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ABSTRACT 
Microphthalmia transcription factor (MITF) regulates bone homeostasis by inducing 
expression of critical genes associated with osteoclast function. Gpnmb is a macrophage-
enriched gene that has also been shown to be expressed in osteoblasts. Here, we have shown 
gpnmb to be highly induced in maturing murine osteoclasts. Microarray expression profile 
analysis identified gpnmb as a potential target of MITF in RAW264.7 cells, subclone C4 
(RAW/C4), that overexpress this transcription factor. Electrophoretic mobility shift assays 
identified a MITF binding site (M-box) in the gpnmb promoter that is conserved in different 
mammalian species. Anti-MITF antibody supershifted the DNA-MITF complex for the 
promoter site while MITF binding was abolished by mutation of this site. The gpnmb 
promoter was transactivated by co-expression of MITF in reporter gene assays while mutation 
of the gpnmb M-box prevented MITF transactivation. The induction of gpnmb expression 
during osteoclastogenesis was shown to exhibit similar kinetics to the known MITF targets, 
acp5 and clcn7. GPNMB expressed in RAW/C4 cells exhibited distinct subcellular 
distribution at different stages of osteoclast differentiation. At days 5 and 7, GPNMB protein 
co-localized with the osteoclast/macrophage lysosomal/endocytic marker MAC-3/LAMP-2, 
suggesting that GPNMB resides in the endocytic pathway of mature macrophages and is 
possibly targeted to the plasma membrane of bone resorbing osteoclasts. The inclusion of 
gpnmb in the MITF regulon suggests a role for GPNMB in mature osteoclast function. 



1. INTRODUCTION 
Osteoclasts are large multinucleated cells that are derived from the haematopoietic 
myeloid/monocyte lineage and are specialised for bone resorption. Normal bone remodelling 
requires tight coupling between the activity of osteoclasts and the primary bone-synthesising 
cells, osteoblasts. Receptor activator of NF-κB ligand (RANKL) and macrophage-colony 
stimulating factor (CSF-1) are osteoblast products that initiate osteoclastogenesis and 
functional maturation of bone-resorbing activity (Kodama et al. 1991, Suda et al. 1999, 
Yasuda et al. 1999, Boyle et al. 2003). The use of transgenic gene knock-out mice has 
elucidated the role of several transcription factors in regulating osteoclast differentiation and 
function. Null mutations in PU.1 (Tondravi et al. 1997), c-Fos (Wang et al. 1992) and NF-κB 
p50/p52 (Franzoso et al. 1997, Iotsova et al. 1997, Xing et al. 2002) all result in osteopetrosis, 
which is defined by a failure of bone resorption. Amongst these regulators, the 
microphthalmia transcription factor (MITF) controls the expression of genes associated with 
late stage osteoclast maturation.  

MITF has been shown to regulate the expression of tartrate-resistant acid phosphatase 
(acp5) (Luchin et al. 2000), cathepsin K (ctsk) (Motyckova et al. 2001), chloride channel 7 
(clcn7) and osteopetrosis-associated transmembrane protein 1 (ostm1) (Meadows et al. 2007) 
in osteoclasts.  All of these genes are required for osteoclast function and bone resorption. 
Together with the Ets transcription factor PU.1, MITF acts downstream of CSF-1 and 
RANKL to activate target genes. This complex is also involved with recruiting another key 
osteoclast transcription factor NFATc1, to maintain target gene expression in differentiated 
cells (Sharma et al. 2007). Similarly the zinc finger protein Eos, an Ikaros family member, 
forms a complex with MITF and PU.1 to repress target genes (Hu et al. 2007). MITF is a 
member of the basic helix-loop-helix-leucine zipper (b-HLH-ZIP) family of transcription 
factors and together with TFEB, TFEC and TFE3, MITF is part of the MiT sub-group of the 
b-HLH-ZIP family. All of the MiT factors are expressed in cells of the mononuclear 
phagocyte lineage with TFE3 and TFEB being widely expressed in other cell types but TFEC 
being restricted to myeloid cells (Rehli et al. 1999). We have employed the identification of 
novel genes regulated by factors like MITF to elucidate the mechanism of osteoclast function.   

One gene that was identified was gpnmb, (also referred to as dc.hil and osteoactivin) 
which encodes for a transmembrane glycoprotein, first described in human melanoma cell 
lines (Weterman et al. 1995). Murine GPNMB was identified as a candidate adhesion 
molecule in myeloid dendritic cells (Shikano et al. 2001). The rat GPNMB orthologue, 
termed osteoactivin, has been attributed a role in osteoblast differentiation and function 
(Selim et al. 2003, Abdelmagid et al. 2007) while murine osteoactivin was identified in 
primary calvarial osteoblasts cultures (Bachner et al. 2002). Since GPNMB also shares 
significant sequence homology to melanosomal proteins including quail neuroretina clone 71 
(QNR-71) (Turque et al. 1996), it was proposed that GPNMB may have a role in melanin 
biosynthesis and the development of retinal pigment epithelium and the iris (Bachner et al. 
2002). Correlated with this, mutation of the gpnmb gene has been found to be responsible for 
iris pigment dispersion disorder in DBA/2J mice (Anderson et al. 2002). The pathogenesis of 
the pigmentary glaucoma in DBA/2J mice has also been associated to immune dysfunction 
and chronic inflammatory responses involving IL-18 (Mo et al. 2003, Libby et al. 2005, Zhou 
et al. 2005). In spite of these observations the mechanism of GPNMB function and its role in 
different cell types remains unclear. 

We have previously shown that gpnmb expression is highly macrophage-enriched, 
elevated in inflammatory macrophages and functions as a feedback repressor of inflammation 
(Ripoll et al. 2007).  In the current study, we have identified gpnmb as a target of MITF and 
provide evidence for a possible function in osteoclasts. 
 



2. MATERIALS AND METHODS 
2.1 General reagents. Recombinant human RANKL (Peprotech), human colony-stimulating 
factor-1 (a gift from Chiron Corp.). pEF6 (Invitrogen), pGL2-Basic (Promega). Mouse 
monoclonal anti-MITF antibody (NeoMarkers), rat anti-mouse MAC-3 monoclonal antibody 
(BD Pharmingen), mouse anti-V5 tag monoclonal antibody (Invitrogen). C57BL/6 mice were 
obtained from a specific pathogen free (SPF) colony at the Animal Breeding House (IMB, 
University of Queensland).  Experiments were conducted in accordance with local animal 
ethics guidelines. 
 
2.2 Cell lines and cell culture. RAW/C4 cells: a subclone of the RAW264.7 macrophage-
like cell line (ATCC) (Cassady et al. 2003). RAW/C4 cells were cultured in Dulbecco’s 
modified Eagle medium (DMEM) (Invitrogen) containing 5% heat-inactivated fetal calf 
serum (FCS) (Biowhittaker). For osteoclast differentiation, 1 x 104 RAW/C4 or bone marrow 
cells were cultured on 0.1% gelatin pre-coated plates for 7 days in the above medium 
supplemented with 50 µg/mL ascorbic acid (Sigma), 40 ng/mL RANKL and 104 units/mL 
CSF-1. Medium was changed every 2 - 3 days. Osteoclasts were observed after 5 - 7 days in 
culture. Primary osteoblasts were isolated from the calvarial of 2-day-old neonatal mice. 
Calvarial were dissected, rinsed with PBS and digested six times for 10 min at 37 °C in Hanks 
solution containing 0.25 U/ml collagenase D (Roche) and 2.2 U/mL dispase (Invitrogen). 6.9 
x 104 cells were cultured in Minimal Essential Medium (MEM, Invitrogen) containing 10 % 
heat-inactivated FBS (Invitrogen).  Cells were cultured at 37°C and 5% CO2. Cells were 
differentiated in BGJb medium (Invitrogen) supplemented with 50 µg/mL ascorbic acid 
(Sigma) and 10 β-glycerolphosphate (Sigma) from day 7. MC3T3-E1-S14 cells were 
maintained in MEM with 10% heat-inactivated FBS. After confluence (day 2) the cells were 
cultured in differentiation medium, with medium changes every 2-3 days.   
 
2.3 Enrichment of primary osteoblasts and depletion of macrophages from calvarial 
preparations. Osteoblasts were purified from freshly digested primary preparations using the 
mouse lineage cell depletion kit supplemented with mouse CD11b microbeads (Miltenyi, 
Biotec.). Approximately 1 × 107 calvarial digested cells were incubated with lineage cell 
depletion antibody cocktail supplemented with CD11b beads. Cells were sorted using a 
MACS separation column where lineage positive haematopoietic cells were retained and 
enriched osteoblasts collected. Cells were counted and seeded for differentiation experiments. 
 
2.4 Generation of RAW/C4 cell lines stably overexpressing GPNMB. Mouse gpnmb was 
PCR amplified from cDNA (forward primer: 5’-TCGGAGTCAGCATGGAAAGT-3’; 
reverse primer: 5’-GAGTGTCCTTGGCTTGTCCT-3’) and cloned into the pEF6/V5-His 
TOPO TA vector (Invitrogen).   RAW/C4 cells were plated at a density of 3 × 105 cells/ml 
and cultured for 24 h before transfection. RAW/C4 cells (5 × 106 cells/transfection) were 
electroporated at 0.28 kV and 1000 µF using a Gene Pulser (BioRad). Cells were co-
transfected with the selection plasmid, pNT-Neo, at a 3:1 ratio, plated into tissue culture 
plates and grown for 48 h before selection with G418 (Invitrogen) at 450 µg/mL. The stable 
transfectant cell lines, RAW/C4-gpnmb-pEF6 and RAW/C4-pEF6 were maintained in the 
presence of the G418 selective agent during routine culture.  
 
2.5 RNA isolation and quantitative PCR. Total cellular RNA was extracted and purified to 
make cDNA. The PCR amplicon was quantitated using SYBR Green (Applied Biosystem) 
using an ABI Prism 7000 sequence detection system (Applied Biosystem). Sample amplicon 
levels during the linear phase of amplification were normalized against hypoxanthine 



phosphoribosyl transferase (hprt) control PCR product. Assays were performed in triplicate 
and the means ± SD were determined. The specific primers used for qPCR were as follows: 
mouse TRAP1C (GB: NM_007388) forward primer (5’-ACCTGTGCTTCCTCCAGGAT-3’), 
reverse primer (5’-TCTCAGGGTGGGAGTGGG-3’); mouse Clcn7 (GB: NM_011930) 
forward primer (5’-GACTGGCTGTGGGAAAGGAA-3’), reverse primer (5’-
TCTCGCTTGAGTGATGTTGACC-3’); mouse Gpnmb (GB: NM_053110) forward primer 
(5’-AGCACAACCAATTACGTGGC-3’), reverse primer (5’- 
CTTCCCAGGAGTCCTTCCA-3’); mouse csf1r (GB: NM_007779) forward primer (5’-
CCACCATCCACTTGTATGTCAAAGAT-3’), reverse primer (5’-
CTCAACCACTGTCACCTCCTGT-3’); mouse Runx2 (GB: NM_009820.3) forward primer 
(5’-ACAAACAACCACAGAACCACAAGT-3’), reverse primer (5’- 
GTCTCGGTGGCTGGTAGTGA-3’). Relative expression levels were calculated using 
experimentally determined primer efficiency and the ΔCT method (Pfaffl 2001). 
 
2.6 Analysis of promoter activity. Endotoxin-free plasmid DNA was prepared for 
transfection into RAW/C4 cells by electroporation (280 V/1000 µF, Gene-Pulser, Bio-Rad). 5 
× 106 RAW/C4 cells were transfected with 10 µg of reporter plasmid and 2 µg of expression 
plasmid. Cellular harvest and luciferase activity assay were performed according to Meadows 
et al. 2007. Luciferase activity was normalised to the total protein concentration of the cell 
lysate to give relative light units (RLU). The standard error of the mean was calculated 
within, and between experiments. 
 
2.7 Electrophoretic mobility gel shift assay (EMSA). Nuclear extracts were prepared 
according to the protocol described by Meadows et al. 2007. Complementary oligonucleotides 
used for double-stranded probe preparation were as follows with mutated residues shown in 
lower case: Gpnmb oligo (5’-CTGCTTAAA ACATCACATGATCTCCC-3’) and GpnmbΔE 
(5’-CTGCTTAAAACATctcgagATCTCCC-3’). Oligonucleotides were 5’ end-labeled with γ-
32P-ATP and T4 polynucleotide kinase for 30 min at 37°C. Nuclear extract proteins were 
bound to the DNA probe in a 10 µL reaction containing 20 mM HEPES pH 7.9, 500 nM 
DTT, 2 mM EDTA, 40 mM KCl, 12% glycerol, 1 µg salmon sperm DNA, 0.04 pmol purified 
probe and 2 µg nuclear extract. Reactions in which competitor probes were added included 
10-, 50- or 100-fold molar excess of unlabelled competitor probe (0.4, 2 or 4 pmol, 
respectively). The super-shift reaction included the anti-Mitf antibody (NeoMarkers). The 
Tris-glycine-EDTA gel system was used for EMSA analysis. 
 
2.8 Immunofluorescence. RAW/C4 cells overexpressing GPNMB were grown on coverslips 
and differentiated in the presence of RANK-L and CSF-1 for 7 days, as described above. At 
indicated time points, cells were washed twice with PBS and fixed with 4% 
paraformaldehyde. Cells were permeabilized with 0.1% Triton X-100 whereupon the cells 
were washed in PBS containing 0.5% bovine serum albumin (BSA) and labelled with primary 
anti-V5 antibody and anti-MAC-3 for 1 h. Primary antibodies were detected with secondary 
Alexa 488-conjugated (for V5) and Alexa 594-conjugated (for MAC-3) (Invitrogen). Cells 
were mounted onto glass coverslips using DAKO Cytomation fluorescent mounting media 
(Dako Corporation).  Slides were photographed using a Zeiss LSM 510 META confocal 
microscope (Carl Zeiss). 
 



3. RESULTS 
3.1 Gpnmb is highly enriched in both macrophage and osteoclast lineages.  
In mice, gpnmb is highly enriched in macrophages (Ripoll et al. 2007).  However, both mouse 
gpnmb and its rat homolog (osteoactivin) have been attributed a role in osteoblast 
differentiation and function (Safadi et al. 2001, Bachner et al. 2002, Abdelmagid et al. 2007). 
Microarray data that we have published as part of the Novartis symatlas project 
(symatlas.gnf.org) supports published evidence that gpnmb mRNA is detectable in primary 
mouse calvarial osteoblasts, and increases, as they are stimulated towards matrix calcification 
in vitro. Nevertheless, such primary cultures may be contaminated with myeloid cells, and 
known macrophage-specific genes (emr1, csf1r) can be detected in the osteoblasts. To assess 
whether the osteoblasts themselves express gpnmb, magnetic assisted cell sorting (MACS) 
was used to deplete macrophages and other haematopoietic cells from the calvarial cell 
preparation and enrich osteoblasts. Cell populations were cultured over a standard 21-day 
time course, RNA was harvested and gene expression profiles were determined by 
quantitative real time PCR (qPCR).  The expression of gpnmb increased during differentiation 
of both the unsorted and enriched osteoblast cultures but was at least 6-fold higher in the 
unsorted population compared to enriched osteoblasts (Fig. 1a).  Similarly, the expression of 
the macrophage gene, csf1r was induced during unsorted osteoblasts differentiation and 
expressed at minimal levels in enriched osteoblasts osteoblast cultures (Fig. 1a).  Runx2 
mRNA levels increased in the enriched osteoblast cells over the time course of differentiation, 
confirming that the sorting process enriched for osteoblasts (Fig. 1a). These data support that 
the reported expression of gpnmb in osteoblasts is largely, if not exclusively, due to 
macrophage contamination of primary cultures. 

The microarray data in the Novartis symatlas project also revealed that gpnmb mRNA 
is expressed in differentiated osteoclasts. Considering the lineage relationship between 
macrophages and osteoclasts we sought to compare the expression of gpnmb in osteoclasts 
and osteoblasts.  A time course for gpnmb mRNA levels was performed in osteoclast and 
osteoblast cells using both primary cells and cell lines. Whilst gpnmb is up-regulated during 
differentiation of both cell types, maximal expression of gpnmb in primary osteoclasts is at 
least 4-fold above the maximal expression of gpnmb in enriched primary osteoblasts (Fig. 1b). 
Maximal expression of gpnmb in osteoclast-like cells differentiated from the RAW/C4 cell 
line is at least 3-fold above the maximal expression of gpnmb in the osteoblast cell line 
MC3T3 (Fig. 1c). This is the first evidence that suggests that gpnmb expression in osteoclasts 
is significantly higher than osteoblasts. In fact gpnmb could be described predominantly as a 
mature myeloid cell expressed gene. 

 
3.2 Overexpression of MITF increases basal gpnmb expression and superinduces gpnmb 
during osteoclastogenesis. 
We showed previously that overexpression of MITF in the precursor RAW/C4 line increases 
OCL number and the endogenous expression of typical osteoclast markers following 
treatment with sRANKL and CSF-1.  Based on this approach, two novel targets of MITF 
(clcn7 and ostm1) were identified (Meadows et al. 2007). These genes have a known function 
in bone resorption (Lange et al. 2006). Moreover, the co-expression of these MITF targets 
with the MITF-responsive genes, acp5 and ctsk, suggests that the MITF regulon is associated 
generally with mature osteoclast function. Within the list of potential MITF transcriptional 
targets, a number of genes with relatively unknown roles in osteoclast biology were also 
identified, and by association, these genes are likely candidates to be involved with osteoclast 
function. One such gene was gpnmb, which increased in expression in RAW/C4-GFP-
mitf/pEF6 cells compared to RAW/C4-GFP-pEF6 cells in the microarray analysis (Fig. 2). 
This result was validated using qPCR for gpnmb with RNA prepared from the same 



timecourse. Given that gpnmb is also expressed in melanocytes (Weterman et al. 1995), which 
require MITF for differentiation (Steingrímsson et al. 2004), we reasoned that gpnmb was 
likely to be a direct MITF target and a contributor to osteoclast function. 
 
3.3 The gpnmb proximal promoter region is conserved between mouse and human. 
The transcription start site of gpnmb was identified from an extensive genome-wide promoter 
analysis using CAGE (cap analysis gene expression) data for both mouse and human (Fig. 3a) 
(Carninci et al. 2006). In both mouse and human there is a major peak of transcription 
initiation associated with a conserved CA initiator (Carninci et al. 2006). Of the 3206 tags 
mapped in mice, two thirds were derived from bone marrow and myeloid specific tissues 
(primary data can be accessed at www.macrophages.com). The promoter for gpnmb was 
annotated using a Clustal W alignment of the mouse and human conserved regions (Fig. 3b). 
Several features are relevant to the regulation of gpnmb. Unlike many myeloid-specific 
promoters, gpnmb has a single dominant start site around 30 bp downstream of a TATA-like 
element in both mouse and human. A conserved AP-1 (TGAGTCA) site was identified in the 
gpnmb promoter as well as a conserved core-binding site (CACCA) for the RUNX family of 
transcription factors, which could contribute to expression in both macrophages/osteoclasts 
(through AML1/runx1) and osteoblasts (through runx2). The conserved region contains a 
consensus M-box element (TCACATGA) for binding of MITF. This MITF binding site is 
aligned and conserved between at least 11 different species (Fig. 3c). The clear conservation 
of these elements suggests that gpnmb has similar regulation in all mammals.     
 
3.4 MITF binds and transactivates the gpnmb promoter. 
To establish whether MITF directly transcriptionally regulates gpnmb expression in 

osteoclasts, the ability of MITF to bind and transactivate the gpnmb promoter in RAW/C4-
derived OCLs was determined. Radiolabeled oligonucleotide probes containing the gpnmb 
promoter M-box sequence were designed for EMSA, under conditions previously optimized 
with the acp5 promoter M-box (Meadows et al. 2007). Endogenous MITF from nuclear 
extracts of RAW/C4 cells cultured with sRANKL and CSF-1 for 5 days was found to bind 
specifically to the gpnmb probe, shown by the supershift that occurs in the presence of a 
mouse anti-MITF antibody (Fig. 4a). Binding specificity was demonstrated using cold 
competition assays performed with the wild type gpnmb M-box and a mutated M-box 
oligonucleotide in which the CACATG core was mutated to CTCGAG.  

Transient transfections of RAW/C4 cells with a gpnmb promoter (-250 to +73) 
luciferase reporter construct and a MITF expression plasmid were performed to assess the 
activity and responsiveness of the proximal gpnmb promoter to MITF. The gpnmb promoter 
was transactivated by the wild type mitf expression plasmid (Fig. 4b) and mutations of the 
conserved M-box not only ablated this transactivation but also reduced basal promoter 
activity. These data indicate that MITF regulates the gpnmb promoter in vitro via the 
conserved M-box. Consequently these experiments identify a specific MITF-binding site 
within the gpnmb promoter and suggest that the gpnmb promoter is responsive to wild type 
MITF promoter transactivation. 
 
3.5 Gpnmb expression is induced with similar kinetics to clcn7 and acp5 during 
osteoclastogenesis.   
The regulation of gpnmb expression during osteoclastogenesis was compared to known MITF 
targets, acp5 and clcn7 (Fig. 5c). Over a 7-day timecourse with sRANKL and CSF-1, qPCR 
showed that gpnmb was up-regulated with similar kinetics to clcn7 and acp5 which suggests a 
common pattern of regulation.    
 



3.6 RANKL induces a change in GPNMB localization during osteoclastogenesis. 
Although the expression and regulation of gpnmb in osteoclasts has been demonstrated, 
nothing is known about its function in osteoclast biology. To characterize the role of GPNMB 
in osteoclasts, its subcellular localization in different stages of osteoclast differentiation was 
examined by immunofluorescence using confocal microscopy. RAW/C4-gpnmb-pEF6 cells 
overexpressing GPNMB, were treated with RANKL over 7 days, and were stained with anti-
V5 antibody to detect V5-tagged GPNMB.  As we previously described in macrophages 
(Ripoll et al. 2007), at day 0 and day 3 osteoclasts, GPNMB was confined to the membrane 
compartments around the nuclei typical of the Golgi network. GPNMB staining in both 
undifferentiated and day 3 did not coincide with that of the endosomal marker, MAC-
3/LAMP-2 as shown in Figure 6. This indicates that GPNMB is not present in lysosomes or 
late endosomal compartments at these time points. After further stimulation with RANKL, 
GPNMB cellular distribution dramatically changed from a single perinuclear Golgi 
compartment to dot-like organelles throughout the cytoplasm in multinuclear osteoclast-like 
cells. At 5 and 7 days after stimulation, MAC-3/LAMP-2 overlapped with GPNMB, which 
indicated it was localized to late endosomes and lysosomes (Figure 6). Intracellular 
membrane trafficking and endocytic pathways are essential for osteoclast function and are 
regulated by factors such as RANKL (Sakai et al. 2001). Many other proteins that are 
enriched in osteoclasts such as TRAP, CTSK and CLCN7 are closely associated with these 
pathways and some of them are known to be transported from late endosomes/lysosomes or 
recycling compartments to the cell periphery, extracellular space and plasma membrane 
(ruffled border) (Sahara 2001, Hollberg et al. 2002, Lange et al. 2006). Our findings suggests 
that GPNMB resides in the endocytic pathway of mature osteoclast-like cells and is possibly 
targeted to the plasma membrane or extracellular space upon osteoclast terminal 
differentiation.  
 
4. DISCUSSION 
Genes regulated by MITF have a strong association with osteoclast function. As late markers 
of osteoclast differentiation, the direct MITF targets TRAP, Cathepsin K, CLCN7, OSTM1, 
E-cadherin and OSCAR have all been implicated with either osteoclast resorption or late 
stages of osteoclast maturation (Luchin et al. 2000, Motyckova et al. 2001, Mansky et al. 
2002, So et al. 2003, Meadows et al. 2007). In light of this, the identification of novel targets 
of master regulators of osteoclast function like MITF and NFATc1 may offer further insights 
into the mechanism of osteoclast function. This study has identified GPNMB as a novel 
candidate for osteoclast function by direct determination of MITF regulation of gpnmb 
transcription. 

In a previous study, we showed that gpnmb expression is highly macrophage-enriched 
and further elevated in inflammatory macrophages (Ripoll et al. 2007). In bone, gpnmb has 
been observed to be inducibly expressed specifically in primary osteoblast differentiation 
cultures (Safadi et al. 2001, Bachner et al. 2002, Abdelmagid et al. 2007). Our cell-specific 
analyses reveal that gpnmb is highly expressed in both macrophages and osteoclasts. We were 
alerted to this pattern of expression through detection of inducible expression of many 
macrophage specific genes within heterogeneous populations of primary osteoblast cultures. 
The macrophage marker gene, csf1r, is one gene we have observed to have disproportionately 
high expression in RNA harvested from primary osteoblast populations. Similarly, we find 
that at least some of the gpnmb expression in primary osteoblast cultures can be attributed to 
macrophage contamination, and that macrophages and osteoclasts express the mRNA at much 
higher levels. This data is in agreement with an early report from Nomiyama et al. 
(Nomiyama et al. 2005) which also identified gpnmb as a gene differentially expressed in 



osteoclast-like cells. This finding is not surprising as macrophages and osteoclasts share the 
same lineage and a requirement for CSF-1. 

Gpnmb has been identified in low-metastatic melanoma cell lines and its expression 
pattern is reminiscent of migrating neural cell populations identified with c-kit and trp-2 
markers. MITF has been shown to regulate the expression of both c-kit and trp-2 (Tsujimura 
et al. 1996, Ferguson and Kidson 1997) in melanocytes. MITF is a master regulator of 
melanocyte gene expression and its dysregulation has been linked to skin cancer melanomas 
(Garraway et al. 2005).  Furthermore, in a homology search using the protein-protein BLAST 
database, the amino acid sequence of GPNMB shares identity to the melanoma markers 
QNR-71 (quail) SILV (mouse) and PMEL17 (human homologue of SILV). QNR-71, SILV 
and PMEL17 have all been shown to be regulated by MITF (Turque et al. 1996, Du et al. 
2003).   

Microarray and qPCR data from RAW/C4 cells that constitutively overexpress MITF 
revealed that gpnmb is up-regulated both before and during osteoclast differentiation 
(Meadows et al. 2007). Examination of the gpnmb promoter showed a strong conservation in 
the proximal region amongst at least 11 different mammalian species. This suggests that a 
common regulator of gpnmb is necessary for its expression in humans as in other mammals. 
The presence of a conserved consensus MITF binding site (M-box) within this promoter 
region proposes that regulation by MITF plays a critical role in directing gpnmb expression in 
osteoclasts. We have shown a clear association of MITF with the gpnmb promoter. 
Furthermore, the conserved gpnmb promoter region was activated by co-transfection of 
MITF.  

GPNMB localisation in mature osteoclasts differs from its distribution in 
macrophages, suggesting a cell type specific function. We showed that during the 
differentiation of multinuclear osteoclast-like cells, GPNMB translocates from a perinuclear 
location to lysosomes/late endosomes with MAC-3/LAMP-2. The localisation of GPNMB to 
these compartments is consistent with the presence of a predicted endosomal/lysosomal-
sorting signal located immediately after the transmembrane domain on the C terminal region 
of GPNMB (Anderson et al. 2002), (smart.embl-heidelberg.de). Intracellular membrane 
trafficking and endocytic pathways are regulated by the critical osteoclastogenic factor 
RANKL and are crucial for osteoclast function (Sakai et al. 2001). An important number of 
osteoclast molecules such as CTSK, CLCN7 and v-ATPase are transported from late 
endosomes/lysosomes and recycling compartments to the extracellular space and ruffled 
border to carry out their function (Sahara 2001, Toyomura et al. 2003, Lange et al. 2006). 
There is an exciting possibility that like these molecules, GPNMB is also transported to the 
vicinity of the cell surface to undertake its role. It is possible that as has been shown for GTP-
binding RAB proteins, the localisation of some proteins to the ruffled border can only be 
observed in resorbing osteoclasts cultured on bone slices and not in non-resorbing osteoclast 
cultured on glass coverslips (Zhao et al. 2002). In addition to the structural and regulatory 
relationship between GPNMB and PMEL17, GPNMB subcellular location in osteoclasts is 
also reminiscent of PMEL17. Just as GPNMB moves from a perinuclear location in immature 
osteoclast-like cells to endosome-related structures, PMEL17 is a major component of 
melanosomes in melanocytes, and traffics from a perinuclear location to the intralumenal 
vesicles of multivesicular endosomes in differentiating melanocytes. A mutation in PMEL17 
(silver) disrupts melanosome formation (Theos et al. 2006).  By extension, we predict that 
GPNMB will have a function in formation of a population of endosome-like structure 
involved in bone resorption and is probably also involved in melanosome formation in 
melanocytes. Further functional studies are required to understand GPNMB intracellular 
sorting.  



The mutation of the gpnmb gene has been found to be responsible for an iris pigment 
dispersion disorder in DBA/2J mice (Anderson et al. 2002). Because of the melanocyte 
involvement in iris pigment development and the critical role of MITF in melanocyte biology, 
this phenotype supports our observation of MITF regulation of gpnmb expression. There is no 
evident bone phenotype in DBA/2J mice. This does not necessarily imply that there is no 
function in osteoclasts; the TRAP and cathepsin K knockouts have relatively mild 
phenotypes, partly due to the presence of compensatory phosphatases and protease activities 
from other loci, and partly because bone turnover is balanced by competing actions of 
osteoblasts and osteoclasts. It will clearly be of interest to examine OCL resorptive function 
in the mutant mice.  
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FIGURE LEGENDS 
Figure 1. Gpnmb expression in macrophages and osteoclasts is dominant over gpnmb 
expression in osteoblasts. qPCR for gpnmb, csf1r and runx2 in primary osteoblasts before 
and after cellular sorting to remove contaminating macrophages (A). Whilst gpnmb is up-
regulated over the timecourse in both populations, both csf1r and gpnmb expression is 
markedly lower in the sorted osteoblast population. Runx2 expression is increased in the 
sorted population. qPCR for gpnmb in primary osteoclasts and enriched osteoblasts (B), and 
in osteoclast and osteoblast cell lines over a time course of differentiation (C). Gpnmb 
expression in osteoclasts is at least 3-fold above the expression detected in osteoblasts in both 
primary and cell line derived cells. Experiments were performed in triplicate and the bars 
represent the standard deviation for one experiment. Statistically significant difference (* p < 
0.05, ** p < 0.01, *** p < 0.001) was analysed by paired t-test. Statistical significance across 
a timecourse was performed using one way ANOVA (# p < 0.05). 
 
Figure 2. Microarray and qPCR data for gpnmb expression in cells overexpressing 
MITF. Expression of gpnmb mRNA is induced by sRANKL. Treatment of RAW/C4 cells for 
5 days and superinduced by MITF overexpression. The qPCR was consistent with the 
microarray data. Vector refers to RAW/C4 cells stably transfected with the empty pEF6 
control. Statistically significant difference (** p < 0.01, *** p < 0.001) was analysed by 
paired t-test. 
 
Figure 3. Promoter annotation and Clustal W alignment of the gpnmb promoter with 
other mammalian species. CAGE analysis has been used to identify the transcription start 
sites of gpnmb in both mouse (red bars) and human (blue bars) (A). There is a clear dominant 
CA initiator site (3206 tags) for mouse that is relatively conserved with the human gpnmb 
transcription start site. The conserved gpnmb promoter region for mouse and human has been 
aligned (B). Aligned and conserved consensus binding sites for MITF, RUNX and AP-1 have 
been boxed. Conserved TATA-like elements proximal to the transcription start sites have also 
been represented. Transcription start sites have been marked by an arrow and the ATG start 
codon is marked by *. The M-box in the gpnmb promoter is conserved between at least 11 
different mammalian species (C). 
 
Figure 4. EMSA and luciferase transfection assays confirm that MITF binds and 
transactivates the gpnmb promoter. (A) Nuclear extracts from RAW/C4 cells treated with 
sRANKL and CSF-1 (5 days) incubated with probes containing the M-box from the gpnmb 
promoter region. MITF binding specificity was demonstrated with cold competition with both 
WT and M-box mutation oligonucleotides (arrow). Incubation with an anti-MITF antibody 
produces a supershifted band (*). Selective loss of the MITF complex by wild type, and not 
mutant, competitors suggest that MITF has specificity for the M-box probe. (B) Co-
transfections with mitf/pEF6 and a gpnmb promoter-reporter construct produce at least a 6-
fold induction in relative luciferase activity compared to basal levels and transfections with 
mi/pEF6. There was no transactivation of the reporter construct in which the M-box site was 
mutated. Bars represent means ± standard errors of the mean (n = 9).  
 
Figure 5. Clcn7, acp5 and gpnmb are up-regulated with similar kinetics during 
osteoclastogenesis. qPCR for clcn7, acp5 and gpnmb in RAW/C4 cells cultured with 
sRANKL and CSF-1 over a timecourse of 7 days. Expression of clcn7, acp5 and gpnmb was 
induced after 3 days reaching maximal expression between 5 – 7 days. All three genes display 
similar kinetics of expression during the timecourse. Experiments were performed in triplicate 
and the bars represent the standard deviation for one experiment. 



 
Figure 6. GPNMB localisation in RAW/C4 cells treated with RANKL over 7 days. 
GPNMB/V5 (green) localisation shifts from the Golgi apparatus to a diffuse vesicular pattern 
following culture with RANKL over a timecourse of 7 days. MAC-3 (red) has been included 
as a lysosomal and late endosome marker. The 2 proteins occupy different cellular 
compartments at day 0 and 3. By day 5 and 7 the 2 proteins co-localize to similar cellular 
compartments (yellow).   
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