentmolecularweight of themOA isoformonly slightly
more than either did alone, to approximately 90 kDa (Fig. 4B). As
eted OA isoform is glycosylated. (A) Primary osteoblasts were
tein from cell lysates were immunoprecipitated with OA
S-PAGE. The gel was then fixed and stained for glycoproteins
e glycosylated OA isoform at 115 kDa. (B) Primary osteoblasts
s were treated with enzymes to remove N-linked
O-glycosidase as described in the methods. Immunoblot
OA isoform to 90 kDa with PNGase treatment and to

treatment of PNGase with O-glycosidase also decreased the
ll treatment conditions with the different enzymes, theMWof
sed as a loading control.
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expected, in all cases, themigration of the immature isoform of
OA (iOA) was not affected. These results confirm that the mOA
protein ismodified by a combination ofN- andO-linkedglycans.

Regulation of OA glycosylation by retinoic acid and
tunicamycin

It has been reported that retinoic acid (RA) treatment alters the
glycosylation of alkaline phosphatase in neuronal cell lines
[45] and that the treatment with the antibiotic tunicamycin
(TM) blocks the first step in glycoprotein synthesis, thus
inhibiting the formation of N-glycans linked glycoproteins
[46]. For our purpose,wewere interested in examiningwhether
RA treatment alters the nature of the mOA isoform in osteo-
blasts. Primary osteoblast cultures were treated with either
10−6 M RA, 0.25 µg/ml TM or the combination of both for 24 h
prior termination at day 14 (see below) or day 21 (data not
shown). Western blots for alkaline phosphatase (ALP), a
marker of differentiating osteoblasts used here as a positive
control, and for OA were performed and analyzed (Fig. 5A). RA
treatment caused an increase in the amounts of both native
(58 kDa; iALP) and glycosylated (67 kDa;mALP) isoforms of ALP,
while treatment with TM caused a dramatic decrease in the
glycosylated, but not the native isoform of ALP as compared to
untreated controls. Treatment with both RA and TM was able
to rescue the inhibitory effects of TM on ALP glycosylation
(Fig. 5A–C). It is interesting to note that treatment with RA
increased only the glycosylated, mOA isoform, treatment with
TMblocked the glycosylation ofmOA. The combination of both
factors rescued the glycosylation of mOA isoform similar to
that observed for ALP. Unlike ALP, it is important to note that
the iOA isoformwas not altered in response to either RA or TM
treatment (Fig. 5A, D and E).

Densitometry showed increased expression of the glycosy-
latedmOA isoform by 233% on day 14 (Fig. 5D), and by 198% on
day 21 (data not shown), after RA treatment. Expression of the
glycosylated OA isoform was inhibited by 89% on day 14
(Fig. 5D), and by 85% on day 21 (data not shown), after TM
treatment. The iOA isoform was not affected in response to
treatment with RA or TM on day 14 (Fig. 5E) or day 21 (data not
shown). The results obtained from day 14 and 21 cultures
suggested that the regulation of OA glycosylation, at least by RA
andTMtreatment,wasalteredduringosteoblast differentiation.
These results confirm that themOA is glycosylated byN-glycan
modifications.

The effects of RA and TM on OA glycosylation was further
determined by radiolabeling newly synthesized and modified
OA protein using [35S]-methionine and [14C]-mannose
Fig. 5 – Regulation of OA glycosylation. Primary osteoblasts
were cultured and treatedwith 10−6M retinoic acid (RA) in the
presence or absence of 1 µg/ml tunicamycin (TM) or TM only
for 24 h prior termination on day 14. (A) β actin was used as a
loading control. (B and C) Densitometry of 3 immunoblots
quantifying the ratio of the glycosylated/mature ALP (B) and
native/immature ALP (C) isoforms over β actin. (D and E)
Densitometry quantifying the ratio of the glycosylated/
mature OA (D) and native/immature OA (E) isoforms over β
actin. (F–I) Incorporation of radiolabeled 14C-mannose and
35S-methionnine into OA. Primary osteoblasts were cultured
for 3 days then treated with RA, TM, or RA and TM for 24 h.
Primary cultures were then switched to serum free medium
that have either 14C-mannose (1 µCi/ml) or 35S-methionine
(1 µCi/ml) for 12 h before termination. Fifty µg protein aliquots
of cell lysates were immunoprecipitated with anti-OA
antibody (OA-551). Incorporation of 14C-mannose and
35S-methionine into OA protein were determined via
scintillation counting. RA treatment increased 14C-mannose
(F) and 35S-methionine (G) incorporation into OA protein,
while TM treatment reduced only 14C-mannose
incorporation into OA protein (F). Another 50 µg protein
aliquot of cell lysates were immunoprecipitated with OA
antibody and incubated with PNGase for 1 h at 37 °C and the
free 14C-mannose in the supernatant was counted. The ratio
of 14C-mannose over 35S-methionine incorporation into OA
protein and the free released 14C-mannose from OA protein
were calculated and showed that RA treatment increased OA
protein synthesis and glycosylation (H and I). Bars represent
mean+SEM. *=p<0.05; **=p<0.01 when compared to
untreated controls; δ=p<0.01 when compared to TM treated
cultures.
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incorporation. Primaryosteoblast cultureswere treatedwithRA,
TM or both, and then radiolabeled as described in the methods
section. OA was immunoprecipitated and the radioactivity in-
corporated into the newly synthesizedOAproteinwas counted.
Treatmentwith RA significantly increasedOAprotein synthesis
and induced a 2-fold increase inmannosylation, as determined
by the incorporation of [35S]-methionine and [14C]-mannose,
respectively (Fig. 5F andG). TMtreatment inhibited14Cmannose
incorporation into OA protein by 45% compared to untreated
controls. RA countered the effect of TM on OA protein man-
nosylation to levels similar to the control (Fig. 5F and G). The
ratio of [14C]-mannose over [35S]-methionine incorporation was
increased in response to RA treatment (Fig. 5H). To further
confirm that RA treatment stimulates mannose incorporation
into OA protein, immunoprecipitated OA protein-beads were
treatedwith PNGase-F and free [14C]-mannose released into the
supernatant was increased by RA treatment compared to un-
treated controls (Fig. 5I). Collectively, these data clearly suggest
that OA protein is heavily glycosylated and its glycosylation can
be modulated by RA. However, the mechanism associated with
the effect of RA on stimulation of glycosylation requires further
investigations.

Blocking the secreted/mature glycosylated OA protein inhibits
early osteoblast differentiation and function

To examine whether the secreted, mature, glycosylated, iso-
formofOAhas a role in early osteoblast differentiation, primary
osteoblasts cultures were treated with different concentrations
Fig. 6 – Blocking the secreted/mature glycosylated OA protein in
cultured and treated with anti-OA antibody (OA-551) (20 µg/ml) w
staining, on day 14. (Aa) Photomicrographs showed diminished
compared to non-immune IgY treated controls. (Ab) Bioquantifica
the field occupied by ALP staining was significantly less with ant
osteoblasts treated with anti-OA antibody for 14 days, was signi
controls. Measurement of nodule formation in osteoblasts treate
contrast photomicrographs representative of three independent e
cultures treated with anti-OA antibody when compared to non-i
independent experiments for total number of nodules/well and av
a significant decrease in total number of nodules (Cb) and average
cultures. Bars represent mean+SEM. *=p<0.05 when compared
of anti-OA antibody (OA-551) (Fig. 6, dose response not shown),
every time themediumwas changed. Cultureswere terminated
and stained for alkaline phosphatase (ALP), a marker of early
osteoblast differentiation, on day 14 and for nodules formation
assessedonday17. Primarycultures treatedwithOA-551showed
less ALP staining (Fig. 6Aa) as well as ALP activity (Fig. 6B) when
compared to non-immune IgY treated, control cultures.

The percent of ALP positive area fraction was quantified in
each treated and untreated condition using computerized soft-
ware (BioquantOsteo). Anti-OAantibody treated cultures showed
a decrease of 67% in percent ALP area fraction compared to
untreated controls (Fig. 6Ab). Anti-OA antibody treated cultures
showedasignificantdecrease innodule formation (Fig. 6Ca), total
numberofmineralizednodules (Fig. 6Cb) andaveragenodule size
(Fig. 6Cc) when compared to control cultures. These data suggest
an important functional role of the secreted/mature glycosylated
OA isoform in the regulation of early osteoblast differentiation.

Blocking the secreted/mature glycosylated OA protein inhibits
late osteoblast differentiation

To investigate whether the secreted, mature, glycosylated,
isoform of OA has a role in terminal osteoblast differentiation
and matrix mineralization, primary osteoblasts were cultured
and treated with different concentrations of anti-OA antibody
(OA-551) and terminated at day 21 for themeasurement of late
stage osteoblast differentiation markers (Fig. 7). In order to
determine whether the effect of OA-551 on late differentiation
is due to a direct effect on cell proliferation or on later stages of
hibits osteoblast differentiation. Primary osteoblasts were
ith everymedium change, prior to alkaline phosphatase (ALP)
ALP staining in cultures treated with anti-OA antibody
tion of 3 experiments determined that percent area fraction of
i-OA antibody treatment. (B) Alkaline phosphatase activity in
ficantly decreased compared to non-immune IgY treated
d with anti-OA antibody on day 17 (Ca and Cb). (Ca) Phase
xperiments. Nodules are smaller in size and lackminerals in
mmune IgY (control) cultures. (Cb-c) Quantification of three
erage nodule size. Anti-OA antibody treated cultures showed
nodule size (Cc) when compared to non-immune IgY (control)
to non-immune IgY controls.
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differentiation, cultures were treated starting on day 3, when
osteoblasts are actively proliferating, with different doses of
OA-551, andparallel cultureswere treatedwith the samedoses
of OA-551 starting on day 11, when the osteoblasts are at the
matrixmaturation stage. Both cultureswere terminated at day
21 for themeasurement of late stage osteoblast differentiation
markers, such as nodulemineralization by von Kossa staining,
calcium deposition, and osteocalcin production (Fig. 7).

When mineralization (percent area fraction of von Kossa
staining) was quantified in each treated and condition, we
found that anti-OA antibody treatment initiated at either day 3
or day 11 in culture showed a dramatic reduction in areas
stained with von Kossa when compared to controls (Fig. 7Aa
and Ab for presentation of one dose treatment started at day 3
and terminated at day 21). Anti-OA antibody treated cultures
Fig. 7 – Blocking the secreted/mature glycosylated OA protein in
osteoblasts were cultured and treatedwith anti-OA antibody (OA-
staining on day 21. (A) Photomicrographs of culture wells (Aa) an
either non-immune IgY (control) or anti-OA antibody. Von Kossa
cultures treated with anti-OA antibody compared to controls. (Ac
area fraction of the field occupied by von Kossa stainingwas signi
to control cultures. (B) Temporal pattern of calciumdeposition in n
Calcium deposition began around day 14 and increased during th
different indicated doses of anti-OA antibody treatment on osteob
points, day 3 (Ca) andday 11 (Cb), and terminated at day 21 in cultu
C. Primary osteoblasts were cultured as described in C and treate
Both cultures were terminated at day 21 for themeasurements of
section. (Ea and Eb) Osteocalcin production in osteoblasts in cell l
treatment significantly reduced osteocalcin production when com
independent experiments. **=p<0.01, ***=p<0.001 when compar
showed a decrease of 70% in percent von Kossa area fraction
staining (Fig. 7Ac), as well as a significant decrease in total
number of nodules as well as mineralized nodules and nodule
size by 54% on day 21 (data not shown) compared to, non-
immune IgY treated control cultures. Calcium deposition, a
marker also reflecting the matrix mineralization of late stage
differentiated osteoblasts, increases in a temporal pattern
with osteoblast culture differentiation (Fig. 7B). Treatment
with different doses of anti-OAantibody (OA-551), started at day
3 or day 11, significantly inhibited calcium deposition within
the osteoblast cultures in a dose response manner (Fig. 7Ca
and Cb). In order to examine whether treatment with OA-551
had any effect on cell viability, cultures treated with different
doses of anti-OA antibody starting at day 3 or day 11 were
terminated at days 5 and 21, respectively, for measurement of
hibits osteoblast matrix mineralization. Primary
551) (20 µg/ml) with everymedium change, prior to von Kossa
d phase contrast microscopy (Ab) of osteoblasts treated with
staining showed a decrease in matrix mineral deposition in
) Bioquantification of 3 experiments determined that percent
ficantly lesswith anti-OA antibody treatmentwhen compared
ormal, untreated primary osteoblast culturematrix over time.
e period of terminal osteoblast differentiation. (C) Effect of
lastmatrixmineralization. Treatment started at different time
re. (D)MTT-cell viability assayof parallel cultures described in
d with anti-OA antibodies starting at day 3 (Da) or day 11 (Db).
cell viability using theMTT assay as described on themethod
ysates (Ea) and conditioned medium (Eb). Anti-OA antibody
pared to control cultures. Bars represent mean+SEM of three
ed to non-immune IgY controls or zero in graphs.
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cell viability using the MTT assay. OA-551 treatment did not
have a significant effect on cell viability when compared to
control (non-immune IgY) treated cultures (Fig. 7Da and Db).

Osteocalcin, a secreted marker of terminally differen-
tiated osteoblasts, was alsomeasured in the cell-matrix layer
and in the conditioned medium. OA-551 treatment caused a
Fig. 8 – Over-expression of OA enhances osteoblast differentiati
infected with either pBABE-empty retroviral vector (pBABE-EV) o
Parallel uninfected cultures (No Tx) were used as control. Culture
(A) and protein (Ba) expression using qPCR andWestern blot anal
quantifying percent of themature/glycosylated (115 kDa) (Bb), or th
actin. Bars represent mean+SEM. *=p<0.05 when compared to c
infected (either pBABE-EV or pBABE-OA) MC3T3-E1 cells were cu
viability. (D) Un-infected (NoTx) or stably infected (either pBABE-E
at day 14 for ALP activitymeasurement. pBABE-OA infected cells s
either un-infected (NoTx) or pBABE-EV infected cells. (E–G) Paralle
nodule formation and matrix mineralization. (Ea) Photomicrogra
phase contrast (lower panel) of osteoblasts infected with either p
increase in matrix mineral deposition in cultures over-expressin
(Eb) Bioquantification of 3 independent experiments determined
staining was significantly increased in cells over-expressing OA
(F) Calcium deposition was significantly increased in cells infecte
with pBABE-EV or untreated. (G) Osteocalcin production in cell la
infectedwith pBABE-OAwhen compared to control cultures infect
mean+SEM of three independent experiments. **=p<0.01, when
compared to pBABE-EV.
significant decrease in osteocalcin production within the
cell-matrix layer and the conditioned medium when com-
pared to control cultures (Fig. 7Ea and Eb). Collectively, these
data demonstrate a crucial role for the secreted isoform of OA
in the regulation of terminal osteoblast differentiation and
matrix mineralization.
on and function. MC3T3-E1 osteoblast cultures were stably
r retroviral vector over-expressing osteoactivin (pBABE-OA).
s were terminated at day 5 for the evaluations of OA mRNA
ysis, respectively. (Bb and Bc) Densitometry of 3 immunoblots
e immature (65 kDa) isoforms (Bc) of OA protein as a ratio ofβ

ells infected with empty vector. (C) Un-infected (NoTx), stably
ltured and terminated at day 5 for measurement of cell
V or pBABE-OA)MC3T3-E1 cells were cultured and terminated
howed significant increase in ALP activity when compared to
l cultures were terminated at day 21 for the measurement of
phs (40× magnification) of culture wells (upper panel) and
BABE-EV or pBABE-OA. Von Kossa staining showed dramatic
g OA when compared to pBABE-EV infected control cultures.
that percent area fraction of the field occupied by von Kossa
(pBABE-OA) compared to control pBABE-EV infected cultures.
d with pBABE-OA when compared to control cells infected
yer of osteoblasts was significantly increased in cultures
edwith pBABE-EV or untreated control (NoTx). Bars represent
compared to either NoTx or pBABE-EV. ***=p<0.001 when
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Over-expression of OA enhances osteoblast differentiation and
function

We next examined gain-of-function of OA on osteoblast
differentiation and function. For this experiment, we utilized
the retrovirus pBABE system to overexpress OA in osteoblasts
using the MC3T3-E1 osteoblast-like cell line. RetroMax®
retrovirus vector system is based on the pCL vector system
developed by Naviauz and colleagues [47]. Cells were infected
with either pBABE empty vector (pBABE-EV) used as control or
pBABE vector over-expressing OA protein (pBABE-OA). Stabely
pBABE-OA infected cells demonstrated overexpression of both
OA transcript and protein by approximately 2.5-fold (Fig. 8A
and Ba). Densitometric analysis of Westerm blots of the OA
protein showed that pBABE-OA infected cells over-expressed
the mature isoform of OA by approximately 2-fold and the
native isoform of OA by approximately 3-fold (Fig. 8Bb and Bc)
compared to control (pBABE-EV). We then first examined
whether overexpression of OA alters osteoblast proliferation
and viability. There was no significant difference between the
pBABE-OAand the pBABE-EV cells compared to control (Fig. 8C).
Next, we tested the effect of OA overexpression on early
(alkaline phosphatase, ALP activity) and late (nodule miner-
Fig. 9 – Defective differentiation in OA mutant osteoblasts. A. Sc
naturally occurring mutant OA (bottom) proteins. The mutant OA
B. Immunofluorescent localization of OA in normal (wild-type) a
from normal and OA mutant mice, cultured for three days and s
vesicular localization of OA in wild-type osteoblasts in both peri
mutant osteoblasts, OA is only localized to the perinuclear areas
OAmutantmicewere harvested as described in themethod secti
(ALP) and measured activity. Photomicrographs of culture plate (
cultures demonstrated a significant decrease in ALP staining and
mesenchymal stem cells from normal and OA mutant mice were
deposition. Phase contrast pictures (upper panel) (Da) or calcium
mutant compared to wild-type osteoblasts.
alization, calcium deposition and osteocalcin production) os-
teoblast differentiation markers. pBABE-OA cells exhibited a
significant increases in ALP activity when compared to pBABE-
EV and uninfected controls (Fig. 8D). Nodule mineralization as
measured by von Kossa staining showed that pBABE-OA cells
formed a significantly greater number of mineralized nodules
compared to the pBABE-EV control cells (Fig. 8Ea and Eb). Over-
expression of OA caused a significant increase in calcium de-
position (Fig. 8F) and osteocalcin production (Fig. 8G). Collec-
tively, these data suggest that overexpression of OA stimulates
osteoblast differentiation and function.

TheOAmutantmousedisplaysdefective osteoblast differentiation
ex vivo

A natural point mutation in the osteoactivin mouse gene in
which a single nucleotide change introduced a stop codon
leading to the generation of a truncated OA protein of only 150
amino acids was originally identified by our collaborators [8]
(Fig. 9A). The OA mutant mice develop pigmentary glaucoma
[7] and demonstrate enhanced macrophage function [25].
Although the OA mutant mice are fertile and develop nor-
mally, we were interested in examining the ability of
hematic representation of the wild-type OA (top) and the
is generated by a premature stop codon mutation.

nd OA mutant osteoblasts. Primary osteoblasts were isolated
tained with anti-OA antibody (OA-35) (red signal). Note the
nuclear and peripheral area of the cytoplasm, while in OA
. (C) Bone marrow mesenchymal stem cells from normal and
ons, cultured for 14 days and stained for alkaline phosphatase
Ca) or measurement of ALP activity (Cb). Mutant osteoblast
activity compared to wild -type cultures. (D) Bone marrow
cultured for 28 days and stained with von Kossa for mineral
measurement (Db). Note lack of mineralization in cultures of
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osteoblasts isolated from OA mutant mice to differentiate ex
vivo. We first confirmed that the OA mutant mice have the
point mutation (data not shown). We then evaluated the
expression of the OA protein in primary cultures of osteoblasts
established from OA mutant and wild-type mice, using
Western blot analysis. Using an anti-OA antibody directed at
the N-terminal end of themature OAprotein (OA-35), we could
not unambiguously detect an OA protein in the mutant
osteoblasts (data not shown). We next analyzed the localiza-
tion of the OA protein in osteoblasts isolated from OA mutant
and wild-type mice. Immunofluorescent analysis of OA
protein in mutant osteoblasts using the OA-35 antibody
showed that the OA protein was strictly localized to the
perinuclear cytoplasmic regions, in contrast to wild-type
osteoblasts where OA is also found in punctuated vesicle-
like structures localized toward the peripheral cytoplasmic
compartment (Fig. 9B). These data suggest that the OA protein
is not processed normally and is retained within the ER/Golgi
in OA mutant osteoblasts. We next examined OA mutant
osteoblasts for their ability to differentiate ex vivo. Bone
marrow mesenchymal stem cells were isolated from OA
mutant and wild-type 8–week old mice and cultured for 14
and 21 days. ALP staining and activity and calcium deposition
were measured as markers of early and late osteoblast
differentiation and function, respectively. Both ALP activity
and calcium deposition were dramatically reduced in OA mu-
tant compared to wild-type osteoblasts (Fig. 9C and D). These
data suggest that OA acts as a positive regulator of osteo-
blastogenesis ex vivo and that OA has a cell autonomous
defect in osteoblast differentiation and function.
Discussion

In the present study, we demonstrated that OA protein is ex-
pressed and secreted by osteoblasts in vitro. We also showed
that osteoblasts expressed both the immature and mature/
glycosylated isoforms of OA and that retinoic acid and tuni-
camycin can modulate the glycosylation of OA in osteoblasts
and that osteoblasts secret themature/glycosylated isoform of
OA. This isoform of OA plays a role in osteoblast differentia-
tion and function. Osteoblasts that express a mutant isoform
of OA are defective in their differentiation ex vivo suggesting
that OA has a positive cell autonomous effect on osteoblas-
togenesis in vivo.

Osteoactivin (OA) was initially identified as a transmem-
brane type I glycoprotein non-melanoma b (gpnmb) in low
metastaticmelanoma cell lines [4]. OAwas identified by several
investigators in different species, mouse OA was identified in
dendritic cells, termed cell heparan sulfate proteoglycan in-
tegrin dependant ligand (DC-HIL). Human OA was identified in
hematopoietic cells, termed growth factor inducible neurokinin
(HGFIN). In bone, our group was the first to identify OA [1] in
animal model of osteopetrosis. OA has not yet been designated
to specific family of proteins; however, it has high homology to
Pmel-17/gp100, a melanocyte specific protein [48] and quail
neuroretina, QNR-71 protein, all of which are type I transmem-
brane glycoprotein with secreted isoforms [42,49].

In this study, we characterized OA protein processing in
osteoblasts and examined its role in osteoblast differentiation
and function using gain- and loss-of-function approaches.
Data presented in this study showed that OA protein is ex-
pressed by primary osteoblasts in culture. The temporal pat-
tern of OA expression during osteoblast differentiation in
culture was examined and showed that OA expression was
increased as osteoblast terminally differentiated. OA expres-
sion has been associated with differentiating cells of various
types such as chondrocytes [50], denderitic cells [10], macro-
phages [34], myocytes [30], and osteoclasts (un-published
observations and personal communication with Dr. Mary
Nakamura, University of California, San Francisco). Taken to-
gether, our data and others suggested that OA plays a general
role in cell differentiation.

Examination of OA protein sequence using different bio-
informatic resources revealed that OA protein is a type I trans-
membrane glycoprotein with a signal peptide, and three main
domains, a longextracellular (luminal) domain (amino acids 23–
500), short transmembrane domain (amino acids 501–521) and
the cytoplasmic domain (amino acids 522–572). Previous reports
suggest that the signal peptide sequence of other OA homology
proteins such as; Pmel-17, determine their entry into the secre-
tory pathway [51].

Within the extracellular domain, there are three sub-
domains; the RGD domain, the polycystic kidney disease-like
domain (PKD) domain, and the proline rich repeat domain
(PRRD). The RGD domain is only present in the N-terminus of
moue and human but not in the rat OA. This domain has been
shown to mediate the attachment of smooth blood vessel
endothelial cell line (SVEC) via heparan sulfate proteoglycan-
dependent mechanism [10]. The PKD domain has an immuno-
globulin-like folding structure [52]. This domain is suggested to
mediate protein–protein interaction and protein–carbohydrate
interaction [53]. The PRR domain has been linked to O-linked
glycans of Pmel-17 and the formation of melanocyte organelle
fibers [37]. To date, there is no studies been reported on the
functions of different domains of OA in bone cells, however,
recent studies using mutant OA lacking the PKD or the PRR
domains and tagged to the IgG-Fc demonstrated that the PDK
domainwith lesser extent, the PRR domain, are required for the
inhibitory effect of OA, on T cell activation [9].

The transmembrane domain of OA again has no clear
function and yet to be determined by our group in osteoblasts,
however, it seems that it plays a role in anchoring OA protein
within the cell membrane. It is interesting however; that the
cytoplasmic domain of OA consists of RGD domain only in the
mouse and rat sequence, and the C-terminal domain also con-
tains di-leucine motif in all species examined. This sequence
has been reported to be important for protein sorting of
the rough endoplasmic reticulum, in two high homology pro-
teins to OA, Pmel-17 and QNR-71 and several other proteins
[38,42,54,55].

Studying the subcellular localizationofOAand its processing
will shed some light on its mechanism of action on bone cells.
For this purpose, our cell fractionation results clearly showed
that OA has two isoforms in bone cells. Both protein isoforms
are made within the cytosol and only the mature isoform is
localized to the membranous fraction. It is important to note
that this fraction not only includes the plasma membrane but
also all membrane proteins within different cellular compart-
ments. We also presented immunofluorescent data where
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EGFP-tagged-OA in osteoblasts, these data suggested that the
protein is made, and localized in vesicular-, endosomal-like
structures within the first 24 h of expression, then; the protein
moves toward the periphery and either anchores itself to the
plasma membrane or become secreted. Similar to our results,
Shikano et al., showed that in denderitic cells, OA is localized to
vesicle-like structures perinuclear as well as small vesicles
scattered toward the periphery and present at low levels on the
cell surface [10]. Another study showed that subcellular
localization of EGFP-tagged OA transfected into COS7 and
HEK293 cells. OA was localized to vesicular, endosomal like
structures and this localization was dispersed into the ER when
the Golgi network was disrupted with BFA treatment. Brefeldin
A (BFA) is a fungal metabolite that block cytosolic coat protein
complex (COP) function within Golgi compartment [56,57].
Additional supporting evidence on OA subcellular localization
came from the co-localization of OA with β-COP, cytosolic coat
protein complex, a protein that is associated withmembranous
structureof theGolgi complex [58–60]. Subcellular localizationof
Pmel-17 in melanocytes is extensively studied by different
groups [38,61–63]. Pmel-17 accumulates in both multivesicular
bodies (MVB) and in early endosomal like organelles involved in
protein sorting to the endocytic and secretory pathways,
respectively. Our group is in the process of characterizing in
details the subcellular localization of OA and its relationship to
osteoblast function.

In this study, we also found that OA protein is heavily
glycosylated by N-linked and O-linked glycans and that the
secreted isoform of OA is the glycosylated/mature isoform of
the protein. The fact that treatment of osteoblastic proteins
with different enzymes that modulate the N- and O- glycans
of OA did not trim all of the sugarmodifications of the protein,
i.e. we were unable to reduce the MW of OA protein to its
native (65 kDa) size. This is could be due to the time and or the
amount of enzymes used in this study. Different patterns of
OA glycosylation were suggested based on the cell type
examined. Shikano et al., showed discrepancies in the mole-
cular weight of mouse OA between its native size in XS52
denderitic cells and its recombinant form expressed in COS-1
cells and suggested that this heterogeneity in OAproteinsmay
be produced as a result of differential N- and/or O-glycosyla-
tion [10]. Similar observations are recently reported using the
same de-glycosylation enzymes to modulate the sugar modi-
fications of Pmel-17 in melanocytes [35]. The same group
reported that Pmel17 is glycosylated differently in the Golgi
and sorted through the secretory pathway. Using glycosyla-
tion-deficient mutant cells revealed that Pmel-17 lacking the
correct addition of sialic acid and galactose loses the ability to
from fibrils, a critical component of melanin biosynthesis [35].

We went further to examine the regulation of the N-glycan
modification of OA protein in osteoblasts and found that
retinoic acid (RA), and tunicamycin (TM), treatments stimu-
lates N-mannose incorporation and inhibits N-glycans of OA,
respectively. RA has been reported to affect protein glycosyla-
tion in vitro [64] and in vivo [65,66]. In this study, we showed
that treatment of primary osteoblasts with RA increases the
glycosylation of the mature isoform of OA and this treatment
was associated with increased osteoblast differentiation and
function marked by increased ALP activity and matrix miner-
alization (data not shown). Tunicamycin on the other hand,
inhibited the glycosylation of the mature OA isoform and this
treatment was also correlated with decreased osteoblast
differentiation and function, demonstrated by dramatic re-
duction of differentiation markers such as; ALP activity and
calcium deposition (data not shown). Collectively, these re-
sults probably reflect an overall modulation of osteoblast
differentiation and function due to modulation of OA glycosy-
lation. However, we cannot exclude the possibility that other
glycoproteins in osteoblasts such as, ALP and bone morpho-
genetic proteins [45,67],may also bemodified by the treatment
with RA and TM.

The role of the secreted, glycosylated isoform of OA in
osteoblast differentiation was evident by the effect of anti-OA
antibody treatment in osteoblast cultures. Treatment with
anti-OA antibody (OA-551) neutralizes the constitutively pro-
duced OA by osteoblasts and showed a dramatic decrease in
markers of osteoblast differentiation and function in a dose-
dependent manner. Recent studies by our laboratory also
showed that transfection of OA-551 into osteoblasts signifi-
cantly reduced osteoblast differentiation and function [20]. It is
important to note that OA-551 antibody was raised against a
sequence that spans the sorting signal in the c-terminal
domain of OA. This suggests that the antibody blocks the
sorting, processing and secretion of OA by osteoblasts and
ultimately inhibits osteoblast differentiation and function.

The effect of OA-551 treatment on osteoblast differentia-
tion was supported by the effect of gain-of-function of OA in
osteoblasts. Over-expression of OA stimulated markers of
osteoblast differentiation and function. These data suggest
that OA has a crucial function in the regulation of osteoblast
differentiation.

The role of OA in osteoblast differentiation and function in
vivo was further investigated using a mouse model with a na-
tural mutation in the OA gene causing a premature stop codon
that results in the generation of a truncated OA protein [7,8,
32,33]. These mice develop an eye phenotype with iris pigmen-
tary dispersion (IPD) and iris stromal atrophy (ISA) (see below for
other phenotypes). They also have increasedmacrophage func-
tion [34]. In this study we examined the ability of bone marrow
mesenchymal stem cells isolated from OA mutant mice to
differentiate into osteoblasts. We found that osteoblast differ-
entiation was impaired in OA mutant compared to wild-type
mice. These data suggest that OA acts as a positive regulator of
osteoblastogenesis in vivo. Further characterization of the ske-
letal phenotype of these mice warrants further investigations.
The fact that mutant OA mice produce truncated OA protein
that is lackingmost of thestructuraldomains suggested that the
truncated OA is retainedwithin the endoplasmic reticulum (ER)
resulting in defective protein processing, glycosylation, traffick-
ing, and secretion in osteoblasts. Increased trafficking of OA to
lysosomes and/or proteasomal degradation could also be oc-
curring in OA mutant osteoblasts. However, these speculations
require further investigation. Similar findings were demon-
strated in the mouse sliver mutant where Pmel-17, a family
member toOA, is truncatedat theC-terminaldomain, leading to
protein retention in the ER and defective protein processing,
glycosylation, trafficking and function in melanocytes re-
sulting in a defective coat color and depletion of hair follicle
melanocytes with age [68,69]. Another example has been
reported for the human Crouzon craniosynostosis syndrome
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involving aberrant development of the craniofacial skeleton
[70], is associated with an FGFR2 mutation that results in ER
retention, diminished glycosylation and increased degradation
in osteoblasts [71].

From the data presented here we showed that loss-of-
function experiment (using anti-OA antibody) and gain-of-
function experiment using the retroviral system either inhibit
or stimulate osteoblast differentiation and function, respec-
tively. These data delineate an autocrine/paracrine function of
OA during osteoblast differentiation. The mechanism by
which OA regulates osteoblast differentiation and function
could be direct by regulating specific signaling pathways that
modulate specific target genes important for osteoblast
development and function. Another possibility is that secreted
OA formacts as amatrix protein and binds to integrins and the
integrin co-receptor, syndecan, and this interaction induces
signaling pathways important for osteoblast differentiation
and function [15], and unpublished observation by our group.
Another possibility could be explained by the recent study
reported by our group where OA acts as a downstream
mediator of BMP-2 function in osteoblasts. Loss-of-function
or gain-of-function of OA could either decrease or enhance the
function of endogenous BMP-2 produced by osteoblasts,
respectively [23]. Understanding the various autocrine/para-
crine functions of OA on different bone cell types (osteoblasts
andmesenchymal stem cells) will enhance our understanding
of the role of OA as a positive regulator of bone remodeling and
could be the basis for exciting new prophylactic, diagnostic
and therapeutic applications in themanagement of bone loss-
associated diseases.

Collectively, in this study we showed that OA acts as
anabolic factor where it regulates osteoblast differentiation
and function in vitro. Further studies are warranted to deter-
mine the mechanism by which OA regulates osteoblast differ-
entiation and bone formation.
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